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Introduction 

T h e papers presented i n th is v o l u m e represent contr ibut i ons to the first A m e r i c a n 
C h e m i c a l Soc iety s y m p o s i u m devoted to the increas ing ly i m p o r t a n t area of m e t a l -
organic compounds . T h e t e r m meta l - o rgan i c has been used to cover b r o a d l y those 
compounds w i t h m e t a l - c a r b o n bonds (usua l ly k n o w n as organometal l i c c o m p o u n d s ) , 
as we l l as the meta l - oxygen - carbon compounds (the a lkoxides or a lcoholates ) , a n d the 
coord inat i on compounds of meta ls a n d organic molecules. 

T h i s area of meta l - o rganic compounds has a l ready a t t a i n e d immense c o m m e r c i a l 
s tature t h r o u g h lead a n t i k n o c k agents, t i n stabi l izers for v i n y l p last ics , a n d s i l i c on - con 
t a i n i n g po lymers . I t shows promise of ra ther phenomena l fu ture g r o w t h i n the f o r m 
of boron-based h i g h energy fuels a n d a l u m i n u m a l k y l s for o l e f in -po lymer i za t i on 
cata lysts . A s the knowledge of mo lecu lar arch i tec ture improves , the c o m b i n a t i o n of 
metals w i t h organic molecules seems to offer possible solutions to m a n y prob lems i n 
m e t a l ex t rac t i on a n d p u r i f i c a t i o n , i n f o r m u l a t i o n of heat -res istant po lymers , i n 
p r o p e l l a n t systems, surface coatings, a g r i c u l t u r a l chemicals , a n d chemica l synthesis . 

T h e author ' s p a r t i c u l a r interest i n this field, w h i c h p r o m p t e d the organ izat i on of 
th is s y m p o s i u m , is an interest i n the a l k a l i m e t a l s — i n s o d i u m t h r o u g h his f o rmer c o n 
nect ion w i t h the E t h y l C o r p . a n d i n l i t h i u m t h r o u g h his connect ion w i t h the 
A m e r i c a n L i t h i u m I n s t i t u t e . T h e a l k a l i meta ls p l a y a role of d u a l i m p o r t a n c e i n the 
field of meta l -organic compounds , because the a lka l i -meta l - o rgan i c s are signif icant c o m 
pounds i n the i r o w n r i g h t i n organic s y n t h e s i s — a n d , the a l k a l i meta ls or t h e i r d e r i v a 
t ives are s t a r t i n g mater ia l s for the synthesis of so m a n y other meta l -organic c o m 
pounds . 

T h e field of meta l -organic compounds is gett ing increasing a t t e n t i o n i n the l i t e r a 
ture , rang ing f r o m a pocket-s ize v o l u m e b y Coates ent i t l ed " O r g a n o - M e t a l l i c C o m 
p o u n d s , " pub l i shed i n E n g l a n d i n 1956, to a n encyclopedic series o n " S y n t h e t i c 
M e t h o d s i n the F i e l d of M e t a l l o - O r g a n i c C o m p o u n d s , " be ing p u b l i s h e d i n the Soviet 
U n i o n (a v o l u m e on the a l k a l i meta ls i n 1949, m e r c u r y i n 1945, g roup I I I meta ls i n 
1945, on a n t i m o n y , b i s m u t h , n i o b i u m , a n d t a n t a l u m i n 1947, a n d the a l k a l i meta ls i n 
1949) . T h e r e has been specific coverage of the organic der ivat ives of the var ious 
metals i n th is c o u n t r y , as t y p i f i e d b y the b i b l i o g r a p h y o n o r g a n o l i t h i u m compounds 
w h i c h has been pub l i shed at the L i t h i u m C o r p . of A m e r i c a . I t is hoped t h a t th i s 
present s y m p o s i u m w i l l be the first step i n a c o n t i n u i n g coverage of the o v e r - a l l field 
of meta l -organic compounds i n th is c o u n t r y . 

T h i s s y m p o s i u m begins w i t h three s u m m a r y papers s u r v e y i n g the three classes of 
meta l - o rganic compounds a n d proceeds to a more detai led cons iderat ion of the 
m a n u f a c t u r e , propert ies , a n d uses of the meta l - organic compounds of 14 of the 
metals i n the 31 papers w h i c h comprise the balance of the s y m p o s i u m . 

T w o contr ibutors came a l l the w a y f r o m E n g l a n d to present papers : D r . 
B r a d l e y f r o m the U n i v e r s i t y of L o n d o n , a n d D r . L e w i s f r o m the T i n R e s e a r c h 
I n s t i t u t e . T h e r e are 19 U . S. i n d u s t r i a l organizat ions represented b y the authors , 
rang ing f r o m s m a l l m a n u f a c t u r e r s to the giants of the chemica l i n d u s t r y . T h e r e is even 
a paper f r o m the U n i t e d States A r m y . I t is hoped t h a t the exchange of ideas a m o n g 
the authors a n d w i t h other p a r t i c i p a n t s at th is meet ing , as we l l as w i t h the readers of 
the papers when they are pub l i shed , w i l l p r o v i d e m a n y f r u i t f u l ideas w h i c h w i l l s p a r k 
the g r o w t h of this field. 

L e a d i n g off the s y m p o s i u m is H e n r y G i l m a n of I o w a State Col lege , under w h o m a 
n u m b e r of the authors have done the i r graduate w o r k , a n d who comes nearest to 
be ing the one i n d i v i d u a l most closely associated w i t h meta l -organic compounds i n the 
w o r l d of chemis t ry today . 

Marshall Sittig, Chairman 
Princeton, N. J. 

Pu
bl

is
he

d 
on

 J
an

ua
ry

 1
, 1

95
9 

on
 h

ttp
://

pu
bs

.a
cs

.o
rg

 | 
do

i: 
10

.1
02

1/
ba

-1
95

9-
00

23
.p

r0
01



Organometallic Compounds 

HENRY GILMAN 

Iowa State College, Ames, Iowa 

The material presented is an account of studies, 
largely completed, in several areas. Among them 
is the report that methylmagnesium iodide is stable 
for very long periods in diethyl ether. In sharp con
trast is the relative instability of some organolithium 
compounds in tetrahydrofuran. However, techniques 
have been developed for the preparation and use of 
RLi compounds in tetrahydrofuran. Among the in
teresting reactions effected in tetrahydrofuran as a 
solvent or medium is the cleavage of some hetero-
cycles by lithium; special, synthetically valuable cou
pling reactions; unusual ratios of carbonation prod
ucts of 2-quinolyllithium and 1-isoquinolyllithium; and 
an improved metalation procedure for dibenzofuran 
which should be applicable to other metalations car
ried out in tetrahydrofuran systems. ortho-Halo-
phenyllithium compounds have been prepared in 
tetrahydrofuran, and the intermediate benzyne has 
been established by the Wittig technique using furan. 

A general account , p a r t l y of a rev iew n a t u r e , is presented of the re la t ive reactivities 
of organometal l i c compounds , interconvers ions of organometa l l i c compounds , and the 
order of a c t i v i t y of some f u n c t i o n a l groups towards selected organometa l l i c compounds. 
I n a d d i t i o n , there is g iven a condensat ion of e x p e r i m e n t a l d a t a on newer studies c a r r i e d 
out b y coworkers several m o n t h s before th is p a p e r was presented at the s y m p o s i u m in 
A p r i l 1957. 

Stability of an Ether Solution of Methylmagnesium Iodide. I n connection with 
studies o n the general reactions of organometal l i c compounds , the s t a b i l i t y of Grignard 
reagents has long been of interest . P r e v i o u s work (14) indicated that the normalities 
of d i e t h y l ether solutions of var i ous G r i g n a r d reagents, as de te rmined b y acid titration 
(23), r emained essential ly unchanged for 4 m o n t h s . I t was necessary to protect the 
G r i g n a r d reagent solutions adequate ly f r o m the a i r , b u t p a r a l l e l experiments with 
e t h y l m a g n e s i u m br omide i n the l i g h t a n d i n the d a r k i n d i c a t e d t h a t daylight had little 
effect on the s t a b i l i t y of the solut ions. So lut ions of m e t h y l m a g n e s i u m iodide are 
w i d e l y used in a n a l y t i c a l methods based o n the Tschugaef f -Zerewit inof f (88,4$) analy
sis for act ive hydrogen , a n d as a result the i r s t a b i l i t y has been subjected to some 
s t u d y . A so lut i on of m e t h y l m a g n e s i u m iodide i n d i - n - a m y l ether is reported to be 
" s tab le f or a m o n t h or m o r e " (86). W h e n a d i i s o a m y l ether so lu t i on of methylmag
nesium iodide, prepared for use in an a p p a r a t u s designed for analys is with Grignard 
reagents, was analyzed " i m m e d i a t e l y after its preparation a n d after it had remained 
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2 ADVANCES IN CHEMISTRY SERIES 

in its receptacle, exposed to the light for months/' the composition of the solution was 
found to be invariable (29). 

In connection with the stability of solutions of organometallic compounds in 
general, it is of interest to compare the above reported stability of methylmagnesium 
iodide in various solvents with the stability of methyllithium. Methyllithium in diethyl 
ether and in di-n-butyl ether (5,16) has been shown to enjoy certain advantages over 
methylmagnesium halides in the Tschugaeff-Zerewitinoff analysis, partly because of its 
stability and partly because of the greater solubility of some -OLi compounds over 
-OMgX compounds. In studies on a modification of the Tschugaeff-Zerewitinoff de
termination, a di-n-butyl ether solution of methyllithium was stored in a Grignard ma
chine (28) and the normality of the solution, as determined by gas analysis, was 
found to have decreased only from 0.777 to 0.764 during 4 months. This indicates 
that a di-n-butyl ether solution of methyllithium is sufficiently stable for use as a 
valuable supplement to solutions of methylmagnesium iodide in carrying out Tschugaeff-
Zerewitinoff analyses. 

Further evidence of the stability of methylmagnesium iodide was obtained recently 
when a sealed Carius tube containing 50 ml. of a diethyl ether solution of about 2N 
methylmagnesium iodide was opened after remaining sealed for 20 years. The normal
ity of the solution was determined by both acid titration and gas analysis and found 
to be essentially the same as when the solution was first placed in the tube. Of par
ticular significance is the fact that the normality values found by the two different 
methods of analysis are in close agreement. The normality values obtained by acid 
titration normally run slightly higher than those obtained by gas analysis, probably 
because of the presence of basic magnesium compounds formed by means other than 
hydrolysis of the Grignard reagent, such as ether cleavage and the reaction of the 
Grignard reagent with traces of water and/or oxygen. Any cleavage of the diethyl 
ether by the methylmagnesium iodide which might have occurred during the 20 years 
of storage would have been evidenced by an abnormal difference between the normality 
values found by acid titration and those found by gas analysis. The average difference 
was found to be 2.6%, well below the reported average difference of 3.9%. 

Positive identification of the material as a solution of methylmagnesium iodide .was 
made by preparing acet-a-naphthalide (7) and methylmercuric iodide (30) and check
ing their properties against those of their respective authentic specimens. 

A color test I (19), taken immediately after opening the sealed tube, was strongly 
positive. 

It would not be unreasonable to expect variations with other Grignard reagents 
and variations with other solvents—for example, it is known that methylmetallic com
pounds may differ appreciably from others (5,10,16,17). 

Some Reactions of o-Halophenyllithium Compounds. As a continuation of 
earlier studies concerned with o-halophenyllithium compounds (9), some of their 
reactions and possible routes by which these organometallic compounds couple to form 
new organolithium compounds have been investigated further. To obtain a better 
understanding of the various transformations, the elegant procedure of Wittig and 
Pohmer (41) was employed. These workers successfully interacted o-bromofluoroben-
zene with lithium amalgam in furan to obtain l,4-dihyclronaphthalene-l,4-endoxide 
(III), a strained molecule which has been formulated as arising via a Diels-Alder reac
tion between furan and the benzyne intermediate (II). Furthermore, the reactive 
species (II) has been postulated as being formed from o-fluorophenyllithium after the 
latter has been generated by the interaction of o-bromofluorobenzene and lithium 
amalgam. The same reaction in the absence of furan gives diphenylene and triphenyl-
ene (40). In view of these results it was hoped that furan could be used in a similar 
fashion to trap any intermediate which might arise during the break-down of o-halo
phenyllithium compounds (I). o-Fluoro- and o-chlorophenyllithium were prepared 
at —60° and —90°, respectively. A relatively large excess of furan was added in each 
case and then the mixtures were allowed to warm to —50° for the chloro isomer and 
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GILMAN-ORGANOMETALLIC COMPOUNDS 3 

— 10° for the f luoro isomer. A s color test I was pos i t ive i n b o t h cases at these t e m 
peratures , the mix tures were carbonated . T h e r u n i n v o l v i n g o-bromochlorobenzene 
afforded 4 1 % of I I I a n d 1 1 % of 2 - carboxy -2 ' - ch l o rob ipheny l ; w i t h o -bromof luoroben-
zene the y i e l d of I I I was 6 7 % , whi le 4 % of 2 - carboxy -2 / - f luorob ipheny l was iso lated . 

A modi f ied procedure was used w i t h o -dibromobenzene, because i t was f ound i n 
prev ious studies that o - b r o m o p h e n y l l i t h i u m is a s h o r t - l i v e d in termediate . C o n s e 
quent ly , o -dibromobenzene was added to a m i x t u r e of f u r a n a n d b u t y l l i t h i u m . T h e 
y i e l d of I I I was 6 8 % ; however , as m i g h t be expected, no ac id was iso lated . 

α - Ο 
I II 

(X = C1 or F) 

F r o m the foregoing results i t is clear t h a t i n the case of o -chloro - a n d o- f luoro-
p h e n y l l i t h i u m some react ive in termediate is c o m p e t i t i v e l y react ing w i t h f u r a n a n d 
w i t h I . F u r t h e r m o r e , evidence substantiates that such a compet i t i ve react ion occurs 
on ly w h e n the o r g a n o l i t h i u m c o m p o u n d is f o rmed first independent ly of the other 
reactants . I n order to ascerta in that no m e t a l a t i o n react ion ensued between f u r a n a n d 
I fo l lowed b y another s i m i l a r m e t a l a t i o n between the halobenzene a n d 2 - f u r y l l i t h i u m 
at a w a r m e r t emperature , a n a t t e m p t was made to meta late chlorobenzene under c o n 
d i t ions used for the compet i t i ve reactions. N o I V was detected after c a r b o n a t i o n ; 
most of the chlorobenzene was recovered. 

A t th is t im e the most p lausib le exp lanat i on for the presence of coup l ing p r o d u c t 
i n the c ompet i t i ve react ion is one i n v o l v i n g I I , a l t h o u g h a n a l t e r n a t i v e exp lanat i on 
has been proposed recent ly for a re lated react ion (31). I n t u i t i v e l y the hal ide i n I 
w o u l d not be expected to be displaced b y a nuc leophi le because the h i g h e lectron 
densi ty i n the pos i t i on adjacent to the chlor ine a t o m should h inder such a n a p p r o a c h . 
A l s o , nuc leophi l i c a romat i c subs t i tu t i on reactions are fac i l i ta ted b y e l e c t r o n - w i t h d r a w 
ing groups a n d not e lec t ron-donat ing subst i tuents (3). I t is conceivable t h a t the 
a n i o n of I m a y displace the halogen i n another molecule of I e i ther just before or 
d u r i n g the f o r m a t i o n of the react ive in termediate I I . I t has been shown t h a t b e n -
zyne can be formed v i a e i ther a stepwise or concerted m e c h a n i s m , depending on the 
halogen be ing e l iminated w h e n m e t a l a t i o n reactions are i n v o l v e d . H o w e v e r , i n th is 
case these findings do not necessarily a p p l y , because i t cannot be assumed t h a t the 
i n i t i a l step is s i m i l a r i n b o t h cases (34). 

T h e r a p i d convers ion of o - b r o m o p h e n y l l i t h i u m to I I d i d not a l l ow i ts p r e p a r a t i o n 
p r i o r to the a d d i t i o n of f u r a n , a n d , as a result , the concentrat i on of o - b r o m o p h e n y l 
l i t h i u m p r o b a b l y was so sl ight t h a t the m a i n react ion was between I I a n d f u r a n . 

T h e react ion p a t h lead ing to I I I m i g h t i n v o l v e a nuc leophi l i c a t t a c k of I on f u r a n 
or the more probable react ion of I I w i t h f u r a n . O f the tw ro possibi l i t ies , i t appears 
better to rat ional ize on the basis t h a t I I is the k e y in termediate . I f I is considered as 
be ing the a t t a c k i n g species, the fo l lowing p a t h m i g h t be expected. 
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4 ADVANCES IN CHEMISTRY SERIES 

E v i d e n c e indicates t h a t a n intermediate such as V is less l i k e l y to undergo r i n g 
closure to give the h i g h l y s t ra ined molecule I I I t h a n w o u l d a n intermed ia te a r i s ing 
f r o m i n t e r a c t i o n of I I w i t h f u r a n . I f V were f o r m e d as a n in termedia te , r i n g closure 
at such a l o w t e m p e r a t u r e w o u l d be d o u b t f u l i n v i ew of po lar effects a n d f o r m a t i o n of 
the s t ra ined molecule I I I . P r e v i o u s studies showed t h a t a n intermediate such as 
2- ( o - ch lo ropheny l ) - 2 ' - l i t h i o b i p h e n y l does not undergo r i n g closure be low a p p r o x i 
m a t e l y —50° to give the p l a n a r , nons t ra ined sys tem, t r ipheny lene . 

T h e f o r m a t i o n of V v i a I is unprecedented , as there is no k n o w n instance where in 
f u r a n is a t t a c k e d i n such a m a n n e r . I n fact , u n d e r these condit ions f u r a n is iner t to 
such a n a t t a c k a n d at w a r m e r temperatures the o n l y p r o d u c t f o r m e d is 2 - f u r y l l i t h i u m . 
I n general , m e t a l a t i o n reactions proceed s m o o t h l y on ly at r o o m t e m p e r a t u r e or higher 
w h e n d i e t h y l ether is the solvent (18). 

I n d i s t ingu ish ing between the two paths i t is not per t inent whether the in te rac t i on 
of benzyne w i t h f u r a n is a po lar react ion or a four-center t y p e of react ion . A s there 
is no sharp l ine between the l a t t e r two types of reac t ion mechanisms , i t is dif f icult to 
rat ional ize b y w h i c h one the benzyne interacts w i t h f u r a n (26). 

O n the basis of the a fore -ment ioned discussion where in I I has been v i sua l i zed as 
the in termediate i n the var ious reactions, i t w o u l d be expected t h a t i f I were generated 
at a t e m p e r a t u r e above t h a t at w h i c h i t is stable , the concentrat ion of I w o u l d be 
negligible a n d no c oup l ing p r o d u c t ( I V ) shou ld be detected. T h i s has been ver i f ied b y 
a d d i n g b u t y l l i t h i u m to a m i x t u r e of f u r a n a n d a n o-bromohalobenzene at temperatures 
cons iderab ly h igher t h a n those at w h i c h the s t a b i l i t y of I has been w e l l establ ished. F o r 
example , w h e n b u t y l l i t h i u m is added to a m i x t u r e of o -bromochlorobenzene a n d a large 
excess of f u r a n , o n l y I I I has been iso lated . N o acids were f o u n d to be present . T h e 
same was t rue for the fluoro a n d b r o m o isomers, a l t h o u g h i n the l a t t e r case the results 
are not as signi f icant as for the f o rmer t w o . 

O r g a n o l i t h i u m compounds other t h a n b u t y l l i t h i u m have been f o u n d equa l ly s u i t 
able i f not somewhat super ior for generat ing the react ive species I I at moderate t e m 
peratures . A 7 5 % y i e l d of I I I has been obta ined w i t h p h e n y l l i t h i u m , whi l e w i t h 
m e t h y l l i t h i u m y ie lds u p to 8 4 % of I I I have been iso lated . T h i s is s u r p r i s i n g because, 
i n the past , m e t h y l l i t h i u m has been f o u n d v e r y ineffective i n halogen-meta l i n t e r c o n 
vers ion react ions. M e t h y l l i t h i u m interconver ts o n l y w i t h v e r y react ive hal ides such 
as o -bromoanisole . P h e n y l l i t h i u m is general ly more effective b u t has the d isadvantage 
of occas ional ly p a r t i c i p a t i n g i n side react ions (27). T h e u n u s u a l effectiveness i n th i s 
case m a y be a t t r i b u t e d to the f o r m a t i o n of the h i g h l y react ive in termediate , I I . 

I n order to substant iate t h a t a ha logen-meta l in terconvers ion reac t i on was the 
i n i t i a l step i n the react ion between o-bromochlorobenzene a n d p h e n y l l i t h i u m , the l a t t e r 
c o m p o u n d was synthes ized f r o m iodobenzene a n d l i t h i u m . R e c o v e r y of b r o m o b e n -
zene i n a good y i e l d suppor t s the above proposa l . N o a t t e m p t was m a d e to recover 
m e t h y l b r o m i d e w h e n m e t h y l l i t h i u m was used. 

N o reac t ion occurred between o-dichlorobenzene a n d b u t y l l i t h i u m i n the presence 
of f u r a n . C a r b o n a t i o n , a f ter s t i r r i n g at r o o m t e m p e r a t u r e for 1 hour , afforded o n l y 
2- furoic a c i d . I t is conceivable t h a t condi t ions m i g h t be v a r i e d so as to effect a react ion , 
as there is evidence t h a t a reac t i on occurs between b u t y l l i t h i u m a n d o-dichlorobenzene 
i n the absence of f u r a n . 

Recent re lated w o r k can be corre lated w i t h the results just m e n t i o n e d together 
w i t h prev ious findings (9). I n the re lated w o r k , 2 ,2 ' -d i i odob ipheny l has been p o s t u 
l a t e d as a n intermediate i n the react ion of o-di iodobenzene w i t h b u t y l l i t h i u m a n d 
l i t h i u m i n n o n p o l a r solvents (25). I t is u n l i k e l y t h a t o - i o d o p h e n y l l i t h i u m w o u l d be 
present as such i n a n y apprec iab le concentrat i on i n v i ew of the i n s t a b i l i t y of o -bromo
p h e n y l l i t h i u m at —110° , a n d especial ly because a re f luxing m i x t u r e of benzene a n d 
p e t r o l e u m ether (bo i l ing po in t , 40° to 60° ) was employed . Since the o-di iodobenzene 
was added to b u t y l l i t h i u m , a n intermed ia te such as 2 - i o d o - 2 / - l i t h i o b i p h e n y l w o u l d be 
expected to react f u r t h e r w i t h b u t y l l i t h i u m to give 2 , 2 / - d i l i t h i o b i p h e n y l . T h e l a t t e r , 
i n t u r n , c ou ld in terac t w i t h t w o equiva lents of I I to g ive 2,2 ' -bis- ( o - l i t h i o p h e n y l ) - b i -
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GllMAN—ORGANOMETALLIC COMPOUNDS 5 

p h e n y l . T h i s c o m p o u n d cou ld p a r t i a l l y couple w i t h b u t y l iodide , f o r m e d d u r i n g the 
in terconvers ion react ion , to give 2 ,2 / -b is - ( o - n - b u t y l p h e n y l ) - b i p h e n y l . A l k y l iodides 
are more prone to be i n v o l v e d i n c oup l ing reactions t h a n are other hal ides. F o r ex
ample , m e t h y l iodide couples w i t h 1 - n a p h t h y l l i t h i u m to give a good y i e l d of 1 - m e t h y l -
naphtha lene (IS). T h e r e m a i n i n g o r g a n o d i l i t h i u m c o m p o u n d w o u l d give the co r re 
sponding a c i d af ter carbonat i on . 

W h e n l i t h i u m in terac ted w i t h o-diiodobenzene the m a j o r p r o d u c t was t r i p h e n y l e n e . 
T h i s is no t too s u r p r i s i n g , as i t is possible t h a t i n th i s case the in termed ia te , 2 - iodo-2 ' -
l i t h i o b i p h e n y l , w o u l d t e n d to react pre f e rent ia l l y w i t h I I instead of w i t h l i t h i u m a n d 
as a result one w o u l d get 2 - ( o - i o d o p h e n y l ) - 2 / - l i t h i o b i p h e n y l , a t y p e of molecule w h i c h 
has been shown to undergo r e a d i l y r i n g closure to y i e l d t r i p h e n y l e n e . 

2 - C h l o r o - 2 ' - ( t r i p h e n y l s i l y l ) - b i p h e n y l has been p r e p a r e d b y a l l o w i n g a n ethereal 
so lut ion of o - c h l o r o p h e n y l l i t h i u m to w a r m i n the presence of t r ipheny l ch lo ros i lane . A 
s m a l l a m o u n t of t r ipheny lene was iso lated also. T h e f o rmer c o m p o u n d is p r o b a b l y 
f o rmed v i a the o r g a n o l i t h i u m c o m p o u n d ( I V , X = C1) . T h e corresponding b r o m o 
isomer has been p r e p a r e d i n a less ambiguous m a n n e r b y means of a mono -ha logen -
m e t a l in terconvers ion react ion between 2 , 2 / - d i b r o m o b i p h e n y l a n d b u t y l l i t h i u m , fo l lowed 
b y reac t ion w i t h t r ipheny l ch loros i lane . 

Improved Metalation Procedure for Dibenzofuran. D i b e n z o f u r a n has been 
meta la ted successfully w i t h var ious o r g a n o l i t h i u m compounds (18). A c o m p a r a t i v e 
m e t a l a t i o n s t u d y of d ibenzo furan w i t h n - b u t y l l i t h i u m has been c a r r i e d out i n d i e t h y l 
ether, d i - n - b u t y l ether, a n d pe t ro l eum ether (bo i l ing p o i n t 28° to 38° ) to give y ie lds 
of 56, 76, a n d 1%, respect ive ly , of 4 -d ibenzo furancarboxy l i c a c i d a f ter carbonat i on of 
the m e t a l a t e d p r o d u c t . I n a l l these cases the reac t ion m i x t u r e s were ref luxed for 4 
to 24 h o u r s ; the y ie lds of 4 - d i b e n z o f u r y l l i t h i u m increased s l i g h t l y w i t h increased r e -
fluxing periods (δ,16). T h e use of o r g a n o l i t h i u m compounds o ther t h a n n - b u t y l 
l i t h i u m general ly results i n smal ler y ie lds of 4 - d i b e n z o f u r y l l i t h i u m (5,16,21). 4 - D i -
b e n z o f u r y l l i t h i u m has been d e r i v a t i z e d i n r a t h e r good y ie lds w i t h o - m e t h y l h y d r o x y l -
amine a n d oxygen to give the amine a n d h y d r o x y c o m p o u n d , respect ive ly (12,24). 
A l t h o u g h the y ie lds of the l a t t e r two compounds were h igher t h a n t h a t of the co r re 
spond ing carboxy l i c a c id , the condit ions for p r e p a r i n g the 4 - d i b e n z o f u r y l l i t h i u m were 
s i m i l a r . 

B y us ing t e t r a h y d r o f u r a n as the solvent , d ibenzo furan has been m e t a l a t e d w i t h 
n - b u t y l l i t h i u m i n y ie lds (83 to 8 6 % ) h igher a n d u n d e r condi t ions m u c h m i l d e r t h a n 
described prev ious ly . T h e n - b u t y l l i t h i u m , p r e p a r e d i n d i e t h y l ether, was added t o a 
t e t r a h y d r o f u r a n so lut ion of d ibenzo furan at —60° a n d t h e n the reac t i on m i x t u r e was 
s t i r r e d between 0° a n d 5° for 1 h o u r before c a r b o n a t i n g . T e t r a h y d r o f u r a n was p u r 
posely selected because i t is a more basic so lvent t h a n a n y u t i l i z e d i n prev ious studies. 
T h e base s t rength of t e t r a h y d r o f u r a n t o w a r d b o r o n t r i f luor ide is greater t h a n t h a t of 
d i e t h y l ether (2). 

T o examine f u r t h e r the pronounced effect of t e t r a h y d r o f u r a n o n the m e t a l a t i o n of 
d ibenzo furan , a r u n was made at —50° . A signif icant 1 1 % y i e l d of a c i d was ob ta ined 
after s t i r r i n g at —50° for 1 h o u r fo l lowed b y carbonat i on . I n contrast , a d i e t h y l ether 
so lut ion of d ibenzo furan a n d b u t y l l i t h i u m s t i r r e d at 0 ° for 1 h o u r af forded o n l y a 5 % 
y i e l d of ac id . 

I t was hoped t h a t exclusion of d i e t h y l ether f r o m the reac t i on m i g h t result i n 
m e t a l a t i o n u n d e r even m i l d e r condit ions t h a n m e n t i o n e d . F o r th i s purpose the 
n - b u t y l l i t h i u m was p r e p a r e d in situ at —25° f r o m b u t y l ch lor ide , to a v o i d loss of the 
R L i c o m p o u n d . I t has been observed t h a t the y i e l d of b u t y l l i t h i u m decreases more 
r a p i d l y i n t e t r a h y d r o f u r a n t h a n i n d i e t h y l ether. T h e highest y i e l d of a c i d ob ta ined 
w i t h th is m e t h o d was 3 0 % . T h e use of b u t y l b r o m i d e instead of b u t y l ch lor ide d i d 
not give h igher y ie lds . 

Lithium Cleavages of Some Heterocycles in Tetrahydrofuran. C leavages of 
heterocycles us ing var ious m e d i a a n d c l eav ing agents has often p r o v e d to be a va luab le 
tool in synthesis a n d s t ruc ture proof . 
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ό ADVANCES IN CHEMISTRY SERIES 

R e f l u x i n g l i t h i u m a n d d ibenzo furan i n d i e t h y l ether for 22 hours afforded excellent 
yie lds of 3 ,4 -benzocoumarin w h e n the react ion was t e r m i n a t e d b y carbonat i on . W h e n 
ref luxing dioxane was used as the solvent , o n l y 2 - h y d r o x y b i p h e n y l was obta ined u p o n 
h y d r o l y s i s or carbonat i on after 12 hours (6). 

D i b e n z o - p - d i o x i n has been c leaved b y l i t h i u m i n re f lux ing d i e t h y l ether (24 hours) 
to y i e l d u p o n carbonat i on 2 3 % of 2 - h y d r o x y - 2 ' - c a r b o x y d i p h e n y l ether. T h i s molecule 
cou ld p r e s u m a b l y be c leaved i n ref luxing dioxane. 

I n ref luxing d i e t h y l ether, l i t h i u m does not cleave d ibenzothiophene even after 36 
hours . H o w e v e r , d ibenzothiophene can be c leaved b y l i t h i u m i n re f luxing dioxane 
over a per iod of 12 hours to y i e l d b i p h e n y l a n d 2 - m e r c a p t o b i p h e n y l after hydro lys i s 
or c a r b o n a t i o n (6). T h i s aga in demonstrates the destruct ive na ture of re f lux ing 
dioxane on organometal l i c compounds . 

A t t e m p t s to cleave JV-ethylcarbazole w i t h l i t h i u m i n ref luxing dioxane have r e 
sulted i n essential ly q u a n t i t a t i v e recovery of s t a r t i n g m a t e r i a l after 24 hours (11). 
T h e cleavage was not a t t e m p t e d i n ether, b u t a negat ive result m a y be a f a i r l y safe 
assumpt i on . C a r b a z o l e gave the same results under i d e n t i c a l condit ions . 

W h e n pur i f i ed t e t r a h y d r o f u r a n was used, a l l the a fore -ment ioned compounds have 
undergone cleavage w i t h s ignif icant ease. I n a l l cases the react ions were exothermic , 
g i v i n g rise to a d a r k blue-green color. C o l o r test I was u s u a l l y pos i t ive w i t h i n 2 
minutes after the reactants were m i x e d . I n m a n y instances, the d a r k blue-green color 
g r a d u a l l y t u r n e d to a d a r k b r o w n . F o r compar ison purposes, the reactions were a l l 
r u n for 45 minutes a n d t h e n e ither h y d r o l y z e d or carbonated . 

D ibenzo th iophene a n d d i b e n z o - p - d i o x i n reacted complete ly d u r i n g the a l l o t ted 
t i m e . B o t h reactions approached the reflux t e m p e r a t u r e of t e t r a h y d r o f u r a n i f they 
were not contro l l ed . 

D i b e n z o - p - d i o x i n gave the n o r m a l products u p o n carbonat i on i n bet ter y i e l d t h a n 
the corresponding d i e t h y l ether cleavage, b u t dibenzothiophene p r o d u c e d 3,4-benzo-
t h i o c o u m a r i n a n d the disulf ide of 2 - m e r c a p t o - 2 / - c a r b o x y b i p h e n y l . These are p r o b a b l y 
f o r m e d f r o m the 2 - m e r c a p t o - 2 / - c a r b o x y b i p h e n y l d u r i n g the w o r k - u p . A s m a l l a m o u n t 
of b i p h e n y l was also obta ined f r o m the uncont ro l l ed reactions of d ibenzothiophene. A 
m a x i m u m y i e l d of cleavage products was real ized at 25° for dibenzothiophene a n d 
d ibenzo -p -d i ox in , us ing a n ice b a t h to moderate the reactions. 

I n the case of d ibenzo furan , i t was best to use a higher t emperature , because a 
7 5 % recovery of s t a r t i n g m a t e r i a l resulted at 25° . T h e uncont ro l l ed reactions w h i c h 
w a r m e d u p to 40° to 50° gave a 2 0 % y i e l d of 3 ,4 -benzocoumarin after carbonat i on . 

C leavage of th ianthrene at 25° w i t h l i t h i u m y ie lded no identi f iable produc ts , b u t 
9 0 % of the s t a r t i n g m a t e r i a l was i n the f o r m of an unpleasant smel l ing acidic o i l a f ter 
carbonat i on . T h i s evidence p lus the fact t h a t color test I was pos i t ive can be recon
c i lable on ly w i t h cleavage of th is heterocycle . W h e n us ing re f luxing d i e t h y l ether as 
the solvent , 7 2 % of th ianthrene was recovered, even t h o u g h color test I was pos i t ive 
a f ter 1 hour . 

N o products have been ident i f ied f r o m the l i t h i u m cleavage of JV-ethylearbazole 
i n t e t r a h y d r o f u r a n . Some cleavage m u s t have occurred , as on ly 7 5 % of the s t a r t i n g 
m a t e r i a l was recovered after 45 minutes of ref luxing a n d color test I was pos i t ive . T h e 
i n f r a r e d spectra of some of the recovered oils showed a n N - H b a n d . L i t h i u m i n r e 
fluxing t e t r a h y d r o f u r a n for 45 minutes fa i led to cleave carbazole , g i v i n g a 9 0 % recovery 
of s t a r t i n g m a t e r i a l . 

W h i l e d ibenzo furan c leaved ra ther easi ly i n ether, d ibenzothiophene resisted c leav
age u n d e r these condi t ions . H o w e v e r , i n t e t r a h y d r o f u r a n , d ibenzothiophene gave the 
best y i e l d of cleavage produc t at 25° , whereas d ibenzo furan was a p p r e c i a b l y c leaved 
o n l y at higher temperatures . 

A n o t e w o r t h y dev ia t i on f r o m heterocycles was the cleavage of d i p h e n y l ether to 
y i e l d pheno l , benzoic a c i d , a n d 2 - c a r b o x y d i p h e n y l ether a f ter carbonat i on . T h e last 
p r o d u c t m a y be accounted for b y assuming m e t a l a t i o n of the d i p h e n y l ether b y p h e n y l 
l i t h i u m obta ined b y cleavage of the d i p h e n y l ether. 
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OILMAN—ORGANOMETALLIC COMPOUNDS 7 

Coupling Reactions with Some Organolithium Compounds in Tetrahydrofuran. 
D e p e n d i n g u p o n condi t ions a n d solvents used, a v a r i e t y of produc ts have been ob 
ta ined f r o m reactions of dihalobenzene compounds w i t h n - b u t y l l i t h i u m . One i n v e s t i 
ga t i on (25) described the reactions of o-diiodobenzene a n d o -dibromobenzene w i t h 
magnes ium, l i t h i u m , a n d n - b u t y l l i t h i u m i n var i ous solvents to y i e l d a series of coup l ing 
products . T h e f o r m a t i o n of these c o u p l i n g products i n the reactions i n v o l v i n g o -d i iodo 
benzene has been pos tu lated to proceed t h r o u g h the i n i t i a l f o r m a t i o n of 2 ,2 ' -d i iodob i -
p h e n y l as a n in termedia te . H o w e v e r , ne i ther 2 ,2 / - d i i odob ipheny l nor 2 ,2 ' - d ibromob i -
p h e n y l c ou ld be iso lated f r o m the reac t i on m i x t u r e s . 

A n o t h e r inves t iga t i on (9) described the reactions of o -dibromobenzene, o - ch loro -
bromobenzene, a n d o- f luorobromobenzene w i t h n - b u t y l l i t h i u m i n ethereal so lut ion at 
low7 t emperatures to y i e l d u p o n carbonat i on o -bromobenzoic , o -chlorobenzoic , a n d 
o-fluorobenzoic acids, respect ive ly . W h e n the react ion m i x t u r e s were w a r m e d p r i o r 
to carbonat i on , the var ious o - h a l o p h e n y l l i t h i u m reagents underwent coup l ing reactions 
to y i e l d such products as 2 - h a l o - 2 / - l i t h i o b i p h e n y l , 2 - ( o - h a l o p h e n y l ) - 2 M i t h i o b i p h e n y l , 
a n d t r ipheny lene . H o w e v e r , i n no case was a n y 2 ,2 ' - d iha lob ipheny l iso lated . 

A d d i t i o n a l w o r k has shown that one equiva lent of a n ethereal so lut ion of n - b u t y l 
l i t h i u m reacts instantaneous ly at —78° w i t h two equivalents of o -dibromobenzene, 
dissolved i n t e t r a h y d r o f u r a n , to give, as the m a i n p r o d u c t , 2 , 2 / - d i b r o m o b i p h e n y l i n 
yie lds rang ing f r o m 67 to 7 4 % . S i m i l a r l y , when p -d ibromobenzene a n d p - c h l o r o -
bromobenzene were dissolved i n t e t r a h y d r o f u r a n a n d t reated w i t h a n ethereal so lut ion 
of n - b u t y l l i t h i u m i n a 2 to 1 rat io , there resulted 4 , 4 / - d i b r o m o b i p h e n y l a n d 4 ,4 ' -d i -
c h l o r o b i p h e n y l , respect ive ly . H o w e v e r , the y ie lds of the la t ter two compounds were 
m u c h lower t h a n t h a t of 2 ,2 ' - d ibromob ipheny l . 

A l t h o u g h the m e c h a n i s m of the react ion i n t e t r a h y d r o f u r a n has not been ex
tensive ly s tud ied , i t is conceivable t h a t o - b r o m o p h e n y l l i t h i u m is f o r m e d as a n i n t e r 
mediate v i a a halogen-meta l in terconvers ion react ion between o-dibromobenzene a n d 
n - b u t y l l i t h i u m , a n d t h a t this i n t u r n can couple w i t h o -d ibromobenzene to give the 
f inal p r o d u c t , 2 , 2 / - d i b r o m o b i p h e n y l . 

F r o m the foregoing discussion, there is a strong inference t h a t the solvent m a y 
p l a y a n i m p o r t a n t role i n the react ion of n - b u t y l l i t h i u m w i t h a dihalobenzene c o m 
p o u n d . I n fur ther s u p p o r t of this conclusion, i t has been f o u n d t h a t w h e n o - d i b r o m o 
benzene interacts w i t h n - b u t y l l i t h i u m i n d i e t h y l ether u n d e r i d e n t i c a l condi t ions a n d 
w i t h the same quant i t ies of reactants employed i n the r u n car r i ed out i n t e t r a h y d r o 
f u r a n , no 2 , 2 / - d i b r o m o b i p h e n y l was iso lated . T h e o n l y products were an unident i f i ed 
ether - inso luble m a t e r i a l a n d a h i g h l y viscous o i l . 

p -Ch lorobromobenzene a n d p-d ibromobenzene , w h e n reacted w i t h n - b u t y l l i t h i u m 
i n d i e t h y l ether, undergo a n o r m a l ha logen-meta l in terconvers ion react ion to give 
p - c h l o r o p h e n y l l i t h i u m a n d p - b r o m o p h e n y l l i t h i u m , respect ive ly , i n h i g h y ie lds (13). 
H o w e v e r , i t is a p p a r e n t t h a t the mode of react ion is changed w h e n t e t r a h y d r o f u r a n 
is used as the solvent . 

T h i s p r e p a r a t i o n of 2 ,2 ' - d ib romob ipheny l is interest ing also f r o m a synthet i c 
v i ewpo in t , as prev ious to th is , the o n l y sat is factory means for p r e p a r i n g 2 ,2 ' -d ibromo-
b i p h e n y l was a m u l t i s t e p process i n v o l v i n g d iazo t i za t i on of 2 ,2 ' - d iaminob ipheny l (4,35). 
T h e procedure just descr ibed offers several advantages over the older methods . T h e 
o v e r - a l l y i e l d is p r o b a b l y higher , there are fewer steps i n v o l v e d , a n d the react ion can 
be achieved r a p i d l y . 

T h i s react ion is now f ind ing extensive use for the p r e p a r a t i o n of 2 ,2 ' - d ibromob i -
p h e n y l , w r hich is a n i m p o r t a n t intermediate i n the p r e p a r a t i o n of some cyc l i c organo-
s i l i con compounds (8). 

Effect of Solvent on Course of Carbonation Reaction of 2-Quinolyl- and 1-Iso-
quinolyllithium. I n a recent sp lend id inves t igat i on , N o r m a n t (32) f o u n d t h a t exce l 
lent y ie lds of the G r i g n a r d reagents cou ld be obta ined w i t h a l k e n y l a n d a r y l chlorides 
b y e m p l o y i n g t e t r a h y d r o f u r a n as the solvent . T h i s so lvent has been used f u r t h e r to 
inc lude the p r e p a r a t i o n of p h e n y l l i t h i u m f r o m ch lo ro - a n d fluorobenzene (33) w i t h 
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8 ADVANCES IN CHEMISTRY SERIES 

lithium wire, and 2-quinolyllithium from 2-bromoquinoline by means of a halogen-metal 
interconversion reaction with n-butyllithium at —60°. 

On carbonating 2-quinolyllithium, which was prepared in tetrahydrofuran, by 
pouring jetwise onto a slurry of dry ice-tetrahydrofuran, the 2-quinolinecarboxylic 
acid was obtained in a yield of 50%. The same intermediate, however, when made 
in diethyl ether and carbonated by employing a dry ice-ether slurry, yields 2,2'-diquino-
lyl ketone in 20% yield and no acid. When this intermediate in diethyl ether was 
carbonated at —100°, both acid and ketone were obtained. 

Ketone formation on carbonation of organolithium derivatives has been noted 
{22). This reaction has been shown to involve the initial formation of the carboxylic 
salt which is again attacked by the organolithium reagent (1). The intermediate was 
found to be the dilithio ketal, which resisted further substitution or loss of lithium 
oxide. 

As the stability of the ketal was shown to be enhanced by the presence of electron-
attracting groups (87), the electrostatic effect of the nitrogen atom can be considered 
to have been involved in the stabilization of the quinolyl ketal. Further evidence in 
support of this hypothesis was the isolation of only the acids on carbonation of 3-
quinolyl- and 4-isoquinolyllithium under the same conditions. 

The greater basicity and solvating effect of tetrahydrofuran may have been re
sponsible for reducing the effective formation of the intermediate ketal which would 
result in the production of the acids in preference to the ketones. 

2-Quinolyl- and 1-isoquinolyllithium have been prepared for the first time. The 
general procedure used was a low temperature halogen-metal interconversion reaction 
with n-butyllithium. Each of these organolithium compounds was characterized by a 
reaction with benzophenone to give the corresponding tertiary alcohols. 3-Quinolyl-
lithium was reported earlier (20), and 2-quinolylmagnesium bromide has been prepared 
with difficulty and in low yield (89). 

Incidental to other interesting effects of tetrahydrofuran as a solvent, mention 
should be made of the following. First, an R 3 S i H compound reacts with R L i , but not 
with RMgX, in diethyl ether to give R 4 Si types; however, the Grignard reagent does 
undergo a related reaction in tetrahydrofuran. Second, tetrahydrofuran is not only 
a good solvent for reactions involving sparingly soluble organosilicon and organoger-
manium compounds, but also improves numerous reactions of these and related types. 
For example, the cleavage of hexaaryldisilanes and hexaaryldigermanes by lithium to 
give R 3 M L i types is much more effectively carried out in tetrahydrofuran. Also, 
hexaethyldisilane reacts with lithium in tetrahydrofuran. Third, in the reaction of 
o-dibromobenzene with allylmagnesium chloride in tetrahydrofuran there are formed, 
subsequent to carbonation, significant quantities of o-allylbenzoic acid. Details will 
be presented on the preparation of R L i compounds for RF, RC1, and RBr com
pounds in tetrahydrofuran, and their stabilities in this and some other solvents. 
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Metal Alkoxides 

D. C. BRADLEY 
Department of Chemistry, Birkbeck College, University of London, London, England 

The metal alkoxides constitute an important class of 
compounds characterized by the metal-oxygen-car
bon bonding system. The strongly electronegative 
oxygen atom induces considerable polarity in the 

δ+δ-M-O bond, but this may be partially offset by the 

electrophilic nature of metals that undergo covalency 
expansion by coordination with donor atoms. The 
properties of the M-O-C system are also affected by 
the electronic behavior of the alkyl group. Its con
figuration gives rise to important stereochemical 
effects. The metal alkoxides offer great scope for 
producing compounds with varied chemical and phys
ical properties. It is surprising that only the alkox
ides of magnesium and aluminum were of industrial 
importance until a few years ago. 

The methods of preparing the alkoxides are varied and reflect in an interesting way 
the chemistry of the metals. The simplest method, involving the reaction of the metal 
with an alcohol (Equation 1), appears to be confined to the alkali metals, magnesium 
and aluminum. 

M + nROH -> M (OR), + n/2H 2 (1) 

Even in this reaction the effect of the alkyl group is apparent, as ieri-butyl alcohol 
reacts much less rapidly with sodium than does methyl or ethyl alcohol. More
over, the reactivity of an alkali metal depends on its electropositivity and thus potas
sium combines more rapidly with the tertiary alcohol than sodium. In contrast to the 
alkali metals magnesium and aluminum require catalysts—e.g., iodine and mercuric 
chloride, respectively—to initiate the reaction between metal and alcohol. The behav
ior of thallium merits special mention. Lamy (110) found that thallium did not 
react when suspended in boiling ethyl alcohol, yet a piece of the metal held in air over 
the surface of the alcohol readily combined to form thallous ethoxide. Apparently 
the metal is oxidized in air and the oxide undergoes a reversible reaction with alcohol: 

4T1 + 0 2 -» 2T120 (2) 

T120 + 2EtOH -> TlOEt + TIOH (3) 

TIOH + EtOH ^ TlOEt + H 2 0 (4) 

According to Menzies (130) the very low solubility of thallous ethoxide in ethyl alcohol 
favors its formation in Equation 4. 

As an alternative to the direct reaction, Equation 1, the alkoxide may be obtained 
by combination of a metal oxide (or hydroxide) with alcohol as illustrated in Equations 

10 
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BRADLEY-METAL ALKOXIDES 11 

3 a n d 4. T h u s sod ium ethoxide m a y be produced f r o m s o d i u m h y d r o x i d e a n d e t h y l 
a l coho l b y azeotropic d e h y d r a t i o n us ing benzene. T h e r e m o v a l of water d i s turbs the 
e q u i l i b r i u m i n E q u a t i o n 4 a n d convers ion to the ethoxide becomes complete . T h e 
revers ib i l i t y of the s o d i u m h y d r o x i d e - e t h y l a lcohol react ion also imposes l i m i t a t i o n s on 
the efficiency of sod ium as a reagent for d r y i n g aqueous e t h y l a l coho l . V a n a d y l a l k o x 
ides, V O ( O R ) 3 (142), have been obta ined b y the pro longed t r e a t m e n t of h y d r a t e d 
v a n a d i u m pent oxide w i t h alcohols. 

A t h i r d m e t h o d of p r e p a r a t i o n of the alkoxides depends on the m e t a l ch lor ide as 
s t a r t i n g m a t e r i a l . T h i s m e t h o d has been w i d e l y a p p l i e d i n the p r e p a r a t i o n of a l k 
oxides w h i c h cannot be obta ined b y the first m e t h o d . I n the chlor ide m e t h o d the 
detai led procedure depends on the r e a c t i v i t y of the chlor ide a n d also on the propert ies 
of the m e t a l a lkox ide . F o r example , a m o n g the elements i n G r o u p I V of the per iodic 
c lassi f ication, s i l i con alone forms a chlor ide suff iciently react ive towards alcohols to 
undergo complete replacement of ch lor ine b y a lkox ide groups. 

SiCl . ! + 4 R O H -> S i ( O R ) 4 + 4HC1 (5) 

T h i s react ion was discovered b y E b e l m a n (74) i n 1846. W i t h the tetrachlor ides of 
t i t a n i u m (102), z i r c o n i u m (34), a n d t h o r i u m (45), the degree of subs t i tu t i on decreases 
w i t h increase i n atomic n u m b e r of the centra l a t o m : 

T i C l 4 + 3 R O H -> T i C l 2 ( O R ) 2 , R O H + 2HC1 

2 Z r C l 4 + 5 R O H -> Z r C l 3 ( O R ) , R O H + Z r C l 2 ( O R ) 2 , R O H + 3HC1 

T h C U + 4 R O H -> T h C l 4 , 4 R O H 

S i m i l a r l y , the pentachlor ides of n i o b i u m a n d t a n t a l u m (77) undergo t r i s u b s t i t u t i o n : 

N b ( T a ) C l 5 + 3 R O H -> N b ( T a ) C l 2 ( O R ) 3 + 3HC1 

T h e a u t h o r a n d others have recent ly f ound t h a t v a n a d i u m te trach lor ide resembles 
t i t a n i u m te trach lor ide i n i ts reactions w i t h alcohols , whi le m o l y b d e n u m pentachlor ide 
differs f r o m n i o b i u m a n d t a n t a l u m pentachlor ides b y undergo ing d i s u b s t i t u t i o n (43): 

M0CI5 + 2 R O H -> M o C l 3 ( O R ) 2 + 2 H C 1 

A n interest ing feature of these reactions i n v o l v i n g m e t a l chlorides a n d alcohols is 
t h a t a l t h o u g h the replacement of chlor ine is not complete , ye t the p a r t i a l replacement 
occurs v e r y r a p i d l y a n d exo thermica l l y . F u r t h e r m o r e , pro longed t r ea tment of the 
resultant m e t a l chlor ide a lkox ide w i t h excess b o i l i n g a lcohol fai ls to cause f u r t h e r 
react ion . T h i s behav ior was emphas ized b y the d iscovery t h a t m e t a l chlor ide a lkoxides 
undergo alcohol interchange (32, 138). 

Z r C l 2 ( O E t ) 2 , E t O H + S P r O H -> Z r C l 2 ( O P r i ) 2 , P r i O H + 3 E t O H 

Ζ ι ·α (Οΐν ) 3 ,ΡΓ 5 ΟΗ + 3 C H 3 O H -> Z r C l ( O C H 3 ) 3 + 4 P r O H 

I n order to prepare the m e t a l a lkox ide i t is necessary to e m p l o y a base w h i c h w i l l 
cause fur ther replacement of chlor ine . I n fact , a t t empts were made as ear ly as 1875 
(69) to prepare t i t a n i u m tetraethoxide b y the reac t ion i n v o l v i n g t i t a n i u m t e t r a c h l o 
r ide, e t h y l a lcohol , a n d s o d i u m ethoxide. H o w e v e r , i t remained for Bischof f a n d 
A d k i n s (11) i n 1924 to demonstrate the effectiveness of this m e t h o d : 

T i C l 4 + 3 R O H - » T i C l 2 ( O R ) 2 , R O H + 2 H C 1 

T i C l 2 ( O R ) 2 , R O H + 2 N a O R -> T i ( O R ) 4 + 2 N a C l + R O H 

Neverthe less , M e e r w e i n a n d B e r s i n (122) f ound t h a t z i r c o n i u m alkoxides c o u l d 
not be obta ined b y a s i m i l a r m e t h o d , because of the f o r m a t i o n of stable double a l k o x 
ides. T h e y c la imed t h a t the ac id sod ium z i r c o n i u m ethoxide, N a H [ Z r ( O E t ) 6 ] , was 
produced i n accordance w i t h the requirements of the fo l lowing e q u a t i o n : 

Z r C l 4 + 5 N a O E t + E t O H -> N a H [ Z r ( O E t ) 6 ] + 4 N a C l (6) 
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12 ADVANCES IN CHEMISTRY SERIES 

T h e z i r c o n i u m tetraethox ide was t h e n obta ined b y t rea tment of the a c i d s o d i u m z i r 
c o n i u m ethoxide w i t h the equ iva lent a m o u n t of alcohol ic h y d r o g e n ch lor ide . 

N a H [ Z r ( O E t ) 6 ] + H C 1 - > Z r ( O E t ) 4 + N a C l + 2 E t O H 

T h e i r f o r m u l a t i o n of the ac id s o d i u m z i r c o n i u m ethoxide was s u p p o r t e d b y t i t r a t i o n 
of z i r c o n i u m tetraethox ide disso lved i n benzene w i t h 2N s o d i u m methox ide . U s i n g 
t h y m o l p h t h a l e i n i n d i c a t o r , they obta ined a n end po in t corresponding to the reac t i on 
of one equiva lent of s o d i u m methox ide per a t o m of z i r c o n i u m . R e p e a t e d exper iments 
i n these laborator ies have fa i led to con f i rm the deta i led reactions c la imed b y M e e r w e i n 
a n d B e r s i n , a l t h o u g h the a u t h o r agrees t h a t a double complex f o r m e d i n the reac t ion 
prevents the i so la t ion of z i r c o n i u m tetraethoxide (48). H o w e v e r , i t has been f o u n d 
t h a t b y us ing a n h y d r o u s a m m o n i a i n place of s o d i u m ethoxide the te t raa lkox ides of 
z i r c o n i u m cou ld be obta ined d i r e c t l y (47, 48) : 

Z r C l 4 + 4 R O H + 4 N H 3 -> Z r ( O R ) 4 + 4 N H 4 C 1 (7) 

Ne l l e s (188) h a d prev i ous ly shown t h a t t i t a n i u m alkoxides c o u l d be obta ined f r o m 
the reac t i on i n v o l v i n g t i t a n i u m te t rach lor ide , a lcohol , a n d a m m o n i a , a n d th i s m e t h o d 
has since been conf i rmed b y several workers a n d is used on a n i n d u s t r i a l scale (16, 64, 
65, 109, 186, 140,141). R e c e n t l y , H e r m a n (92, 93, 164) has i n t r o d u c e d a n interest ing 
mod i f i ca t i on of the a m m o n i a m e t h o d . T h e react ion of t i t a n i u m te t rach lor ide , a l coho l , 
a n d a m m o n i a is c a r r i e d out i n the presence of a n amide—e.g . , f o r m a m i d e — o r n i t r i l e , 
so t h a t the t i t a n i u m a lkox ide forms an u p p e r l ayer whi le the a m m o n i u m chlor ide r e 
m a i n s i n so lut ion i n the lower l ayer a n d no filtration is requ i red . 

Recent w o r k (28, 49-51) has shown t h a t the a m m o n i a m e t h o d is sat i s fac tory for 
the p r e p a r a t i o n of the pentaalkox ides of n i o b i u m or t a n t a l u m f r o m t h e i r p e n t a c h l o 
rides : 

M C I 5 + 5 R O H + 5 N H 3 M ( O R ) 5 + 5 N H 4 C 1 (8) 

O n the other h a n d , the a m m o n i a m e t h o d fa i led to produce a chlor ide- free p r o d u c t i n 
a t t e m p t s to prepare t h o r i u m te traa lkox ides f r o m the t e t rach lor ide . F o r t u n a t e l y , the 
s o d i u m m e t h o d was effective (44, 46), p r e s u m a b l y because t h o r i u m does no t f o r m 
stable double a lkoxides w i t h s o d i u m (cf. z i r c o n i u m ) . 

T h C l 4 , 4 R 0 H + 4 N a O R -> T h ( O R ) 4 + 4 N a C l + 4 R O H (9) 

M o r e o v e r , i t was f o u n d t h a t the t h o r i u m alkoxides were stronger bases t h a n a m m o n i a 
i n alcohol ic so lu t i on a n d th is p r o b a b l y expla ins the fa i lure of the a m m o n i a m e t h o d to 
y i e l d a p u r e t h o r i u m te t raa lkox ide , 

T h ( O R ) 4 + N H 4 + -> T h ( O R ) 3
+ + N H 3 + R O H (10) 

T h ( O R ) 3 + + C l ̂  T h C l ( O R ) 3 (11) 

T h e success of the s o d i u m m e t h o d w o u l d thus be due to the stronger bas i c i t y of the 
a lkox ide i o n re lat ive to the t h o r i u m a lkox ide coup led w i t h the smal ler s o l u b i l i t y of 
s o d i u m chlor ide c o m p a r e d w i t h a m m o n i u m chlor ide . 

I t can n o w be seen how the m e t h o d of p r e p a r a t i o n of a m e t a l a lkox ide f r o m the 
m e t a l ch lor ide is large ly d i c ta ted b y the propert ies of the m e t a l a lkox ide . T h e a l k y l 
g r o u p m a y p l a y a n equa l ly i m p o r t a n t p a r t . F o r example , the react ions i n v o l v i n g 
alcohols c onta in ing a n electron-releasing a l k y l group—e.g . , t e r t i a r y a l coho l s—lead to 
the f o r m a t i o n of h y d r o l y z e d m e t a l a lkox ides . A l t h o u g h the detai ls of the h y d r o l y t i c 
m e c h a n i s m have not ye t been comple te ly e luc idated , methods of suppress ing th i s a l 
t e r n a t i v e react ion have been f ound . T h u s C u l l i n a n e a n d others (64, 65) showed t h a t 
the presence of a base ( p y r i d i n e ) w i t h the t e r t i a r y a lcohol was a n essential fac tor i n 
the p r e p a r a t i o n of t i t a n i u m tetra-£eri-butoxide f r o m the t e t rach lor ide . T h i s m e t h o d 
of p r e p a r a t i o n has been conf i rmed a n d i t has also been shown t h a t d i p y r i d i n i u m h e x a -
chloroz irconate , ( C 5 H 6 N ) 2 Z r C l 6 , is a better s t a r t i n g m a t e r i a l t h a n the te t rach lor ide 
for p r e p a r i n g z i r c o n i u m alkoxides . These facts are consistent w i t h the v i e w (88) t h a t 
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BRADLEY—METAL ALKOXIDES 13 

the h y d r o l y s i s is a consequence of a secondary react ion ( E q u a t i o n 13) i n v o l v i n g the 
hydrogen chlor ide ( f r o m the p r i m a r y reac t ion 12) a n d the t e r t i a r y a l c o h o l : 

M C l n + R O H - » M C l n - i ( O R ) + H C 1 (12) 

H C 1 + R O H -> R C 1 + H 2 0 (13) 

I n C u l l i n a n e ' s m e t h o d the p y r i d i n e combines w i t h the h y d r o g e n chlor ide ( E q u a t i o n 
12) a n d thus prevents reac t ion ( E q u a t i o n 13) . S i m i l a r l y no h y d r o l y s i s occurs when 
( C 5 H 6 N ) 2 Z r C l 6 is used, because th i s c o m p o u n d does not react w i t h alcohols a n d no 
h y d r o g e n chlor ide is p r o d u c e d . H a s l a m (88) has developed a n a l t e rnat ive to C u l l i 
nane's m e t h o d b y first f o r m i n g the m e t a l ch lor ide a m m o n i a t e ( T i C l 4 ' 8 N H 3 ) a n d 
causing th is to react w i t h a n a lcohol i n a n iner t so lvent . 

I n the case of q u a d r i v a l e n t c e r i u m i t was necessary to use the complex ch lor ide , 
( C 5 H 6 N ) 2 C e C l 6 , because the te t rach lor ide does not exist . H o w e v e r , a representat ive 
n u m b e r of stable c e r i u m ( I V ) a lkox ides have been p r e p a r e d i n c l u d i n g some vo la t i l e 
monomer i c l i q u i d s (29, SO). 

( C 5 H 6 N ) 2 C e C l 6 + 4 R 0 H + 6 N H 3 -> C e ( O R ) 4 + 6 N H 4 C 1 + 2 C 5 H 6 N 

G i l m a n a n d others (83) have recent ly i n t r o d u c e d a n ingenious m e t h o d for p r e p a r 
i n g inso luble a lkoxides . T h e y p r e p a r e d u r a n i u m te t ramethox ide b y a l l o w i n g l i t h i u m 
methox ide to react w i t h u r a n i u m te t rach lor ide i n m e t h a n o l . T h e inso luble u r a n i u m 
te t ramethox ide was i so lated b y n i t r a t i o n f r o m the methano l i c s o lu t i on of l i t h i u m c h l o 
r ide 

U C 1 4 + 4LiOMe U ( O M e ) 4 + 4 L i C l 

T h e same authors p r e p a r e d u r a n i u m ( I V ) a lkoxides b y a n a l t e rnat ive m e t h o d i n v o l v i n g 
alcoholysis of the u r a n i u m t e t r a d i e t h y l a m i d e : 

4LiNEt2 + U C 1 4 -> U ( N E t 2 ) 4 + 4L iCl 

U ( N E t 2 ) 4 + 4 R O H -> U ( O R ) 4 + 4 E t 2 N H 

N o v e l methods were also e m p l o y e d b y G i l m a n a n d others (81, 82) i n p r e p a r i n g 
u r a n i u m ( V ) pentaalkox ides . I n one example the pentaa lkox ide was obta ined b y a i r 
o x i d a t i o n of the u r a n i u m ( I V ) t e t raa lkox ide , a p p a r e n t l y accord ing to the requirements 
of the f o l l owing e q u a t i o n : 

5 U ( O E t ) 4 + 0 2 -> 4 U ( O E t ) 5 + U 0 2 (14) 

A n a l t e rnat ive m e t h o d i n v o l v e d ox ida t i on w i t h b r o m i n e fo l lowed b y t r e a t m e n t w i t h 
s o d i u m e thox ide : 

2 U ( O E t ) 4 + B r 2 2 U B r ( O E t ) 4 

U B r ( O E t ) 4 + N a O E t -> U ( O E t ) 5 + N a B r 

A n o t h e r u n u s u a l m e t h o d for the p r e p a r a t i o n of a lkoxides is due to B o y d (17), 
who has p r e p a r e d t i t a n i u m alkoxides b y caus ing alcohols to react w i t h t i t a n i u m d i s u l 
fide. T i t a n i u m a l k y l a m i d e s m a y be p r e p a r e d b y a n analogous m e t h o d (17). 

F i n a l l y , m e n t i o n m u s t be made of the m e t h o d of a l coho l interchange (alcoholysis) : 

M ( O R ) n + n R O H ^± M(OR ' ) » + n R O H (15) 

I t appears t h a t the m e t a l a lkoxides undergo spontaneous a lcohol interchange i n s o l u 
t i o n i n s t r i k i n g contrast to t e t r a a l k y l orthosi l icates , w h i c h (when pure ) require the 
presence of e ither ac idic or basic cata lysts . B y sui table choice of group R i n E q u a t i o n 
15 the new a lkox ide , M ( O R ' ) m m a y be obta ined q u a n t i t a t i v e l y . I t is usua l to s tar t 
w i t h a lower a lkox ide , M ( O R ) n , so t h a t the l ower a lcohol , R O H , is easi ly separated 
f r o m R O H b y d i s t i l l a t i o n . T h e m e t h o d is p a r t i c u l a r l y useful where the a l coho l R O H 
is react ive—e.g . , u n s a t u r a t e d alcohols or higher t e r t i a r y alcohols . M o r e o v e r , b y c o n 
d u c t i n g the react ion i n a n iner t so lvent , q u a n t i t a t i v e y ie lds m a y be obta ined us ing the 

Pu
bl

is
he

d 
on

 J
an

ua
ry

 1
, 1

95
9 

on
 h

ttp
://

pu
bs

.a
cs

.o
rg

 | 
do

i: 
10

.1
02

1/
ba

-1
95

9-
00

23
.c

h0
02



14 ADVANCES IN CHEMISTRY SERIES 

theoret i ca l quant i t ies of reactants . T h e system described b y E q u a t i o n 15 is reversible 
a n d i t is possible to produce a lower a lkox ide f r o m a higher a lkox ide b y e m p l o y i n g a 
large excess of the lower a lcohol . I n some cases—e.g., methox ides—the lower alkoxides 
are inso luble a n d the interchange is thus f a c i l i t a t ed . 

M e h r o t r a {125) has shown t h a t a lkoxides can be obta ined b y a n analogous t r a n s 
este r i f i ca t i on process. 

M ( O R ) 4 + 4 R " C 0 2 R ' - » M ( O R ' ) 4 + 4 R " C 0 2 R (16) 

T h i s m e t h o d was p a r t i c u l a r l y useful for the p r e p a r a t i o n of z i r c o n i u m or h a f n i u m t e r 
t i a r y butoxides w h i c h cannot be read i l y obta ined b y a n y of the foregoing methods . 

T h i s account of p r e p a r a t i v e methods w o u l d not be complete w i t h o u t some m e n t i o n 
of m i x e d alkoxides Ήί(ΟΚ) x(OW) n _ x . I n general these compounds appear to be u n 
stable , because of d i s p r o p o r t i o n a t i o n in to the single a lkoxides , b u t i n c e r t a i n cases 
stable m i x e d a lkoxides have been obta ined . T h u s i n a t t e m p t i n g to prepare z i r c o n i u m 
tetra-£er£-butoxide f r o m ei ther the methox ide or ethoxide b y alcohol interchange i t 
was f o u n d t h a t the reactions ceased w i t h the f o r m a t i o n of m i x e d a lkoxides (40). 
M e h r o t r a {129) invest igated these systems f u r t h e r a n d iso lated the m i x e d alkoxides 
accord ing to the f o l l owing react ions : 

Z r ( O M e ) 4 + 3 B u K ) H -> ΖΓ(ΟΜβ)(ΟΒη*) 3 + 3 M e O H 

Ζ Γ (ΟΒη*) 4 + # O H -> Ζ Γ (ΟΒ) (ΟΒη*) 3 + B u * O H 

Zr(OBu*)4 + 2 R O H -> Z r ( O R ) 2 ( O B u t ) 2 + 2Βη*ΟΗ 

T h e same a u t h o r has also p r e p a r e d some m i x e d alkoxides of a l u m i n u m b y s i m i l a r 
methods {126, 128). M i x e d alkoxides of t i t a n i u m were obta ined b y N e s m e y a n o v a n d 
N o g i n a {139), who u t i l i z e d the t i t a n i u m chlor ic ie -a lkoxides : 

T i C l ( O R ) 3 + R O H + N H 3 —> T i ( O R ' ) ( O R ) 3 + N H 4 C 1 

T i t a n i u m m i x e d a lkoxides c onta in ing three different a lkox ide groups were p r e p a r e d b y 
G h o s h et al. {79, 80) b y the fo l l owing sequence of react ions : 

T i C l 2 ( O R ) 2 + R O H + C5H5N -> T i C l ( O R ' ) ( O R ) 2 + C 5 H 5 N , H C 1 

T i C l ( O R ' ) ( O R ) 2 + R " O N a - > T i ( O R " ) ( O R ' ) ( O R ) 2 + N a C l 

Chemical Properties 

T h e d o m i n a t i n g p r o p e r t y of the m e t a l a lkoxides is the character is t i c f a c i l i t y to 
h y d r o l y z e t h r o u g h to the m e t a l oxide. I n fact , m e t a l a lkoxides w i l l react w i t h p r a c 
t i c a l l y a n y c o m p o u n d w h i c h contains h y d r o x y l groups . T h u s , a ready a l coho l i n t e r 
change or a n interchange i n v o l v i n g a phenol is f ound . F u r t h e r m o r e , c ompounds w h i c h 
can be t r a n s f o r m e d to h y d r o x y der ivat ives b y enol izat ion w i l l also be react ive , a n d 
z i r c o n i u m alkoxides combine v igorous ly a n d exo thermica l l y w i t h β-diketones to f o r m 
the tetrakische late der ivat ives i n w h i c h the m e t a l exhib i ts the coord inat i on n u m b e r 8. 
I n contrast , t i t a n i u m alkoxides undergo d i s u b s t i t u t i o n to f o r m the bischelate d ia lkox ide 
i n w h i c h t i t a n i u m exhib i ts i ts m a x i m u m covalency of 6. I t m i g h t be argued t h a t the 
β-diketones const i tute a special case because of the s tab i l i za t i on conferred b y che la 
t i o n ; however , H a s l a m (91) has recent ly c la imed the f o r m a t i o n of a l k e n y l oxides of 
t i t a n i u m b y t r e a t i n g the t i t a n i u m a lkox ide w i t h a ldehydes : 

T i (OPr04 + 2 C H 3 C H O ~> T i ( O C H = C H 2 ) 2 ( O P r i ) 2 + 2 P r i O H 

I t seems reasonable to suppose t h a t this react ion proceeds b y alcohol interchange 
i n v o l v i n g the v i n y l a l coho l f o rmed b y enol izat ion of the a ldehyde . 

T h e a u t h o r was p a r t i c u l a r l y interested to find t h a t t i t a n i u m or z i r c o n i u m alkoxides 
w o u l d not combine w i t h mercaptans to f o r m m e t a l mercapt ides a l t h o u g h the t h i o l h y 
drogen a t o m is more acidic t h a n the alcohol ic h y d r o x y l hydrogen a t o m . T h u s i t 
appears t h a t the e lectron donor power of the a t o m adjacent to the act ive hydrogen 
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BRADLEY—METAL ALKOXIDES 15 

a t o m is i m p o r t a n t i n these exchange reactions w h i c h m a y we l l be i n i t i a t e d b y a co
o r d i n a t i o n m e c h a n i s m : 

T h e fa i lure of mercaptans to interchange w i t h m e t a l a lkoxides w o u l d t h e n be ascr ibed 
to ineffective coord inat i on between su l fur a n d the m e t a l . 

E x c h a n g e reactions read i ly occur between the halogen acids a n d m e t a l a lkoxides , 
a n d M e h r o t r a (127) has shown t h a t the products of the reactions i n v o l v i n g hydrogen 
chlor ide a n d the a lkoxides of s i l i con , t i t a n i u m , a n d z i r c o n i u m are the same as the 
products of the reactions of the tetrachlor ides w i t h alcohols. 

M e t a l a lkoxides also combine w i t h ace ty l ch lor ide a n d i n several cases the chlor ide 
a lkox ide f o r m e d i n the react ion adds on a molecule of a l k y l acetate (31, 37, 102) : 

T i ( O E t ) 4 + 4 C H 3 C 0 C 1 T i C l 4 , C H 3 C 0 2 E t + 3 C H 3 C 0 2 E t 

T i ( O E t ) 4 + 3 C H 3 C 0 C 1 T i C l 3 ( O E t ) , C H 3 C 0 2 E t + 2 C H 3 C 0 2 E t 

Z r ( O E t ) 4 + 4 C H 3 C 0 C 1 -> Z r C l 4 , C H 3 C 0 2 E t + 3 C H 3 C 0 2 E t 

ΖΓ (ΟΡΓ04 + 4 C H 3 C 0 C 1 Z r C l 4 , 2 C H 3 C 0 2 P r i + 2 C H 3 C 0 2 P r i 

Z r ( O P r i ) 4 , P r i O H + 2 C H 3 C 0 C 1 -> Z r C l 2 ( O P r i ) 2 , P r i O H + 2 C H 3 C 0 2 P r i 

Z i r c o n i u m te trach lor ide combines w i t h e ither one molecule of e t h y l acetate or two 
molecules of i s o p r o p y l acetate, whi le the d i ch lor ide d i i sopropoxide of z i r c o n i u m prefers 
to coordinate w i t h i s o p r o p y l a lcohol ra ther t h a n w i t h i s o p r o p y l acetate. T h e m e c h a 
nisms of these reactions have not yet been e luc idated b u t i t is s ignif icant t h a t react ions 
i n v o l v i n g t e r t i a r y a lkoxides of t i t a n i u m or z i r c o n i u m w i t h ace ty l chlor ide show cer 
t a i n pecul iar i t ies (31, 37). F o r example , w i t h z i r c o n i u m tert-nmyl oxide a n d a c e t y l 
chlor ide the first s u b s t i t u t i o n ( E q u a t i o n 17) is r a p i d , but f u r t h e r s u b s t i t u t i o n takes 
place v e r y s l owly even i n the presence of a n excess of ace ty l chlor ide . 

I n the case of t i t a n i u m i e r i - a m y l oxide the effect is s t i l l more m a r k e d (37) a n d i t 
is c lear t h a t stereochemical effects are operat ive i n these react ions. 

A n o t h e r character is t i c p r o p e r t y of m e t a l a lkoxides is evident i n the facile reac 
t ions between the a lkoxides a n d the tetrachlor ides or chlor ide a lkoxides . T h u s q u a n 
t i t a t i v e y ie lds of the h i ther to inaccessible t i t a n i u m t r i c h l o r i d e monoalkox ides (37) 
were obta ined b y causing the t e t raa lkox ide to react w i t h the te t rach lor ide ( in excess) : 

A l t h o u g h reactions i n v o l v i n g s i l i con esters a n d s i l i con te t rach lor ide occur s l owly at 
elevated temperatures (78), yet s i l i con esters a n d t i t a n i u m te trach lor ide undergo v i g 
orous react ions (94). These reactions are now be ing s tudied i n the author ' s l a b o r a 
tories. 

N e s m e y a n o v a n d others (137) have invest igated the ac t ion of halogens on t i t a n i u m 
alkoxides . W h e n either chlor ine or b r o m i n e was used, the p r o d u c t was the t i t a n i u m 
dihal ide d ia lkox ide alcoholate T i X 2 ( O R ) 2 , R O H . 

M e t a l a lkoxides have l ong been of i m p o r t a n c e i n organic chemis t ry because of 
the i r behav ior w i t h c a r b o n y l compounds . T h u s the basic a lkoxides promote eno l i za 
t i o n a n d condensation—e.g . , a ldo l i za t i on of aldehydes (91). I n 1906 T i s c h c h e n k o 
discovered t h a t a l u m i n u m alkoxides cause the convers ion of aldehydes into esters (163). 

R ' O H + M(OR) „ -> I""11'—^ Μ(011)„_ιΊ -> R ' ( ) M ( O R ) H _ i + R O H 

R 

Z r ( O C M e 2 E t ) 4 + C H 3 C O C l -> Z r C l ( O C M e 2 E t ) 3 + C H 3 C 0 2 C M e 2 E t (17) 

3 T i C l 4 + T i ( O R ) 4 -> 4 T i C l 3 ( O R ) 

[see also (184)1. 
Z i r c o n i u m alkoxides behaved s i m i l a r l y (31): 

Z r C l 2 ( O P r i ) 2 , P r i O H + Z r ( O P r i ) 4 , P r i O H - » 2 Z r C l ( O P r i ) 3 , P r i O H 
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16 ADVANCES IN CHEMISTRY SERIES 

2 R C H 0 -> R C 0 2 C H 2 R 

R e c e n t w o r k b y V i l l a n i a n d N o r d (168) has revealed how the condensat ion of a lde 
hydes is affected b y the acidic or basic n a t u r e of the m e t a l a lkox ide ca ta lys t . A l u 
m i n u m ethoxide, w h i c h behaves as a " L e w i s a c i d " because of the e lectrophi l i c n a t u r e 
of the a l u m i n u m , produces s imple esters b y the T i s c h c h e n k o react ion . O n the o ther 
h a n d , the m i l d l y basic double a lkoxides such as M g [ A l ( O E t ) 4 ] 2 , C a [ A l ( O E t ) 4 ] 2 , 
N a 2 [ M g ( O E t ) 4 ] , M g ( O E t ) 2 , or C a ( O E t ) 2 , cause the f o r m a t i o n of t r i m e r i c g lyco l 
esters : 

3 R C H 2 · C H O -> R C H 2 C H · C H R . C H 2 0 2 C · R 
I 

O H 

T h e s t rong ly basic s o d i u m ethoxide caused o n l y the a l d o l - t y p e condensat ion . L i n a n d 
D a y (112) have s tud ied the " m i x e d " T i s c h c h e n k o react ion i n w h i c h prop iona ldehyde 
was a l l owed to condense w i t h other aldehydes i n the presence of a c a t a l y t i c q u a n t i t y 
of a l u m i n u m isopropox ide i n carbon te t rach lor ide so lut i on . T h e y f o u n d t h a t the 
m i x e d esters p r o d u c e d i n highest y i e l d were those der ived f r o m the a c i d of the a lde 
h y d e w h i c h undergoes the s imple T i s c h c h e n k o reac t i on more read i l y . 

A n o t h e r i m p o r t a n t reac t ion i n v o l v i n g m e t a l a lkoxides a n d c a r b o n y l compounds 
is the M e e r w e i n - P o n n d o r f - V e r l e y - O p p e n a u e r o x i d a t i o n - r e d u c t i o n system. A l t h o u g h 
a lkoxides of s o d i u m or magnes ium were o r i g i n a l l y used to cata lyze the react ion , i t was 
la ter s h o w n b y M e e r w e i n a n d others (12%) t h a t a lkoxides of a l u m i n u m , z i r c o n i u m , 
t i n ( I V ) , t i t a n i u m , a n t i m o n y , or i r o n were also effective. T h e read i l y ava i lab le a l u 
m i n u m alkoxides are most used because t h e y are general ly less i n c l i n e d to cause the 
a l t e rnat ive condensat ion react ions. M e e r w e i n (121) suggested t h a t the reac t ion m e c h 
a n i s m invo lves the p r e l i m i n a r y c oord inat i on of the c a r b o n y l oxygen to the e lectrophi l i c 
a l u m i n u m to f o r m a n intermediate complex c o m p o u n d : 

R' 
X=0 + 

/ 
Al 

V 

(OCR3)2 

OCHR2 

R* 
C=0 

/ 
Al 

\ 

(OCR3)2 

CHR2 

(OCR3)2 

R' 

)CH ν 

f 

0=CR 
I n v i e w of recent w o r k (100, 117, 11φ, 171, 175), there seems l i t t l e doubt t h a t the 

reac t i on proceeds v i a a n i n t r a m o l e c u l a r t rans fer of a n i n c i p i e n t h y d r i d e i o n f r o m c a r -
b i n o l to c a r b o n y l carbon atoms a n d t h a t a cyc l i c t r a n s i t i o n state is i n v o l v e d : 

R' R 
, \ / R - C H - C - R ν y 

/ 
(OCHRj), 

R R 
\ -H. / 

R ' - V "C-R 

OCHR, 
OCHR2 

R' 
, \ 

R'— CH 
\ 

R 
/ 

C—R 

/ 
(OCHR2)2 

T h u s exper iments us ing t racer d e u t e r i u m ei ther o n solvent molecules (71, 11φ) 
or o n the c a r b i n o l carbon a t o m (171) gave results i n agreement w i t h th is m e c h a n i s m . 
T h e cyc l i c t r a n s i t i o n state is susceptible to stereochemical influences a n d th is has been 
conf i rmed b y J a c k m a n a n d others (99, 101) a n d b y D o e r i n g a n d Y o u n g (72). T h e 
results obta ined b y D o e r i n g a n d A s c h n e r (71) show t h a t a free r a d i c a l m e c h a n i s m is 
extremely u n l i k e l y . 

A s a consequence of the m e c h a n i s m dep ic ted i n E q u a t i o n 18 i t is c lear t h a t the 
p a r t i a l pos i t ive charge i n d u c e d o n the c a r b o n y l c a r b o n a t o m fac i l i tates the h y d r o g e n 
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BRADLEY—METAL ALKOXIDES 17 

t rans fer a n d hence affects the rate of react ion a n d the pos i t i on of e q u i l i b r i u m . T h i s 
e lectronic aspect of the m e c h a n i s m was q u a n t i t a t i v e l y conf i rmed b y M c G o w a n i n 1951 
us ing d a t a concerning the subs t i tu ted acetophenones X · C 6 H 4 · C O · C H 3 (117). J a c k -
m a n a n d M a c b e t h (98) have s tud ied the k inet i cs of reduct ions w i t h a l u m i n u m a l k o x 
ides. T h e y used a n elegant technique i n v o l v i n g the racemiza t i on of the a l u m i n u m 
d e r i v a t i v e of a n o p t i c a l l y ac t ive a lcohol b y the corresponding ketone, thus a v o i d i n g the 
compl i cat ions of e m p l o y i n g t w o ketones a n d f o r m i n g m i x e d a lkox ides . T h e reac t ion 
rate con formed to the f o l l owing e q u a t i o n : 

τ r / 1 k ^ •bOg, [ao/atj = -jrjy-

where a0 a n d at are, respect ive ly , the i n i t i a l o p t i c a l r o t a t i o n a n d the r o t a t i o n after t 
seconds, [B] is the concentrat i on of ketone , a n d [ A ] is the concentra t i on of the a l k 
oxide. A c t i v a t i o n energies a n d entropies of a c t i v a t i o n were deduced. I n t e r p r e t a t i o n 
of the results showed t h a t they were consistent w i t h the current t h e o r y for the reac t i on 
m e c h a n i s m especial ly w h e n the complex na ture of a l u m i n u m alkoxides was t a k e n i n t o 
account . These authors also p o i n t e d out t h a t the efficacy of a l u m i n u m alkoxides as 
reductants was due to the i r a b i l i t y to coordinate w i t h the c a r b o n y l c o m p o u n d to a 
degree sufficient to a l l ow the reac t ion to proceed at a reasonable speed. S t r o n g co 
o r d i n a t i o n w o u l d s i m p l y produce a complex c o m p o u n d devo id of c a t a l y t i c proper t ies . 

I t seems l i k e l y t h a t th is moderate degree of coord inat i on w i t h other molecules is 
the p r o p e r t y w h i c h confers on numerous m e t a l a lkoxides t h e i r c a t a l y t i c behav io r i n 
other organic react ions—e.g . , t ransester i f i cat ion , alcoholysis , etc. M c E l v a i n a n d 
others (114-116) d iscovered t h a t a l u m i n u m alkoxides w o u l d cause the dealcoholat ion 
of ca rboxy l i c orthoesters to ketene acetals a n d t h e y proposed the f o l l owing cyc l i c t r a n 
s i t i on state for the reac t ion m e c h a n i s m . 

R C H 2 « C ( O R ) 3 + Al(OR)3 

CH 

H<^C(OR)2 

JOR 

R Al 

(OR), 

RCH=C(OR)2 + Al(OR)3 + ROH 

T h e y f o u n d t h a t the less p o l y m e r i z e d a l u m i n u m der ivat ives—e.g . , t e r t i a r y butox ide 
or i sopropox ide—were more effective t h a n the more h i g h l y p o l y m e r i z e d methox ide or 
ethoxide a n d conc luded t h a t th is was due to the greater ease of c o o r d i n a t i o n of the 
f ormer compounds w i t h the orthoester . 

I t is a n interes t ing feature of the m e t a l a lkoxides t h a t they have l i t t l e t endency 
to coordinate w i t h other donor molecules a n d instead prefer to indulge i n autocomplex 
f o r m a t i o n . A m o n g the large n u m b e r of new alkoxides of t i t a n i u m , z i r c o n i u m , h a f n i u m , 
c e r i u m , t h o r i u m , n i o b i u m , t a n t a l u m , or u r a n i u m p r e p a r e d i n these laborator ies i n recent 
years , on ly the f o l l owing complexes are k n o w n : T i ( O B u * ) 4 , B u i O H ; Z r i O P r ' ^ P r O H ; 
C e ( O P r , ) 4 , P r i O H ; Z r ( O P r i ) 4 , C 5 H 5 N ; a n d C e ( O P r i ) 4 , C 5 H 5 N . A s a n a l t e rnat ive to 
autocomplex f o r m a t i o n there is the character is t i c f o r m a t i o n of double a lkoxides w h i c h 
was inves t igated b y M e e r w e i n a n d B e r s i n (122). These authors p r e p a r e d m o r e t h a n 
fifty compounds w h i c h t h e y f o r m u l a t e d as a lkoxy - sa l t s—e .g . , K [ L i ( O C 3 H 7 ) 2 ] ; 
K 2 [ B e ( O E t 4 ) ] ; N a 2 [ M g ( O C 3 H 7 ) 4 ] ; K [ Z n ( O E t ) 3 ] ; L i [ A l ( O E t ) 4 ] ; C a [ A l ( 0 E t ) 4 ] 2 ; 
C u [ A l ( O E t ) 4 ] 2 ; N a [ F e ( O E t ) 4 ] ; N a H 3 [ S n ( O E t ) 6 ] 2 ; C a H 6 [ S n ( O E t 6 ] 4 ; K 2 S n < n ) 
[ S n ( I V > ( O E t ) 6 ] ; K H 3 [ T i ( O B u ) e ] ; a n d N a H [ Z r ( O E t ) 6 ] . I n these compounds the 
more e lectroposi t ive m e t a l becomes the ca t i on whi l e the other m e t a l becomes the 
c e n t r a l a t o m i n the a n i o n . These f o rmula t i ons were s u p p o r t e d b y t i t r a t i o n s i n a n h y 
drous solvents us ing t h y m o l p h t h a l e i n i n d i c a t o r . T h u s the a lkoxides of a l u m i n u m , 
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18 ADVANCES IN CHEMISTRY SERIES 

boron , ferr ic i r o n , z inc , t i t a n i u m , or z i r c o n i u m behaved as acids a n d were s h a r p l y 
t i t r a t e d w i t h the a p p r o p r i a t e basic a lkox ide i n accordance w i t h the requirements of 
the double m e t a l a lkox ide f o r m u l a . M e e r w e i n a n d others {120, 123) also f o u n d t h a t 
a l u m i n u m alkoxides ca ta lyzed the d i a z o m e t h y l a t i o n of alcohols to ethers a n d th is c o n 
s t i t u t e d f u r t h e r evidence for the acidic nature of the a l u m i n u m compounds . T h e 
s t a b i l i t y of the double a lkoxides i n v o l v i n g a l u m i n u m was emphas ized b y the fact t h a t 
these—e.g. , N a [ A l ( O E t ) 4 ] — c o m p o u n d s were inac t ive i n the M e e r w e i n - F o n n d o r f r e 
d u c t i o n of ketones because of the i n a b i l i t y of the ketone to coordinate w i t h the a l u m i 
n u m complex . A l t h o u g h the a l k a l i m e t a l a l u m i n u m alkoxides m a y we l l be ionic as 
the i r f o rmulas suggest, the n a t u r e of such compounds as M g [ A l ( O E t ) 4 ] 2 a n d 
C a [ A l ( O C 3 H 7 ) 4 ] 2 seems to be i n doubt . These compounds are not o n l y soluble i n 
organic solvents b u t t h e y m a y be d i s t i l l ed unchanged , i n m a r k e d contrast to the n o n 
vo la t i l e a lkoxides of either m a g n e s i u m or c a l c i u m w h i c h are also insoluble i n organic 
solvents . M o r e o v e r , there is some doubt as to the f o r m u l a t i o n c la imed b y M e e r w e i n 
a n d B e r s i n for the double a lkoxides of z i r c o n i u m . A s p rev i ou s ly ment i oned , the 
a u t h o r was unable to o b t a i n a n y compounds of the t y p e M ( I ) H [ Z r ( O R ) 6 ] a n d f ound 
t h a t z i r c o n i u m ethoxide was neut ra l i z ed w i t h on ly one hal f an equiva lent of s o d i u m 
ethoxide as against the one equiva lent repor ted b y M e e r w e i n a n d B e r s i n . T h e care fu l 
a n d deta i led w o r k of B a r t l e y (7) i n these laborator ies has revealed the existence of 
stable n e u t r a l double alkoxides h a v i n g the general f ormulas M ( I ) Z r 2 ( O R ) 9 

or M ( n > Z r 4 ( O R ) 1 8 a n d b e h a v i n g as t y p i c a l l y covalent .compounds. T h e 
o n l y other types of complex f o u n d were L i H Z ^ O P r ^ j o a n d M ( I ) Z r ( O R - t e r t i a r y ) 5 

w i t h the f u r t h e r poss ib i l i ty of M 2
( I ) Z r ( O R - t e r t i a r y ) G . I t is indeed interest ing t h a t 

among the large n u m b e r of double a lkoxides of z i r c o n i u m obta ined b y B a r t l e y , not one 
con formed to the t y p e M ( I ) H [ Z r ( O R ) 6 ] f o u n d b y M e e r w e i n a n d B e r s i n . Recent 
w o r k ( s t i l l i n progress) b y C a r t e r (56) shows t h a t the double a lkoxides of t i t a n i u m also 
assume the f ormulas M ( I ) T i 2 ( O R ) 9 ; M ( I ) T i ( O R ) 5 ; or M 2 ( I > T i ( O R ) 6 . 

F i n a l l y , a vo la t i l e double complex of a l u m i n u m a n d u r a n i u m has been repor ted 
(2). T h e new c o m p o u n d , A ^ U i O P r * ) ^ , was p r e p a r e d b y means of the fo l lowing 
react ion : 

4 N a [ A l ( O P r i ) 4 ] + U C 1 4 -> A l 4 U ( O P r % + 4 N a C l 

I t should be evident f r o m this account t h a t several aspects of the chemis t ry of 
m e t a l a lkoxides m e r i t fu r ther a t t ent i on . T h e a u t h o r a n d others are at present engaged 
on studies of the ca ta ly t i c behav ior of m e t a l alkoxides i n the M e e r w e i n - P o n n d o r f a n d 
re lated reactions, a n d a p r o g r a m on the t h e r m a l decompos i t ion of m e t a l a lkoxides has 
been i n i t i a t e d . 

Physical Properties 

T h e m e t a l a lkoxides show a g r a d a t i o n i n p h y s i c a l propert ies f r o m the so l id n o n 
vo la t i l e ionic compounds of the a l k a l i metals t h r o u g h the w e a k l y vo la t i l e p o l y m e r i c 
covalent a lkoxides of metals w i t h valencies of three, four , or five to the monomer i c 
covalent l i q u i d a lkoxides w h i c h are the most vo la t i l e . T h e r e is a p a u c i t y of i n f o r m a 
t i o n concerning the ionic a lkoxides , a l though conductance measurements have shown 
t h a t d i lu te solutions of s o d i u m alkoxides are f u l l y i on ized i n alcohol ic so lu t i on (103). 
T h e i n s o l u b i l i t y a n d n o n v o l a t i l i t y of m a g n e s i u m alkoxides cou ld be due to either i o n i z a 
t i o n w i t h a h i g h la t t i ce energy or a l t e r n a t i v e l y to giant covalent molecules. O n the 
other h a n d the essential ly covalent nature of p o l y m e r i c a l u m i n u m ethoxide is not i n 
doubt , since M a s d u p u y a n d G a l l a i s (119) have demonstrated t h a t the m o l t e n c o m 
p o u n d has a negligible specific e lectr i ca l conductance over a wide t e m p e r a t u r e range. 
M o r e d a t a are ava i lab le o n the covalent a lkoxides w h i c h exhib i t the character is t i c 
s t r u c t u r a l propert ies of the m e t a l a t o m concerned. I n p a r t i c u l a r i t seems h i g h l y p r o b 
able t h a t the p o l y m e r i c n a t u r e of m a n y of these compounds is due to covalency ex-
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BRADLEY-METAL ALKOXIDES 19 

pans ion b y the m e t a l w h i c h is i n v o l v e d i n in termo lecu lar bonds w i t h oxygen f r o m 
ne ighbor ing a lkox ide g r o u p s : 

\ \ 
.0—>- M 

R 
I 

D i r e c t exper imenta l c on f i rmat i on of th is hypothes is b y x - r a y d i f f ract ion is s t i l l a w a i t e d . 
N e i t h e r is the na ture of the in termo lecu lar b o n d clear. A l t h o u g h the covalent b o n d 
dep ic ted above is possible, there is also the poss ib i l i ty , due to the p o l a r i t y of the 
δ+ s-
M — 0 R p r i m a r y b o n d , t h a t the b o n d i n g is electrostatic i n n a t u r e . F o r convenience 
i n present ing cer ta in s t ructures , the covalent f o r m u l a t i o n is used i n this text . 

A n interest ing contrast between the a l k a l i metals a n d u n i v a l e n t t h a l l i u m is b r o u g h t 
out b y the a lkoxides . T h u s a l t h o u g h these a lkoxides are a l l nonvo la t i l e a n d undergo 
reversible react ion w i t h water , g i v i n g the basic h y d r o x i d e , ye t the tha l lous a lkoxides 
are soluble i n n o n p o l a r organic so lvents . T h e covalent na ture of tha l lous a lkoxides 
was conf i rmed b y the w o r k of S i dgw i ck a n d S u t t o n {157), who f o u n d these compounds 
to be te tramers a n d proposed the s t r u c t u r e : 

T h e h igh s t a b i l i t y of th is u n i t is reflected i n the n o n v o l a t i l i t y of these der ivat ives 
a n d the fact t h a t tha l lous ethoxide is t e t ramer i c even i n bo i l ing e t h y l a l cohol . E x p e r i 
ments b y the a u t h o r (26) show t h a t this s t ruc ture is l i t t l e affected b y the shape of the 
a l k y l groups , as the t e r t i a r y a m y l oxide w^as f ound to be exact ly t e t ramer i c over a wide 
concentrat ion range i n bo i l ing benzene. 

D u r i n g the past two decades m a n y publ i cat ions on the phys i cochemica l propert ies 
of the a lkoxides of a l u m i n u m (126, 128, 150, 167) ; t i t a n i u m (3, 38-41, 57-59, 65, 66) ; 
z i r c o n i u m (38-41, 47, 48) ; c e r i u m (29, 30) ; t h o r i u m (44, 4$) n i o b i u m (28) ; t a n t a l u m 
(49-51) ; a n d u r a n i u m (2, 27, 82) have appeared . A s a result of systemat ic studies on 
the a lkox ides of the G r o u p I V metals , c e r t a i n s t r u c t u r a l pr inc ip l es have emerged. 
P e r h a p s the most i m p o r t a n t p r i n c i p l e concerns the stereochemical effect of the a lkox ide 
g roup . T h e detai ls of these deduct ions are g iven i n the o r ig ina l papers a n d the r e 
v i e w b y W a r d l a w (169), b u t i t can be br ie f ly s tated t h a t b r a n c h i n g of the a l k y l g r o u p 
causes steric h indrance to in termo lecu lar associat ion, thus causing a decrease i n the 
degree of p o l y m e r i z a t i o n a n d an increase i n v o l a t i l i t y . T h i s is i l l u s t r a t e d i n T a b l e 
I b y some results for the isomeric a m y l oxides of z i r c o n i u m (39). 

T h e behav ior of the neopenty lox ide supports the v iew t h a t th is phenomenon 
is caused essential ly b y steric effects ra ther t h a n the electronic i n d u c t i v e effects of 
the a l k y l groups . T h i s is because the neopenty l g roup exerts a p o w e r f u l steric effect 
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20 ADVANCES IN CHEMISTRY SERIES 

Table I. Polymerization of Zirconium Oxides 

Degree of 
R in [Zr(OR)4]n B.P., °C./Mm. Hg Polymerization, η 

M e - C H 2 - C H 2 - C H 2 - C H 2 - 256/0.01 3.2 
M e 2 C H - C H 2 - C H r 247/0.1 3.3 
M e E t C H - C H 2 - 238/0.1 3.7 
M e 3 O C H 2 - 188/0.2 2.4 
MePrnCH- 178/0.05 2.0 
MePriCH- 175/0.05 2.0 
MeîEtC 95/0.1 1.0 

b y v i r t u e of i t s conf igurat ion b u t the electron-re leasing tendency of i t s i e r i - b u t y l 
g r o u p is s u b s t a n t i a l l y b l o c k e d b y the c a r b i n o l c a r b o n a t o m . T h e alkoxides of 
a l u m i n u m , t i t a n i u m , z i r c o n i u m , h a f n i u m , c e r i u m , t h o r i u m , t i n , n i o b i u m , t a n t a l u m , 
a n d u r a n i u m a l l show this c h a i n b r a n c h i n g effect i n v a r y i n g degrees a n d i t is c l ear ly 
of f u n d a m e n t a l i m p o r t a n c e . 

T h e second p r i n c i p l e w h i c h has emerged f r o m this w o r k is t h a t f or meta ls of 
the same va l ency , the shie ld ing requirements of the c e n t r a l a t o m are m a i n l y de 
t e r m i n e d b y i ts a tomic rad ius . F o r example , w i t h the G r o u p I V meta ls the smallest 
a lkox ide groups to cause the f o r m a t i o n of essential ly m o n o m e r i c t e t raa lkox ides were : 
T i , P r ! ; Z r ( H f ) , B u t ; C e < I V > , C M e E t 2 ; a n d T h , C E t 3 . T h u s the smal ler the centra l 
a t o m the smal ler is the a l k y l g roup requ i red to shie ld i t a n d th is is ent i re ly consistent 
w i t h the stereochemical theory . T h i s p o i n t is i l l u s t r a t e d i n F i g u r e 1, where the 
vo la t i l i t i e s of these m e t a l a lkoxides are grouped i n re la t i on to the size a n d b r a n c h i n g 

250 t 

200 

ISO 

100 [• 

50 Y 

Me4CH MCjKC Et^C 

Figure 1. Volatilities of metal alkoxides 
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BRADLEY—METAL ALKOXIDES 21 

of the a l k y l g r o u p . I n a d d i t i o n the b o i l i n g po ints of the m o n o m e r i c t e r t i a r y a lkoxides 
of dif ferent meta ls are f a i r l y close together a n d th i s suggests t h a t the cont r ibut i ons t o 
i n t e r m o l e c u l a r forces f r o m the meta ls are either equal , w h i c h seems v e r y u n l i k e l y , 
or are effectively reduced b y the screening effect of the organic groups . T h e l a t t e r 
v i e w is s u p p o r t e d b y the results of v a p o r pressure measurements (40, Ifi) w h i c h show 
t h a t analogous monomer i c a lkoxides of t i t a n i u m , z i r c o n i u m , a n d h a f n i u m have the 
same la tent heats of v a p o r i z a t i o n . T h i s is i l l u s t r a t e d i n T a b l e I I b y d a t a on the 
t e r t i a r y a m y l oxides, where T50, Lv, a n d AS50 are the bo i l ing p o i n t ( ° C ) , heat of 
v a p o r i z a t i o n ( k c a l . / m o l e ) a n d e n t r o p y of v a p o r i z a t i o n ( ca l . / deg . /mo le ) at 5 . 0 m m . 
of m e r c u r y pressure. 

Table II. Data for Tertiary Amyl Oxides 

M in M(OCMe2Et)4 TV* U Δ&·ο 
T i 142.7 16.7 40.0 
Zr 138.4 16.3 39.5 
Hf 136.7 16.3 39.8 

A n in teres t ing feature of T a b l e I I is t h a t the bo i l ing po ints , a l t h o u g h close 
together, are def in i te ly i n the order T i > Z r > H f , w h i c h is exac t ly the reverse of the 
order of mo le cu lar weights . T h e theoret i ca l e x p l a n a t i o n for th is has been considered 
b y the a u t h o r (25), a n d is outside the scope of th is ar t i c l e , b u t the effect is of i m 
por tance i n connect ion w i t h the poss ib i l i t y of separat ing meta ls b y d i s t i l l a t i o n of 
t h e i r a lkox ides . I t appears t h a t monomer i c a lkoxides of a p p r o x i m a t e l y the same size 
— i . e . , n u m b e r of c a r b o n a n d hydrogen a t o m s — a n d shape w i l l have v e r y s i m i l a r b o i l 
i n g po ints . F o r example , t a n t a l u m p e n t a - i e r i - b u t o x i d e , T a 0 5 C 2 o H 4 5 ( bo i l ing p o i n t 
1 4 9 . 5 ° at 5 . 5 m m . ) , resembles t i t a n i u m t e t r a - i e r i - a m y l oxide, T i O 4 C 2 0 H 4 4 ( 1 4 3 ° a t 
5 . 0 m m . ) , i n v o l a t i l i t y a n d the t i t a n i u m d e r i v a t i v e is also v e r y close i n b o i l i n g 
p o i n t to the t e t r a - i e r i - a m y l oxides of z i r c o n i u m a n d h a f n i u m . S i m i l a r l y f or some of 
the h igher monomer i c a lkox ides : T i ( O C M e E t 2 ) 4 b o i l i n g po in t , 1 2 8 ° at 0 . 1 ; 
Z r ( O C M e E t 2 ) 4 1 3 0 ° at 0 . 1 ; T i ( O C H E t P r » ) 4 1 3 4 ° at 0 . 1 ; T i ( O C H M e B u n ) 4 1 2 6 ° at 
0 . 1 ; T i i O C H M e B u * ^ 1 2 7 ° at 0 . 1 ; Ζ Γ ( Ο Ο Η Μ Ε Β ^ ) 4 1 2 8 ° at 0 . 1 ; T a C O C H M e P r * ^ 
1 3 7 ° a t 0 . 1 ; a n d T a ( O C M e 2 E t ) 5 1 3 9 ° at 0 . 1 . T h i s last g roup inc ludes b o t h 
secondary a n d t e r t i a r y a lkox ides . 

A c c o r d i n g to the a u t h o r , there m a y be another general p r i n c i p l e app l i cab le to 
the covalent m e t a l a l k o x i d e s — n a m e l y , t h a t a n a lkox ide undergoes the m i n i m u m degree 
of p o l y m e r i z a t i o n consistent w i t h the a t t a i n m e n t of the m a x i m u m covalency of the 
m e t a l . T h i s is w e l l i l l u s t r a t e d b y the behav io r of t i t a n i u m tetraethox ide . T h e 
cryoscopic measurements of C a u g h l a n a n d others (59) i n benzene showed t h a t the 
degree of p o l y m e r i z a t i o n of t i t a n i u m ethoxide increased w i t h the concentrat i on to a 
l i m i t i n g t r i m e r i c state . These authors proposed t w o s i m i l a r s t r u c t u r a l models f or 
the t r i m e r ; one of these is i l l u s t r a t e d . 

I n th i s m o d e l , each t i t a n i u m a t o m exhib i ts i t s m a x i m u m covalency of 6 i n 
a p p r o x i m a t e l y the oc tahedra l conf igurat ion . H o w e v e r , the cova lency m a x i m u m c o u l d 
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22 ADVANCES IN CHEMISTRY SERIES 

s t i l l be observed w i t h h igher po lymers also w i t h oc tahedra l t i t a n i u m b u t w i t h b r i d g 
i n g across edges of the oc tahedra instead of faces. T h i s does not appear to be the 
case, since the t r i m e r i c u n i t is e v i d e n t l y pre ferred . S i m i l a r l y the studies o n the 
alkoxides of n i o b i u m (49) a n d t a n t a l u m (28) showed t h a t these compounds never 
exceeded d i m e r i z a t i o n a n d the s t r u c t u r e : 

wTas accord ing ly proposed . I n th i s case the cova lency of 6 is achieved b y b r i d g i n g 
i n v o l v i n g a c o m m o n edge for the octahedra , a l though the oc tahedra l conf igurat ion 
cou ld have been m a i n t a i n e d i n higher p o l y m e r s i n v o l v i n g the s h a r i n g of apices. 

T h e elements z i r c o n i u m , c e r i u m ( I V ) , a n d t h o r i u m are especial ly in teres t ing be 
cause a l t h o u g h t h e y each exhib i t a m a x i m u m covalency of 8, they also f r equent ly 
assume the 6-covalent state. T h e smallest u n i t for a n M ( O R ) 4 c o m p o u n d w i t h 
(S-covalent M appears to be the arrangement s h o w n : 

of eight cubes i n w h i c h there are two k i n d s of cube, the corner cube ( I ) a n d the 
side cube ( I I ) . T h e conf igurations of these cubes are shown i n the inset. H e n c e i t f o l 
lows t h a t the m a x i m u m c o m p l e x i t y should be 8. I t is un fo r tunate t h a t the methoxides 
of z i r c o n i u m , c e r i u m ( I V ) , a n d t h o r i u m are insoluble , because these w o u l d be l i k e l y 
to give the m a x i m u m degree of p o l y m e r i z a t i o n . H o w e v e r , the n o r m a l butoxides are 
soluble a n d the mo lecu lar weights i n bo i l ing benzene gave the values 3.4, 4.2, a n d 
6.4, respect ive ly , for the degrees of p o l y m e r i z a t i o n . T h u s these metals appear to 
be e x h i b i t i n g b o t h 6- a n d 8 - coord inat ion a n d i t is i n l ine w i t h the author ' s stereo
chemica l theory t h a t the m e t a l w i t h the largest a tomic rad ius gives the highest p r o -
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BRADLEY—METAL ALKOXIDES 23 

p o r t i o n of the m a x i m u m covalency a n d vice versa . I t is obvious t h a t the steric effect 
of the a l k y l g roup w i l l also contro l the tendency of the m e t a l to exert i ts m a x i m u m 
covalency . F o r example , z i r c o n i u m is p r o b a b l y 6-covalent i n b o t h the te tra i so -
propox ide w h i c h is t r i m e r i c a n d the solvate Z r ( O P r i ) 4 , P r i O H w h i c h is d imer i c . T h e 
la t te r is i s o s t r u c t u r a l w i t h the d imer i c pentaalkox ides w i t h the fifth g roup made u p 
b y the coord inated a l coho l . S i m i l a r l y several secondary a lkoxides of c e r i u m were 
shown to be t r i m e r i c (30). I t is interest ing to extend these pr inc ip l es to the a l u m i n u m 
alkoxides . H e r e is a ter va lent m e t a l w h i c h has a pronounced tendency towards the 
cova lency of 4 a n d can exh ib i t a m a x i m u m covalency of 6. T h e smallest t r i a l k o x i d e 
i n v o l v i n g a 4-c ο va lent m e t a l w i l l be d i m e r i c : 

w i t h the t e t r a h e d r a l conf igurat ion for a l u m i n u m . A s s u m i n g the oc tahedra l conf ig
u r a t i o n for 6-covalent a l u m i n u m the a u t h o r suggests t h a t the octameric m o d e l : 

represents the m i n i m u m p o l y m e r . There fore i t w o u l d be pred i c ted t h a t a l u m i n u m 
alkoxides shou ld not exceed 8- fo ld p o l y m e r i z a t i o n . I n fact , the numerous studies on 
these compounds (114, 126, 128, ISO, 167) have not revealed a p o l y m e r i z a t i o n greater 
t h a n s ix fo ld , whi le the t e r t i a r y butox ide is d imer i c . M e h r o t r a (126, 128) has recent ly 
made a systemat ic s t u d y of the a l u m i n u m alkoxides a n d suggests t h a t the discrepancies 
between the results p u b l i s h e d b y different authors m a y be due to an " a g i n g " effect. 
T h u s he f o u n d t h a t a l u m i n u m isopropox ide was t e t ramer i c a f ter storage for 2 m o n t h s , 
whereas the red is t i l l ed p r o d u c t was t r i m e r i c , a n d M c E l v a i n a n d D a v i e (114) S a v e 

a va lue of 5 to 6 for the degree of p o l y m e r i z a t i o n for th is c o m p o u n d . I t is t e m p t i n g 
to suggest t h a t the aging effect is rea l ly caused b y the tendency of a l u m i n u m to 
increase i ts c oo rd inat i on n u m b e r f r o m 4 to 6. T h u s the f reshly d i s t i l l ed sample w i l l 
be l a rge ly i n the 4-covalent state b u t w i l l s l owly undergo the s t r u c t u r a l rearrangement 
necessary for assuming the 6-covalent state . M o r e o v e r , M e h r o t r a (128) has f o u n d 
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24 ADVANCES IN CHEMISTRY SERIES 

t h a t the i sopropox ide is d imer i c even i n the v a p o r state, w h i c h is i n accord w i t h the 
above p r o p o s i t i o n . B o t h M e h r o t r a (128) a n d R o b i n s o n a n d P e a k (ISO) f o u n d t h a t 
several p r i m a r y a lkox ides of a l u m i n u m were t e t r a m e r i c . T h i s is exac t ly i n agreement 
w i t h the s t r u c t u r a l m o d e l : 

i n w h i c h the c e n t r a l a l u m i n u m is oc tahedra l l y 6-covalent a n d the r e m a i n i n g three 
a l u m i n u m s are t e t r a h e d r a l l y 4-covalent . S i m i l a r l y there is s h o w n another possible 
s t ruc ture i n w h i c h one t h i r d of the a l u m i n u m is 6-covalent i n a 6- fo ld p o l y m e r : 

H e n c e the k e y p o l y m e r s i n the a l u m i n u m alkoxides s h o u l d be the d i m e r , t e t r a m e r , 
hexamer , a n d oc tamer , b u t because average mo lecu lar weights are e x p e r i m e n t a l l y 
de te rmined , the a c t u a l degree of p o l y m e r i z a t i o n ca l cu la ted w i l l depend o n the re la t ive 
p r o p o r t i o n s of the different k e y p o l y m e r s . 

A p p l y i n g the p r i n c i p l e of m i n i m u m p o l y m e r i z a t i o n to the b i v a l e n t meta l s leads 
t o the p r e d i c t i o n that, the d ia lkox ide of a m e t a l w h i c h increases i t s cova lency f r o m 
2 to 4 shou ld be t r i m e r i c as s h o w n : 
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BRADLEY—METAL ALKOXIDES 25 

w h i c h features t e t r a h e d r a l c oo rd inat i on of the m e t a l . O n the other h a n d , cova lency 
expansion to 6 w o u l d i n v o l v e the f o r m a t i o n of a g iant p o l y m e r . B e r y l l i u m alkoxides 
shou ld c o n f o r m to the first p ropos i t i on , because b e r y l l i u m has a pronounced tendency 
towards cova lency a n d is l i m i t e d to the m a x i m u m covalency of 4 w i t h the t e t r a h e d r a l 
conf igurat ion . B e r y l l i u m ethoxide has been m a d e (156) b u t i ts mo lecu lar weight is 
no t k n o w n . I t is also c lear t h a t tha l lous a lkoxides adhere to the above p r i n c i p l e . 
T h e u n u s u a l cova lency change of t h a l l i u m f r o m 1 to 3 is due to the iner t 6 S 2 p a i r of 
electrons l eav ing the three 6p orb i ta l s ava i lab le f or b o n d i n g i n prec ise ly the 
direct ions demanded b y S i d g w i c k a n d Sut ton ' s m o d e l . 

A l t h o u g h some of these arguments m a y appear speculat ive , t h e y have been v e r y 
successful i n i n t e r p r e t i n g some unexpected features of the h y d r o l y s i s p r o d u c t s of m e t a l 
a lkox ides . 

Hydrolysis of Metal Alkoxides 

M o s t of the m e t a l a lkoxides are r ead i l y h y d r o l y z e d i n the presence of a n excess 
of water to give the m e t a l h y d r o x i d e a n d u l t i m a t e l y the oxide. F r o m the v i e w p o i n t 
of i n d u s t r i a l app l i ca t i ons i t is essential t o k n o w m o r e about the in termed ia te stages 
between the m e t a l a lkox ide a n d i ts u l t i m a t e h y d r o l y s i s p r o d u c t — w h e t h e r the produc ts 
of p a r t i a l h y d r o l y s i s are h y d r o l y z e d as r a p i d l y as the o r i g i n a l a lkox ide . A l s o i t is 
desirable to find whether or not the h y d r o l y s i s reac t ion is c a t a l y z e d b y some c o m 
pounds a n d i n h i b i t e d b y others. I n p a r t i c u l a r , the poss ib i l i t y of cont ro l l ing the rate 
of h y d r o l y s i s m u s t be invest igated . A t t e n t i o n has h i t h e r t o been m a i n l y d i rec ted to 
the s t u d y of t i t a n i u m alkoxides , p r o b a b l y because the t i t a n i u m compounds , especial ly 
the butox ide a n d i sopropox ide , are mos t used i n i n d u s t r y a t present . 

P r i o r t o 1951 there is o n l y one reference to the h y d r o l y s i s p roduc ts of t i t a n i u m 
alkoxides . Bischof f a n d A d k i n s (11) p o i n t e d out t h a t t i t a n i u m tetraethoxide was a 
l i q u i d a n d t h a t the c rys ta l l ine c o m p o u n d obta ined b y D e m a r c a y (69) was a h y d r o l y s i s 
p r o d u c t . R e c e n t w o r k (35, 57) has revealed t h a t t i t a n i u m tetraethox ide is i n fact 
a c rys ta l l ine c o m p o u n d a n d t h a t the p r o d u c t ob ta ined b y Bischof f a n d A d k i n s was 
the supercooled l i q u i d . 

I n 1951, W i n t e r (173) r epor ted the p r e p a r a t i o n of the t i t a n i u m oxide butox ide , 
T i 2 0 ( O B u n ) 6 , b y h y d r o l y s i s of the t e t r a n o r m a l butox ide . I n the same year C u l l i n a n e 
a n d others (66) descr ibed results ob ta ined d u r i n g the h y d r o l y s i s of alcohol ic so lut ions 
of several a lkoxides of t i t a n i u m . I n the case of the ethoxide a n d the n -propox ide t h e y 
iso lated solids whose compos i t i on agreed w i t h the m e t a t i t a n a t e f o r m u l a , R O T i O ( O H ) , 
b u t the η-but oxide was not i ceab ly s lower to h y d r o l y z e . A t about the same t im e 
B o y d (16) r epor ted a m o r e deta i led inves t i ga t i on of the h y d r o l y s i s of t i t a n i u m 
a lkox ides . H e conc luded t h a t t i t a n i u m alkoxides were h y d r o l y z e d m u c h m o r e r a p i d l y 
t h a n the corresponding a l k y l orthosi l icates a n d t h a t the p a r t i a l l y h y d r o l y z e d a lkoxides 
r a p i d l y reacted w i t h the t e t raa lkox ide to produce new compounds of in termed ia te 
degrees of p o l y m e r i z a t i o n . P o l y m e r s c onta in ing higher a l k y l groups were ob ta ined 
b y a l coho l interchange w i t h the more r ead i l y ob ta ined p o l y m e r s of lower a lkoxides . 
W i t h t i t a n i u m butox ide , the a d d i t i o n of water i n the ra t i o (A) = moles of w a t e r : 
a toms of t i t a n i u m , of u p to 1.20 caused q u a n t i t a t i v e h y d r o l y s i s whi l e for (h) — 1.20 
t o 2.25 o n l y about 1.4 to 1.5 moles of water per t i t a n i u m a t o m were consumed, 
suggesting t h a t h y d r o l y s i s becomes m o r e dif f icult as the degree of h y d r o l y s i s becomes 
greater. W i t h (A) = 3 . 0 p r e c i p i t a t i o n of t i t a n i u m dioxide occurred . I n the range 
(A) = 0 to 1.0, B o y d suggested t h a t essential ly l i n e a r p o l y m e r s are f o r m e d w i t h 
some c h a i n b r a n c h i n g b u t no cross l i n k i n g i n accordance w i t h the f o l l owing m e c h a n i s m : 

n - T i ( O R ) 4 + (n - 1 ) H 2 0 ( R O ) 3 T i — O — [ T i ( O R ) 2 — 0 ] n _ 2 — T i ( O R ) 3 

+ 2(n - l ) R O H (19) 

T h i s sys tem leads to the re la t ionsh ip n = l / [ — ( A ) ] , where η is the degree of 
p o l y m e r i z a t i o n a n d agreement w i t h exper iment was f o u n d for η = 1 to 6. T h e c o m -
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26 ADVANCES IN CHEMISTRY SERIES 

pounds produced i n the reactions i n v o l v i n g (h) = 0 to 1.0 v a r i e d i n n a t u r e f r o m 
viscous l i qu ids to w a x y solids. T h i s w o r k was fo l lowed b y a n i m p o r t a n t inves t iga t i on 
b y M i n a m i a n d Ish ino {131), who s tud ied the h y d r o l y s i s of t i t a n i u m butox ide b o t h 
i n so lu t i on i n b u t y l a l coho l a n d also b y exposure of the te t raa lkox ide to mois t a i r . 
I n so lut ion a t t e n t i o n was concentrated on the systems i n v o l v i n g (h) = 0 . 5 , 1.0, or 
1.5. F o r each i n i t i a l c oncentrat i on of water , the rate change of v i s cos i ty of the 
so lut ion was fo l lowed at the separate t e m p e r a t u r e s : 20° , 40° , 60° , a n d 8 0 ° C . I n 
each exper iment the i n i t i a l rate was r a p i d a n d was fo l lowed b y a slow a p p r o a c h 
over 7 to 8 hours to a n a p p a r e n t e q u i l i b r i u m . I n p a r t i c u l a r the e q u i l i b r i u m pos i t i on 
was dependent on the tempera ture . T h e authors conc luded t h a t h y d r o l y s i s was a 
two-stage process : 

n - T i ( O B u ) 4 + 4 n - H 2 0 -> n - T i ( O H ) 4 + 4 n - B u O H (20) 

n - T i ( O H ) 4 -> (T i0 2 ) „ + 2 n H 2 0 (21) 

T h e i n i t i a l h y d r o l y s i s (20) was be l ieved to be r a p i d a n d poss ib ly reversible , a n d the 
condensat ion (16) was considered the slow stage. Studies on the h y d r o l y s i s of the 
te t rabutox ide i n mois t a i r l ed to the interest ing conc lus ion t h a t the f o u r t h butox ide 
g roup i n T i ( O B u ) 4 is cons iderably res istant to h y d r o l y s i s a n d th is is consistent w i t h 
the prev ious w o r k of B o y d . I sh ino a n d M i n a m i also a n a l y z e d the produc t s caused 
b y h y d r o l y s i s at 8 0 ° C . a n d f o u n d t h a t for (h) — 1.5 h y d r o l y s i s was incomplete . 
C r y o s c o p i c mo lecu lar weight determinat ions ( ex trapo la ted to inf in i te d i l u t i o n ) were 
a p p r o x i m a t e l y i n accordance w i t h the f o r m u l a s : 

[T i 2 0(OBu) e ] i .5 , [ T i O ( O B u ) 2 ] 2 . 2 , and [TiO 1 . 4 4 (OBu) i . 2 2 (OH) 0 .07] 7 

whereas B o y d ' s E q u a t i o n 19 requires : T i 2 0 ( O B u ) 6 a n d [ T i O ( O B u ) 2 ] a . 
I n these laborator ies the h y d r o l y s i s of several t i t a n i u m a n d z i r c o n i u m alkoxides 

has been s tud ied . I t was f o u n d t h a t t i t a n i u m tetraethox ide (35, 36) u n d e r w e n t 
r a p i d a n d complete h y d r o l y s i s i n e t h y l a lcohol ic so lut ion a n d the crys ta l l ine c o m 
p o u n d T i 6 0 4 ( O E t ) 1 G was p r e c i p i t a t e d i n the e a r l y stages [(h) < 1.0]. E b u l l i o m e t r i c 
studies showed t h a t E q u a t i o n 19 was i n a p p l i c a b l e to th is sys tem whereas reasonable 
agreement u p to (h) ~ 1.2 was f o u n d w i t h the r e l a t i o n : 

12 
•3(Λ) 

(22) 

T h i s appl ies to a system of compounds h a v i n g the general f o r m u l a T i 3 ( a ; + 1 ) 0 ( 4 i p ) 
( O E t ) 4 i J . + 3 ) a n d v a l i d for (h) = 0 to 1.33. T h e compounds T i 6 0 4 ( O E t ) 1 6 ( a ; = 1) 
a n d [ T i O ( O E t ) 2 ] i 2 ( £ = 3) have been iso lated a n d the i r mo lecu lar weights are i n 
agreement w i t h these formulas whi le the tetraethoxide corresponds to χ — 0. These 
compounds m a r k the ear ly stages i n the f o r m a t i o n of the inf in i te t r i l i n e a r p o l y m e r : 

T h i s s t ruc ture is based o n t h a t of the t r i m e r i c ethoxide a n d is f o rmed b y j o i n i n g u p 
the t r i m e r i c un i t s t h r o u g h T i - O - T i br idges . T h e u l t i m a t e h i g h p o l y m e r has the 
f o r m u l a [ T i 3 0 4 ( O E t ) 4 ] a a n d i t is n o t e w o r t h y t h a t a d d i t i o n of water i n the region 
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BRADLEY—METAL ALKOXIDES 27 

(h) — 1.5 to 2.0 gave inso luble produc ts whose analyses were near t h a t of the 
inf ini te p o l y m e r . S i m i l a r l y , the ac t i on of heat o n T i 1 2 0 1 2 ( O E t ) 2 4 under reduced 
pressure brought about d i s p r o p o r t i o n a t i o n a n d gave the vo la t i l e te traethoxide a n d 
the nonvo la t i l e inf in i te p o l y m e r : T i 1 2 0 1 2 ( O E t ) 2 4 3 [ T i 3 0 4 ( O E t ) 4 ] a + T i 3 ( O E t ) 1 2 . 
I t seems signif icant t h a t insoluble nonvo la t i l e p roduc ts w i t h composi t ions near to 
T i 3 0 4 ( O R ) 4 were also obta ined i n the h y d r o l y s i s of the i sopropoxide , t e r t i a r y butox ide , 
a n d t e r t i a r y a m y l oxide. E b u l l i o m e t r i c studies on the h y d r o l y s i s of the n -propox ide 
a n d isobutoxide revealed r a p i d react ions, b u t the degrees of p o l y m e r i z a t i o n d i d not 
agree w i t h the requirements of E q u a t i o n 22. T h e observed values of η were c o n 
s iderab ly less t h a n theory , as indeed was the case for the ethoxide for (h) > 1.2. 
I t is be l ieved t h a t th is is due to d e p o l y m e r i z a t i o n of the oxide a lkoxides i n the h igher 
bo i l ing solvents w i t h the f o r m a t i o n of so lvated lower po lymers . T h u s i t was suggested 
(86) t h a t there are three f u n d a m e n t a l s t r u c t u r a l models for the t i t a n i u m oxide 
a lkox ide p o l y m e r s . T h e first m o d e l is based on the t r i m e r whi l e the second m o d e l 
is based o n the so lvated d i m e r T i 2 ( O R ) 8 , ( R O H ) 2 : 

T h e t h i r d system contains o n l y three s t r u c t u r e s : 

a n d is based on a monomer i c t e t raa lkox ide . T h e u n i f y i n g feature of a l l three s t r u c t u r a l 
models is the adherence to 6-coordinate t i t a n i u m w h i c h is regarded as the k e y p o i n t 
i n the t h e o r y . T h e equations for M o d e l s I I a n d I I I a r e : 

M o d e l I I 6 
η = 3 - 2(h) 

M o d e l I I I 3 
η = 3 - (Λ) 
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28 ADVANCES IN CHEMISTRY SERIES 

B y a l l ow ing for so lvat i on accord ing to these systems the results for the n -propox ide 
( m a i n l y M o d e l I I ) a n d isobutoxide ( m a i n l y M o d e l I I I ) were i n m u c h bet ter agree
m e n t w i t h the theory . A s i m i l a r i m p r o v e m e n t was obta ined for the ethoxide . These 
pos tu la ted s tructures are ideal ized a n d a p p l y to the behav ior of these compounds i n 
bo i l ing a lcohol ic so lut ions a n d w i l l no t necessari ly be v a l i d for react ions o c c u r r i n g u n d e r 
different condi t ions . E b u l l i o m e t r i c exper iments o n the sec-butoxide , n -butox ide , tert-
butox ide , a n d i e r i - a m y l oxide gave interes t ing results . T h e h y d r o l y s i s of the sec-
butox ide occurred at a measurable rate w h i c h was increased b y traces of a c i d a n d 
decreased b y traces of a l k a l i . T h i s behav ior m a y we l l be caused b y the steric effect 
of the b r a n c h e d b u t y l groups w h i c h w o u l d be expected to oppose nuc leophi l i c a t t a c k 
b y h y d r o x y l ions on the t i t a n i u m ( E q u a t i o n 23a) i n the a lka l ine sys tem. 

(a) T i ( O R ) 4 + O H - - » T i ( O H ) ( O R ) 3 + O R " 

(b) — T i — Ο + H 3 0 + -> — T i Η + H 2 0 

R Ο 

R ^ (23) 

\ + \ + 

(c) — T i — Ο — Η -> — T i + R O H 

\ + \ 
(d) — T i + 2 H 2 0 -> — T i ( O H ) + H 3 0 + 

/ / 
O n the other h a n d , the a c i d - c a t a l y z e d m e c h a n i s m depic ted i n E q u a t i o n 23b, c, a n d d 
w i l l no t be a p p r e c i a b l y affected b y the steric fac tor . 

I n exper iments w i t h the n -butox ide i t was demonst ra ted t h a t the h y d r o l y s i s was 
incomple te even for values of (h) as l o w as 0.5. M o r e o v e r , the v e r y s m a l l degree of 
p o l y m e r i z a t i o n f o u n d i n b o i l i n g b u t a n o l for (h) as h i g h as 6 suggests t h a t stable 
h y d r o x y l - t i t a n i u m bonds are present . A n e q u i l i b r i u m sys tem of the f o l l owing t y p e : 

— T i ( O H ) + R O H ;= — T i O R + H 2 0 
/ / 

m a y w e l l e x p l a i n the u n u s u a l features i n the h y d r o l y s i s of the n -butox ide . I t is also 
l i k e l y t h a t r e l a t i v e l y stable T i - O H bonds are p r o d u c e d d u r i n g the h y d r o l y s i s of the 
t e r t i a r y a lkoxides , a l t h o u g h a t t e m p t s to isolate a h y d r o x y c o m p o u n d were unsuccessful . 
T h e results suggested t h a t the i n i t i a l step 

T i ( O R ) 4 + H 2 0 -> T i ( O H ) ( O R ) 3 + R O H 

a n d also the condensat ion step 

T i ( O H ) ( O R ) 3 + T i ( O R ) 4 -> ( R O ) 3 T i — 0 — T i ( O R ) 3 + R O H 

were b o t h slower t h a n the subsequent h y d r o l y s i s of T i ( O H ) ( O R ) 3 , T i ( O H ) 2 ( O R ) 2 , a n d 
T i ( O H ) 3 ( O R ) where R is a t e r t i a r y a l k y l g roup . T h u s i n the ebu l l i ometr i c h y d r o l y s i s 
of the éeré-butoxide the f irst a d d i t i o n of water (h) < 0.1 caused the depos i t ion of an i n 
soluble c o m p o u n d a n d the exper iment was d i s cont inued . W i t h the éeri-amyl oxide 
the t i t a n i u m c o m p o u n d remained m o n o m e r i c t h r o u g h o u t the exper iment [ f ina l va lue 
of (h) = 3 . 0 ] . O t h e r recent w o r k o n the h y d r o l y s i s of t i t a n i u m alkoxides includes 
t h a t of D ' A d a m o a n d K i e n l e (68), w h o f o u n d t h a t n e o p e n t y l a lcohol was recovered 
b y the h y d r o l y s i s of t i t a n i u m n e o p e n t y l oxide, t h u s showing t h a t the t i t a n i u m - o x y g e n 
b o n d is d i s r u p t e d a n d no t the carbon -oxygen b o n d . N e s m e y a n o v a n d others (135) 
have i so lated the f o l l owing c o m p o u n d s : ( E t O ) 8 T i 3 0 2 a n d ( R O ) 3 T i O T i ( O R ) 3 where 
R = E t , P r n , or B u n . 
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BRADLEY—METAL ALKOXIDES 29 

T h e p a p e r b y B i s t a n a n d G o m o r y (12) c on f i rmed the conclusions of prev ious 
w o r k e r s t h a t the h y d r o l y s i s of the butox ide is incomplete i n the la ter etages a n d t h e y 
showed t h a t th i s effect is even more m a r k e d i n the h y d r o l y s i s of o ther t i t a n i u m 
alkoxides a n d ary lox ides—e.g . , h e p t y l , c e t y l , b e n z y l , p h e n y l , a n d m - c r e s y l der iva t ives . 
Some of t h e i r results are quoted i n T a b l e I I I . 

Table III. 

R in Ti(OR)4 

n-Butyl 

n-Heptyl 

Cetyl 

Benzyl 

Phenyl 

m-Cresyl 

Results of Bistan and Gomory 

(h) 

Added Recovered Consumed 
0.5 — 0.5 
1.0 — 1.0 
2.0 0.47 1.53 

0.5 0.04 0.46 
1.0 0.07 0.93 
2.0 0.52 1.48 

0.5 0.07 0.43 
1.0 0.08 0.92 
2.0 0.55 1.45 

0.5 0.04 0.46 
1.0 0.16 0.84 
2.0 0.69 1.31 

0.5 0.12 0.38 
1.0 0.14 0.86 
2.0 0.83 1.17 

0.5 0.09 0.41 
1.0 0.17 0.83 
2.0 0.82 1.18 

Present knowledge of the h y d r o l y t i c react ions of t i t a n i u m alkoxides m a y t h e n 
be s u m m a r i z e d as fol lows. T h e r a p i d i t y a n d completeness of the h y d r o l y s i s depend 
o n the size of the a l k y l g r o u p ; h y d r o l y s i s is s lower a n d less complete the higher the 
a l k y l g roup . I t is p a r t i c u l a r l y s low for the higher homologs af ter the r e m o v a l of 
three quarters of the ava i lab le a lkox ide groups a n d i t is possible t h a t r e l a t i v e l y stable 
T i - O H groups are present i n alcohol ic s o lu t i on a n d t h a t a n e q u i l i b r i u m is establ ished 
between h y d r o l y s i s a n d ester i f i cat ion. I n a l l cases the degree of p o l y m e r i z a t i o n i n 
the ear ly stages of h y d r o l y s i s is v e r y s m a l l a n d for the lower a lkoxides th is m a y be a 
consequence of the tendency of t i t a n i u m to exh ib i t the c o o r d i n a t i o n n u m b e r 6 i n 
compac t s t ruc tures . I n no case does the p o l y m e r i z a t i o n resemble the character i s t i c 
behav io r of s i l i con i n the f o r m a t i o n of si l icones. A n o t h e r general feature of the 
p a r t i a l h y d r o l y s i s p roduc t s of t i t a n i u m alkoxides is t h e i r tendency to d i spropor t i onate 
w h e n heated a n d to produce the vo la t i l e t e t r a a l k o x i d e a n d a more h i g h l y p o l y m e r i z e d 
nonvo la t i l e residue. These propert ies a l l suggest t h a t the T i - 0 bonds i n the alkoxides 
are r e l a t i v e l y weak a n d the u l t i m a t e p r o d u c t of h y d r o l y s i s is t i t a n i u m diox ide . I t 
is c lear t h a t o n l y a s m a l l beg inn ing has so f a r been m a d e i n the studies of the h y d r o l y s i s 
of m e t a l a lkoxides a n d interes t ing deve lopments are a n t i c i p a t e d i n the near fu ture . 

Industrial Applications of Metal Alkoxides 

A survey of the recent l i t e ra ture reveals a r a p i d increase i n the i n d u s t r i a l i m 
portance of m e t a l a lkoxides . I n p a r t i c u l a r , t i t a n i u m alkoxides are be ing produced on 
a n ever - increas ing scale. F o r example , the m a n u f a c t u r e a n d sale of t i t a n i u m butox ide 
has been doubled i n B r i t a i n d u r i n g the last year , whi l e i n the U n i t e d States the 
o u t p u t of t i t a n i u m alkoxides was q u a d r u p l e d d u r i n g 1955. T h e o u t p u t of the 
produc ts can now be reckoned i n tons per a n n u m . 

T h e o r i g i n of th is r e m a r k a b l e deve lopment i n t i t a n i u m c h e m i s t r y m a y be t raced 
to 1947 when K r a i t z e r , M c T a g g a r t , a n d W i n t e r (109) r epor ted t h a t t i t a n i u m butox ide 
cou ld be used i n m a k i n g heat -res istant pa in ts . A n o t h e r i m p o r t a n t i m p e t u s occurred 
i n 1950 w h e n Speer a n d C a r m o d y (161) announced t h a t t i t a n i u m alkoxides conferred 
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30 ADVANCES IN CHEMISTRY SERIES 

water - repe l lent propert ies on text i le fabr ics , leather , wood , a n d other m a t e r i a l s . 
Since t h e n the a lkox ides of t i t a n i u m a n d other metals have been used increas ing ly i n 
these a n d other re lated app l i ca t i ons . 

Heat-Resistant Paint 

F o l l o w i n g t h e i r o r i g i n a l w o r k i n 1947, W i n t e r a n d others (14, 62, 68, 109, 
173, 174) have p u b l i s h e d a series of art ic les o n the uses of t i t a n i u m alkoxides i n hea t -
resistant p a i n t s . T h e y have s h o w n t h a t the p a r t i a l l y h y d r o l y z e d butox ide m a y be 
used i n place of the t e t rabutox ide a n d t h a t the chlor ide content of the t i t a n i u m c o m 
p o u n d shou ld be k e p t be low 0 . 0 0 5 % ; otherwise corros ion w i l l occur due to the f o r m a 
t i o n of h y d r o c h l o r i c a c i d . C o n t r i b u t i o n s to th i s field have also come f r o m other 
authors , n o t a b l y R o z a n (153), H a n c o c k a n d S i d l o w (87), T h o m a s (162), a n d S i d l o w 
(158, 159). T h e heat -res is tant t i t a n i u m p a i n t is u s u a l l y composed of t i t a n i u m t e t r a 
butox ide (or a p a r t i a l h y d r o l y s i s p r o d u c t ) , a l u m i n u m powder p igment , a n d a so lvent 
such as whi te s p i r i t ( i n d u s t r i a l so lvent , p e t r o l e u m f r a c t i o n ) . A c c o r d i n g to S i d l o w 
(158, 159) the re la t ive propor t i ons of t i t a n i u m butox ide a n d a l u m i n u m are c r i t i c a l f or 
the f o r m a t i o n of a coat ing w i t h o p t i m u m heat a n d corros ion resistance. I t appears 
t h a t the f u n c t i o n of the t i t a n i u m a lkox ide is to produce t i t a n i u m dioxide u n d e r c o n d i 
t ions i n w h i c h i t w i l l b o n d together the protec ted surface—e.g . , s t e e l — a n d the a l u m i 
n u m p igment . S u c h coatings are t h e n stable for pro longed periods at 600°C . w h i c h is 
near to the m e l t i n g p o i n t of a l u m i n u m . 

These coatings are most efficient u n d e r condi t ions of cont inuous h i g h t e m p e r a t u r e — 
i.e., l o w h u m i d i t y — w h i l e u n d e r more h u m i d condi t ions corros ion m a y occur because of 
the porous n a t u r e of the coat ing . C o x a n d W i n t e r (62) have i m p r o v e d the corros ion 
resistance b y i n c o r p o r a t i n g z inc m e t a l p i g m e n t i n place of the a l u m i n u m , b u t the ga in 
i n corros ion resistance is offset b y a loss i n heat resistance a n d m a x i m u m op era t in g 
t e m p e r a t u r e for the z i n c - t i t a n i u m p a i n t appears to be about 400°C . ( m e l t i n g p o i n t of 
z inc , 4 1 8 ° C ) . T h e same authors are i n v e s t i g a t i n g the poss ib i l i t y of us ing t i t a n i u m 
alkoxides i n a n t i f o u l i n g pa ints for m a r i n e use. 

T h e s u i t a b i l i t y of t i t a n i u m butox ide as a p a i n t m e d i u m is closely l i n k e d to i t s h y d r o -
l y t i c propert ies . A l t h o u g h a l l t i t a n i u m alkoxides are u l t i m a t e l y h y d r o l y z e d t o the 
dioxide a n d c o u l d i n p r i n c i p l e be used i n heat -res is tant a l u m i n u m - t i t a n i u m p a i n t s , the 
lower a lkoxides are so r a p i d l y h y d r o l y z e d b y even traces of water t h a t t h e y w o u l d no t 
produce stable p a i n t m e d i a . O n the other h a n d , the less react ive h igher a lkoxides 
h y d r o l y z e more s l o w l y a n d the d r y i n g of the p a i n t w o u l d t h e n be i m p e d e d . W i t h 
t i t a n i u m butox ide the i n i t i a l rate of h y d r o l y s i s is r a p i d b u t the produc t s are soluble , so 
t h a t a stable p a i n t m e d i u m is possible. F u r t h e r h y d r o l y s i s to inso luble p roduc t s is 
slower b u t i t s t i l l occurs at a reasonable rate w h e n a film of the p a i n t is exposed to 
the atmosphere . T h e u l t i m a t e f o r m a t i o n a n d b o n d i n g of the t i t a n i u m diox ide p r o b 
a b l y occur w h e n the coat ing is heated i n a i r . 

A n o t h e r use for t i t a n i u m butox ide was foreshadowed b y C o x a n d W i n t e r (62). 
T h e y suggested t h a t a m e d i u m c o n t a i n i n g m i c a a n d the butox ide w o u l d give a c oa t ing 
w i t h good h i g h t e m p e r a t u r e i n s u l a t i n g propert ies . Cons iderab le quant i t ies of t i t a n i u m 
butox ide are n o w being m a n u f a c t u r e d for the p r o d u c t i o n of heat -res istant p a i n t a n d 
i t w i l l be interes t ing to see whether the a lkoxides of other meta ls such as z i r c o n i u m , 
t h o r i u m , n i o b i u m , or t a n t a l u m w i l l find s i m i l a r app l i ca t i ons . A n o t h e r poss ib i l i t y is 
the i n c o r p o r a t i n g of meta ls o ther t h a n a l u m i n u m as p igments i n order to raise the 
m a x i m u m operat ing t e m p e r a t u r e above 600°C . 

Water Repellency 

T h e use of m e t a l a lkoxides as water - repe l l ent agents has developed r a p i d l y since 
the p a p e r b y Speer a n d C a r m o d y (161). T h e p r o b l e m fac ing the chemist is t h a t of 
p r o d u c i n g agents w h i c h w i l l confer p e r m a n e n t water - repe l l ent propert ies o n var i ous 
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BRADLEY—METAL ALKOXIDES 31 

m a t e r i a l s . T h u s the water repel leney of a t reated text i le fabr i c m u s t not be i m p a i r e d 
b y repeated l a u n d e r i n g , a n d water - repe l l ent leather footwear m u s t be capable of w i t h 
s t a n d i n g the effects of weather ing . S i d l o w (158) suggests t h a t t i t a n i u m alkoxides on 
t h e i r o w n are more sui table for the waterproo f ing of leather ra ther t h a n text i les . T h e 
l i t e r a t u r e contains m a n y c la ims for the waterproo f ing propert ies of m a n y t i t a n i u m 
a lkox ides , oxide a lkoxides , or acylates (4, 5, 18, 20, 84, 111). Z i r c o n i u m alkoxides have 
also been tested a n d M a i l a n d e r (118) c l a i m e d t h a t solut ions c o n t a i n i n g 0.1 to 0 . 3 % 
of z i r c o n i u m ethoxide a n d 1.0 to 1 0 % of p e t r o l e u m wax , p e t r o l a t u m , or p o l y m e r i z e d 
oc tadecy l v i n y l ether i n a r o m a t i c or halogenated a l i p h a t i c solvents w o u l d i m p a r t water 
repel leney to text i les . O t h e r a lkoxides of z i r c o n i u m a n d of a l u m i n u m were also effec
t i v e i n s i m i l a r preparat i ons (118). 

T h e water - repe l l ent propert ies of the silicones are we l l k n o w n a n d i t was not s u r 
p r i s i n g t h a t m i x t u r e s of silicones a n d m e t a l a lkoxides shou ld be tested. T s u k a d a a n d 
T s u j i (166) f o u n d t h a t a so lu t i on conta in ing 2 . 5 % of si l icone a n d 0 . 2 % of a l u m i n u m 
ethoxide i n benzene rendered text i le fibers water - repe l l ent . S i m i l a r l y , i t has been 
c l a i m e d t h a t m i x t u r e s of silicones a n d t i t a n i u m alkoxides i n p e t r o l e u m so lu t i on are 
suitable for waterproo f ing leather (#7) a n d texti les (132). S i l i c o n e - z i r c o n i u m a lkox ide 
preparat i ons have also been used for the same purposes (87). B o y d (15, 22) p r e p a r e d 
l i q u i d copo lymers b y the p a r t i a l h y d r o l y s i s i n benzene so lut ion of a l k y l a l k o x y l silanes 
i n the presence of t i t a n i u m alkoxides , acylates , or a l k y l a m i d e s . These copo lymers 
were used for waterproo f ing text i les . 

A most interest ing feature of the s i l i c o n e - m e t a l a lkox ide water -repe l lents is 
t h a t t h e y are more effective t h a n e i ther the si l icone or the m e t a l a lkox ide alone. I t 
is k n o w n t h a t m e t a l a lkox ides cause the final " c u r i n g " of sil icones to occur at 50° to 
8 0 ° C . ins tead of the n o r m a l t e m p e r a t u r e of 200° to 250°C . r e q u i r e d b y the si l icone. 
I n th i s connect ion the m e t a l a lkox ide p r o b a b l y hastens the p o l y m e r i z a t i o n process b y 
reactions i n v o l v i n g the a lkox ide a n d the S i - O H groups w h i c h cause cross l i n k i n g to 
occur. H o w e v e r , the enhancement of water - repe l l ent propert ies m a y be due to a d d i 
t i o n a l factors besides th i s s i l i cone - cur ing effect. T h u s the silicones w i t h the best w a t e r 
proof ing propert ies are those c o n t a i n i n g some Si-Η groups (151) a n d i t m a y be t h a t the 
m e t a l a lkoxides in terac t w i t h these Si-Η groups . M o r e o v e r , m e t a l a lkoxides are w a t e r 
proof ing agents i n t h e i r o w n r i g h t , p r e s u m a b l y because of i n t e r a c t i o n w i t h fibers. 
There fore i t seems possible t h a t i n a d d i t i o n to the c u r i n g effect, the m e t a l a lkoxides 
m a y in terac t w i t h b o t h fiber a n d sil icone a n d thus act as a b o n d i n g agent. O t h e r 
organic compounds of meta ls—e.g . , 2 - e t h y l hexoate—enhance the water - repe l l ent p r o p 
erties of sil icones (24), so t h a t th is effect is not specific to m e t a l a lkox ides . 

Paint Driers and Modifiers 

M e t a l a lkoxides are n o w be ing used to accelerate the d r y i n g of pa in ts (9, 28, 60, 
61, 154). I n general , larger p r o p o r t i o n s of m e t a l a lkox ide are i n c o r p o r a t e d c o m p a r e d 
w i t h the usua l p r o p o r t i o n s of m e t a l naphthenates bu t the a lkox ide i m p r o v e s the q u a l i t y 
of the coa t ing i n a d d i t i o n to acce lerat ing the d r y i n g process. I t is bel ieved t h a t the 
m e t a l a lkox ide reacts w i t h the h y d r o x y l groups i n the p a i n t m e d i u m , thus causing cross 
l i n k i n g a n d p o l y m e r i z a t i o n . T h i s p r o p e r t y has been u t i l i z e d i n the mod i f i ca t i on of 
pa in ts a n d lacquers (104, 14?, HP, 165, 172). I n p a r t i c u l a r , the cellulose ester films 
are cons iderab ly i m p r o v e d i n heat a n d solvent resistance a n d also i n m e c h a n i c a l p r o p 
erties (8). T h e lower a lkox ides of t i t a n i u m cause i m m e d i a t e ge lat ion a n d th i s effect is 
o b v i a t e d e i ther b y u s i n g a so lut i on of the a lkox ide i n i t s o w n a l coho l or b y i n c o r p o r a t 
i n g a less react ive complex a lkox ide (75, 155). T h e h y d r o l y t i c propert ies of the 
t i t a n i u m a lkoxides are aga in seen to be the d o m i n a t i n g fac tor i n the c o n t r o l of a 
va luab le process. T h e less react ive complex a lkox ides are d e r i v e d f r o m che lat ing 
h y d r o x y compounds s u c h as 1:3 dio ls—e.g . , octylene g lyco l—ketoa l coho ls—e.g . , d iace -
tone a l c o h o l — o r easi ly enol izable dérivâtes—e.g., /? -diketones or β-ketoesters. I t is 
probab le t h a t i n some of these m o n o m e r i c compounds the t i t a n i u m is exer t ing i ts 
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m a x i m u m cova lency a n d th i s fac tor coup led w i t h the s t a b i l i t y of chelate r ings renders 
the t i t a n i u m m u c h less vu lnerab le to nuc leoph i l i c a t t a c k b y the oxygen of h y d r o x y l 
groups a n d thus accounts for the lower r e a c t i v i t y . 

Other Applications 

T h e s i l i e one -meta l a lkox ide copo lymers are also used as f i l m - f o r m i n g m e d i a (1, 
6, 73, 108). Gu l l edge (86) c la ims t h a t the " t i t a n a t e d organos i l oxane" p o l y m e r s p r o 
duce h a r d coatings w h i c h are opaque to u l t r a v i o l e t l i ght a n d suitable for i n c o r p o r a t i o n 
i n re fr igerator enamels . 

A n o t h e r use for the less react ive t i t a n i u m alkoxides is as adhesion promoters (13, 
70). A t h i n adherent f i lm of t i t a n i u m dioxide is f o r m e d b y the e v a p o r a t i o n a n d slow 
h y d r o l y s i s of d i lute solut ions of the t i t a n i u m a lkox ides . T h i s l a y e r of t i t a n i u m dioxide 
can be produced on surfaces of a wide v a r i e t y of mater ia l s a n d i t promotes the adhesion 
of pa in ts a n d lacquers w h i c h w o u l d not otherwise s t i ck . B o y d (19) c la ims t h a t good 
adhesive compounds are obta ined b y m o d i f y i n g a m i n o p l a s t resins t h r o u g h the i n c o r 
p o r a t i o n of p o l y m e r i z e d t i t a n i u m alkoxides , acylates , or amides . 

A n interest ing a p p l i c a t i o n of t i t a n i u m or z i r c o n i u m alkoxides is i n the r a p i d d r y i n g 
of p r i n t i n g i n k s (88). A d d i t i o n of the m e t a l a lkox ide to the wet p r i n t causes r a p i d 
d r y i n g due to i n t e r a c t i o n of the a lkox ide w i t h h y d r o x y compounds i n the i n k . 

I t is clear t h a t the character i s t i c propert ies of m e t a l a lkoxides lead to consider 
able v e r s a t i l i t y i n t h e i r app l i ca t i ons a n d i t is c o m m o n to f ind t h a t a g iven m e t a l a l k o x 
ide p r e p a r a t i o n is c l a i m e d to be useful i n several different app l i ca t i ons . 

I n a d d i t i o n to the examples a l r e a d y c i t ed , m e t a l a lkox ides are also f ind ing other 
uses such as : p o l y m e r i z a t i o n cata lysts (176), m o r d a n t s (17), s i z ing agents (18), d i s 
pers ing a n d ant i s ludg ing compounds (4, 13, 111), d ielectr ics (165), ca ta lysts i n p o l y 
ester f o r m a t i o n (53-55), cata lysts i n transester i f i cat ion (143, 144), a n d components i n 
enamels (152). T h e m e t a l a lkox ides are also sui table for p r e p a r i n g p u r e m e t a l oxides 
or h i g h l y " a c t i v e " oxides (85, 95, 96, 106). A c c o r d i n g to K e a r b y (105) the a l u m i n u m 
alkoxides m a y be used to reduce the aldehydes p r o d u c e d i n the O x o process a n d , after 
h y d r o l y s i s a n d separat i on of the alcohols , a n " a c t i v e " a l u m i n a is also ob ta ined . A 
nove l use for t i t a n i u m alkoxides is i n the p r e p a r a t i o n of b a r i u m t i t a n a t e (76). 

T h e r e is the fu ture poss ib i l i t y t h a t m e t a l a lkoxides m a y be u t i l i z e d i n the separa 
t i o n a n d p u r i f i c a t i o n of meta l s . I n th is case the p h y s i c a l propert ies of the a lkoxides 
w i l l be b r o u g h t i n t o p l a y , for i t has been demonstra ted t h a t the v o l a t i l i t y of a m e t a l 
a lkox ide is contro l l ed b y the size a n d shape of the a l k y l g roup . W o r k is a l r e a d y i n 
progress i n these laborator ies o n the separat ion of z i r c o n i u m a n d h a f n i u m b y the f r a c 
t i o n a l d i s t i l l a t i o n of the i r a lkox ides . I n th i s p a r t i c u l a r case, one is p r o b a b l y deal ing 
w i t h the most di f f icult example to choose for a m e t a l a lkox ide separat i on owing to the 
p r o x i m i t y of bo i l ing po ints of the components (bo i l ing po in t difference of about 1° to 
2 ° C ) . H o w e v e r , p r e l i m i n a r y results (170) show t h a t the m e t h o d works a n d holds 
promise for large scale operat ions . T h i s c ou ld be i m p o r t a n t in the atomic energy 
p r o g r a m , w h i c h requires ha fn ium- f ree z i r c o n i u m . A m o n g other systems be ing s tudied 
is the separat i on of n i o b i u m a n d t a n t a l u m b y f rac t i ona l d i s t i l l a t i o n of the i r a lkoxides 
a n d th is shou ld be cons iderab ly easier t h a n the z i r c o n i u m - h a f n i u m separat ion . T h e 
d i s t i l l a t i o n of u r a n i u m pentaethoxide has been patented as a means of enr i ch ing the 
u r a n i u m - 2 3 5 isotope (52). A n advantageous feature of the a lkox ide separat ion is 
the readiness w i t h w h i c h the m e t a l a lkox ide can be h y d r o l y z e d to give the pure 
oxide a n d the a lcohol . T h i s shou ld be of special i m p o r t a n c e where the pure m e t a l is 
p r o d u c e d b y reduct i on of the oxide a n d i t shou ld also be possible to recover a n d 
recycle the a lcohol . 

T h e m e t a l a lkox ides are being a p p l i e d i n d u s t r i a l l y on a n ever - increas ing scale 
a n d i t seems l i k e l y t h a t th i s expans ion w i l l cont inue i n the future as the wide p o 
tent ia l i t ies of these compounds are f u r t h e r developed. 
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Metal Chelates 

MARTIN KNELL 
Geigy Chemical Corp., Ardsley, Ν. Y 

Metal chelates, in which an organic molecule bonds 
a metal cation covalently or ionically, are discussed. 
There are both synthetic chelates such as the phthalo-
cyanines and natural chelates such as the porphyrins. 
The formation, stability, and commercial importance 
of these are summarized. The major uses of metal 
chelates are in agriculture and the dye and pigment 
industries. 

A metal chelate is a compound in which a metal cation is bound by a molecule con
taining two or more sites for bond formation. The word chelate is derived from the 
Greek word chela, meaning claw, because of the structure of the molecules. A great 
variety of organic and inorganic molecules can participate in chelation. Only those 
chelates in which the chelating agent, or ligand, is organic are discussed here. In 
metal chelates, the metal is bonded either ionically or covalently with the strongly non-
metallic elements of Groups V and VI, whereas in other organometallics the metal is 
bonded covalently directly to carbon. 

Most of the metal chelates produced in industry today are formed in situ and never 
isolated. By chelating metals in solution, undesirable properties such as precipitation 
of heavy metal soaps and hydroxides and catalysis by metallic ions can be avoided. 
The use of (ethylenedinitrilo)tetraacetic acid (EDTA) in the textile industry is well 

HOOCCH2 CH2COOH 
NCH2CH2N 

HOOCCH/ CH2C00H 

known. Several million pounds are used each year in such operations as dyeing, kier 
boiling, and bleaching. In the latter operation, the chelating agent has a stabilizing 
effect on hydrogen peroxide, the decomposition of which is catalyzed by trace 
quantities of such metals as iron, copper, and manganese. Another chelating agent 
that has reached commercial importance as a result of its deactivating effect on trace 
quantities of a metal is iV, Ar'-disalicylidine-1,2-propanediamine. This compound is sold 

OH ^ OH 

|CH=NCHCH2N=CH(l 

at the rate of about a million pounds per year and is added to gasoline to counteract 
the oxidative effect of trace quantities of copper which may be present in the gasoline. 
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38 ADVANCES IN CHEMISTRY SERIES 

Formation 

A n example of m e t a l chelate f o r m a t i o n is the react ion of E D T A w i t h c a l c i u m . 
E D T A w i t h f our c a r b o x y l groups ionizes i n four steps, w i t h four corresponding 
i o n i z a t i o n constants : 

H 4Y =F 

H 3 Y' 

H 2 Y" 

HY" 

H 3 Y" + H 

HY' + H + 

+ H + 

k9 = 

*3 = 

[ Η 1 [ Η 3 ΥΊ 

[H4Y] 

[Hl[H 2 Y- 2 ] 

[Η3ΥΊ 

[H+][HY-3] 

[H 2Y- 2] 

[ H l [ Y - 4 ] 

[HY" 3] 
where Y represents the (e thy lened in i t r i l o ) t e t raace tate an ion . 

These i o n i z a t i o n constants have been de termined (4), a n d expressed i n terms of 
p k ( log k) are p k x = 1.99, p k 2 = 2.67, p k 3 = 6.16, a n d p k 4 = 10.26. T h e t i t r a t i o n of 
E D T A w i t h a n a l k a l i is shown b y curve A , F i g u r e 1. T h e first t w o dissoc iat ion c o n -

I 2 3 4 
NaOH Equivalents 

Figure 1. Titration of (ethylenedinitrilo) 
tetraacetic acid 

A. No calcium ions present 
β. Excess calcium ions present 

stants correspond to s t rong acids, a n d a single s h a r p break is obta ined af ter the a d d i 
t i o n of t w o equiva lents of a l k a l i . A second break occurs a f ter the a d d i t i o n of the 
t h i r d equiva lent of a l k a l i . A s p k 4 corresponds to a v e r y weak ac id , no f u r t h e r b reak 
is ob ta ined on f u r t h e r a d d i t i o n of a l k a l i . 

I n the presence of a n excess of c a l c i u m ions, t i t r a t i o n w i t h a l k a l i gives curve B, 
F i g u r e 1: T h e presence of c a l c i u m ions causes a l l f our protons to be dissociated 
r e a d i l y , g i v i n g i n effect a s t rong tetrabas ic a c i d . T h e f o r m a t i o n of the c a l c i u m chelate 
takes place ac cord ing to the fo l l owing reactions s t a r t i n g w i t h the z w i t t e r i o n f o r m 
of H 2 Y ~ 2 : 

*0 
OOCCH 2 

C o " — 
"OOCCH2 H H CH2COCf 

NCH 2 CH 2 N^ 
"OOCCH2 CH2COO" 

\ H / C H 2 C - ( X 
NCH 2CH 2NV—- *>Ca 

"OOCCH 
^ 0 

+ Η 

" 0 0 C C H 2 H CH 2 C 0 0 " 

CH 2
 + / C H £ 

x c / c 7 
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KNELL-METAL CHELATES 39 

T h e exact n a t u r e of C a H Y ~ chelate is not k n o w n , b u t i t is shown i n the t w o most 
l i k e l y f o rms . A s m o r e a l k a l i is added , the c a l c i u m coordinates w i t h b o t h nitrogens 
f o r m i n g C a Y ~ 2 a n d releasing another p r o t o n : 

~OOCCH2 CH 2 CH 2 CH 2 C00" 

CQHY >- CH 2 Ca CH 2 + H 
\ / \ / 
C—O 0 — C v 

/ / V 

0 0 

CaY~* 
T h e successive d isp lacement of the two n i t r o g e n - b o u n d protons is s u m m a r i z e d i n 

the f o l l owing equations : 
CQ + 2 + H 2 Y~ 2 =̂ =̂ = CQHY" + H + 

Co" 2 + HY"3 =^=±: CQHY" 

CQHY" ^==^ CaY' 2 + H + 

T h e shape of curve B, w i t h o n l y one break at four equiva lents of a l k a l i , shows t h a t 
a l l f our pro tons are t i t r a t e d together . T h u s , i n the presence of c a l c i u m ions , the four 
a c i d groups of E D T A have about equa l a c i d i t y a n d the in termed ia te C a H Y - has o n l y 
a t rans ient existence w h e n a l k a l i is cont inuous ly a d d e d . T h e s t a b i l i t y constant f or 
C a Y - 2 is defined b y K. 

+ 2 _ 4 _ . [CQY~2] 
Ca+ 2 + γ 4 5^=55: CQY 2 Κ = Γ ' _4_ 

[CQ + 2][Y 4 ] 

Stability Constants 

T h e s t a b i l i t y constants of a large n u m b e r of m e t a l chelates of E D T A have been 
de termined . T h e p K ' s ( log K) for some of the commoner meta l s are g i v e n i n T a b l e 
I (6,7). 

Table I. Stability Constants of Metal Chelate of EDTA 

Ion pK Ion p K 
L i + 2.79 M n + 1 " 13.47 
N a + 1.66 C o + + 16.10 
M g + + 8.69 C u + + 18.38 
C a + + 10.59 N i + + 18.54 
S r + + 8.63 C d + + 16.48 
B a + + 7.76 P b + + 18.20 
Zn++ 16.58 L a + + + 15.4 
F e + + 14.22 F e + + + 25 

Cr+ + + 24 

F o r a g iven che lat ing agent, the b o n d s t rength between m e t a l a n d l i g a n d m a y 
v a r y w i d e l y ( T a b l e I ) . P r o p e r t i e s of the meta ls such as a tomic n u m b e r , valence , 
i o n i z a t i o n p o t e n t i a l , i onic rad ius , a n d c?-orbitals a l l c on t r ibute t o chelate s t a b i l i t y . 
T h e u n i v a l e n t meta ls f o r m v e r y weak chelates a n d the m u l t i v a l e n t meta ls f o r m the 
stronger chelates. T h e order of s t a b i l i t y of chelates of var i ous meta ls is a p p r o x i m a t e l y 
the same for a large n u m b e r of che la t ing agents. T h e order of chelate s t a b i l i t y for 
E D T A a n d the a lka l ine e a r t h series is b a r i u m < s t r o n t i u m < m a g n e s i u m < c a l c i u m . 
M a g n e s i u m occupies a v a r i a b l e p o s i t i o n ; w i t h some che la t ing agents i t f o rms m o r e 
stable complexes t h a n c a l c i u m , a l t h o u g h for the p o l y a m i n o c a r b o x y l i c acids the c a l c i u m 
chelate is more stable . T h e stabi l i t ies of some of the b i v a l e n t t r a n s i t i o n meta ls w i t h 
che la t ing agents general ly fo l l ow the fo l l owing o r d e r : manganese < i r o n < cobal t < 
n i c k e l < copper > z inc . 

F o r a g iven m e t a l , the s t r u c t u r e of the che lat ing agent is i m p o r t a n t i n d e t e r m i n 
i n g the chelate s t a b i l i t y , the two most i m p o r t a n t factors be ing the n u m b e r of atoms 

Pu
bl

is
he

d 
on

 J
an

ua
ry

 1
, 1

95
9 

on
 h

ttp
://

pu
bs

.a
cs

.o
rg

 | 
do

i: 
10

.1
02

1/
ba

-1
95

9-
00

23
.c

h0
03



40 ADVANCES IN CHEMISTRY SERIES 

i n the chelate r i n g a n d the n u m b e r of chelate r ings f o r m e d . I n general o n l y five- or 
s ix -membered r ings are encountered. T h e five-membered r i n g is f a v o r e d a n d m o r e 
stable w h e n the r i n g is comple te ly sa tura ted , whereas the s ix -membered r i n g is 
favored i f one or two double bonds are present. T h e e x p e r i m e n t a l va lues of the 
s t a b i l i t y constants of the 1 to 2 chelates f o r m e d between c u p r i c i o n a n d glyc ine a n d 
^ - a l a n i n e i l lus t ra te the effect of r i n g size on chelate s t a b i l i t y . G l y c i n e , w h i c h forms 
five-membered chelate r ings , has a p K va lue of 15.6 (9) ; ^ - a l a n i n e , w h i c h forms s i x -
m e m b e r e d chelate r ings , has a p K va lue of 12.8 (8). 

CH 2 

I 
CH 2 

Ο 
II 

" C ' 
II 
0 

1ST 
Η 

CH 2 

,CH9 

Η 
NU 

CH 2 ν Cu 
\ 

Ν 
Η 

,CH2 

Cupric bis(/?-alaninate) Cupric bis(glycinate) 

Because p K ' s are log values , the g lyc ine chelate is a lmost 1000 t imes as stable as the 
/^-alanine chelate. 

A n increase i n n u m b e r of r ings w i t h i n a p a r t i c u l a r chelate s t ruc ture increases the 
chelate s t a b i l i t y . C a l v i n a n d B a i l e s (3) s tud ied the copper chelates of the s a l i -
cy la ld imines of m e t h y l a m i n e a n d ethy lened iamine . T h e two structures are v e r y s i m 
i l a r , except t h a t the e thy lened iamine d e r i v a t i v e has one a d d i t i o n a l chelate r i n g . 

— - C u -

K^J CH 3 CH 3 

Cupric bis(salicylidinemethylamine) 

-Cu-

CH 2 CH 2 K^J 

Cupric Ν , Ν ' - d i s a l i c y l i d i n e e t h y l e n e d i a m i n e 

T h e h a l f - w a v e potent ia ls of the two copper chelates, de termined us ing a d r o p p i n g 
m e r c u r y electrode, were +0 .02 a n d —0.75. A s a greater negat ive va lue indicates a 
more stable chelate, the a d d i t i o n a l chelate r i n g present i n the e thy lened iamine d e r i v a 
t i v e seems to increase the s t a b i l i t y . A n o t h e r set of chelates w h i c h i l lustrates th i s 
p r i n c i p l e is the c a l c i u m chelates of A T - m e t h y l i m i n o d i a e e t i c a c i d a n d E D T A . These 
two chelates, w h i c h differ o n l y i n t h a t the E D T A chelate has one a d d i t i o n a l chelate 
r i n g , s u p p o r t the t h e o r y t h a t the greater the n u m b e r of r ings , the greater the s t a b i l i t y . 
T h e p K values are 7.5 a n d 10.6 for the m e t h y l i m i n o d i a c e t i c a c id a n d E D T A {11, 12), 
respect ive ly . 

Ο 
II 

CH 2 

- c — q v 

o e - - " / Ν 

ΙΝΙ 
l\ 

1 I 

/ 

CH 2 

Calcium bis(N-methyliminodiacetate) 

c - j — c i i 8 \ 
II \ 
Ο I .CH 2 

II 
0 

Calcium (ethylenedinitrilo)tetraacetate 
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KNELL-METAL CHELATES 41 

Commercial Importance 

A p r o m i s i n g use for m e t a l chelates is the t r e a t m e n t of metal -def i c ient p lants . 
I r o n deficiency i n p lants i n h i b i t s c h l o r o p h y l l synthesis . T h e leaves become l i g h t green 
or y e l l o w ; i f not corrected, the result is s tunted g r o w t h , reduced y ie lds , a n d u l t i m a t e l y 
death of the p l a n t . S t e w a r t a n d L e o n a r d (13) showed t h a t severe cases of i r o n 
chlorosis c ou ld be corrected q u i c k l y a n d d r a m a t i c a l l y b y a p p l y i n g s m a l l quant i t ies of 
the i r o n chelate of E D T A . I r o n E D T A was effective on ly on a c i d soils a n d other 
che la t ing agents were developed for more a lka l ine soils. T h e i r o n chelates of 
h y d r o x y e t h y l e t h y l e n e d i a m i n e t r i a c e t i c a c i d ( H E E D T A ) a n d d i e t h y l e n e t r i a m i n e p e n t a -
acetic a c i d ( D T P A ) have reached c o m m e r c i a l i m p o r t a n c e also. 

H0CH2CH2 CH2COOH HOOCCH,. CH2COOH 
^NCH2CH2 f/ ^NCH2CH2NCH2CH2N^ 

H00C-CH2 CH2COOH HOOCCH/ rjH z CH2C00H 

COOH 
Hydroxyethylethylenediaminetriacetic acid Diethylenetriaminepentaacetic acid 

I t is es t imated t h a t 1,000,000 to 1,500,000 pounds of these m e t a l chelates were 
so ld i n 1956. B o t h cyc lohexanediaminetetraacet i c a c i d ( C D T A ) a n d C h e l 138, a n 

/CH2COOH 
OH OH 

xCH2C00H I 1 
f ^ i l — C H N H C H 2 C H 2 N H C H — η /CH2COOH 

< ̂ CHoCOOH Î O O H HOOC k ^ J J 

Cyclohexanediaminetetraacetic acid Chel 138 

a r o m a t i c a m i n o p o l y c a r b o x y l i c ac id , have p r o v e d more effective on a lka l ine soils t h a n 
a n y of the i r o n chelates c o m m e r c i a l l y ava i lab le . These chelates, however , have been 
produced on ly on a p i l o t p l a n t scale. T h e i r o n chelate of C h e l 138 has created interest 
among government a n d u n i v e r s i t y exper imenters for use on the calcareous soils of the 
S o u t h , Southwest , a n d F a r W e s t . I t is effective i n s m a l l quant i t i es even o n extremely 
a lka l ine soils a n d re la t i ve ly nontox ic even i n large doses. T o date th is chelate has not 
been p r o d u c e d i n q u a n t i t y because of the h igh p r o d u c t i o n costs, b u t efforts are be ing 
made to overcome this obstacle. 

O t h e r m e t a l deficiencies i n p lants have been t reated successfully w i t h m e t a l chelates 
of E D T A a n d d ie thy lenetr iaminepentaacet i c a c i d . Che lates of z inc , copper , a n d 
manganese have been used on a l i m i t e d scale. 

I n a d d i t i o n to i ts a g r i c u l t u r a l use, s o d i u m ferr ic E D T A has f ound use i n the 
synthet i c rubber i n d u s t r y . A s a component of the p o l y m e r i z a t i o n cata lys t , i t results 
i n a more u n i f o r m p r o d u c t t h a n cou ld be prev i ous ly obta ined . T h e exact m e c h a n i s m 
is not know r n, b u t the m e t a l chelate m a y be i n v o l v e d i n a n ox ida t i on - reduc t i on sys tem 
w r hich regulates the rate of p o l y m e r i z a t i o n . 

T h e c a l c i u m chelate of E D T A ( N a 2 C a Y ) has f o u n d some use as a p h a r m a c e u t i c a l 
for t r e a t i n g l ead a n d other h e a v y m e t a l po isoning . I t s use for the r a p i d r e m o v a l of 
rad ioac t ive metals f r o m the b o d y is also ind i ca ted . T h e h e a v y metals f o r m chelates 
w i t h E D T A w h i c h are more stable t h a n the c a l c i u m - E D T A chelate a n d hence w i l l 
replace c a l c i u m ; the h e a v y m e t a l chelate is excreted i n the u r i n e . T h e q u a n t i t y of 
chelate so ld for this purpose is v e r y s m a l l c o m p a r e d w i t h other uses. 

F o u r general methods have been used to prepare E D T A a n d re la ted compounds . 

1. Ch loroace t i c a c i d w i l l react w i t h e thy lened iamine u n d e r a lka l ine condit ions (10) : 

NaOOCCH, CH2COONa 
Η , Ν Ο Η ^ Η , Ν Η , + 4ClCH2C00Na + 4NaOH • XNCH2CH2N 

N Q O O C C H / N CH £ COONa 

Pu
bl

is
he

d 
on

 J
an

ua
ry

 1
, 1

95
9 

on
 h

ttp
://

pu
bs

.a
cs

.o
rg

 | 
do

i: 
10

.1
02

1/
ba

-1
95

9-
00

23
.c

h0
03



42 ADVANCES IN CHEMISTRY SERIES 

G o o d yie lds of the t e t r a s o d i u m salt can be ob ta ined b y the p r o p e r c ont ro l of condit ions , 
a n d the free a c i d is p r e c i p i t a t e d b y ac id i f i cat ion w i t h m i n e r a l acids. So lut ions of the 
t e t r a s o d i u m salt can be conver ted to the i r o n chelate as fol lows : 

Na4Y + FeCl3 >- NaFe Y \ + 3NaC1 

2. I n the m e t h o d developed b y I . G . F a r b e n i n d u s t r i e A . G . (2) e thy lened iamine , 
f o rmaldehyde , a n d h y d r o g e n cyanide ( f o rmed i n so lut ion b y the reac t ion of s o d i u m 
cyanide w i t h ac id) react . T h e process requires the iso lat ion of the in termed ia te 
( e thy lened in i t r i l o ) t e t raace ton i t r i l e , b u t the added step ensures t h a t the t e t r a s o d i u m 
E D T A f o rmed b y h y d r o l y s i s of the n i t r i l e is not c o n t a m i n a t e d w i t h i m p u r i t i e s or iner t 
salts. 

NCCH2 CH2CN 
H2NCH2CH2NH2 + 4HCN + 4CH20 • NNCH2CH2N + 4H20 

NCCH^ NCH2CN 

NCCH2̂  ^ Η , Ο Ν NaOOCCH2 CHgCOONa 
N̂CHgCHgN̂  + 4H20 + 4NaOH —>- VNCH2CH2N + 4NH3 

NCCH2 CH2CN NaOOCCH^ NCH2COONa 

3. T h e process developed b y B e r s w o r t h (1) converts e thy lened iamine to the 
te t rasod ium salt of E D T A b y the s imultaneous a d d i t i o n of s o d i u m cyanide a n d 
formaldehyde to a s o d i u m h y d r o x i d e so lut i on of the d iamine . T h e success of th i s 
process depends on the complete r e m o v a l of the a m m o n i a as i t is l i be ra ted i n the 
react ion . F o r this reason, E D T A made b y th is process a lways contains some 
n i t r i l o t r i a c e t i c a c i d . 

NaOOCCH* CH2COONa 
H2NCH2CH2NH2 + 4NaCN + 4CH20 ΝΟΗ,ΟΗ,Ν + 4NH3 

2 NaOOCCH2
 NCH2COONa 

4. A c a t a l y t i c ox idat i on of t e t r a ( h y d r o x y e t h y l ) e thy lened iamine to E D T A has 
been developed (5). T h e a m i n o a lcohol is heated w i t h s o d i u m or p o t a s s i u m h y d r o x i d e 
a n d a c a d m i u m oxide cata lys t a t 220° to 230°C . for several hours . H y d r o g e n is 
l ibera ted a n d the t e t r a s o d i u m salt of E D T A is obta ined i n about 8 5 % y i e l d . T h i s 
m e t h o d , however , has not a t t a i n e d the c o m m e r c i a l i m p o r t a n c e of the other methods . 
HOCH2CH2 CH2CH2OH ^ NaOOCCH2 CH2COONa 

^ s CcIO \ / 
NCH2CH2N + 4NaOH NCH2CH2N + 8H2 

HOCH2CH2 CH2CH2OH NaOOCCH^ NCH2COONa 

M e t a l chelates are not new. T h e n a t u r a l l y o c c u r r i n g m e t a l p o r p h y r i n s have been 
k n o w n for m a n y years . T h e best k n o w n members of th is class of compounds are 
heme, a n i r o n - c o n t a i n i n g chelate present i n a n i m a l b lood , a n d c h l o r o p h y l l , a m a g n e s i u m -
conta in ing chelate present i n a l l p l a n t s . A l l of the p o r p h y r i n s tructures are s i m i l a r , 
i n t h a t they consist of four p y r r o l e nuc le i j o ined at t h e i r a l p h a c a r b o n atoms b y 
methene groups . C h l o r o p h y l l a is the most preva lent f o r m . 

Chlorophyll α 
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KNELL—METAL CHELATES 43 

T h e m e t a l p o r p h y r i n s are extremely stable chelates. I n most cases i t is imposs ib le 
to remove the m e t a l a t o m w i t h o u t des t roy ing the rest of the molecule . A l t h o u g h 
c h l o r o p h y l l , because of i ts a n t i b a c t e r i a l propert ies , c reated interest as a deodorant , i t s 
a n n u a l p r o d u c t i o n is ra ther s m a l l . F o r the last few years the p r o d u c t i o n of 
c h l o r o p h y l l i n th is c o u n t r y has remained at about 12,000 to 15,000 pounds per y e a r , 
whereas i n the peak y e a r of 1952 i t reached about 100,000 pounds . A class of 
synthet i c chelates w h i c h are s t r u c t u r a l l y re lated to the p o r p h y r i n s is be ing produced 
i n apprec iab le quant i t i es . These compounds are k n o w n as the m e t a l phtha locyan ines 
a n d are used as dyes a n d p igments . T h e s t ruc ture of copper p h t h a l o c y a n i n e i s : 

I t was d iscovered i n 1927 a n d i t was soon rea l ized t h a t the m e t a l phtha locyan ines 
offered promise as p igments . Cons iderab le deve l opmenta l w o r k was c a r r i e d out . 
Because t h e y are ex t remely stable to l i g h t , a c i d , a n d a l k a l i , t h e y have been w i d e l y 
used as p igments for p r i n t i n g on paper a n d c l o t h a n d for the co lorat ion of paper , 
rubber , p last i cs , l i n o l e u m , pa in ts , a n d lacquers . T h e c o m m e r c i a l p h t h a l o c y a n i n e 
p igments range f r o m blue to green. T h e 1956 U n i t e d States p r o d u c t i o n of p h t h a l o 
cyanine p igments was about 6,000,000 pounds . 

T o m a k e the phtha locyan ines useful as dyestuffs, i t was necessary to subst i tute 
var ious groups i n the molecule so t h a t the resu l t ing products w o u l d have a p p l i c a t i o n 
propert ies of d irect , su l fur , or v a t dyes. F o r d i rec t dyes, so lub i l i z ing groups such as 
sulfonic a c i d , c a r b o x y l , a n d q u a t e r n a r y groups have been used. T h e r e are two ways 
of p r e p a r i n g these p h t h a l o c y a n i n e d e r i v a t i v e s : T h e p h t h a l o c y a n i n e p igment can be 
made f irst a n d then the subst i tuent added , or the p h t h a l o c y a n i n e precursor can be 
subst i tu ted a n d t h e n conver ted to the p h t h a l o c y a n i n e . T h e 1956 p r o d u c t i o n of 
p h t h a l o c y a n i n e dyes was o n l y about 763,000 pounds . C o m m e r c i a l l y , the p h t h a l o 
cyanines are p r e p a r e d b y heat ing a p h t h a l i c a c i d d e r i v a t i v e m i x e d w i t h a m e t a l salt , 
urea , ca ta lys t , a n d a h i g h bo i l ing iner t so lvent to a t e m p e r a t u r e of about 200°C . 
Y i e l d s of 85 to 9 8 % of theory can be obta ined . 

T h e phtha locyan ines represent o n l y one class of m e t a l chelates w h i c h are useful as 
dyes a n d p igments . A c t u a l l y , che la t ion c a n occur w i t h a n y class of dyes w h i c h has 
the necessary donor groups i n the p r o p e r pos i t ions . E x a m p l e s are compounds h a v i n g 
h y d r o x y l , c a r b o x y l , keto , ox imino , a n d a m i n o groups i n e i ther o r tho or p e r i pos i t i on 
w i t h respect to each other , or one of the above groups i n the or tho pos i t i on w i t h respect 
to a n azo ( — N = N — ) or a n azomethine (— N = C C ) l inkage . T h e chelate can be 
formed o n the fabr i c , as i n m o r d a n t , chrome, a n d a f ter t reated d i rec t dyes ; or the 
chelate can be f o rmed p r i o r to a p p l i c a t i o n as i n p r e m e t a l l i z e d a c i d a n d coppered 
direct dyes. 

M a n y of the first dyestuffs used b y m a n were n a t u r a l l y o c c u r r i n g che la t ing 
agents w h i c h were conver ted to m e t a l chelates on the fabr i c d u r i n g the d y e i n g o p e r a 
t i o n . M a d d e r , a dyestuff k n o w n to the ancient E g y p t i a n s , was used w i t h var i ous 
metals such as c h r o m i u m , a l u m i n u m , i r o n , copper , a n d t i n i n the m o r d a n t d y e i n g of 
co t ton . A l i z a r i n , the p r i n c i p a l co lor ing m a t t e r i n m a d d e r , was d iscovered i n 1824. 
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44 ADVANCES IN CHEMISTRY SERIES 

used. In 1956, mordant and chrome dyes represented a market of about $6,500,000 
in the United States. 

In the last 15 to 20 years, a new group of dyes have joined the class of metal 
chelates formed on the fabric. These are the aftertreated direct dyes for cotton, 
which are dyed onto the fabric and then aftertreated with copper salts. The chelate 
is formed on the fabric giving a very light- and washfast color. Many of the after-
treated direct dyes have been premetallized with copper and are useful as lightfast, di
rect cotton dyes, thus simplifying the dyeing process. 

Probably the fastest growing class of chelate dyes are the premetallized dyes for 
wool and nylon. These dyes are generally azo compounds having hydroxyl, amino, or 
carboxyl groups ortho to the azo grouping. The chelate is formed in manufacture, 
and the dyes are sold as the metal chelates. 

The first dyes to appear in this class were the 1 to 1 dye-chromium chelates, which 
contained sulfonic acid groups for increased solubility. These are used for dyeing wool 
and are analogous to the chrome dyes, except that the chelate is formed before 
application. However, they are less washfast than the chrome dyes. 

More recently a class of premetallized dyes containing a dye to metal ratio of 
2 to 1 has been developed. These dyes are usually cobalt or chromium chelates, 
containing no sulfonic acid groups but having sufficient solubility or dispersibility for 
practical application. They are wash- and lightfast and have the added feature of 
level and penetrating dyeing from a neutral dye bath, whereas the chrome dyes and 
the 1 to 1 premetallized chelates must be applied from a strongly acid bath. 

A new class of premetallized dyes developed by the Geigy Chemical Corp. are 
2 to 1 cobalt or chromium chelates. These are soluble in acetone and alcohol and 
have created interest in the mass dyeing of acetate rayon, replacing pigments. It is 
estimated that premetallized dyes had a sales volume in the United States of about 
$2,000,000 in 1956. This was expected to increase considerably during the next few 
years. 
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Manufacture, Properties, and Uses 

of Organolithium Compounds 

DONALD L. ESMAY 
Lithium Corp. of America, Inc., Rand Tower, Minneapolis, Minn. 

The various methods of preparing organolithium com
pounds and the effect on such preparations of factors 
such as particle size of the lithium metal, solvent, 
temperature, and time are reviewed. Particular em
phasis is placed on some recent studies which show 
that lithium dispersions can be used to advantage in 
the preparation of organolithium compounds. For 
example, phenyllithium can be prepared from chlo-
robenzene satisfactorily by using lithium dispersions. 
The general physical and chemical properties of or
ganolithium compounds of interest to commercial pro
ducers and users are covered. Comparisons of sta
bilities of various types of organolithium compounds 
are of particular interest. In general, only the aryl-
lithium compounds are sufficiently stable in ether to 
allow extended storage. Even in hydrocarbon sol
vents, such as benzene and petroleum ether, storage 
of organolithium compounds at temperatures of 0°C., 
or lower, is recommended. A review is presented 
of the more important present and potential commer
cial uses of organolithium compounds. 

Organolithium compounds have received attention as reagents for commercial use 
only in recent years. This is undoubtedly a reflection of the increasing amount of re
search that is being carried out each year on these compounds. The fact that more 
papers were published on organolithium chemistry in the 2-year period, 1954-1955, 
than had appeared altogether prior to 1949, underlines the tremendous increase in 
interest in this field of chemistry. 

Despite this increased concentration of research effort, a review of the literature on 
organolithium chemistry reveals that interest is still chiefly centered on the uses of 
these compounds. For example, although well over one hundred organolithium com
pounds are reported in the literature as having been prepared in solution, scarcely a 
dozen have been isolated as pure compounds. Even those that have been isolated 
have been examined only superficially. Not only is information of a fundamental na
ture almost nonexistent, but knowledge of a practical type is also very limited. In 
only a few isolated instances have systematic studies been carried out on the effect of 
variations in solvent, temperature, and time on the yields obtained in organolithium 
preparations. Optimum conditions for carrying out reactions involving organolithium 
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ESMAY—ORGANOLITHIUM COMPOUNDS 47 

compounds have been de termined i n even fewer cases. A t present, therefore , c ons id 
erat ion of the possible use of a n o r g a n o l i t h i u m c o m p o u n d i n a c o m m e r c i a l process 
a lmost i n v a r i a b l y invo lves c a r r y i n g out a more or less extensive p r o g r a m of research 
to determine o p t i m u m condit ions for p r e p a r i n g a n d us ing the c o m p o u n d . I n th i s 
p a p e r the a u t h o r has a t t e m p t e d to assemble as m u c h as possible of the most i m p o r t a n t 
i n f o r m a t i o n on the p r e p a r a t i o n , propert ies , a n d uses of o r g a n o l i t h i u m compounds . H e 
has t r i e d to stress the areas deemed of greatest i m p o r t a n c e to those interested i n c o m 
m e r c i a l uses of these compounds , a n d to ind i cate areas where research is u r g e n t l y 
needed. 

Preparation of Organolithium Compounds 

T h e preparat i ons of o r g a n o l i t h i u m compounds can be d i v i d e d in to t w o m a j o r 
g r o u p s : those w h i c h use meta l l i c l i t h i u m a n d those w h i c h use another o r g a n o l i t h i u m 
c o m p o u n d as the source of the l i t h i u m a t o m . I n the f o l l owing l i s t i n g of the m a i n 
procedures w h i c h have been used, the first four methods use m e t a l l i c l i t h i u m a n d the 
others use a n o r g a n o l i t h i u m c o m p o u n d . O n l y one or two t y p i c a l examples have been 
g iven i n each case. 

O r g a n o l i t h i u m compounds have been p r e p a r e d b y : 

1. D i r e c t a d d i t i o n of l i t h i u m m e t a l to a c a r b o n - c a r b o n u n s a t u r a t e d b o n d (52) : 

C 6 H 5 C H = = C H C 6 H 5 + 2 L i - ^ C 6 H 5 C H ( L i ) C H ( L i ) C 6 H 5 

2. M e t a l - m e t a l exchange (22, 51, 53, 55) : 

R 2 H g + 2 L i -> 2 R L i + H g 

R M g C l + 2 L i -> R L i + L i C l + M g 

3. H y d r o g e n - m e t a l exchange (7) : 

R C = C H + 2 L i > R C = = C L i ( + L i H ) 
NHs(l) 

4. H a l o g e n - m e t a l exchange (7, 13, 67) : 

R X + 2 L i R L i + L i X 
5. A d d i t i o n of a n o r g a n o l i t h i u m c o m p o u n d to a c a r b o n - c a r b o n u n s a t u r a t e d b o n d 

(51,54,64, 65): 

X C = ( j / + R L i - ^ C ( R ) — C i L i ) ^ 
/ \ / \ 

6. H y d r o g e n - m e t a l in ter convers i on (meta la t ion ) (29) : 

R H + R ' L i -> R L i + R ' H 

7. M e t a l - m e t a l in te r convers i on (55, 68) : 

R 2 H g + 2 R ' L i -> 2 R L i + R ' 2 H g 

C 6 H 5 C H 2 M g C l + 2 C 6 H 6 L i - > C 6 H 6 C H 2 L i + ( C 6 H 5 ) 2 M g + L i C l 

8. H a l o g e n - m e t a l in te r convers i on (41): 

R X + R ' L i - * R L i + R ' X 

9. D i s p r o p o r t i o n a t i o n (66) : 

2 L i C H 3 > L i 2 C H 2 + C H 4 

200-240°C. 

O n l y the first f our methods i n v o l v e d i rec t p r e p a r a t i o n of a n o r g a n o l i t h i u m c o m 
p o u n d . M e t h o d s 5, 6, 7, a n d 8 depend u p o n the use of a n o r g a n o l i t h i u m c o m p o u n d 
p r e p a r e d b y one of the first f our methods . T h u s , wh i l e the last f our methods , a n d 
p a r t i c u l a r l y M e t h o d 8, are use fu l for the p r e p a r a t i o n of numerous o r g a n o l i t h i u m c o m -
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48 ADVANCES IN CHEMISTRY SERIES 

pounds , p r i n c i p a l l y on a l a b o r a t o r y scale, c o m m e r c i a l usefulness depends p r i m a r i l y 
u p o n the f eas ib i l i ty of p r e p a r i n g the in termed ia te o r g a n o l i t h i u m c o m p o u n d . C o n s e 
q u e n t l y , the a u t h o r discusses m a i n l y M e t h o d s 1, 2, 3, a n d 4. 

T h e d irect a d d i t i o n of l i t h i u m m e t a l to a n u n s a t u r a t e d l inkage ( M e t h o d 1) occurs 
i n o n l y a few spec ia l cases. T h i s severely l i m i t s a n y use of th is m e t h o d , p a r t i c u l a r l y 
o n a c o m m e r c i a l scale. 

T h e m e t a l - m e t a l exchange procedure of M e t h o d 2 was i m p o r t a n t d u r i n g the e a r l y 
invest igat ions o n o r g a n o l i t h i u m compounds b u t is large ly o n l y of h i s t o r i ca l interest 
n o w . M o r e convenient p r e p a r a t o r y methods are n o w ava i lab le , except i n a few spec ia l 
cases—e.g., the p r e p a r a t i o n of b e n z y l l i t h i u m v i a b e n z y l m a g n e s i u m chlor ide . T h e use 
of the h y d r o g e n - m e t a l exchange reac t ion ( M e t h o d 3) has to date been l i m i t e d to the 
p r e p a r a t i o n of a few a l k y n y l l i t h i u m compounds . A t present there is no pub l i shed 
account of the use of th is procedure for the p r e p a r a t i o n of a n a l k y l or a r y l l i t h i u m 
c o m p o u n d . 

T h e meta l -ha logen exchange react ion of M e t h o d 4 is t o d a y the procedure used 
a lmost exc lus ive ly i n the p r e p a r a t i o n of o r g a n o l i t h i u m compounds f r o m l i t h i u m m e t a l . 
I t can be c a r r i e d out convenient ly a n d r a p i d l y i n r e l a t i v e l y s imple equ ipment to give 
h i g h y ie lds of the desired o r g a n o l i t h i u m p r o d u c t . A n u m b e r of reviews (7, 9, 18, 29, 
41, 43, 45, 56, 61) of o r g a n o l i t h i u m c h e m i s t r y conta in e i ther deta i led ins t ruc t i ons or 
references to sources of exper imenta l detai ls for the p r e p a r a t i o n of specific o rgano 
l i t h i u m compounds . C o n s e q u e n t l y , no deta i led coverage is g iven here. I n general , 
y ie lds of p r i m a r y o r g a n o l i t h i u m compounds of 75 to 9 0 % are r e a d i l y obta inable u n d e r 
the p r o p e r condi t ions . 

T h e process of M e t h o d 4 suffers f r o m the fact t h a t an organic ha l ide , a n d o f ten 
c o n t a i n i n g a p a r t i c u l a r halogen, is a necessary s t a r t i n g m a t e r i a l . W h i l e such c o m 
pounds are u s u a l l y obta inable i n adequate s u p p l y , the pr ice is often such as to d i s 
courage large-scale usage, p a r t i c u l a r l y w h e n i t is necessary to use a n organic b r o m i d e . 
I n general , the bromides of lower mo lecu lar weight cost about twice as m u c h as the 
chlor ides , ye t i n some instances—e.g . , the p r e p a r a t i o n of p h e n y l l i t h i u m — c o n v e n i e n c e 
i n h a n d l i n g , h igher y ie lds , c leaner produc ts , etc., m a k e the b r o m i d e the reagent of 
choice. 

P r e p a r a t i o n s of o r g a n o l i t h i u m compounds can be m a d e i n var i ous ethers ( d i a l k y l 
ethers, d ioxane, t e t r a h y d r o f u r a n , etc . ) , h y d r o c a r b o n solvents (benzene, cyc lohexane, 
p e t r o l e u m ether , e tc . ) , a n d l i q u i d a m m o n i a i n the special case of a l k y n y l l i t h i u m c o m 
pounds . Reagents a n d solvents shou ld be as pure as possible, a n d shou ld be t h o r o u g h l y 
d r y . A b l a n k e t of i n e r t gas (n i t rogen , h e l i u m , or argon) s h o u l d be m a i n t a i n e d over 
the react ion m i x t u r e at a l l t imes . T h e t e m p e r a t u r e at w h i c h the p r e p a r a t i o n is ca r r i ed 
out m a y v a r y f r o m —75° to the b o i l i n g po in t of the so lvent , depending u p o n the p a r 
t i c u l a r substance des ired . S i m i l a r l y , the t i m e requ i red for c a r r y i n g out the p r e p a r a t i o n 
w i l l v a r y f r o m a few minutes to several hours . 

Y i e l d s of a l k y l l i t h i u m compounds are best de te rm in ed b y the m e t h o d of double 
t i t r a t i o n (19). I n th i s procedure one sample of the so lut ion of o r g a n o l i t h i u m c o m 
p o u n d is h y d r o l y z e d d i r e c t l y whi le a second sample is t reated w i t h b e n z y l ch lor ide p r i o r 
to t i t r a t i o n w i t h s t a n d a r d ac id . C a l c u l a t i o n s based on the difference i n the t w o t i t r a 
t ions give a more accurate y i e l d d e t e r m i n a t i o n t h a n does the o lder procedure of s i m p l y 
t i t r a t i n g the sample t h a t is h y d r o l y z e d d i r e c t l y . 

T h e solvent used i n c a r r y i n g out the o r g a n o l i t h i u m p r e p a r a t i o n exerts a definite 
effect o n the y i e l d obta ined a n d the t ime r e q u i r e d for the reac t i on to go to c o m p l e t i o n . 
I n general , ethers accelerate the react ion whi l e h y d r o c a r b o n solvents t e n d to r e t a r d the 
reac t i on . F o r example , w h e n the p r e p a r a t i o n of 1 - n a p h t h y l l i t h i u m b y the react ion of 
1-bromonaphthalene w i t h a l k y l l i t h i u m c o m p o u n d s was c a r r i e d out i n v a r i o u s so lvents 
(28), the rate of the reac t ion depended u p o n the solvent used. T h e effectiveness of 
the so lvents was f o u n d to decrease i n the f o l l ow ing o r d e r : 

( C 4 H 9 ) 2 0 > (OsH-OiO > C 6 H 5 N ( C H 9 ) ? > C 3 H 5 > cyclohexane > petroleum ether 
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ESMAY—ORGANOLITHIUM COMPOUNDS 49 

I n some cases a change i n the so lvent has been f o u n d even to change the course of 
the react ion . F o r example , th is effect was observed i n the react ion of n - b u t y l l i t h i u m 
w i t h / ? -bromostyrene (27). W i t h l ow bo i l ing p e t r o l e u m ether as the so lvent , the p r o d 
uct was f o u n d to be β-styryll ithium, whereas w h e n d i e t h y l ether was used, p h e n y l -
e t h y n y H i t h i u m was o b t a i n e d : 

C 6 H 6 — C H = C H B r + n - C 4 H 9 L i — 

> C 6 H 5 — C = C L i 
(C 2H 5) 20 

* C 6 H 5 — C H = C H ( L i ) 
Pet . ether 

I n p r e p a r i n g o r g a n o l i t h i u m compounds f r o m l i t h i u m a n d organic hal ides , the 
hal ide a t o m present has been f o u n d to affect the rate a n d extent of reac t ion m a r k e d l y . 
E x p e r i e n c e has s h o w n t h a t two of the most c o m m o n l y used o r g a n o l i t h i u m compounds , 
n - b u t y l l i t h i u m a n d p h e n y l l i t h i u m , can best be p r e p a r e d f r o m the respect ive bromides . 
Organ i c bromides , i n general , however , cost about twice as m u c h as the corresponding 
chlor ides . I t w o u l d , therefore , be benef ic ial f r o m a c o m m e r c i a l s t a n d p o i n t i f organic 
chlor ides c o u l d be used. 

I t was observed over 25 years ago b y G i l m a n a n d coworkers (36) t h a t the smal ler 
the pieces of l i t h i u m c o u l d be made the h igher the y i e l d a n d the shorter the t i m e r e 
q u i r e d for the o r g a n o l i t h i u m p r e p a r a t i o n to be comple ted . F o r m a n y years the p a r 
t ic le size was de termined b y the pat ience of the researcher i n c u t t i n g the m e t a l w i t h 
scissors, k n i v e s , paper cut ters , etc. H i s task was cons iderab ly eased about 10 years 
ago w i t h the advent of l i t h i u m wire a n d r i b b o n . 

G i l m a n a n d coworkers (36) also observed t h a t the next s igni f icant advance i n 
m a k i n g o r g a n o l i t h i u m compounds more accessible w o u l d p r o b a b l y come w i t h a c o n 
venient procedure for the p r e p a r a t i o n of l i t h i u m dust or granules . T h e descr ip t i on 
about 9 years ago b y P e r r i n e a n d R a p o p o r t (49) of a procedure for the p r e p a r a t i o n 
of l i t h i u m sand was a step i n th is d i re c t i on . T h e use of l i t h i u m sand r e p o r t e d l y gave 
increased y ie lds of o r g a n o l i t h i u m compounds a n d w i t h i n a short t i m e l i t h i u m sand 
cou ld be, a n d s t i l l c an be, purchased on a c o m m e r c i a l basis . 

T h e latest advance i n p r o d u c i n g l i t h i u m m e t a l i n s m a l l par t i c l e size has come 
w i t h i n the past 2 years w i t h the deve lopment of l i t h i u m dispersions to a p o i n t where 
t h e y c a n n o w be purchased on a s m a l l l o t basis. T o date these dispersions have been 
offered o n l y i n paraf f in h y d r o c a r b o n m e d i u m s — i . e . , m i n e r a l o i l , p e t r o l a t u m , a n d w a x — 
a l t h o u g h conce ivab ly other m e d i u m s c o u l d be easi ly used. 

U p to now, no complete repor t of studies o n the use of l i t h i u m dispersions i n the 
p r e p a r a t i o n of o r g a n o l i t h i u m compounds has appeared . Some w o r k has been done, 
however , as evidenced b y the reference b y G i l m a n a n d G o r s i c h (18) i n 1955 to u n 
p u b l i s h e d studies b y K . O i t a . T h e y repor ted t h a t i m p r o v e d y ie lds of some organo 
l i t h i u m compounds were obta ined w h e n l i t h i u m dispersions were used. A l s o , i n 1956, 
H a r t a n d S a n d r i (38) r e p o r t e d the first successful p r e p a r a t i o n of c y c l o p r o p y l l i t h i u m 
f r o m c y c l o p r o p y l ch lor ide t h r o u g h the use of finely powdered l i t h i u m . 

T o con f i rm th is s tatement , the a u t h o r has c a r r i e d out a l i m i t e d research p r o g r a m 
o n the use of l i t h i u m dispersions i n the p r e p a r a t i o n of o r g a n o l i t h i u m compounds . A s 
a s t a r t i n g p o i n t he chose the p r e p a r a t i o n of p h e n y l l i t h i u m f r o m chlorobenzene, because 
fa i lure to o b t a i n good y ie lds f r o m the reac t ion of chlorobenzene w i t h b u l k l i t h i u m i n 
the past has necessitated the use of the more expensive bromobenzene . T h e results of 
some of the runs are g i v e n i n T a b l e I . 

T h e prepara t i ons were c a r r i e d out i n the u s u a l a p p a r a t u s consist ing of a f o u r -
necked flask e q u i p p e d w i t h a T r u - b o r e s t i r r e r , thermometer , ref lux condenser, a n d 
d r o p p i n g f u n n e l a r ranged so t h a t a b l a n k e t of iner t gas c o u l d be m a i n t a i n e d over the 
reac t ion m i x t u r e . 

T h e d a t a i n T a b l e I show t h a t u n d e r comparab le condi t ions , a p p r e c i a b l y h igher 
y ie lds of p h e n y l l i t h i u m are ob ta ined w i t h l i t h i u m dispersions t h a n w i t h l i t h i u m w i r e . 
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ESMAY—ORGANOLITHIUM COMPOUNDS 51 

I n the runs c a r r i e d out w i t h l i t h i u m wire at r o o m t e m p e r a t u r e , the m e t a l r a p i d l y 
became coated w i t h a d a r k so l id . I t seemed most l og i ca l t h a t the coat ing was d i p h e n y l 
f o r m e d b y react ion at the m e t a l surface of chlorobenzene a n d p h e n y l l i t h i u m . I f th i s 
were t r u e , i t seemed reasonable t h a t d i p h e n y l f o r m a t i o n w o u l d be suppressed b y 
lower ing the t e m p e r a t u r e . A s shown i n E x p e r i m e n t 5, a m u c h higher y i e l d of p h e n y l 
l i t h i u m was obta ined at the lower t e m p e r a t u r e a n d the l i t h i u m m e t a l became coated 
o n l y v e r y s l owly . T h i s , of course, does not prove t h a t suppress ion of d i p h e n y l 
f o r m a t i o n gave the increased y i e l d , a l t h o u g h such a conc lus ion appears l og i ca l . 

T h e results of exper iment 6, T a b l e I , show t h a t b y us ing dispersed l i t h i u m a n d 
temperatures be low —10° , p h e n y l l i t h i u m can be p r e p a r e d f r o m chlorobenzene i n 
yie lds over 9 0 % . A d d i t i o n a l w o r k m a y show t h a t condi t ions c a n be ad justed so t h a t 
chlorobenzene, r a t h e r t h a n bromobenzene , c a n be used i n the c o m m e r c i a l p r e p a r a t i o n 
of p h e n y l l i t h i u m a n d thereby reduce the cost a p p r e c i a b l y . 

Physical Properties of Organolithium Compounds 

T h e d e t e r m i n a t i o n of the p h y s i c a l propert ies of pure o r g a n o l i t h i u m compounds is 
a n area of research where v e r y l i t t l e has been done a n d m u c h needs to be done. 

T h e a l k y l l i t h i u m compounds are colorless l i q u i d s , except the m e t h y l a n d e t h y l 
der ivat ives , w h i c h are w h i t e sol ids at r o o m t e m p e r a t u r e . P h e n y l l i t h i u m is also a 
w h i t e so l id . B e n z y l l i t h i u m a n d t r i p h e n y l m e t h y l l i t h i u m are p r e s u m a b l y colored ye l l ow , 
as t h e i r so lut ions are ye l l ow . 

A l l of the pure o r g a n o l i t h i u m compounds t h a t have been examined have been 
f o u n d to b u r n v igorous ly i n a i r . E v e n w h e n the substances are i n so lut ion , care m u s t 
be exercised i n keep ing t h e m a w a y f r o m contact w i t h the a i r . Otherwise , the reac t i on 
w i t h a i r evolves so m u c h heat t h a t the so lvent m a y be i g n i t e d . 

O r g a n o l i t h i u m compounds , i n general , are more stable t h e r m a l l y t h a n s i m i l a r 
c ompounds of the o ther a l k a l i meta ls . T h i s , however , is o n l y a m a t t e r of degree, as 
p r o p y l l i t h i u m a n d b u t y l l i t h i u m have been s h o w n to decompose at e levated t e m p e r a 
tures to y i e l d l i t h i u m h y d r i d e a n d the corresponding olefin (70) : 

R — C H 2 — C H 2 L i -> R — C H = C H 2 + L i H 
Δ 

W h i l e th i s t h e r m a l decompos i t ion is s low at r o o m t e m p e r a t u r e , so lut ions of a l k y l 
l i t h i u m compounds i n iner t solvents , s u c h as p e t r o l e u m ether, are k n o w n to decrease 
i n s t r e n g t h o n l ong s t a n d i n g . A r y l l i t h i u m compounds , however , are a p p a r e n t l y m u c h 
m o r e stable to heat t h a n a l k y l l i t h i u m compounds , a l t h o u g h here, aga in , f u n d a m e n t a l 
d a t a are miss ing . T h e t h e r m a l s t a b i l i t y of o r g a n o l i t h i u m compounds becomes of i m 
portance i n cons ider ing the m a n u f a c t u r e a n d storage of such mater ia l s for c o m m e r c i a l 
use. N o t h o r o u g h s t u d y of th is p r o b l e m has been repor ted as yet . 

I n general , o r g a n o l i t h i u m compounds are r e a d i l y soluble i n ethers such as d i e t h y l 
ether a n d t e t r a h y d r o f u r a n , a n d , t o a lesser degree, i n h y d r o c a r b o n s such as benzene, 
cyc lohexane, a n d p e t r o l e u m ether. A s a ru le ethers accelerate the p r e p a r a t i o n a n d 
react ions of o r g a n o l i t h i u m compounds , whereas h y d r o c a r b o n s have a r e t a r d i n g effect. 
T h i s increased a c t i v i t y i n ethers, however , is also ev idenced t o w a r d the solvent itself , 
so t h a t cleavage of the ether is r e l a t i v e l y r a p i d , p a r t i c u l a r l y w i t h a l k y l l i t h i u m c o m 
pounds (19, 68). F o r example , whereas a n ether so lut ion o r i g i n a l l y 0 . 4 M i n p h e n y l 
l i t h i u m r e q u i r e d about 12 days to f a l l to 0 . 2 M w h e n k e p t at 3 5 ° , the concentra t i on 
of n - b u t y l l i t h i u m i n a n ether so lut ion k e p t a t 25° d r o p p e d to ha l f i t s o r i g i n a l s t rength 
i n about 7 days (19). H o w e v e r , ether so lut ions of n - b u t y l l i t h i u m a p p a r e n t l y can be 
k e p t f or 4 days or longer w i t h o u t s igni f icant decompos i t i on i f the t e m p e r a t u r e is 
m a i n t a i n e d a t or below 10° (H). T h i s indicates t h a t for pro longed storage of 
o r g a n o l i t h i u m compounds , t emperatures of about 0° shou ld be used. I n contrast t o 
th i s , a benzene so lut ion of e t h y l l i t h i u m was repor ted to be unchanged af ter s t a n d i n g 
2 m o n t h s (25). 
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52 ADVANCES IN CHEMISTRY SERIES 

Chemical Properties of Organolithium Compounds 

A l k y l l i t h i u m compounds are considered to be p r e d o m i n a n t l y covalent , ra ther t h a n 
sa l t l ike , mater ia l s , as evidenced b y the nonconductance of solutions of e t h y l l i t h i u m 
i n benzene (89) a n d b y the l o w dipole m o m e n t (0.97 D ) of n - b u t y l l i t h i u m w h i c h 
indicates about 4 0 % ionic charac ter for the c a r b o n - l i t h i u m b o n d (50). I on i c c h a r a c 
t e r increases, however , i n go ing f r o m s imple a l k y l c ompounds to substances such as 
b e n z y l l i t h i u m a n d t r i p h e n y l m e t h y l l i t h i u m due to an ion s tab i l i za t i on t h r o u g h resonance : 

A n u m b e r of different studies have establ ished t h a t o r g a n o l i t h i u m compounds are 
in te rmed ia te i n a c t i v i t y between the G r i g n a r d reagents a n d the organometa l l i c c o m 
pounds of the other a l k a l i meta ls . F o r example , the react ion of p h e n y l m e t a l l i c 
c ompounds w i t h azobenzene gave the f o l l owing decreasing order of a c t i v i t y (15) : 

P h K > P h C a l > P h N a > P h L i > P h M g B r > P h 2 B e > P h M n I > P h 2 Z n 

I n another s t u d y (35), the decreasing order of r e a c t i v i t y of the p h e n y l e t h y n y l 
der ivat ives t owards benzon i t r i l e was shown to b e : 

R C s > R R b > R K > R N a > R L i > R M g B r 

T h e re lat ive r e a c t i v i t y of a n o r g a n o l i t h i u m c o m p o u n d also var ies g r e a t l y w i t h 
respect to the h y d r o c a r b o n r a d i c a l present . I n the ha logen-meta l in terconvers ion 
reac t ion of 1 -bromonaphthalene w i t h var i ous o r g a n o l i t h i u m compounds , the f o l l owing 
decreasing order of a c t i v i t y was observed (28) : 

n - C 3 H 7 > C 2 H 5 > n - C 4 H 9 > C 6 H 5 > C H 3 

I n the m e t a l a t i o n of d i b e n z o f u r a n i n ether (29), the f o l l owing s l i g h t l y different 
order of decreasing a c t i v i t y was o b t a i n e d : 

n - C 4 H 9 > C 2 H 5 > n-CfiHu > C 6 H 5 > C H 3 

R e c e n t l y i t has been shown (3) t h a t the decreasing order of a c t i v i t y of b r a n c h e d -
c h a i n a l k y l l i t h i u m compounds t owards a d d i t i o n to ethylenic double bonds i s : 

R 3 C > R 2 C H > R C H 2 

T h e above examples show t h a t there is a wide v a r i a t i o n i n the r e a c t i v i t y of 
o r g a n o l i t h i u m compounds w h i c h depends o n l y on the s t ruc ture of the c o m p o u n d . 
W h e n consider ing the possible use of a n o r g a n o l i t h i u m c o m p o u n d , th i s v a r i a t i o n i n 
r e a c t i v i t y w i t h s t ruc ture m u s t be considered along w i t h the effects of so lvent , t i m e , 
a n d t e m p e r a t u r e . 

Uses of Organolithium Compounds 

T h e on ly r epor ted instance of the use of o r g a n o l i t h i u m compounds as such is 
the use of a l k y l l i t h i u m compounds as cata lysts for the p o l y m e r i z a t i o n of olefins (1, 10, 
12, 37). I n a l l other cases, the o r g a n o l i t h i u m c o m p o u n d has been used as a n i n t e r m e d i 
ate i n the p r e p a r a t i o n of some other desired m a t e r i a l . C o n s e q u e n t l y , a discussion of 
the uses of o r g a n o l i t h i u m compounds is p r i m a r i l y a discussion of the reactions of 
o r g a n o l i t h i u m compounds . 

F o r the purposes of th is paper , the react ions of o r g a n o l i t h i u m compounds have 
been d i v i d e d b r o a d l y in to two m a i n t y p e s : s u b s t i t u t i o n ( interconvers ion) react ions a n d 
a d d i t i o n react ions . O n l y a br ie f m e n t i o n is m a d e of those few instances i n w h i c h 
o r g a n o l i t h i u m compounds undergo react ions of other types , such as e l i m i n a t i o n r e 
act ions a n d m o l e c u l a r rearrangements . 
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Substitution Reactions of Organolithium Compounds 

Hydrogen-Metal Interconversion (Metalation) Reactions. T h i s is the same t y p e 
of reac t i on as t h a t g i v e n for p r e p a r a t i o n M e t h o d 6, a n d is ca l led a m e t a l a t i o n reac t i on . 
A n interes t ing v a r i a t i o n of th is reac t ion is t h a t used to prepare l i t h i u m compounds 
such as t r i p h e n y l g e r m y l l i t h i u m (17) : 

( C 6 H 5 ) 3 G e H + R L i -> R H + ( C 6 H 5 ) 3 G e L i 

A s the m e t a l a t i o n reac t ion w i t h o r g a n o l i t h i u m compounds has been covered i n a n 
excellent rev iew b y G i l m a n a n d M o r t o n (29), o n l y a br ie f discussion is g iven here. 

T h e m e t a l a t i o n reac t ion is used chief ly for the p r e p a r a t i o n of l i t h i u m der ivat ives 
w h i c h are d i f f i cu l t ly obta inab le otherwise . T h e reac t i on has been f o u n d sui tab le o n l y 
w h e n the c o m p o u n d to be m e t a l a t e d has present a h y d r o g e n a t o m a c t i v a t e d b y a n 
adjacent v i n y l , a r y l , a l k o x y l , hetero, or s i m i l a r g roup . T h i s dependence u p o n an 
a c t i v a t e d h y d r o g e n a t o m l i m i t s the usefulness of the reac t i on to those compounds i n 
w h i c h o n l y one such a t o m is present . Otherwise , speci f ic i ty of a t t a c k is lost a n d 
m i x t u r e s of products resul t . 

H y d r o g e n - m e t a l in ter convers i on has been shown (70) to be the i n i t i a l reac t ion 
i n v o l v e d i n the cleavage of d i e t h y l ether b y n - b u t y l l i t h i u m : 

C H 3 C H 2 O C 2 H 5 + n - C 4 H 9 L i -> C H 8 C H ( L i ) O C 2 H 6 

C H 3 C H ( L i ) O C 2 H 5 - > C H 2 = C H 2 + L i O C 2 H 5 

T h e hydrogenolys is of o r g a n o l i t h i u m compounds (20) c a n be considered as a 
spec ia l case of h y d r o g e n - m e t a l i n t e r c o n v e r s i o n : 

R L i + Ho - * R H + L i H 

Metal-Metal Interconversion Reactions. T h e use of m e t a l - m e t a l in terconvers ion 
react ions f o r the p r e p a r a t i o n of o r g a n o l i t h i u m compounds was i l l u s t r a t e d i n M e t h o d 
7. T h e chief use of o r g a n o l i t h i u m compounds i n such react ions, however , has been 
for the p r e p a r a t i o n of organic der ivat ives of other meta ls such as t h a l l i u m (4, 21, 28), 
g o l d (38), g e r m a n i u m (40), s i l i con (8, 11, 16, 34, 58), t i n (2), a n d l ead (2) b y the 
f o l l owing general r e a c t i o n : 

M C 1 X + z R L i -> R X M + x L i C l 

A s a specific i l l u s t r a t i o n , this procedure was recent ly used (46) for the p r e p a 
r a t i o n of some phenoxas i l in der ivat ives , one of t h e m being ΙΟ,ΙΟ'-spirobiphenoxasilin: 

Li Li" 

Halogen-Metal Interconversion Reactions. T h e ha logen-meta l in terconvers ion is 
i l l u s t r a t e d b y the f o l l owing example (26) : 

77-C4H9Li 4- I J l >- I II + fl-C4H9Br 

OCH3 OCH3 

T h i s react ion finds i ts greatest use i n the p r e p a r a t i o n of o r g a n o l i t h i u m compounds 
w h i c h cannot be read i l y p r e p a r e d b y the d irect a c t i o n of l i t h i u m m e t a l o n the, organic 
ha l ide . A t h o r o u g h discussion of the m e c h a n i s m , scope, a n d e x p e r i m e n t a l condi t ions 
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54 ADVANCES IN CHEMISTRY SERIES 

of th is react ion has been g iven b y Jones a n d G i l m a n (41). W h i l e the ha logen-meta l 
in te r convers i on reac t i on has been used w i d e l y for e x p e r i m e n t a l synthet i c w o r k , no 
extensive use on a c o m m e r c i a l scale has been repor ted as yet . 

Radical-Metal Interconversion Reactions. I n th i s t y p e of in te r convers i on r e 
a c t i o n the o r g a n o l i t h i u m c o m p o u n d is destroyed as such i n order to produce a desired 
end p r o d u c t . 

H y d r o l y s i s is a s imple example of th is t y p e of r e a c t i o n : 

R L i + H O H -> R H + L i O H 

A l coho l s , mercaptans , etc., enter i n t o a s i m i l a r r e a c t i o n : 

R L i + H O R ' -> R H + L i O R / 

T h e cleavage of epoxides a n d other cyc l i c ethers is a re lated reac t i on (44): 

RLi + 

A special case of r a d i c a l - m e t a l in terconvers ion is t h a t i n v o l v e d i n the p r e p a r a t i o n 
of organic hal ides b y the react ion of o r g a n o l i t h i u m compounds w i t h halogens (SO) : 

Li I 

T h e f o r m a t i o n of coup led p r o d u c t s b y the react ion of a n o r g a n o l i t h i u m c o m p o u n d 
w i t h a n organic ha l ide is another case of r a d i c a l - m e t a l i n t e r c o n v e r s i o n : 

n - C 4 H 9 L i + n - C 4 H 9 X -» n - C i I I 1 8 + L i A' 

Studies (62, 67, 69) of th is c o u p l i n g reac t i on have s h o w n the iodine der ivat ives 
to be the most su i tab le , because, i n general , t h e y react mos t r a p i d l y . 

Addition Reactions of Organolithium Compounds 

Addition to Inorganic Reagents. T h e f o r m a t i o n of carboxy l i c acids b y the r e 
a c t i o n of o r g a n o l i t h i u m compounds w i t h c a r b o n d iox ide w i t h subsequent h y d r o l y s i s 
has been w i d e l y used i n l a b o r a t o r y studies o n o r g a n o l i t h i u m c o m p o u n d s : 

H O H 
R L i + CO-: > R C 0 2 L i > R C O O I I 

T h e react ion proceeds r a p i d l y a n d to c o m p l e t i o n at l o w temperatures to f o r m the 
carboxy l i c acids i n good y ie lds . W h e n the c a r b o n a t i o n is c a r r i e d out a t r o o m t e m p e r a 
ture or higher , the chief p roduc ts ob ta ined are ketones (5, 82, J$, 69) : 

CeHsLi 
C e H 6 L i + C 0 2 > C 6 H 5 C O O L i > ( C 6 H 5 ) 2 C = 0 + L i 2 0 

T h e p r e p a r a t i o n of h y d r o x y der ivat ives of organic c ompounds b y the react ion of 
o r g a n o l i t h i u m compounds w i t h oxygen has been f o u n d to be sat is fac tory , p a r t i c u l a r l y 
w i t h a r y l l i t h i u m a n d heterocyc l i c l i t h i u m compounds (47) : 

0 2 H O H 
C 6 H 5 L i > C 6 H 5 O L i > C 6 H 5 O H 

Other similar a d d i t i o n react ions can be c a r r i e d out as i l l u s t r a t e d b y the reac t i on 
of phenyllithium w i t h n i t r o u s oxide (67) : 

C 6 H 6 L i + N 2 0 - * C 6 H 5 N = N O L i -> C 6 H 5 H , C 6 H f i — C 6 H 5 , C 6 H 5 N = N C 6 H 5 , etc. 
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Addition to Carbon-Carbon Unsaturated Bonds. T h i s t y p e of a d d i t i o n reac t ion 
was i l l u s t r a t e d i n p r e p a r a t i o n M e t h o d 5. T h i s is p r e s u m a b l y the i n i t i a l react ion 
i n v o l v e d i n the c a t a l y t i c p o l y m e r i z a t i o n of olefins b y o r g a n o l i t h i u m compounds (87). 
A l t h o u g h such c a t a l y t i c uses have been repor ted to be o n l y i n the e x p e r i m e n t a l stage, 
use o n a c o m m e r c i a l scale c o u l d conce ivab ly develop . 

Addition to Carbon-Oxygen Unsaturated Bonds. P r o b a b l y the most useful r e 
a c t i o n w h i c h o r g a n o l i t h i u m compounds undergo is a d d i t i o n t o carbon -oxygen u n 
s a t u r a t e d bonds . T h i s is s h o w n i n the fo l l owing t y p i c a l reac t i on of a ketone w i t h 
a n o r g a n o l i t h i u m c o m p o u n d to y i e l d the l i t h i u m salt of a t e r t i a r y a l c o h o l : 

R 2 C = 0 + R ' L i -> R 2 R ' C O L i 

S i m i l a r react ions occur w i t h a ldehydes , carboxy l i c acids , esters, a n h y d r i d e s , etc. 
T h i s t y p e of reac t ion has been used i n the p r e p a r a t i o n of synthet i c v i t a m i n A (60) 
b y the reac t i on of m e t h y l l i t h i u m w i t h β- ionylidenecrotonic ac id to y i e l d o n h y d r o l y s i s 
the desired ketone in termed ia te , I : 

CH3 ^CH3 CH3 I.CH3LI CH3 /CH 3 CH3 CH3 

I 2. H20 I / 
H2C C-CH=CH-C=CH-CH=CHCOOH H2C C-CH=CH-C=CH-CH=CHC 

I I I I \\ 
H2C ^ C ^ H2C. Χ . Ο 

^cr ^CH 3 ^ C ^ ^CH3 

I I 
H2 H2 

β-Ionylidenecrotonic acid I 

Addition to Carbon-Nitrogen Unsaturated Bonds. O r g a n o l i t h i u m compounds 
have been f o u n d to a d d r e a d i l y to carbon -n i t rogen double a n d t r i p l e bonds. T h e 
fo l l owing is a n example of a d d i t i o n to a carbon -n i t rogen double b o n d (71, 72): 

+ RLi >-

A 
O r g a n o l i t h i u m compounds a d d read i l y to carbon -n i t rogen t r i p l e bonds as i l l u s 

t r a t e d i n the f o l l owing reac t ion (24) : 

CH30-<^~^--C=N C H 3 0 - ^ ^ > - C - C 6 H 5 - V C H 3 0 - ^ ^ C - C 6 H 5 

N—Li Ο 

A l t h o u g h the reactions i n v o l v i n g a d d i t i o n of o r g a n o l i t h i u m compounds t o c a r b o n -
n i t r o g e n u n s a t u r a t e d bonds have beeen used w i d e l y for studies o n a l a b o r a t o r y scale, 
n o use o n a c o m m e r c i a l scale is k n o w n a t present . 

I n the discussion of uses of o r g a n o l i t h i u m compounds , o n l y a v e r y br ie f m e n 
t i o n has been m a d e of each of the m a j o r uses k n o w n . M a n y a d d i t i o n a l examples 
a n d deta i led discussions can be f o u n d i n general references (3, 13, 21, 28, 29, 41y 
48, 45, 56, 61). 

Miscellaneous Organolithium Reactions. Some recent ly r e p o r t e d uses of organo 
l i t h i u m compounds i l l u s t r a t e f u r t h e r the wide range of possible react ions w h i c h these 
compounds c a n undergo . 

Of i m p o r t a n c e i n synthet i c w o r k is the repor t (48) t h a t b u t y l l i t h i u m cleaves 
c e r t a i n sulfide l inkages w i t h ease: 

S—CH3 

+ HC=CH CO « o c ; 
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56 ADVANCES IN CHEMISTRY SERIES 

Certain sulfoxides also can be cleaved readily to yield interesting and useful 
products (81 ) : 

HOOC çf\ COOH Q \ 

Phenyllithium has been found to catalyze cyclization reactions of the following 
types (6): 

C6H5 

Use of this procedure for preparing 9-phenylanthracene derivatives is reportedly 
superior to other methods now known. 
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Reduction of Organic Compounds 
by Lithium in Amines 
of Low Molecular Weight 

ROBERT A. BENKESER 

Department of Chemistry, Purdue University, Lafayette, Ind. 

Lithium dissolved in amines of low molecular weight is 
a stronger reducing agent than sodium in ammonia. 
This reagent does not require addition of an acid 
such as alcohol to initiate the reaction. The mecha
nisms of the 1,4-reductions produced by the lithium-
amine system are explained. Even at dry ice tem
peratures, compounds capable of conjugation are 
isomerized partially by the lithium alkylamides pro
duced in the lithium-amine reductions. This is shown 
by inspection of the ultraviolet absorption spectra of 
the products. 

The r e d u c t i o n of organic c ompounds b y a l k a l i or a l k a l i n e e a r t h meta ls d isso lved i n 
l i q u i d a m m o n i a has been discussed extensive ly a n d is the subject of several excellent 
reviews (5, 11,12). 

T h e a m m o n i a br ings r e l a t i v e l y h i g h concentrat ions of electrons a n d organic m a 
t e r i a l i n t o close p r o x i m i t y , p e r m i t t i n g a s m o o t h t rans fer of the electrons t o the 
organic c o m p o u n d . T h e exact m e c h a n i s m b y w h i c h th i s e lectron t rans fer occurs has 
not been de te rmined . T h e f o r m a t i o n of a n organometa l l i c in te rmed ia te m a y be 
envis ioned w i t h r e l a t i v e l y covalent c a r b o n - m e t a l bonds o r s i m p l y e lectronic t rans fer , 
p r o d u c i n g r a d i c a l ions (one-electron t rans fer ) or d ianions ( two-e lec t ron t r a n s f e r ) , 
depending o n the n u m b e r of electrons c a p t u r e d i n i t i a l l y b y the organic m a t e r i a l . 
These finer po ints of the m e c h a n i s m are u n d e t e r m i n e d , b u t the gross features of the 
reduct ions can be expressed as a two-s tep process : e lectron t rans fer r evers ib ly f r o m 
the so lvent o r m e t a l atoms to the organic compounds , a n d solvolys is of the resu l t ing 
in te rmed ia te , w i t h f o r m a t i o n of a reduced p r o d u c t a n d a n a l k a l i or a l k a l i n e - e a r t h 
amide . T h u s , naphtha lene is reduced b y s o d i u m i n a m m o n i a to T e t r a l i n (13) : 

(1) 

A v a r i e t y of meta ls such as l i t h i u m , s o d i u m , po tass ium, c a l c i u m , b a r i u m , a n d 
s t r o n t i u m have been used as reduc ing agents i n c o n j u n c t i o n w i t h a m m o n i a as the 
solvent . H o w e v e r , s o d i u m i n a m m o n i a has been the most p o p u l a r c o m b i n a t i o n . 
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BENKESER—REDUCTION OF ORGANIC COMPOUNDS BY LITHIUM 59 

O f t e n a n ac id such as m e t h a n o l , e thano l , or a m m o n i u m chlor ide m u s t be added to 
effect r educ t i on i n th is sys tem. S o d i u m i n a m m o n i a does not reduce benzene, to luene, 
xy lene , a n d other aromat i c compounds , b u t reduc t i on of these mater ia l s w i l l occur 
i n the presence of a lcohol (12) w i t h the f o r m a t i o n of 1,4-dihydro products . 

T h e 1,4-nature of these reduct ions can be ra t i ona l i zed b y assuming a d i a n i o n 
in termed ia te . E n e r g e t i c a l l y , a double negat ive charge w o u l d be more favorab le i n a 
1,4- t h a n i n a 1,2-position. T h u s , 1,4-reduction should proceed m u c h more r a p i d l y 

t h a n a 1,2-reduction. Because reduc t i on occurs on ly i n the presence of e thano l , 
e q u i l i b r i u m a i n E q u a t i o n 2 should l ie far to the left . T h e a d d i t i o n of e thano l , a 
stronger a c i d t h a n a m m o n i a , shifts th is e q u i l i b r i u m to the r i g h t b y p r o t o n a t i n g the 
d i a n i o n in te rmed ia te . S o d i u m ethoxide is f o r m e d c o n c o m i t a n t l y . T h e l a t t e r is not 
effective at —33° i n causing a n i somer i za t i on of the 1,4-dihydro p r o d u c t to a conjugated 
sys tem. H e n c e , the reduc t i on essential ly stops at this po in t because of the slowness of 
1,2-reductions. 

L i t h i u m dissolved i n c e r t a i n l ow molecu lar amines is a more p o w e r f u l r educ ing 
m e d i u m t h a n s o d i u m i n l i q u i d a m m o n i a (1, 3, 4 ) . I so la ted benzene r ings are reduced 
select ively to mono-olef ins b y this reagent (3). T h u s , benzene itself is reduced t o 
cyclohexene (3), b i p h e n y l to 1-cyclohexylcyclohexene (3), naphtha lene to A 9 » 1 0 - o c ta l in 
(1,2,3,4,5,6,7,8-octahydronaphthalene) (3), e thylbenzene to 1-ethylcyclohexene (3), a n d 
fluorene to 1,2,3,4-tetrahydrofluorene (2). 

A r o m a t i c compounds c o n t a i n i n g reducible func t i ona l groups are also a t t a c k e d b y 
the l i t h i u m - a m i n e reagent. Ace tophenone is reduced to α-Δ ' -cyclohexenylethyl a l coho l 
(1), 2 -pheny le thano l to β-Δ ' - cyc lohexenylethyl a lcohol (1), a n d b e n z y l n i t r i l e to β - Δ ' -
cyc l ohexeny le thy lamine ( 1 ). 

T h i s reac t i on has been a p p l i e d i n stero id a n d ferrocene c h e m i s t r y (10). I n 
the l a t t e r instance , i t holds promise for p r e p a r i n g subs t i tu ted cyc lopentadiene d e r i v a 
t ives . 

N o a c i d substance such as alcohol needs to be added to the l i t h i u m - a m i n e 
reagent to b r i n g about reduc t i on . A possible e x p l a n a t i o n is t h a t e q u i l i b r i u m α i n 
E q u a t i o n 2 lies f a r ther to the r ight i n the l i t h i u m - a m i n e system. U n d o u b t e d l y the 
l i t h i u m ions p roduced i n e q u i l i b r i u m a w o u l d be more h i g h l y so lvated t h a n w o u l d 
s o d i u m ions because of the i r smal ler a tomic rad ius a n d the more basic n a t u r e of the 
solvent ( R N H 2 vs. N H 3 ) . A s a consequence of this h igher concentrat i on , the i n t e r 
mediate is p r o t o n a t e d r a p i d l y b y the solvent , f o r m i n g 1,4-dihydro produc ts a n d a 
l i t h i u m a l k y l a m i d e . T h e l a t t e r , because of i ts h i g h s o l u b i l i t y a n d s t rong ly basic 
n a t u r e , r ead i l y can cause i somer i za t i on of the 1,4-products to con jugated dienes w h i c h 
are t h e n reduced f u r t h e r b y the reagent. 

T w o pieces of evidence indicate the 1,4-nature of the l i t h i u m - a m i n e reduct ions . 
A n i s o l e was t rea ted w i t h t w o equiva lents of l i t h i u m , a n d the m i x t u r e was h y d r o l y z e d 
q u i c k l y a n d w o r k e d u p . U l t r a v i o l e t absorp t i on i n d i c a t e d t h a t 4 7 % of the p r o d u c t 
was 2 ,3 -d ihydroaniso le a n d 5 3 % was the 2,5-isomer (jf). T h u s , even u n d e r the 
favorab le i somer iz ing condit ions w h i c h p r e v a i l e d , a preponderance of the 1,4-isomer 

+ NaOEt (2) 

Less stable M o r e stable 
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60 ADVANCES IN CHEMISTRY SERIES 

was observed. T h e reduct i on of 2 , 3 - d i m e t h y l - l , 3 - b u t a d i e n e gave a lmost exc lus ive ly 
2 ,3 -d imethy l -2 -butene (2). T h a t th is c o m p o u n d resulted f r o m a 1,4-reduction was 
i n d i c a t e d w h e n a n authent i c sample of the 1-olefin was not i somer ized a p p r e c i a b l y 
u n d e r the reac t ion condit ions of the reduc t i on . 

T h e i m p o r t a n c e of the i somer i z ing p o t e n t i a l of the l i t h i u m - a m i n e system was 
demonstra ted b y 1,4 ,5 ,8 - tetrahydronaphthalene . E v e n at d r y ice temperatures th is 
c o m p o u n d was i somer ized , at least i n p a r t , to a conjugated system b y the l i t h i u m 
a l k y l a m i d e s p r o d u c e d i n the l i t h i u m - a m i n e reduct ions . B u t even a sa tura ted so lut ion 
of s o d i u m amide i n l i q u i d a m m o n i a was not as effective a n i somer iz ing agent at — 7 8 ° C , 
as judged b y a n u l t r a v i o l e t absorp t i on s p e c t r u m of the p r o d u c t (2). 

W h e n i e r i - b u t y l b e n z e n e was reduced w i t h the l i t h i u m - a m i n e reagent, a m i x t u r e 
of mono-olef ins was produced (2). B u t the reduc t i on of toluene u n d e r comparab le 
condi t ions gave a lmost exc lus ive ly 1-methylcyclohexene. T h i s difference i n p r o d u c t 
m a y be associated w i t h the i n a b i l i t y of the basic m e d i a to effect i s omer i za t i on of the 
olefin m i x t u r e to the more t h e r m o d y n a m i c a l l y stable 1-isomer i n the presence of the 
b u l k y i e r i - b u t y l g r o u p . 

Experimental 

T h e general r educ t i on procedure e m p l o y e d i n ear l ier w o r k (13) was used t h r o u g h 
out . 

1,2,3,4-Tetrahydrofluorene. T h e crude p r o d u c t f r o m the reduc t i on of fluorene 
was recrys ta l l i zed twice f r o m 9 5 % ethano l . A n 8 3 % y i e l d of m a t e r i a l m e l t i n g at 
5 5 - 6 ° C . was real ized ( l i t erature 5 7 ° C ) . A p icrate m e l t e d at 7 1 - 2 ° C . ( l i t e rature 
7 2 ° C ) . T h e i n f r a r e d s p e c t r u m of the 1,2,3,4-tetrahydrofluorene i n d i c a t e d the presence 
of a n a r o m a t i c r i n g (peak at 6.25 microns ) a n d of a double b o n d conjugated w i t h a n 
a r o m a t i c r i n g (peak at 6.15 m i c r o n s ) . 

2,3-Dimethyl-2-butene. 2 , 3 - D i m e t h y l b u t a d i e n e (17.1 g r a m s ; 0.207 mole) was 
reduced i n convent i ona l fashion . F r a c t i o n a t i o n of the p r o d u c t y i e l d e d 5.99 grams , 
b o i l i n g po in t , 7 0 - 4 ° C . , n™, 1407; 1.8 grams, b o i l i n g p o i n t 7 5 - 9 ° C , n2

D° 1.409; 
a n d higher bo i l ing m a t e r i a l . A l l f ract ions bo i l ing above 7 0 ° C . gave a so l id b r o m i n e 
a d d i t i o n c o m p o u n d w h i c h is character is t i c of 2 ,3 -d imethy l -2 -butene b u t not of the 
1-isomer. 2 , 3 - D i m e t h y l - 2 - b u t e n e has a bo i l ing po in t of 7 2 - 3 ° C . (9), nf? 1.411. 
2 , 3 - D i m e t h y l - l - b u t e n e boils at 5 5 ° C . a n d has a n index of re f rac t i on a t 2 0 ° C . of 
1.389 (9). A n authent i c sample of 2 , 3 - d i m e t h y l - l - b u t e n e (4.5 grams) was s t i r r e d 
for 30 minutes w i t h a so lut ion of l i t h i u m m e t h y l a m i d e i n m e t h y l a m i n e . A f t e r w o r k 
i n g u p the p r o d u c t , l i t t l e i f a n y i s omer i za t i on occurred . T h e recovered m a t e r i a l bo i l ed 
at 5 5 - 7 ° C . (n2l 1.3904). 

Isomerizations of 1,4,5,8-Tetrahydronaphthalene. A n authent i c sample of 
1,4 ,5 ,8- tetrahydronaphthalene (me l t ing po in t 56°C. ) was p r e p a r e d b y the m e t h o d of 
H u c k e l (7 ) . T h e u l t r a v i o l e t s p e c t r u m of th is c o m p o u n d ( 0 . 0 0 1 M so lu t i on i n 9 5 % 
ethanol ) showed no peaks for a conjugated or aromat i c sys tem. 

Lithium Methylamide. A 3-necked flask (200 m l . ) was fitted w i t h a d r y ice 
condenser, a s t i r r e r , a n d a D r i e r i t e - s o d i u m h y d r o x i d e d r y i n g t u b e ; 100 m l . of 
m e t h y l a m i n e was condensed i n th is , a n d 0.14 g r a m of l i t h i u m a n d 4 grams of benzene 
were added . A f t e r a l l the l i t h i u m h a d reacted, the so lu t i on was cooled w i t h a d r y 
ice b a t h ( — 7 8 ° C ) . T o the cooled so lut i on , 2.44 grams of 1 ,4 ,5 ,8-tetrahydro
naphtha lene i n 20 m l . of ether was added . I n about 15 minutes , the so lut i on took 
o n a r ed color w h i c h deepened t o w a r d the v io le t . A f t e r 1.5 hours , the m i x t u r e was 
h y d r o l y z e d w i t h about 100 m l . of water . T h e react ion p r o d u c t was ex t rac ted w i t h 
severa l por t i ons of ether. T h e extracts were washed w i t h water a n d d r i e d over 
D r i e r i t e . T h e ether was e v a p o r a t e d a n d the residue was p laced u n d e r 5 m m . of 
pressure at r o o m t e m p e r a t u r e to remove res idua l vo la t i l e m a t e r i a l ; 1.9 grams of h y d r o 
c a r b o n was ob ta ined , m e l t i n g p o i n t 47 -51 ° C . A n u l t r a v i o l e t s p e c t r u m showed m o d e r 
ate a b s o r p t i o n i n the areas of con jugated double bonds ( T a b l e I ) . 
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BENKESER—REDUCTION OF ORGANIC COMPOUNDS BY LITHIUM 61 

Table I. Isomerization of 1,4,5,8-Tetrahydronaphthalene 

e* Χ 10~3 

Sample Temp., 
°C.«> 

Time, M.P . Prod., 
Base System*1 Wt., G. 

Temp., 
°C.«> Hr. °C. 221 τημ 266 ιημ 

L i M e N H — M e N H 2 1.0 - 3 6 1.0 liq. 15.10 1.925 
2.4 - 7 8 1.5 47-51 4.86 0.385 

N a N H 2 — N H s 1.0 - 3 6 1.0 38-43 14.00 1.200 
0.64 - 7 8 1.5 54-5 1.89<* 0.040 

° Base concentration about 0.58M; solvent volume, about 100 ml. 
6 Bath temperature. 
«€ = extinction coefficient; cell length, 1 cm.; hydrocarbon concentration, 10~ 3M. 
6 Based on an inflection point rather than a peak. 

A s above , l i t h i u m m e t a l reacted w i t h benzene to prepare l i t h i u m m e t h y l a m i d e . 
T h e amide so lu t i on was e v a p o r a t e d to dryness at r o o m t e m p e r a t u r e a n d 10 m m . to 
remove h y d r o c a r b o n s . T h e n 100 m l . of m e t h y l a m i n e was condensed i n the flask, 
a n ex terna l coo l ing b a t h of 1,2-dichloroethane s lush (—36°C. ) was a p p l i e d , a n d 1 
g r a m of 1 ,4 ,5 ,8- tetrahydronaphthalene i n 20 m l . of ether was added . T h e react ion 
was a l l owed to proceed 1 h o u r before h y d r o l y z i n g a n d w o r k i n g u p as above. A pale 
amber l i q u i d was ob ta ined w h i c h was d r i e d at 10 m m . to remove a l l vo la t i l e m a t e r i a l . 
A n u l t r a v i o l e t s p e c t r u m showed v e r y extensive absorp t i on i n areas expected for 
conjugated systems ( T a b l e I ) . 

Sodium Amide. I n the a p p a r a t u s descr ibed above, 100 m l . of l i q u i d a m m o n i a 
was condensed ; 1.36 grams of s o d i u m a n d a few crysta ls of h y d r a t e d ferr ic n i t r a t e 
were added to the a m m o n i a so lut ion . W h e n the s o d i u m h a d dissolved comple te ly to 
f o r m a g r a y suspension of s o d i u m amide , the m i x t u r e was cooled w i t h a d r y ice b a t h 
( — 7 8 ° C ) . T o the cooled so lut ion was added 0.64 g r a m of 1 ,4 ,5 ,8 - te trahydronaph
thalene i n 20 m l . of ether . A f t e r s t i r r i n g 1.5 hours , about 100 m l . of w a t e r was 
added , a n d the m i x t u r e was w o r k e d u p as described above . T h e r e was obta ined 0.31 
g r a m of pale ye l l ow so l id , m e l t i n g p o i n t 55 -5 .5 °C . A n u l t r a v i o l e t s p e c t r u m of th i s 
m a t e r i a l showed v e r y l i t t l e a b s o r p t i o n i n the areas expected for con jugated systems 
( T a b l e I ) . 

A so lut ion of s o d i u m amide i n l i q u i d a m m o n i a was p r e p a r e d as above. A f t e r 
cool ing the amide so lu t i on to — 3 6 ° C . i n a b a t h of 1,2-dichloroethane s lush, 1.0 g r a m 
of 1 ,2 ,3 ,4- tetrahydronaphthalene i n 20 m l . of ether was added . T h e react ion was 
al lowed to proceed 1 h o u r before h y d r o l y z i n g a n d w o r k i n g u p . A l o w m e l t i n g , pale 
ye l l ow so l id , m e l t i n g p o i n t 3 8 - 4 3 ° C , was obta ined . T h e u l t r a v i o l e t s p e c t r u m of 
th is so l id showed extensive a b s o r p t i o n i n the areas expected for conjugated systems 
( T a b l e I ) . 

Preparation of 3-Methylcyclohexene. M e t h y l m a g n e s i u m b r o m i d e , p r e p a r e d 
f r o m 13 grams (0.53 g r a m - a t o m ) of m a g n e s i u m t u r n i n g s a n d excess m e t h y l b r o m i d e i n 
200 m l . of e t h y l ether so lvent , was decanted in to a d r o p p i n g funne l . F r o m th is funne l , 
the G r i g n a r d reagent was added over 1 h o u r to a re f luxing so lut i on of 50 grams of 
3-bromocyclohexene i n 100 m l . of ether . A f t e r s t a n d i n g overn ight , the react ion 
m i x t u r e was h y d r o l y z e d w i t h water a n d acetic a c i d a n d extrac ted w i t h ether. T h e 
ether extracts were n e u t r a l i z e d , d r i e d over a n h y d r o u s m a g n e s i u m sul fate , a n d d i s t i l l ed , 
p r o d u c i n g 11.1 grams of 3 -methylcyc lohexene , b o i l i n g p o i n t 4 8 - 4 9 ° C . (121 m m . ) , 
nf? 1.4430. 

Reduction of ieri-Butylbenzene. T h e r e d u c t i o n was c a r r i e d out u t i l i z i n g 
s t a n d a r d reduc t i on condi t ions . F r a c t i o n a t i o n of the p r o d u c t gave a n 8 4 % y i e l d of 
a h y d r o c a r b o n m i x t u r e b o i l i n g at 1 6 8 - 9 ° C . (n 2

D° 1.460). A ni trosochlor ide d e r i v a 
t i v e m e l t e d at 100°C. (dec.) a n d d i d no t depress the m e l t i n g p o i n t of a n i t rosoch lor ide 
d e r i v a t i v e p r e p a r e d f r o m authent i c 1-ieré-butylcyclohexene (6). 

W h e n the crude r e d u c t i o n m i x t u r e was ox id ized w i t h po tass ium permanganate , a 
s m a l l a m o u n t of a c i d ( n e u t r a l i z a t i o n equ iva lent 99) m e l t i n g p o i n t 1 1 4 - 5 ° C . was iso lated . 
T h i s corresponded to β - ieré-butyladipic ac id (me l t ing p o i n t 1 1 5 - 6 ° C . ; n e u t r a 
l i z a t i o n equiva lent 101) (8). T h u s the presence of 4-ieré-butylcyclohexene i n the 
olefin m i x t u r e was i n d i c a t e d . A n u l t r a v i o l e t s p e c t r u m i n d i c a t e d the presence of u n -
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62 ADVANCES IN CHEMISTRY SERIES 

reduced ieri-butylbenzene as well as the probable presence of 3-ieri-butylcyclohexene. 
Attempted Isomerization of 3-Methylcyclohexene and 3-terJ-Butylcyclohexene. 

3-Methylcyclohexene (nf? 1.4430) was remixed 1.5 hours with lithium methylamide in 
methylamine. When the product was worked up and fractionated, a sizable portion 
boiled at 104-8°C. (n2

D° 1.451). 
The above reaction was repeated using 3-ieré-butylcyclohexene ( η 2 0 1.4591; boil

ing point 67°C.) under exactly comparable conditions. The bulk of the product 
boiled at 66°C. (nf? 1.4590), indicating that little isomerization to the 1-isomer had 
occurred. 
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Organosodium Compounds for Preparation 
of Other Carbon-Metal Bonds 

JOHN F. NOBIS, LOUIS F. MOORMEIER, and ROBERT E. ROBINSON 

U. S. Industrial Chemicals Co., Division of National Distillers and Chemical Corp., Cincinnati, Ohio 

The history and preparation of organometallic com
pounds are discussed. The reactions of organo
sodium compounds with various metal chlorides are 
given, including the conversion of organosodium 
compounds to the corresponding Grignard reagents 
by reaction with magnesium chloride. Although 
only a few of the organometallic compounds possible 
by reaction of an organosodium compound with a 
metal halide have been prepared, the way has been 
opened to economical, commercial syntheses of ma
terials that are increasingly important in many fields. 

Ο rganometa l l i c compounds react w i t h other meta ls or m e t a l hal ides to produce 
compounds w i t h a new c a r b o n - m e t a l b o n d . T h i s t y p e of react ion was used i n the 
late 19th c e n t u r y after F r a n k l a n d discovered the first t r u e organometal l i c compounds , 
d i e t h y l z i n c (3) a n d m e t h y l m e r c u r i c iodide (12), i n 1849 a n d 1853, respect ive ly . 
O t h e r der iva t ives of zinc a n d m e r c u r y were p r e p a r e d i n subsequent years , b u t i t was 
not u n t i l 1900, w h e n G r i g n a r d (7) iso lated the first o rganomagnes ium c o m p o u n d , t h a t 
the organometa l l i c f ield received a tremendous i m p e t u s . T h e reac t i on of a n organo -
z inc , m e r c u r y , or m a g n e s i u m c o m p o u n d w i t h a m e t a l , m e t a l ha l ide , or a lkox ide to 
f o r m a new organometa l l i c c o m p o u n d was used cons iderab ly m o r e a f ter t h a t t i m e . 

T w o general reactions have been useful . T h e first comprises the reduc t i on of a n 
organometal l i c c o m p o u n d b y another m e t a l : 

R M + M ' - > R M ' + M (1) 

A specific i l l u s t r a t i o n of this react ion is the we l l k n o w n synthesis of a n organosod ium 
c o m p o u n d f r o m the corresponding o r g a n o m e r c u r y d e r i v a t i v e : 

I U I g + 3 N a -> 2 R N a + N a ( H g ) (2) 

T h e second general react ion is the s imple d isp lacement reac t ion between a n 
organometal l i c c o m p o u n d a n d the salt of another m e t a l : 

R M + M ' X -> R M ' + M X (3) 

T h i s m a y be i l l u s t r a t e d b y the classical convers ion of a G r i g n a r d reagent to a n organo -
c a d m i u m c o m p o u n d : 

2 R M g C l + C d C l 2 -> RaCd + 2 M g C l 2 (4) 
63 
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64 ADVANCES IN CHEMISTRY SERIES 

F o r R e a c t i o n 1 to proceed to the r i gh t , M ' m u s t be a m o r e ac t ive m e t a l t h a n M : 
I f M a n d M ' are i n different groups i n the per iodic tab le , M ' m u s t l ie to the left of 
M ; whereas i f M ' a n d M belong to the same per iodic f a m i l y , M ' m u s t l ie be low M . 
T h u s , a G r i g n a r d reagent shou ld undergo react ion w i t h c a l c i u m or s o d i u m , b u t n o t 
w i t h b e r y l l i u m or a l u m i n u m . 

T h e reverse is t r u e regard ing R e a c t i o n 3. F o r the d isp lacement to t a k e place , 
M ' m u s t be less ac t ive t h a n M . T h e G r i g n a r d reagent shou ld react w i t h b e r y l l i u m 
chlor ide or a l u m i n u m chlor ide , b u t not w i t h c a l c i u m chlor ide or s o d i u m chlor ide . I n 
t h e o r y , Reac t i ons 1 a n d 3 p r o v i d e for the replacement of a m e t a l i n a n organic c o m 
p o u n d b y a n y other m e t a l on the per iodic tab le . 

Organoalkali Compounds 

T h e f o r m a t i o n of compounds conta in ing new c a r b o n - m e t a l bonds t h r o u g h the 
use of o r g a n o a l k a l i c ompounds is a recent deve lopment d a t i n g f r o m the d iscovery i n 
1930 ( T a b l e I ) b y Ziegler a n d C o l o n i u s (14) of the direct p r e p a r a t i o n of o r g a n o l i t h i u m 

Table I. Historical Development 
of Organometallic Compounds 

R 2 Zn 1849 (8 
R H g l 1853 (12) 
R M g X 1900 (7) 
R L i 1930 (U) 

1932 (6) 
RNa (first) 1933 (5) 
ΦΝΆ (first) 1935 (1) 
Fine Na sand + high 

(9) speed stirring 1937 (9) 
Na dispersions 1951 (8) 
</>Na (theoretical yield) 1954 (10) 
NaCeNa (first large 

commercial use) 1955 (2) 

compounds f r o m organic hal ides a n d meta l l i c l i t h i u m . T h e use of o r g a n o l i t h i u m c o m 
pounds as a l a b o r a t o r y too l for p r e p a r a t i o n of a l k y l a n d a r y l der ivat ives of b o r o n , 
a l u m i n u m , s i l i con , g e r m a n i u m , l ead , t i n , a n t i m o n y , a n d b i s m u t h , has been s tud ied 
extensive ly b y G i l m a n a n d others d u r i n g the past 20 years . 

T h e ear ly chemica l l i t e r a t u r e conta ined a b u n d a n t references to the t r a n s i t o r y 
existence of organosod ium compounds as intermediates i n W u r t z react ions, b u t the 
direct p r e p a r a t i o n of a n organosod ium c o m p o u n d f r o m s o d i u m a n d a n a l k y l or a r y l 
ha l ide was be l ieved imposs ib le . A c c o r d i n g l y , the first p r e p a r a t i o n of such compounds 
i n v o l v e d the i n t e r a c t i o n of s o d i u m w i t h d i a l k y l m e r c u r y or d i a l k y l z i n c . T h i s technique 
was used u n t i l 1933, w h e n G i l m a n a n d W r i g h t (5) p r e p a r e d a n organosod ium c o m 
p o u n d ( 3 - f u r y l s o d i u m ) d i r e c t l y f r o m a n organic hal ide (3 - ch loro furan) a n d meta l l i c 
s o d i u m . T h e first p r e p a r a t i o n of p h e n y l s o d i u m f r o m chlorobenzene a n d s o d i u m was 
r e p o r t e d b y B o c k m u h l a n d E h r h a r t (1). T h e r e a f t e r , a n u m b e r of invest igators , 
chief ly M o r t o n a n d G i l m a n , r e p o r t e d the p r e p a r a t i o n of a v a r i e t y of organosod ium 
compounds f r o m organic chlor ides a n d s o d i u m m e t a l . 

U n t i l M o r t o n a n d F a l l w e l l (9) i n t r o d u c e d the use of a fine s o d i u m sand , or crude 
d ispers ion (100- to 500 -micron s o d i u m p a r t i c l e s ) , coup led w i t h h i g h speed s t i r r i n g , 
the p r e p a r a t i o n of organosod ium compounds f r o m a l k y l or a r y l chlor ides a n d s o d i u m 
was a tedious, t i m e - c o n s u m i n g process w h i c h o f ten resulted i n l ow yie lds . T h e studies 
of H a n s l e y (8) o n p r e p a r a t i o n a n d use of finely dispersed s o d i u m (10 to 30 mic rons ) 
i n the f o r m a t i o n of p h e n y l s o d i u m i n 9 0 % yie lds opened a new era i n organosod ium 
c h e m i s t r y . F u r t h e r studies i n the authors ' laborator ies (10) have shown 
t h a t p h e n y l s o d i u m a n d b e n z y l s o d i u m can be p r e p a r e d i n n e a r l y q u a n t i t a t i v e y ie lds 
b y the use of care fu l l y c ont ro l l ed reac t ion condit ions w h i c h inc lude the presence of 
a s l ight excess of f resh ly d ispersed s o d i u m . T h e react ion between chlorobenzene a n d 
s o d i u m u n d e r these condi t ions is i m m e d i a t e a n d comple te ; 1 mole of p h e n y l s o d i u m 
m a y be p r e p a r e d i n o n l y 20 m i n u t e s . T h i s reac t ion is easi ly a d a p t e d t o larger 
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NOBIS, MOORMEIER, AND ROBINSON-ORGANOSODIUM COMPOUNDS 65 

scale a n d is be ing used i n d u s t r i a l l y on a p l a n t scale. O t h e r organosod ium compounds 
also are be ing used i n p i l o t p l a n t a n d p l a n t scale. T h e largest c o m m e r c i a l p l a n t 
u t i l i z i n g organosod ium compounds is operated at T u s c o l a , 111., b y the U . S. I n d u s t r i a l 
C h e m i c a l s C o . , D i v i s i o n of N a t i o n a l D i s t i l l e r s a n d C h e m i c a l C o r p . T h i s p l a n t uses 
disodio-octadiene, a n organosod ium c o m p o u n d made d i r e c t l y f r o m butadiene a n d s o d i u m 
(2), i n the p r e p a r a t i o n of Isosebacic a c id , a m i x t u r e of 10-carbon dibasic acids. 

M a n y laborator ies u t i l i z e organosod ium compounds i n organic synthesis , as no 
change i n the organometa l l i c in termediate need be made i n scale-up to p i l o t p l a n t or 
p l a n t . F r e q u e n t l y , the h a n d l i n g of organosod ium compounds is safer a n d more 
convenient t h a n h a n d l i n g G r i g n a r d reagents or o r g a n o l i t h i u m compounds , where large 
quant i t ies of ether u s u a l l y are requ i red . 

Reaction of Organosodium Compounds 

A l t h o u g h m a n y m e t a l halides such as t i t a n i u m , z i r c o n i u m , b o r o n , a n d a l u m i n u m 
m a y be reduced to metals w i t h s o d i u m , these same m e t a l hal ides react w i t h o rgano 
s o d i u m compounds to f o r m new c a r b o n - m e t a l bonds . O r g a n o s o d i u m compounds m a y 
react w i t h the hal ides or alkoxides of l i t h i u m , m a g n e s i u m , m e r c u r y , b o r o n , a l u m i n u m , 
s i l i con , g e r m a n i u m , t i n , l ead , t i t a n i u m , z i r c o n i u m , phosphorus , a n d i r o n . T h e organo 
meta l l i c der ivat ives i n T a b l e I I can be p r e p a r e d f r o m organomagnes ium, l i t h i u m , o r 
s o d i u m compounds . 

Table II. Reaction of Organosodium 
Compounds with Metal Salts 

Halide or Alkoxide Derivative 
LiCl R L i 
HgCb R 2 Hg 
BCU R 3 B 
AlCb R3AI 
SiCU R2S1CI2 
GeCU R 4Ge 
SnCU R 2 SnCl 2 

PbCU R 4 Pb 
TiCU R2TiCl2 (cyclopentadienyltitanium dichloride) 
ZrCU RîZrCh (cyclopentadienylzirconium dichloride) 
PCI3 RjP 
FeCh R 2 Fe (ferrocene) 

M a g n e s i u m C h l o r i d e . W o r k was i n i t i a t e d i n the authors ' laborator ies to s t u d y 
the convers ion of organosod ium compounds to the corresponding G r i g n a r d reagents : 

R N a + M g C l 2 -> R M g C l + N a C l (5) 

U n t i l recent ly , the react ion of a n organosod ium c o m p o u n d w i t h m a g n e s i u m chlor ide 
h a d no p o t e n t i a l va lue , because u s u a l l y the G r i g n a r d reagents were more easi ly p r e 
p a r e d t h a n the corresponding organosod ium compounds . D e v e l o p m e n t s i n the ease 
of p r e p a r a t i o n of organosod ium compounds , however , have changed th is s i t u a t i o n . 
T h e r e are cases where organosod ium compounds can be p r e p a r e d f r o m s t a r t i n g m a 
terials w h i c h y i e l d G r i g n a r d reagents o n l y w i t h d i f f i cu l ty . F o r example , organic 
chlorides a n d p a r t i c u l a r l y c e r ta in a r o m a t i c or heterocyc l i c chlor ides react v e r y s l u g 
g ish ly w i t h m a g n e s i u m , b u t y i e l d organosod ium compounds r e a d i l y . A s a result , m a n y 
G r i g n a r d reagents w h i c h have been p r e p a r e d f r o m expensive iodides or bromides can 
be obta ined b y this m e t h o d f r o m the less expensive chlor ides , o f ten i n higher y ie lds 
t h a n f r o m the react ion of a hal ide w i t h m e t a l l i c m a g n e s i u m . O t h e r organosod ium 
compounds , such as disodio-octadiene, ob ta ined t h r o u g h react ions w h i c h are comple te ly 
u n k n o w n i n the field of organomagnes ium c h e m i s t r y , can be conver ted to G r i g n a r d 
reagents w h i c h h a d been u n a t t a i n a b l e . 

O f t e n i t is advantageous to convert a n organosod ium in termed ia te to the cor 
responding G r i g n a r d reagent p r i o r to f u r t h e r reac t i on . I n c e r t a i n s u b s t i t u t i o n 
reactions, the h i g h order of r e a c t i v i t y of the organosod ium c o m p o u n d leads to 
undes irable side react ions of w h i c h the G r i g n a r d reagent is not capable . F o r e x a m -
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66 ADVANCES IN CHEMISTRY SERIES 

pie, the react ion of a G r i g n a r d reagent w i t h acetic a n y h d r i d e m a y be suff ic iently 
contro l l ed to produce a m e t h y l ketone i n excellent y i e l d . T h e corresponding react ion 
w i t h a n organosod ium c o m p o u n d i n e v i t a b l y produces a signif icant q u a n t i t y of t e r t i a r y 
a l coho l . S i m i l a r l y , o -benzoylbenzoie ac id m a y be p r e p a r e d i n good y i e l d t h r o u g h the 
a c t i o n of p h e n y l m a g n e s i u m chlor ide on p h t h a l i c a n h y d r i d e ( R e a c t i o n 6 ) . T h e cor 
responding reac t ion w i t h p h e n y l s o d i u m cannot be b r o u g h t under c ont ro l , a n d t r i -
p h e n y l d i h y d r o i s o b e n z o f u r a n is the chief p r o d u c t ( R e a c t i o n 7) : 

C6H5MgBr + f Y \ 

COOH 

Ο OH 
C ^ c'c<H> 

C6H5Na + | \ /° Î JL^ / ( 7 ) 

H Î^C6H5 

0 C6H5 

A n o t h e r example is the react ion of a n organometal l i c c o m p o u n d w i t h ch lo ramine to 
y i e l d a p r i m a r y amine . Present ind i cat ions are t h a t th is c oup l ing reac t i on proceeds 
more s m o o t h l y w i t h a G r i g n a r d reagent t h a n w i t h a n organosod ium c o m p o u n d . 

R M g B r + C 1 N H 2 -> R N H 2 (8) 

T h e r e are other react ions i n w h i c h the G r i g n a r d reagent gives a n ent i re ly d i f 
ferent p r o d u c t t h a n does the organosod ium compound—e.g . , i n react ion w i t h benz -
alacetophenone. A n organosod ium c o m p o u n d adds to this m a t e r i a l to y i e l d the ex
pected t e r t i a r y a l coho l exc lus ive ly . T h e G r i g n a r d reagent, on the other h a n d , y ie lds 
a n a l k y l a t e d k e t o n e : 

Ο O H 

0 C H = C H — C — φ + R N a -> 0 C H = C H — C — φ (9) 
I 

R 
Ο R Ο 
II I II 

φ Ο Η — C H — C — φ + R M g X -> φ—CH—CH2—C—φ (10) 
T o determine i f m a g n e s i u m chlor ide w o u l d react w i t h a n R N a c o m p o u n d , i t 

was first establ ished t h a t the desired m e t a l - m e t a l in terconvers ion reac t i on w o u l d take 
place to f o r m the R M g C l d e r i v a t i v e . W h e n p h e n y l s o d i u m is ref luxed w i t h to luene, 
b e n z y l s o d i u m is f o r m e d q u a n t i t a t i v e l y , a n d c a r b o n a t i o n gives pheny lace t i c a c i d . 
P h e n y l m a g n e s i u m chlor ide , o n the other h a n d , undergoes no reac t i on on re f lux ing w i t h 
toluene, a n d c a r b o n a t i o n of s u c h a m i x t u r e gives o n l y benzoic a c id . 

toluene CO2 
φΝα > 4>CH 2Na > <*>CH2COONa (11) 

reflux 

toluene CO2 
0 M g C l > 0 M g C l > 0 C O O M g C l (12) 

reflux 
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NOBIS, MOORMEIER, AND ROBINSON-ORGANOSODIUM COMPOUNDS 67 

A c c o r d i n g l y , a suspension of p h e n y l s o d i u m i n toluene was p r e p a r e d a n d s t i r r e d at 
room t e m p e r a t u r e for 2 hours w i t h magnes ium chlor ide . T h e react ion m i x t u r e was 
heated under reflux for 2 hours . C a r b o n a t i o n on d r y ice produced o n l y benzoic ac id , 
i n d i c a t i n g t h a t no b e n z y l organometal l i c h a d been f o rmed . C l e a r l y , p h e n y l m a g n e s i u m 
chlor ide h a d been produced . 

S i m i l a r l y , a suspension of disodio-octadiene i n d i m e t h y l ether reacted w i t h t r i t a n e 
to produce t r i t y l s o d i u m ( t r ipheny lace t i c a c i d on carbonat ion) before t r ea tment w i t h 
m a g n e s i u m chlor ide , b u t underwent no react ion w i t h t r i t a n e after the m a g n e s i u m 
chlor ide t r ea tment . T h u s , the organometal l i c c o m p o u n d was assumed to be b isch loro -
magnesio-octadiene, because the acids obta ined on carbonat ion were m i x e d 10-carbon 
dibasic acids. 

c o 2 

N a C 8 N a + <*>3CH > fcCHNa > fcCCOONa (13) 
N a C g N a + M g C l 2 + <2>3CH > C l M g C 8 M g C l —, 

C 0 2 (14) 

M i x t u r e of 10-carbon acids <-

B u t y l s o d i u m gave a s i m i l a r react ion w i t h t r i t a n e w i t h o u t the m a g n e s i u m chlor ide , b u t 
o n l y va ler i c a c i d was iso lated on carbonat i on when m a g n e s i u m chlor ide was present. 

B u N a + ΦζΟΉ. -> fcCHCOONa (15) 

B u N a + M g C l 2 + <*>3CH -> B u C O O M g C l (16) 

C e r t a i n organometal l i c reactions require r e l a t i v e l y h i g h temperatures a n d some 
G r i g n a r d reagents are more stable t h a n some organosod ium compounds at t e m p e r a 
tures above 100°C. I n these cases, i t w o u l d be advantageous to prepare the organo
s o d i u m c o m p o u n d first i n a h y d r o c a r b o n m e d i u m a n d t h e n react w i t h a n h y d r o u s 
m a g n e s i u m chlor ide . Severa l advantages are ach ieved : C e r t a i n economies are real ized 
w i t h respect to the compar i son between s o d i u m a n d m a g n e s i u m ; higher y ie lds m a y be 
r e a l i z e d ; a n d the G r i g n a r d reagent is p r e p a r e d essential ly i n a h y d r o c a r b o n ra ther 
t h a n i n a n ether m e d i u m . S h o u l d an ether react ion m e d i u m be desired for la ter 
reactions, the h y d r o c a r b o n solvent m a y be replaced w i t h a n ether after f o r m a t i o n 
of the G r i g n a r d reagent. 

Lithium Chloride. I n 1940 G i l m a n a n d Swiss (4) suggested t h a t the react ion 
between a n organosod ium c o m p o u n d a n d l i t h i u m chlor ide w o u l d y i e l d a n o r g a n o l i t h i u m 
c o m p o u n d . Recent w o r k i n the authors ' laborator ies has shown t h a t such a react ion 
does take place. T h u s , a n economical route has been opened to the p r e p a r a t i o n of 
o r g a n o l i t h i u m compounds i n h y d r o c a r b o n m e d i a . 

Aluminum Chloride. T h e react ion between a n organosod ium c o m p o u n d a n d 
a l u m i n u m chlor ide has not been repor ted prev i ous ly . A n organosod ium c o m p o u n d 
w i l l react w i t h a l u m i n u m chlor ide on ly i f a s m a l l a m o u n t of ether is present. I n 
benzene or a l i p h a t i c h y d r o c a r b o n m e d i a , there is no a p p a r e n t react ion between 
p h e n y l s o d i u m a n d a l u m i n u m chlor ide . S i m i l a r l y , b u t y l s o d i u m does no t react w i t h 

Table III. Newer Reactions of Organosodium 
Compounds with Metal Halides 

RNa Metal Halide Product Yield, % 
BCh ΦζΒ 50 

BuNa AlCh Bu 2AlCl 
(etherate) 

0°C. 
45 

- 4 0 ° C . 
ΦΝ& SiCU 0 S i C l 3 

02S1CI2 
<fcSi 

17.2 
21.3 
29.3 

38.2 
14.4 
34.5 

<*>Na CHsSiCU 0 C H 3 S i C l 2 45 
BuNa SnCl 4 BU2S11CI2 41 
C 6 H 6 N a TiCU DCPTICI2 

(C5H 6) 2TiCl 2 

90 

0 C H 2 N a PC1» ( 0 C H 2 ) 3 P 84.1 

Pu
bl

is
he

d 
on

 J
an

ua
ry

 1
, 1

95
9 

on
 h

ttp
://

pu
bs

.a
cs

.o
rg

 | 
do

i: 
10

.1
02

1/
ba

-1
95

9-
00

23
.c

h0
06



68 ADVANCES IN CHEMISTRY SERIES 

a l u m i n u m chlor ide i n hexane. I f a s m a l l a m o u n t of ether is added before react ion 
w i t h a l u m i n u m chlor ide , or i f the a l u m i n u m chlor ide is first d isso lved i n ether a n d 
t h e n added to the b u t y l s o d i u m , d i b u t y l a l u m i n u m chlor ide etherate m a y be produced 
i n 4 5 % y i e l d ( T a b l e I I I ) . 

Boron Trichloride and Silicon Tetrachloride. O r g a n o s o d i u m compounds react 
w i t h boron t r i ch l o r ide to give, i n the case of p h e n y l s o d i u m , t r i p h e n y l b o r i n e ( 5 0 % y i e l d ) . 
T h e y react w i t h s i l i con te t rach lor ide to give pheny ls i l i con t r i c h l o r i d e , d i p h e n y l s i l i c o n 
d i ch lor ide , or h igher p h e n y l a t e d s i l i con compounds . T h e p a r t i c u l a r c o m p o u n d produced 
can be contro l l ed somewhat b y the mode of a d d i t i o n , the t empera ture of react ion , a n d 
the excess of s i l i con te t rach lor ide . B y a d d i n g p h e n y l s o d i u m to a large excess of s i l i con 
te t rach lor ide at — 4 0 ° C , a 3 8 % y i e l d of pheny l s i l i c on t r i c h l o r i d e m a y be produced . 
I n a d d i t i o n , 1 4 % d ipheny l s i l i c on d i ch lor ide a n d 3 5 % te t rapheny ls i lane are obta ined . 
A t 0 ° C , 1 7 % of the m o n o p h e n y l d e r i v a t i v e , 2 1 % of the d i p h e n y l d e r i v a t i v e , a n d 2 0 % 
te t rapheny l s i lane are produced . T h e p h e n y l s i l i c o n t r i c h l o r i d e m a y be separated f r o m 
the other products a n d converted to a d d i t i o n a l d i p h e n y l s i l i c o n d i ch lor ide b y the 
a d d i t i o n of more p h e n y l s o d i u m . I t is also possible to prepare p h e n y l m e t h y l s i l i c o n 
d i ch lor ide i n 4 5 % y i e l d b y the react ion of p h e n y l s o d i u m w i t h a n excess of m e t h y l s i l i c o n 
t r i c h l o r i d e . O t h e r m i x e d s i l i con compounds can be p r e p a r e d i n a s i m i l a r fash ion . 

Stannic Chloride. O r g a n o t i n compounds also have been p r e p a r e d f r o m b u t y l -
s o d i u m a n d stannic ch lor ide . A d v a n t a g e m a y be t a k e n of the ease of d i s p r o p o r t i o n -
a t i o n of o rganot in compounds b y p r e p a r i n g t e t r a b u t y l t i n first ( 4 1 % y ie ld ) a n d t h e n 
c o n v e r t i n g to d i b u t y l t i n d i ch lor ide ( 9 5 % y ie ld ) b y react ion w i t h the p r o p e r q u a n t i t y 
of s tannic ch lor ide . I t is also possible to prepare d i b u t y l t i n d i ch lor ide ( 4 0 % y ie ld ) 
or other t i n compounds d i re c t l y f r o m the organosod ium c o m p o u n d a n d the proper 
m o l a r equiva lent of stannic chlor ide , bu t i n some cases y ie lds are lower. 

Titanium Tetrachloride. D i c y c l o p e n t a d i e n y l t i t a n i u m d ich lor ide has been p r e 
p a r e d f r o m d i c y c l o p e n t a d i e n y l l i t h i u m or s o d i u m a n d t i t a n i u m te trach lor ide (1 13). 
T h e authors no ted t h a t th is c o m p o u n d m a y be p r e p a r e d i n 9 0 % y i e l d f r o m c y c l o p e n t a -
d i e n y l s o d i u m a n d t i t a n i u m te t rach lor ide . 

Phosphorus Trichloride. Organophosphorus compounds have been p r e p a r e d b y 
react ion of phosphorus t r i ch l o r ide w i t h a n organosodium c o m p o u n d . T h e react ion of 
b e n z y l s o d i u m a n d phosphorus t r i ch l o r ide results i n 8 4 % y i e l d of t r i b e n z y l p h o s p h o r u s . 
T r i p h e n y l p h o s p h i n e has been produced i n semicommerc ia l quant i t i es b y a s i m i l a r 
react ion . 
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Some Aspects of Sodium Acetylide 

Chemistry 

KENNETH L. LINDSAY, WARREN L. PERILSTEIN,1 and JAMES B. ZACHRY 2 

Ethyl Corp., Baton Rouge, La. 

The synthesis, stability, and reactions of sodium 
acetylide are discussed. The procedure presented 
for the preparation of sodium acetylide gives a more 
reactive material than other methods. This involves 
the reaction of acetylene with sodium dispersed in 
mineral oil. 

Oodium acetylide has intrigued industrial chemists for m a n y years . I t is dif f icult to 
env is ion another organometa l l i c c o m p o u n d w h i c h c a n r i v a l s o d i u m acetyl ide 's un ique 
c o m b i n a t i o n of l o w molecu lar weight a n d p o l y f u n c t i o n a l character . Because s o d i u m 
acety l ide c a n be easi ly p r e p a r e d f r o m cheap a n d r e a d i l y ava i lab le s t a r t i n g mater ia l s , 
the c h e m i s t r y of th is versat i le c o m p o u n d has been s tud ied i n m a n y i n d u s t r i a l a n d 
academic laborator ies . 

S o d i u m acety l ide m a y be p r e p a r e d b y the reac t ion of acetylene w i t h m o l t e n 
s o d i u m {12), s od ium i n l i q u i d a m m o n i a (20), s o d i u m dispersed i n a h y d r o c a r b o n (8), 
sod ium-coated solids (4-6), sodamide (16, 17), o r s o d i u m h y d r i d e (13). I n the 
l a b o r a t o r y , the most c o m m o n procedure has been the use of s o d i u m i n l i q u i d a m 
m o n i a (14)- S i t t i g s tated t h a t the most p r a c t i c a l route invo lves the reac t i on of 
acetylene w i t h sodamide (19). I n the authors ' experience, the s o d i u m dispers ion 
route is f a r super ior to the other methods . E v e n t h o u g h p a r t of the acetylene is 
reduced b y the h y d r o g e n l i bera ted b y the react ion w i t h s o d i u m ( E q u a t i o n 1 ) , th is 
is outweighed b y the a d d i t i o n a l step needed i n the sodamide process to convert s o d i u m 
to sodamide. 

T h e authors f ound t h a t less t h a n 1 out of 3 moles of acetylene is reduced d u r i n g the 
react ion w i t h a s o d i u m dispers ion . T h e s to i ch iometry is represented best b y E q u a 
t i o n 2. 

2 .8HC==CH + 2 N a -> 2 H C = C N a + 0 . 7 H 2 C = C H 2 + 0 . 1 C H 3 C H 3 + 0 . 1 H 2 (2) 

T h e authors ' procedure invo lves passing acetylene t h r o u g h a r a p i d l y s t i r r e d 
d ispers ion of s o d i u m i n m i n e r a l o i l . T h e t e m p e r a t u r e shou ld be between 110° a n d 
1 5 0 ° C , a n d the rate of acetylene a d d i t i o n is de te rmined b y the efficiency w i t h w h i c h 

1 Present address, Ethyl Corp . , D e t r o i t , Mich. 
2 Present address, Department of Chemis t ry , U n i v e r s i t y of Texas, A u s t i n , T e x . 

69 

Synthesis 

2 H C = C H + 2 N a - » 2 H C = C N a + H 2 

H C = C H + H 2 -> H 2 C = C H 2 

3HC==CII + 2 N a -> 2 H C = C N a + H 2 C = C H 2 

( la ) 

( lb ) 

(1 over-all) 
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70 ADVANCES IN CHEMISTRY SERIES 

the heat of react ion can be removed . I n the l a b o r a t o r y , a dispers ion of 1.5 moles of 
s o d i u m i n 300 m l . of m i n e r a l o i l ( B a y o l D , E s s o S t a n d a r d O i l Co . ) is used i n a 1-liter 
creased flask w i t h a h i g h speed S t i r - O - V a c ( L a b - l i n e , Inc . , C h i c a g o 22, 111.) s t i r r e r . 
U n d e r these condit ions , w i t h a n acetylene flow rate of 1500 m l . per m i n u t e , react ion is 
complete i n about 2 hours . 

T h e flask is cooled b y externa l a p p l i c a t i o n of a n a i r s t ream d u r i n g the first p a r t 
of the react ion , a n d externa l heat is a p p l i e d t o w a r d the end of the react ion to m a i n 
t a i n the t emperature at 150°C. Y i e l d s based o n s o d i u m are essential ly q u a n t i t a t i v e , 
a n d the acetylene convers ion is about 2 0 % . I t should be possible i n commerc ia l 
operat i on , e i ther t h r o u g h the use of a t u b u l a r reactor or b y acetylene recycle , t o 
increase acetylene convers ion above 6 0 % . 

Stability 

T h e sod ium acety l ide p r e p a r e d i n this m a n n e r is a finely d i v i d e d whi te so l id . I t 
is p re f e rab ly used as a m i n e r a l o i l suspension, w i t h no a t t e m p t to isolate the so l id , 
because s o d i u m acety l ide is easi ly i gn i t ed w h e n d r y . I n m i n e r a l o i l suspension, s o d i u m 
acety l ide is pro tec ted f r o m o x i d a t i o n , a n d is t h e r m a l l y stable u p to about 180°C. 
W h e n heated above t h a t t e m p e r a t u r e , d i s p r o p o r t i o n a t i o n takes place. A c e t y l e n e is 
l i bera ted a n d d i s o d i u m acety l ide is f o rmed i n accordance w i t h E q u a t i o n 3. 

2 H C = C N a -> N a C ^ C N a + H C = C H (3) 

T h i s d i s p r o p o r t i o n a t i o n react ion is ca ta lyzed b y bases such as sodamide , s o d i u m 
h y d r i d e , a n d even s o d i u m . T h e m e c h a n i s m of catalys is m a y i n v o l v e a sequence of 
reactions such as E q u a t i o n 4. 

H C = C N a + N a N H 2 N a C = C N a + N H 3 (4a) 

H C ^ C N a + N H 3 H C = C H + N a N H 2 (4b) 

2 H C = C N a ( + N a N H 2 ) N a C = C N a + H C = C H ( + N a N H 2 ) (4 over-all) 

C a t a l y s i s b y s o d i u m is especial ly i m p o r t a n t , as s o d i u m acety l ide is usua l l y c o n t a m i n a t e d 
b y traces of unreac ted s o d i u m . T h e authors have p r e p a r e d occasional samples of so
d i u m acety l ide w h i c h were t h e r m a l l y stable above 200°C . These samples p r o b a b l y con 
ta ined l i t t l e or no unreac ted s o d i u m . A h i g h l y pur i f i ed sample of s o d i u m acety l ide , i f 
i t cou ld be p r e p a r e d , m i g h t be t h e r m a l l y stable to m u c h higher temperatures . 

A k inet i c s t u d y revealed t h a t the d i s p r o p o r t i o n a t i o n of s o d i u m acety l ide is 
a u t o c a t a l y t i c . A s shown b y F i g u r e 1, the rate is ra ther r a p i d a t first, b u t soon falls 

0.61 \ \ 1 1 1 1 1 

Ο 10 2 0 3 0 4 0 5 0 6 0 7 0 
Time in Minutes 

Figure 1. Rate of sodium acetylide disproportionation 
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LINDSAY, PERILSTEIN, AND ZACHRY-SODIUM ACETYLIDE CHEMISTRY 71 

off, a n d then s lowly increases u n t i l near the end of the reac t i on . B e h a v i o r of th i s 
t y p e has been described b y G a r n e r (9) i n terms of c r y s t a l n u c l e a t i o n theory . T h u s , 
the i n i t i a t i o n of the react ion is presumed to i n v o l v e the f o r m a t i o n of d i s o d i u m 
acetyl ide nuc l e i at cer ta in loca l ized spots, fo l lowed b y r e l a t i v e l y r a p i d g r o w t h of the 
nuc le i . T h e r a p i d gas evo lu t i on d u r i n g the first 1 0 % of the react ion m a y be 
a t t r i b u t e d to fast c r y s t a l g r o w t h on the surface of the s o d i u m acety l ide part i c les 
because of the ease of acetylene escape f r o m the surface . 

Reactions 

S o d i u m acety l ide reacts w i t h aldehydes a n d ketones to produce acetylenic 
glycols (8, 18) j as i l l u s t r a t e d i n E q u a t i o n 5. 

O N a O H 

H C = C N a + R 2 C = 0 -> R 2 C — C = C H -> R 2 C — C = C H (5) 

T h i s reac t ion is of c o m m e r c i a l i m p o r t a n c e i n the synthesis of h y p n o t i c drugs a n d a 
n u m b e r of u n s a t u r a t e d alcohols re lated to v i t a m i n A . 

A l s o of c o m m e r c i a l interest is the react ion of s o d i u m acety l ide w i t h d i m e t h y l s u l 
fate to give methy lace ty lene ( p r o p y n e ) . U n d e r the usual condi t ions (#), s o d i u m 
acety l ide reacts w i t h o n l y one of the m e t h y l groups of d i m e t h y l sul fate ( E q u a t i o n 6 ) . 

H C — C N a + ( C H 3 0 ) 2 S 0 2 -> H C — C — C H 3 + C H 3 O S 0 2 O N a (6) 

B y operat ing at a higher t e m p e r a t u r e , i t is possible to ut i l i ze b o t h m e t h y l groups {1, 
15) ( E q u a t i o n 7 ) . 

2 H C = C N a + ( C H 3 0 ) 2 S 0 2 -> 2 H C = C — C H 3 + N a 2 S 0 4 (7) 

T h u s when d i m e t h y l sulfate is added at 80° to 9 5 ° C . to a m i n e r a l o i l (or xylene) 
suspension of s o d i u m acety l ide a n d the evo lved p r o p y n e is col lected i n a d r y ice t r a p , 
the react ion fol lows the p a t h described b y E q u a t i o n 7 a n d is complete i n about 2 
hours . T h e y i e l d of p r o p y n e , after f rac t i onat i on , is about 7 5 % , a n d a n a d d i t i o n a l 
1 0 % of 2 -butyne can be iso lated . T h e b u t y n e p r e s u m a b l y is f o r m e d b y the sequence 
of reactions shown b y E q u a t i o n s 8a a n d b . 

H C = C N a + C It 3 — C = C I I - * H C = C H + C H 3 — C = C N a (8a) 

2 C H 3 — C = C N a + ( C H 3 0 ) 2 S 0 2 -> 2 C H 3 — C = C — C H 3 + N a 2 S 0 4 (8b) 

A t the temperatures e m p l o y e d i n this react ion , s o d i u m m e t h y l sul fate shou ld be i n 
e q u i l i b r i u m w i t h a n apprec iab le concentrat ion of d i m e t h y l sulfate a n d s o d i u m su l fa te : 

2 C H 3 O S 0 2 O N a ^ ( C H 3 0 ) 2 S 0 2 + N a 2 S 0 4 (9) 

R e m o v a l of d i m e t h y l sulfate b y react ion w i t h s o d i u m acety l ide shou ld d r i v e the 
e q u i l i b r i u m to the r ight a n d result i n the u t i l i z a t i o n of b o t h m e t h y l groups . 

P e r h a p s the most i m p o r t a n t react ion of s o d i u m acety l ide is i ts convers ion to the 
s o d i u m salt of prop io l i c a c i d b y t rea tment w i t h carbon d i ox ide : 

H C = C N a + C 0 2 - » H C = C — C O O N a (10) 

P r o p i o l i c a c id , b y v i r t u e of i ts t r i f u n c t i o n a l character , is a p r o m i s i n g synthet i c i n t e r 
mediate . T y p i c a l of i ts m a n y reactions is a n ox idat ive coup l ing to a p o l y u n s a t u r a t e d 
ad ip i c a c i d d e r i v a t i v e (7 ) , f r om w h i c h h i g h l y halogenated d i carboxy l i c acids m a y be 
prepared : 

2 H C = C — C O O H ™ H O O C — C = = C — C = = C — C O O H -> Χ , Η Ο Ο Ο — ( C X 2 ) 4 — C O O H (11) 

A s usua l ly carr i ed out , the react ion of carbon d iox ide w i t h s o d i u m acety l ide has 
been too slow for c o m m e r c i a l a p p l i c a t i o n . A p p a r e n t l y the par t i c l e size, or other 
surface character ist i cs , of s o d i u m acety l ide p r e p a r e d i n l i q u i d a m m o n i a f r o m ei ther 
sodamide or s o d i u m , is such t h a t the rate of reac t ion is u n p r a c t i c a l l y slow. J a c k s o n 
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72 ADVANCES IN CHEMISTRY SERIES 

a n d V a u g h n (10) c ite dioxane as a better so lvent t h a n l i q u i d a m m o n i a for the carbox -
y l a t i o n of s o d i u m acety l ide , as the l ength of react ion us ing dioxane is reduced to 16 
hours . M a c a l l u m (11) suggests rep lac ing l i q u i d a m m o n i a w i t h kerosine to reduce the 
react ion t i m e to a m i n i m u m of 8 hours at 800 to 900 p.s . i . 

T h e authors f o u n d t h a t s o d i u m acetyl ide p r e p a r e d f r o m s o d i u m dispersed i n 
m i n e r a l o i l can be converted to s o d i u m prop io la te i n 7 0 % y i e l d i n 1 hour at 400 to 500 
p.s . i . a n d 0° to 10°C. A f t e r ac id i f i cat ion , p rop io l i c a c id can be iso lated f r o m aqueous 
so lut ion b y cont inuous ex t rac t i on w i t h ether, us ing about 10 vo lumes of ether per 
v o l u m e of water , or b y cont inuous countercurrent ex t rac t i on w i t h about 3 to 5 vo lumes 
of i s o p r o p y l acetate or m e t h y l i s o b u t y l ketone. T h i s demons t ra t i on of the r e a c t i v i t y 
of s o d i u m acetyl ide prov ides c o n v i n c i n g evidence t h a t the use of sod ium dispersions is 
the most p r a c t i c a l m e t h o d for the p r e p a r a t i o n of sod ium acety l ide . 
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Grignard Reagents 

THOMAS D. and RICHARD C. WAUGH 

Arapahoe Chemicals, Inc., Boulder, Colo. 

A description of the application of the classical G r i g 
nard reaction to industrial syntheses in batchwise 
equipment is given. The discussion excludes reac
tions which involve the intermediate formation of 
other organometallic compounds from the Grignard 
reagent and applies particularly to the synthesis of 
alcohols from Grignard reagents and carbonyl com
pounds. The formation of Grignard reagent, reac
tion with a carbonyl compound, hydrolysis of the 
complex, and isolation of the product are discussed 
with reference to a fairly detailed flow sheet of an 
operating plant. Other processes proposed for the 
industrial application of the Grignard reaction are 
mentioned briefly. Also included is a general dis
cussion of the advantages and disadvantages of the 
Grignard reaction as an industrial process, with some 
indication of the economics of the process. 

A l t h o u g h the G r i g n a r d react ion has been i n constant widespread use since i ts d i s 
covery b y V i c t o r G r i g n a r d i n 1900 (7 ) , i t has o n l y f a i r l y recent ly come in to prominence 
as a n i n d u s t r i a l t oo l . M o d e r n developments i n the fields of hormones , v i t a m i n s , 
per fumes, a n d silicones have led to increas ing c o m m e r c i a l a p p l i c a t i o n of this versat i le 
a n d precise react ion , a n d i n recent years cus tom m a n u f a c t u r i n g fac i l i t ies a n d G r i g n a r d 
solutions themselves have become c o m m e r c i a l l y ava i lab le . 

T h e scope of the G r i g n a r d react ion is so we l l k n o w n a n d has been so we l l rev iewed 
t h a t no a t t e m p t is made here to discuss i t i n d e t a i l . G i l m a n (6), R u n g e (15), a n d 
K r a u s e a n d v o n Grosse (11) have rev iewed the chemis t ry of organometal l i c c o m 
pounds . M o s t recent ly K h a r a s c h a n d R e i n m u t h (10) have pub l i shed a n excellent 
treatise w h i c h v e r y t h o r o u g h l y discusses the reactions of G r i g n a r d reagents f r o m b o t h 
theoret i ca l a n d p r a c t i c a l l a b o r a t o r y s tandpo ints . T h e technolog ica l aspects of the 
G r i g n a r d process have , however , been less extensive ly t reated (1, 22). T h e purpose 
of th i s p a p e r is , therefore, to describe a s imple commerc ia l -sca le p l a n t for c a r r y i n g 
out the G r i g n a r d react ion a n d to discuss some of the advantages a n d disadvantages 
of th is reac t ion i n c o m m e r c i a l operat ions . 

T h e p l a n t shown i n F i g u r e s 1 a n d 2 was set up i n 1953 to c a r r y out cus tom 
synthesis v i a the G r i g n a r d react ion a n d to produce G r i g n a r d reagents for sale as such . 
I t has been i n successful i n t e r m i t t e n t operat i on ever since. I n i t the G r i g n a r d reagent 
is p r e p a r e d a n d a l l owed to react w i t h a c a r b o n y l or other react ive c o m p o u n d , the 
resul tant complex is h y d r o l y z e d , a n d the f inal p r o d u c t is freed of solvent . N u m e r o u s 
other react ions of the G r i g n a r d reagent can be c a r r i e d out i n the same or s l i g h t l y 
modi f i ed equ ipment . H o w e v e r , because the react ion of the reagent w i t h c a r b o n y l 
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74 ADVANCES IN CHEMISTRY SERIES 

SEPARATOR 

Figure 1. Flow diagram of plant for carrying out Grignard reactions 
Vessel schedule 

R-l 500 gal. 
R-2 650 gal. 
R-3 650 gal. 
R-4 1100 gal. 
R-5 300 gal. 
Storage tanks 1000 gal. 

compounds is of wide u t i l i t y , t h a t react ion was chosen for discussion here. I t is 
felt t h a t the pr inc ip les i n v o l v e d are general ly app l i cab le . 

T h e basic reactions i n v o l v e d a r e : 

F o r m a t i o n of G r i g n a r d reagent 

R X + M g -

R e a c t i o n w i t h c a r b o n y l c o m p o u n d 

R M g X + R ' C O R " -

H y d r o l y s i s of complex 

R " 

R M g X 

R " 

IV—C—OMgX 

i i 

R " 

R ' — C — O M g X + H O H -> R ' — C — O H + M g ( O H ) X 

R R 

(1) 

(2) 

(3) 

Formation of Grignard Reagent 

T h e G r i g n a r d reagent is usua l l y p r e p a r e d i n the classic w a y b y a d d i n g a so lut ion 
of the organic hal ide i n ether to a m i x t u r e of ether a n d m a g n e s i u m t u r n i n g s . T h e 
hal ide is dissolved i n ether i n the vessel, R-l, a n d the so lut i on is t h e n fed in to R-2, 
w h i c h contains m a g n e s i u m t u r n i n g s a n d ether . B o t h R-l a n d R-2 are p u r g e d w i t h 
n i t r o g e n before ether is i n t r o d u c e d . 
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WAUGH—GRIGNARD REAGENTS 75 

Figure 2. General view of Grignard reactor line 

T h e chief p r o b l e m i n the f o r m a t i o n of G r i g n a r d reagents results f r o m the di f f i culty 
w h i c h is often encountered i n s t a r t i n g the react ion . H e n c e , the l i t e ra ture contains a 
m u l t i t u d e of recommended procedures for i n i t i a t i n g the G r i g n a r d react ion . Iod ine , 
b romine , p r e f o r m e d G r i g n a r d reagent, s i l icate esters, a n d i od ine -ac t i va ted m a g n e s i u m 
have been suggested. N o m e t h o d has been devised w h i c h w i l l w o r k i n a l l cases. Some 
halides react read i ly , whi le others are e x t r a o r d i n a r i l y di f f icult . I t is , however , essential 
t h a t a susta ined react ion be i n i t i a t e d b y the first p o r t i o n of hal ide before f u r t h e r a d d i 
t ions are made . F a i l u r e to observe th is p recaut i on m a y result i n the b u i l d - u p of such 
a n excess of unreacted hal ide t h a t the react ion , when i t finally s tarts , m a y become so 
vigorous t h a t the t e m p e r a t u r e cannot be contro l l ed . A v io lent increase i n pressure 
w i l l result . A d e q u a t e explosion lines m u s t therefore be p r o v i d e d on G r i g n a r d reactors 
as pro tec t ion against such delayed reactions. M u c h of th is h a z a r d can be avo ided b y 
trans ferr ing the finished reagent to another vessel, R-3 i n this case, for react ion w i t h a 
c a r b o n y l c o m p o u n d , b u t re ta in ing a n excess of a c t i v a t e d magnes ium i n the reactor , 
R-2, to assist i n s t a r t i n g the next react ion . 

Ef f i c ient ag i ta t i on is essential to the p r o d u c t i o n of sat is factory y ie lds of the G r i g 
n a r d reagent. B y v igorous ag i ta t i on a n d g r a d u a l a d d i t i o n of the hal ide , l o ca l over 
heat ing a n d consequent losses b y W u r t z react ion a n d d i s p r o p o r t i o n a t i o n are m i n i m i z e d . 

I n spite of i ts hazards , e t h y l ether seems to be the most general ly sat i s factory 
solvent for p r e p a r i n g G r i g n a r d reagents. H i g h e r bo i l ing ethers, t e t r a h y d r o f u r a n , t e r 
t i a r y amines, a n d hydrocarbons have been recommended b u t i n most cases i ts good 
solvent power , l o w cost, h i g h c o m m e r c i a l p u r i t y , a n d ease of recovery m a k e e t h y l 
ether the solvent of choice for G r i g n a r d react ions. T h e react ion is u s u a l l y c a r r i e d out 
under a pressure of about 20 pounds i n order to raise the bo i l ing p o i n t of ether to a 
temperature where jacket cool ing is sufficient to prevent bo i l ing . H i g h e r temperatures , 
however , o f ten lead to lower y ie lds , p r e s u m a b l y t h r o u g h the W u r t z a n d d i s p r o p o r t i o n a 
t i o n reactions. Severa l factors m u s t therefore be ba lanced to achieve o p t i m u m opera t ing 
condit ions i n a n y p a r t i c u l a r case. 
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76 ADVANCES IN CHEMISTRY SERIES 

Recent reports b y N o r m a n t (12) a n d b y R a m s d e n a n d his associates (13), ind icate 
t h a t G r i g n a r d reagents m a y be p r e p a r e d f r o m r e l a t i v e l y i n e r t hal ides—e.g . , v i n y l a n d 
a r y l c h l o r i d e s — i f t e t r a h y d r o f u r a n is used as the solvent . P r e v i o u s l y these reagents 
c o u l d not be p r e p a r e d i n convenient ways , a l t h o u g h several procedures (3, 19, 20, 23) 
w h i c h u t i l i z e d no solvent other t h a n excess hal ide h a d been repor ted for p r o d u c i n g 
p h e n y l m a g n e s i u m chlor ide . 

T h e p r a c t i c a l s t rength of G r i g n a r d reagents is de termined large ly b y the nature of 
the hal ide . T h u s m e t h y l m a g n e s i u m bromide can be made i n good y i e l d i n 4 M s trength , 
whi le at about 3 M s t rength the p u r i t y of p h e n y l m a g n e s i u m b r o m i d e begins to deter io 
rate , because of the f o r m a t i o n of excessive amounts of b i p h e n y l b y w a y of the W u r t z 
r e a c t i o n : 

2 R X + M g -> R-2 + M g X 2 (4) 

B e y o n d 3M s t rength the W u r t z react ion appears to be the m a i n react ion . B e n z y l 
chlor ide l ikewise tends to undergo the W u r t z react ion at strengths i n excess of about 
1M. 

C h l o r i d e s , i n general , suffer f r o m the e ther - in so lu b i l i t y of magnes ium chlor ide 
etherate w h i c h arises f r o m the Sch lenk a n d Sch lenk (16) e q u i l i b r i u m : 

2 R M g X τ± R i M g + M g X 2 (5) 

T h u s even a 1M so lut ion of m e t h y l m a g n e s i u m chlor ide deposits large quant i t ies of m a g 
nes ium chlor ide , a n d at h igher strengths the m i x t u r e m a y become n e a r l y so l id . B e n z y l -
magnes ium chlor ide solutions also deposit m a g n e s i u m chlor ide w h i c h , i f a l l owed to 
s t a n d , forms a sol id cake. Because m a g n e s i u m brom id e is read i l y soluble i n ether , 
bromides can u s u a l l y be car r i ed to higher s t rength t h a n can chlorides . F l u o r i d e s 
usua l l y do not enter into G r i g n a r d reactions, whi le iodides are se ldom used because of 
h i g h cost a n d excessive losses b y w a y of the W u r t z react ion . 

O t h e r m a j o r side reactions are d i s p r o p o r t i o n a t i o n , react ion w i t h act ive hydrogen , 
a n d react ion w i t h oxygen. T h e first of these m a y be represented b y the e q u a t i o n : 

2 R X + M g - 4 R ( + H ) + R ( _ H ) + M g X 2 (6) 

I n the f o r m a t i o n of several of the most useful reagents—e.g. , m e t h y l , b e n z y l , a n d 
p h e n y l — t h i s react ion is not a factor because there is no o p p o r t u n i t y for olef in, R ( _ H ) > 
f o r m a t i o n . H o w e v e r , d i s p r o p o r t i o n a t i o n m a y be a p r o b l e m w i t h other a l k y l hal ides, 
p a r t i c u l a r l y w i t h secondary or t e r t i a r y hal ides . T h i s react ion is p r o b a b l y c a t a l y z e d b y 
m i n o r amounts of heavy m e t a l halides a n d m a y v e r y wel l result f r o m i m p u r i t i e s i n the 
magnes ium. I n the authors ' experience, at least, sat is factory y ie lds have usua l l y been 
obta ined b y us ing D o w ' s pure magnes ium turn ings w i t h p r i m a r y a n d secondary a l k y l 
chlor ides , p r i m a r y a l k y l bromides , a n d a r y l bromides . C e r t a i n secondary a n d t e r t i a r y 
halides m i g h t react more sat i s fac tor i ly i f a p u r e r magnes ium were used. N o di f f i cu l 
ties have been encountered i n the use of m i l d steel reactors for the m a n u f a c t u r e of 
G r i g n a r d reagents. 

T h e presence of mois ture or alcohol i n c o m m e r c i a l or recovered ether leads to the 
f o r m a t i o n of the parent h y d r o c a r b o n b y the r e a c t i o n : 

R M g X + H O R -> R H + M g ( O R ) X (7) 

I n most cases th is inh ib i t s the s t a r t i n g of the react ion , poss ib ly because the insoluble 
gelatinous M g ( O H ) X [or M g ( O R ) X ] coats the magnes ium a n d prevents contact w i t h 
the ha l ide . A fur ther , m i n o r p r o b l e m is i n t r o d u c e d w h e n the h y d r o c a r b o n f o rmed is 
noncondensable . I n that case the h y d r o c a r b o n m u s t be vented f r o m the system to p r e 
vent excessive b u i l d - u p of pressure a n d hence of t e m p e r a t u r e i n the vessel. These 
prob lems can often be avo ided b y t r e a t i n g the ether w i t h a s m a l l a m o u n t of p r e f o r m e d 
G r i g n a r d reagent. 

T h e react ion of G r i g n a r d reagents w i t h oxygen is se ldom a p r o b l e m i n c o m m e r c i a l 
opera t i on because the reactor is a lways p u r g e d w i t h n i t rogen before ether is i n t r o d u c e d 
a n d traces of oxygen are u s u a l l y not a p p r e c i a b l y deleterious to the react ion . I n some 
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WAUGH—GRIGNARD REAGENTS 77 

instances, however , v e r y s m a l l traces of oxygen lower the y i e l d i n the next step v e r y 
d r a s t i c a l l y . G r e a t care is therefore t a k e n to exclude a l l oxygen w h e n especial ly sensi 
t i v e reagents are be ing p r e p a r e d . 

T h e quest ion of s t a b i l i t y of G r i g n a r d reagents o n storage sometimes arises. H o w 
ever, reagents w h i c h h a d been stored for as m u c h as 5 years i n steel d r u m s or t i g h t l y 
sealed glass bott les h a d not deter iorated detec tab ly as judged b y a c i d t i t r a t i o n , a l t h o u g h 
the react ion i n d i c a t e d i n E q u a t i o n 5 appeared to have reached e q u i l i b r i u m , depos i t ing 
m a g n e s i u m chlor ide f r o m c e r t a i n G r i g n a r d chlor ides . Storage at l o w temperatures 
m a y i n some cases—e.g., t h a t of p h e n y l m a g n e s i u m bromide—cause p a r t of the reagent 
to c rys ta l l i ze out . U p o n w a r m i n g , the crysta ls dissolve aga in w i t h some d i f f i cu l ty . 

I n general , y ie lds of G r i g n a r d reagent i n excess of 9 0 % have been ob ta ined i n the 
p lant described here. 

Reaction with Carbonyl Compounds 

T h e react ion of the G r i g n a r d reagent w i t h a c a r b o n y l , o r other react ive c o m p o u n d , 
is car r i ed out i n R-S. T h i s vessel is essential ly a dup l i ca te of R-2 w i t h cer ta in added 
accessories, n o t a b l y the f r a c t i o n a t i n g c o l u m n a n d condenser. I n the o r d i n a r y case, the 
G r i g n a r d reagent is t rans fe r red f r o m R-2 to R-3 a n d the c a r b o n y l c o m p o u n d is added 
to i t over a p e r i o d of t i m e f r o m the feed t a n k . T h e t e m p e r a t u r e is contro l l ed b y heat 
i n g or cool ing w i t h the jacket . I n some cases m u c h of the ether i n the G r i g n a r d s o l u 
t i o n is rep laced b y a higher b o i l i n g solvent such as toluene, i n order to m a i n t a i n a 
higher react ion t emperature at moderate pressure. T h e rep lacement is accompl i shed 
b y a d d i n g toluene s lowly , whi l e d i s t i l l i n g ether t h r o u g h the c o l u m n a n d condenser. 
W h e n this is done some res idual ether, w h i c h appears to be t i g h t l y h e l d b y the reagent, 
w i l l be freed b y the a d d i t i o n of the c a r b o n y l c o m p o u n d a n d m u s t be a l l owed to d i s t i l l 
out . 

T h e reverse a d d i t i o n — t h a t is , the a d d i t i o n of G r i g n a r d reagent to the c a r b o n y l 
c o m p o u n d dissolved i n e t h e r — c a n be c a r r i e d out i n the same e q u i p m e n t i f i t is r e 
q u i r e d . I n t h a t case the G r i g n a r d so lut i on is t rans fe r red s l o w l y f r o m R-2 i n t o R-3 
w h i c h contains the c a r b o n y l c o m p o u n d i n so lut ion . 

I n e i ther case, after the reac t ion is complete , i t is u s u a l l y convenient to replace the 
ether w i t h toluene, d i s t i l l i n g a n d condensing the ether a n d co l lec t ing i t i n the ether 
storage t a n k . T h i s d r y ether is used i n subsequent preparat i ons of G r i g n a r d reagent. 
A n excess of c a r b o n y l c o m p o u n d , i f i t is v e r y vo la t i l e , m u s t be avo ided i f ether is 
rec la imed i n th is w a y , however . 

R e p l a c e m e n t of ether w i t h toluene often introduces a f u r t h e r c o m p l i c a t i o n , i n t h a t 
m a n y of the m a g n e s i u m complexes of the react ion products are inso luble i n h y d r o 
carbons a n d m a y set u p in to n e a r l y so l id masses w h i c h are v i r t u a l l y imposs ib le to r e 
m o v e f r o m the vessel. A considerable a m o u n t of b a l a n c i n g of factors is therefore 
necessary i n th is stage of the operat i on . 

Hydrolysis of Complex 

T h e m a g n e s i u m complex w h i c h results f r o m the react ion of the G r i g n a r d reagent 
w i t h c a r b o n y l compounds is h y d r o l y z e d w i t h d i lu te a c i d i n R A . T h i s vessel is charged 
w i t h the requ i red a m o u n t of su l fur i c a c i d , water , a n d ice, a n d the m i x t u r e f r o m R-3 
is p u m p e d i n r a p i d l y whi le v igorous a g i t a t i o n is m a i n t a i n e d to assure i n t i m a t e contact 
between complex a n d a c i d . T h e t e m p e r a t u r e is ad justed b y the p r o p o r t i o n s of ice a n d 
a c i d so t h a t the final t e m p e r a t u r e af ter h y d r o l y s i s approx imates 0 ° C . U n d e r these 
condi t ions i t has been possible to use a m i l d steel vessel for the h y d r o l y s i s w i t h o u t 
encounter ing excessive corros ion . 

A f t e r the hydro lys i s is complete , the aqueous l a y e r is d r a w n off a n d the organic 
l a y e r is washed w i t h sui table aqueous solut ions to remove ac id a n d other undes irable 
i m p u r i t i e s w h i c h v a r y w i t h the p a r t i c u l a r mater ia l s i n v o l v e d . W h e r e especial ly a c i d -
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78 ADVANCES IN CHEMISTRY SERIES 

sensit ive produc ts are encountered, the h y d r o l y s i s m a y be carr i ed out w i t h a n excess 
of a m m o n i u m chlor ide instead of su l fur i c a c id . 

M o s t of the mater ia l s w h i c h have been made i n the p l a n t described here are n o n 
vo lat i l e a n d water - inso lub le . There fore the organic l ayer w h i c h contains the h y d r o 
l y z e d p r o d u c t is f ina l ly t rans fe r red to R-5, where i t is s t e a m - s t r i p p e d to remove so l 
vents . T h e p r o d u c t is separated f r o m the water b y s imple décantation i f i t is a l i q u i d 
or b y f i l t r a t i o n i f i t is a so l id . F u r t h e r pur i f i ca t i on b y convent i ona l means is c a r r i e d 
out where i t is requ i red . 

Other Reactions 

A wide v a r i e t y of other G r i g n a r d reactions can be carr i ed out i n th is same e q u i p 
m e n t . M e t a t h e t i c a l react ions w i t h hal ides, b o t h organic a n d inorganic , as w e l l as reac 
t ions w i t h compounds w h i c h conta in double or t r i p l e bonds are r e a d i l y h a n d l e d . A 
n u m b e r of compounds w h i c h c o n t a i n act ive hydrogens react w i t h G r i g n a r d reagents to 
f o r m new reagents of the G r i g n a r d t y p e . A p a r t i c u l a r l y useful example is the I v a n o v 
reac t ion (9), i n w h i c h the a l p h a hydrogen of s o d i u m p h e n y l acetate is rep laced b y M g X : 

C 6 H 5 C H 2 C O O N a + R M g X -> C 6 H 5 C H C O O N a (8) 

M g X 

T h i s c o m p o u n d reacts w i t h c a r b o n y l compounds i n the n o r m a l fashion , t o produce 
^ - h y d r o x y or u n s a t u r a t e d acids. 

A l t h o u g h i t has not been done i n th is p l a n t , o r g a n o c a d m i u m compounds (5) can 
be f o rmed b y react ion w i t h G r i g n a r d reagents, a l l ow ing the p r e p a r a t i o n of ketones f r o m 
a c i d chlor ides to be carr i ed out . 

2 R M g X + C d C l 2 -> R 2 C d + 2 M g X C l (9) 

R 2 C d + 2 R ' C O C l -> 2 R C O R ' + C d C l 2 (10) 

F r o m the s t a n d p o i n t of cus tom G r i g n a r d synthesis , the p l a n t descr ibed here ac 
complishes the m a j o r object ive of c a r r y i n g out a l l of the reac t i on steps w h i c h require 
the use of e t h y l ether . T h e customer thus avo ids the m a j o r p r o b l e m of the G r i g n a r d 
synthes i s—the hazards of h a n d l i n g e t h y l ether . 

T h e p l a n t is housed i n a somewhat iso lated steel b u i l d i n g , w i r e d throughout w i t h 
explos ion-proof , C lass I , G r o u p D or C lass I I , G r o u p G fixtures a n d motors . I t is 
e q u i p p e d for b o t h general forced v e n t i l a t i o n a n d spot v e n t i l a t i o n at po ints of greatest 
h a z a r d . N o serious accidents have occurred i n the opera t i on of th is p l a n t . 

Other Grignard Processes 

Severa l o ther procedures for p r o d u c i n g G r i g n a r d reagents shou ld be ment i oned . 
One , o f ten re ferred to as a " c y c l i c r eac tor , " has been described b y R o w l a n d s , Greenlee , 
a n d B o o r d {H). I t s purpose is to m a k e possible the p r e p a r a t i o n of G r i g n a r d reagents 
f r o m h i g h l y react ive hal ides w h i c h have a pred i l e c t i on for the W u r t z react ion . B e 
cause h i g h d i l u t i o n favors the G r i g n a r d react ion , ether is d i s t i l l ed f r o m a flask, c o n 
densed, a n d a l lowed to flow back t h r o u g h a c o l u m n p a c k e d w i t h a m a l g a m a t e d m a g 
nes ium. T h e hal ide is i n t r o d u c e d v e r y s l owly in to the r e t u r n i n g condensate at the t o p 
of the c o l u m n . I n th i s w a y , i t is repor ted , v e r y h i g h y ie lds of G r i g n a r d reagents 
der ived f r o m h i g h l y act ive hal ides of the a l l y l a n d b e n z y l types are obta ined . C o m 
m e r c i a l u t i l i z a t i o n of th is process has not , however , been repor ted . 

A process has been pa tented (8, 17, 18, 21) w h i c h ut i l izes the h i g h l y a c t i v a t e d 
cond i t i on of freshly cut m a g n e s i u m to b r i n g about the f o r m a t i o n of G r i g n a r d reagents 
f r o m a r y l chlor ides . A c c o r d i n g to the patents , a so lut ion of a n a r y l ch lor ide i n e t h y l 
ether or i n a d i a l k y l ether of ethylene g ly co l , is a l l owed to flow t h r o u g h a chamber 
s u r r o u n d i n g a r o t a t i n g c u t t i n g head whi le the l a t t e r shaves chips f r o m a pure m a g -
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WAUGH—GRIGNARD REAGENTS 79 

nes ium b i l l e t . T h e process is said t o produce h i g h y ie lds of a r y l m a g n e s i u m chlorides 
w h i c h are dif f icult to o b t a i n b y other means. H o w f a r th is process has been c o m m e r 
c ia l i zed is not k n o w n to the authors , a l t h o u g h i t is k n o w n t h a t several machines have 
been used i n p i l o t operat ions . 

A r y l m a g n e s i u m chlorides have also been repor ted {3, 19, 20, 23) t o result f r o m 
the so-cal led " so lvent less " reac t ion of a r y l chlor ides w i t h m a g n e s i u m . I n p o i n t of fact 
these processes have u s u a l l y e m p l o y e d a n excess of the ha l ide as solvent a n d the 
repor ted y ie lds have not a lways been v e r y a t t r a c t i v e . T h e reac t ion is u s u a l l y c a r r i e d 
out under pressure at e levated temperatures . C o m m e r c i a l use of th is procedure has 
been made (2). 

B u c (4) has pa tented a process for p r e p a r i n g G r i g n a r d reagents b y cont inuous ly 
feeding a n organic hal ide in to a react ion zone conta in ing m a g n e s i u m t u r n i n g s a n d c o n 
t i n u o u s l y r e m o v i n g the reagents as i t is f o r m e d . I t is not k n o w n whether th is process 
has ever been p laced i n c o m m e r c i a l operat i on . 

Advantages and Disadvantages of the Grignard Reaction 

M a n y of the react ions of G r i g n a r d reagents can be or have been c a r r i e d out 
t h r o u g h the use of other organometa l l i c compounds . T h e reactions of s o d i u m , l i t h i u m , 
z inc , a n d c a d m i u m a l k y l s , f or example , have been s tud ied i n d e t a i l . T h e G r i g n a r d 
reagents have , however , been m u c h more w i d e l y used i n organic synthesis t h a n have 
a n y of the others. 

P e r h a p s the f irst reason for the i r success is t h a t G r i g n a r d reagents u t i l i z e the 
read i l y ava i lab le a n d easi ly h a n d l e d m a g n e s i u m . M a g n e s i u m turn ings are sui table for 
use as received a n d can be stored for l ong periods w i t h o u t deter iorat ion . F u r t h e r m o r e , 
m a g n e s i u m does not present m a j o r hazards i n h a n d l i n g or disposal of wastes n o r are 
i ts compounds general ly considered to be tox ic . I t s pr ice is not exorb i tant . 

T h e G r i g n a r d reagents themselves are easi ly p r e p a r e d i n s imple equ ipment . T h e y 
are stable i n storage a n d are not general ly spontaneously f lammable i n contact w i t h 
a i r or mo i s ture . M e t h y l m a g n e s i u m bromide i n 4M s t rength has, however , been ob 
served to ignite spontaneously w i t h water a n d perhaps other G r i g n a r d reagents m i g h t 
do so under ce r ta in c ircumstances . F u r t h e r advantages of G r i g n a r d reagents are t h a t 
t h e y are m a r k e t e d c o m m e r c i a l l y a n d t h a t , for those who w i s h to a v o i d en t i r e ly the 
hazards of h a n d l i n g e t h y l ether , cus tom m a n u f a c t u r i n g faci l i t ies are ava i lab le . 

F i n a l l y the reactions of G r i g n a r d reagents have been so t h o r o u g h l y s tud ied t h a t 
t h e i r course can be accurate ly pred i c ted i n most cases. M a n y of the i r reactions p r o 
ceed i n a c lean-cut fashion to p r o v i d e good yie lds of the desired p r o d u c t . Indeed , for 
these reasons G r i g n a r d react ions have been w i d e l y e m p l o y e d i n the establ ishment of 
the s t ructures of new compounds . 

T h e hazards i n v o l v e d i n the h a n d l i n g of e t h y l ether cannot be i g n o r e d ; i n fact , 
the prob lems of the G r i g n a r d react ion are large ly the prob lems of h a n d l i n g e t h y l ether 
w i t h safety . 

T h e u n r e a c t i v i t y of c e r t a i n chlor ides , w h i c h forces one to use the corresponding 
bromides , is a serious d isadvantage of the G r i g n a r d process, as is the sens i t iv i ty of 
m a n y of the more react ive hal ides to the W u r t z a n d d i s p r o p o r t i o n a t i o n react ions. I t 
is also u n f o r t u n a t e t h a t G r i g n a r d reagents u s u a l l y do no t produce ketones b y react ion 
w i t h ac id chlor ides or a n h y d r i d e s . T h e ready convers ion of G r i g n a r d reagents t o 
o r g a n o c a d m i u m compounds (δ), however , makes i t possible to prepare ketones i n ex
cellent y i e l d f r o m ac id chlor ides . R e a c t i o n of G r i g n a r d reagents w i t h n i t r i l e s l i k e 
wise f r equent ly gives poor results a n d reduc t ive side react ions inter fere i n some reac 
t ions w i t h c a r b o n y l compounds . These reduct ions appear to be especial ly i m p o r t a n t 
i n react ions w i t h ketones, less so w i t h a ldehydes a n d esters. 

T h e G r i g n a r d react ion often prov ides the best m e t h o d for p r o d u c i n g a wide v a r i e t y 
of compounds . I t s i n d u s t r i a l i m p o r t a n c e is increas ing as the d e m a n d for m o r e i n t r i 
cate a n d spec ial ized compounds grows. 
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80 ADVANCES IN CHEMISTRY SERIES 

Economic Factors 

I t is possible here to m a k e on ly b r o a d general izat ions regard ing the economics of 
the G r i g n a r d reac t i on . 

A cons iderat ion of one of the more useful G r i g n a r d react ions, the react ion w i t h 
carboxy l i c esters, w i l l serve to i l lus t ra te a n u m b e r of the economic factors w h i c h enter 
in to G r i g n a r d react ions . 

Ο 

2 R M g X + R C O R ' -> R3COH + 2 M g ( O H ) X (11) 

F o r each p o u n d mole of useful p r o d u c t obta ined , 2 p o u n d moles of basic m a g n e s i u m 
hal ide are f o rmed . Unless the operat ion is v e r y large, i t is not economica l to recover 
th i s m a t e r i a l , bu t i t contains magnes ium w o r t h about $25, a n d , i n react ions where the 
b r o m i d e is requ i red , $40 w o r t h of b r o m i n e . I t is i m m e d i a t e l y seen t h a t chlor ides 
w o u l d be m u c h more economical t h a n bromides , i n the G r i g n a r d react ion . F u r t h e r 
more , ketones, w h i c h require on ly 1 mole of G r i g n a r d reagent, w i l l appear to be p r e 
ferred over esters, w h i c h require 2 moles, for p r o d u c i n g t e r t i a r y alcohols . Some of th is 
advantage of ketones is often lost , however , b y side reactions, a n d i n m a n y instances 
the desired ketone is not read i l y ava i lab le . 

I t m a y be conc luded t h a t few compounds can be produced b y th is react ion for a 
r a w m a t e r i a l cost of less t h a n $1.00 per p o u n d . There fore , the c o m m e r c i a l use of the 
G r i g n a r d react ion is p r a c t i c a l l y restr i c ted to the m a n u f a c t u r e of r e l a t i v e l y expensive 
mater ia l s , such as perfumes, pharmaceut i ca l s , sil icones, a n d even ce r ta in a g r i c u l t u r a l 
chemicals . I n general , t h e n , where great speci f ic i ty of s t ruc ture is a c o n t r o l l i n g factor , 
m a n y products m a y be made most economica l ly b y the G r i g n a r d react ion . 
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Preparation of Alkyl Mercurials 
with Tetraethyllead 

MYRON S. WHELEN 

Research Division, Organic Chemicals Department, 
Ε. I. du Pont de Nemours & Co., Inc., Wilmington, Del. 

The inexpensive preparation of alkyl mercurials by 
a unique method using tetraethyllead is described. 
The commercial methods of preparation of some use
ful ones and the health hazards involved are given. 
The properties, utilization as fungicides and seed dis
infectants, and effect on agriculture of alkyl mer
curials are discussed. 

In 1923 m e t h y l m e r c u r i c iodide was f o u n d b y Gassner a n d E s d o r n (5) to be a p o w e r f u l 
fungic ide . K l a g e s (9) extended these findings to a series of a l k y l m e r c u r i c hal ides , 
showing t h e m to be 25 t imes as efficient as m e r c u r i c ch lor ide . T i s d a l e a n d C a n n o n 
(14) showed b y extensive tests t h a t the a l k y l mercur ia l s are effective seed dis infectants 
for the c ont ro l of fung i c ida l diseases. 

A l k y l m e r c u r i c halides of the t y p e R H g X were we l l k n o w n , but the i r m e t h o d of 
p r e p a r a t i o n , such as the react ion of d i e thy l z inc a n d m e r c u r i c ch lor ide (12), was d i f f i 
cu l t a n d inefficient. There fore , the products were m u c h too expensive for use as 
fungicides. A m e t h o d was needed to produce these p o t e n t i a l l y va luab le compounds 
at a reasonable cost for widespread a p p l i c a t i o n . 

I n 1930, a m e t h o d for the p r e p a r a t i o n of a l k y l m e r c u r y compounds was patented 
b y K h a r a s c h (7 ) , w h i c h compr i sed heat ing m e r c u r y salts w i t h an a l k y l d e r i v a t i v e of 
q u a d r i v a l e n t lead , more p a r t i c u l a r l y t e t r a e t h y l l e a d . T h i s p r o v i d e d the necessary eco
n o m i c a l m e t h o d for the i r c o m m e r c i a l use. 

T h e react ion is a general one a n d m a y be shown as fo l l ows : 

R 4 P b + 2Hg+ + -> 2 R H g + + R 2 P b + + ( 1 ) 

Preparation 

B y u t i l i z i n g this m e t h o d , the fo l lowing t y p i c a l , c o m m e r c i a l l y i m p o r t a n t a l k y l 
mercur ia l s m a y be p r e p a r e d . 

E t h y l m e r c u r i c C h l o r i d e . T h i s was the first c o m p o u n d produced for c o m m e r c i a l 
use (8). I n the react ion of m e r c u r i c chlor ide w i t h t e t rae thy l l ead , the l a t t e r acts as a 
t r a n s a l k y l a t i o n agent : 

2 H g C l 2 + P b ( C 2 H 5 ) 4 -> (C 2 H 5 )2PbCl2 + 2 C 2 H 5 H g C l (2) 

T h e react ion m a y be car r i ed out convenient ly i n the l a b o r a t o r y . 

T e t r a e t h y l l e a d dissolved i n e t h y l a l coho l is added g r a d u a l l y to a suspension of 
m e r c u r i c ch lor ide i n e t h y l a l cohol . A f t e r heat ing at 6 5 ° C . for 4 hours , the hot reac -
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WHELEN—ALKYL MERCURIALS WITH TETRAETHYLLEAD 83 

t i o n mass is c lar i f ied b y filtration. T h e prec ip i ta te of e t h y l m e r c u r i c ch lor ide , w h i c h 
separates on cool ing, is filtered off a n d recrys ta l l i zed f r o m e t h y l a l cohol . T h e y i e l d 
of e t h y l m e r c u r i c chlor ide is 7 2 % of theory f r om mercur i c ch lor ide . 

I n c o m m e r c i a l pract i ce , the mercur i c chlor ide is b a l l - m i l l e d w i t h a n iner t ingredient 
such as ta l c , a n d the t e t rae thy l l ead is added at in terva l s whi le m i l l i n g is car r i ed out 
i n a b r i c k - l i n e d m i l l w i t h porce la in bal ls . C a r e is t a k e n to prevent undue t e m p e r a t u r e 
rise. T h e react ion is car r i ed out essential ly i n d r y f o r m , a n d f u r t h e r iner t d i luent is 
added so t h a t the final mass has a n e t h y l m e r c u r i c ch lor ide content of 2 . 0 % . I t is 
u t i l i z e d as such . 

T h e great va lue of th is m e t h o d of p r e p a r a t i o n lies i n the m i l d condit ions e m p l o y e d 
a n d i n the t y p e of equ ipment used w h i c h al lows m a n u f a c t u r e of large batches r e q u i r 
i n g l i t t l e processing. 

E t h y l m e r c u r i c ch lor ide , though a v e r y efficient fungic ide , h a d a def ic iency; i t 
showed i n s t a b i l i t y w i t h evo lu t i on of d i e t h y l m e r c u r y , a h i g h l y vo la t i l e c o m p o u n d w h i c h 
is v e r y tox ic to h u m a n s . A s t u d y of the react ion suggested t h a t one of the f o l l owing 
secondary react ions m i g h t take place w h i c h w o u l d exp la in the f o r m a t i o n of d i e t h y l 
m e r c u r y : 

R H g C l + R 3 P b C l -> R 2 H g + R 2 P b C l 2 (3) 

R 4 P b + 2 R H g C l -> R P b C l , + 2 R 2 H g (4) 

V a r i o u s exper iments were unsuccessful i n de te rmi n i ng i f the secondary react ions were 
t a k i n g place. Because i t is possible to ob ta in h i g h y ie lds of e t h y l m e r c u r i c ch lor ide , 
the more probab le exp lanat i on of the f o r m a t i o n of d i e t h y l m e r c u r y is t h a t i t comes 
f r o m a d i s p r o p o r t i o n a t i o n e q u i l i b r i u m w i t h e t h y l m e r c u r i c ch lor ide (6). T h i s m a y 
come about i n the f o l l owing m a n n e r : 

2 C 2 H 5 H g C l ±+ ( C 2 H 5 ) 2 H g + H g C l 2 (5) 

T h e e v o l u t i o n of d i e t h y l m e r c u r y can be e l i mi nated b y the use of bis ( e thy lmercur i c ) 
phosphate , a m u c h more stable c o m p o u n d . 

Bis (ethylmercuric) Phosphate. T h i s c o m p o u n d is p r e p a r e d (3) b y the i n t e r a c t i o n 
of m e r c u r i c oxide, phosphor i c ac id , a n d t e t r a e t h y l l e a d . T h e t e t r a e t h y l l e a d acts as a 
t r a n s a l k y l a t i o n agent. T h e fo l l owing reactions occur, b u t the steps are car r i ed out s i 
m u l t a n e o u s l y : 

2 H g O + 2 H 3 P 0 4 -> 2 H g H P 0 4 + 2 H 2 0 (6) 

2 H g H P 0 4 + ( C 2 H 5 ) 4 P b -> ( C 2 H 5 H g ) 2 H P 0 4 + ( C 2 H 5 ) 2 P b H P 0 4 (7) 

T h e system is h i g h l y exothermic , the heat evo lved be ing 26 k c a l . per mole of m e r 
cur i c oxide. I n commerc ia l processes, the react ion is car r i ed out most conven ient ly 
i n the so l id state b y the m e t h o d for p r e p a r i n g e t h y l m e r c u r i c ch lor ide . T h e t ime of 
m i l l i n g var ies w i t h the a p p a r a t u s used a n d m a y be as long as 18 hours . A f t e r the 
react ion is completed , the react ion mass is d i l u t e d f u r t h e r w i t h a n iner t ingredient to 
5 .0% bis ( e thy lmercur i c ) phosphate . I t is sold as such . 

Ethylmercuric Acetate. E t h y l m e r c u r i c acetate (10), o r i g ina l l y p r e p a r e d b y heat 
i n g d i e t h y l m e r c u r y w i t h acetic ac id , is p r e p a r e d r e a d i l y b y the reac t ion of m e r c u r i c 
acetate w i t h t e t r a e t h y l l e a d : 

3 H g ( O C O C H 3 ) 2 + ( C 2 H 5 ) 4 P b -> 3 C 2 H 5 H g O C O C H 3 + C 2 H 5 P b ( O C O C H 3 ) 3 (8) 

I t is water -so luble a n d m a y be separated read i l y f r o m e t h y l l e a d tr iacetate . 
I t is u t i l i z e d as a water -so luble fungic ide a n d is a convenient s t a r t i n g m a t e r i a l f o r 

the p r e p a r a t i o n of a series of a l k y l m e r c u r i a l s . E t h y l m e r c u r i c acetate w i l l condense 
read i ly , i n a n a lka l ine m e d i u m , w i t h compounds h a v i n g a replaceable hydrogen a t o m . 
T h e reac t ion is a general one—for example , e t h y l m e r c u r i c acetate condenses w i t h p h t h a l -
i m i d e to f o r m A f - e t h y l m e r c u r i p h t h a l i m i d e : 
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84 ADVANCES IN CHEMISTRY SERIES 

C2H5HgOCOCH3 + ΝαΟΗ + NH Ν · HgC2H5 

+ NaOCOCH3 + H20 
(9) 

E t h y l m e r e u r i c acetate reacts i n a s i m i l a r m a n n e r to replace h y d r o g e n of mercaptans , 
phenols , a n d compounds w h i c h enolize, such as the 1,3-diketones. 

A n example of the use of e thy lmereur i c acetate is the p r e p a r a t i o n of N - e t h y l -
mercur i -p - to luenesu l f onan i l ide . 

I V - E t h y l m e r c u r i - p - t o l u e n e s u l f o n a n i l i d e . T h e p r e p a r a t i o n of iV~-ethylmercur i -p -
to luenesul fonani l ide f r o m m e r c u r i c acetate, t e t rae thy l l ead , a n d p - to luenesul fonani l ide 
is descr ibed b y M o w e r y (11): 

3 H g ( O C O C H 3 ) 2 + ( C 2 H 5 ) 4 P b -> 3 C 2 H 5 H g O C O C H 3 + C 2 H 5 P b ( O C O C H 3 ) 3 (10) 

M e r c u r i c oxide is d isso lved i n g lac ia l acetic a c i d at 9 5 ° C , a n d the m e r c u r i c acetate 
f o r m e d reacts w i t h t e t rae thy l l ead at the same t e m p e r a t u r e . A f t e r coo l ing , the s o l u 
t i o n is added to a m i x t u r e of s o d i u m h y d r o x i d e a n d ice, a n d to this is added a so lut ion 
made b y d isso lv ing p - to luenesul fonani l ide i n aqueous s o d i u m h y d r o x i d e . A f t e r s t i r r i n g 
at r o o m temperature , the prec ip i ta te is f i l tered off a n d washed free of a l k a l i w i t h water . 
A f t e r d r y i n g , a 9 4 % y i e l d of iV" -e thy lmercur i -p - to luenesul fonani l ide of 9 0 % p u r i t y , as 
based on the m e r c u r y content , is obta ined . T h i s m a t e r i a l , a f ter d i l u t i o n w i t h ta lc to 
a 7 .70% concentrat ion , is so ld as Ceresan M seed d is in fec tant ( Ε . I . d u P o n t de 
N e m o u r s & C o . ) . 

Properties of Alkyl Mercurials 

E t h y l m e r e u r i c ch lor ide , bis ( e thy lmereur i c ) phosphate a n d i V - e t h y l m e r c u r i - p - t o l u -
enesulfonanil ide a l l exhib i t v o l a t i l i t y . B i s ( e thy lmereur i c ) phosphate is less vo la t i l e t h a n 
e thy lmereur i c ch lor ide , whi le 7V-ethy lmercur i -p - to luenesul fonani l ide is s t i l l less vo la t i l e . 
E t h y l m e r e u r i c ch lor ide has a l o w v a p o r pressure, subl imes r e a d i l y i n t o a i r at 4 0 ° C , a n d 
has a m e l t i n g p o i n t of 195°C. I t can be steam d i s t i l l ed . I t tends to evolve d i e t h y l -
m e r c u r y , a n d i n contact w i t h water v a p o r a n d organic mater ia l s th i s reac t i on is acce l 
erated . 

A l l a l k y l m e r c u r i a l s are p o w e r f u l fungic ides . E t h y l m e r e u r i c ch lor ide is about 25 
t imes m o r e p o w e r f u l t h a n m e r c u r i c ch lor ide as a fungic ide (5). I n compounds of the 
t y p e C 2 H 5 H g X , the X p a r t of the molecule has s m a l l effect o n the f u n g i c i d a l a c t i v i t y 
of the c o m p o u n d based on the m e r c u r y content , b u t the s o l u b i l i t y character is t i cs , v e s i 
cant ac t i on , a n d t o x i c i t y to h u m a n beings are large ly contro l l ed b y X . 

+ ΝαΟΗ 

( H ) 
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WHELEN—ALKYL MERCURIALS WITH TETRAETHYLLEAD 85 

Health Control 

T h e hazards associated w i t h the m a n u f a c t u r e of a l k y l m e r c u r y compounds are 
we l l k n o w n (1). T h e y are potent s k i n i r r i t a n t s , a n d w i l l produce severe ves i cu la t i on 
a n d b u r n s on br ie f s k i n contact . I n a d d i t i o n , these organic m e r c u r i a l s are absorbed 
t h r o u g h the s k i n as we l l as the lungs , p r o d u c i n g systemic , acute , a n d chronic m e r c u r y 
po i son ing ( m e r c u r i a l i s m ) . A t present, most codes designate a m a x i m u m al lowable 
concentrat i on of m e r c u r y i n the atmosphere for a n 8-hour d a y at 0.1 m g . per cubic 
meter (4). 

D i s a b i l i t i e s resu l t ing f r o m excess m e r c u r y a b s o r p t i o n can be prevented . T h e 
p r e v e n t i o n is one of adequate safety a n d hea l th measures i n the m a n u f a c t u r e of these 
organic m e r c u r i a l s . A d e q u a t e v e n t i l a t i o n is m a n d a t o r y i n opera t in g bu i ld ings , a n d 
the m e r c u r y content i n a i r is de termined cont inuous ly . 

A p r o g r a m to m a i n t a i n the n o r m a l h e a l t h of persons exposed to the a l k y l m e r 
cur ia l s has been effective. W o r k e r s are r equ i red to wear pro tec t ive c l o t h i n g t h a t c o n 
st i tutes a n effective b a r r i e r to s k i n absorp t i on to these organomercur ia ls . A m o n t h l y 
general p h y s i c a l e x a m i n a t i o n w h i c h inc ludes complete u r i n a l y s i s a n d b l ood count is 
p e r f o r m e d . U r i n a r y m e r c u r y levels of opera t ing personnel are checked before ass ign
m e n t to th is process. I f the u r i n a r y leve l c l imbs to 0.05 m g . of m e r c u r y per l i t e r , 
w e e k l y analyses are made u n t i l the l eve l drops below 0.05 m g . I f the l eve l cont inues to 
c l i m b a n d e v e n t u a l l y reaches 0.1 m g . per l i t e r , the m a n is r e m o v e d comple te ly f r o m 
contact w i t h organic mercur ia l s u n t i l the m e r c u r y concentrat i on drops below 0.1 m g . 
per l i t e r (4). 

O n fo l l owing th is p r o g r a m , no c l i n i c a l ind i cat ions of m e r c u r i a l i s m have occurred . 
T h e present m a x i m u m al lowable concentrat ion of 0.1 m g . per cubic meter of a i r for 
the organic mercur ia l s (or 0.08 m g . per cubic meter of a i r based on e lemental m e r c u r y ) 
appears real is t i c . F r o m the adequacy of hea l th preservat i on experience of 6 years 
u n d e r th i s p r o g r a m , the p r a c t i c a l i t y of reduct i on of th is leve l shou ld be examined 
care fu l ly . 

Utilization as Fungicides 

T h e use of a l k y l mercur ia l s has been chief ly as dis infectants for seeds a n d grains 
a n d for pro te c t i on of n e w l y sawed wood f r o m fungus a t t a c k , p a r t i c u l a r l y i n h u m i d 
c l imates (18). 

C o m m e r c i a l i z a t i o n of the a l k y l mercur ia l s as fungicides requ i red a rel iable t es t ing 
m e t h o d to show conc lus ive ly t h a t t h e y were efficient. T h e o r ig ina l test m e t h o d was 
based on the vo la t i l e n a t u r e of the compounds . T h e m e r c u r i a l was p laced be low the 
seeds or grains i n a closed conta iner , t h o u g h not i n contact w i t h t h e m or t h e i r s u p 
p o r t i n g m e d i u m . O n g e r m i n a t i o n , the s tand of seedlings was c o m p a r e d to a s tand 
g r o w n w i t h o u t t r e a t m e n t . E x t e n s i v e test ing was c a r r i e d out under v a r y i n g condit ions 
against var i ous fung i c ida l diseases, such as b u n t or s t i n k i n g smut , seed rots , a n d b l ights 
of cereal grains (14)- P r o t e c t i o n against numerous fung i c ida l diseases was g iven b y 
the a l k y l mercur ia l s , i n t h a t more seedlings a n d hea l th ier seedlings were ob ta ined . 

T o secure m a x i m u m efficiency as a fungic ide , the p r o d u c t m u s t be i n i ts most 
suitable p h y s i c a l f o r m a n d one w h i c h al lows easy a p p l i c a t i o n . I n the ear ly deve lop 
m e n t , a f inely d i v i d e d p r o d u c t d i l u t e d w i t h iner t so l id mater ia l s (3), such as ta lc or 
c a l c i u m carbonate , was u t i l i z e d as a d r y powder . I t is more feasible to a p p l y i t to 
seeds a n d grains b y a wet m e t h o d a n d thus e l iminate the dust nuisance. T h e present 
t r e n d is to ut i l i z e a l k y l mercur ia l s f r o m aqueous m e d i a , e i ther as s lurr ies or as 
water -so luble compounds . T h e n e w l y developed A f - e t h y l m e r c u r i - p - t o l u e n e s u l f o n -
ani l ide was f o r m u l a t e d to be a p p l i e d f r o m a water s l u r r y , a n d as Ceresan M seed 
d is in fectant i t is used more extensive ly n o w t h a n e thy lmereur i c ch lor ide a n d bis ( e t h y l -
m e r c u r i c ) phosphate . I t is p a r t i c u l a r l y useful for the c ont ro l of b u n t or s t i n k i n g smut , 
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86 ADVANCES IN CHEMISTRY SERIES 

seed rot , a n d seedling b l ights i n grains , a n d for the c o n t r o l of seed-borne fungus 
a n d bac ter ia l diseases w h i c h cause seed rot i n co t ton . One g r a m of V - e t h y l m e r c u r i -
p - to luenesul fonani l ide is ample to k i l l a l l the spores i n 1 bushel of wheat , w h i c h is a 
rat io of 1 to 27,000 or 0 .0033%. 

Other Mercurials. A n u m b e r of a l k y l a n d a r y l m e r c u r i a l s , p r e p a r e d b y methods 
other t h a n b y the use of t e t r a e t h y l l e a d , are u t i l i z e d as fungicides (10). T h e y f a l l 
m a i n l y in to four t y p e s : acetates, such as 2 - m e t h o x y e t h y l m e r c u r i c acetate, p h e n y l -
m e r c u r i c acetate, a n d the a m m o n i a complex of p h e n y l m e r c u r i c acetate ; ureas, such 
as p h e n y l m e r c u r i u r e a a n d ( a c e t o x y m e r c u r i ) m e t h y l u r e a ; phenols , such as ( h y d r o x y -
m e r c u r i ) n i t r o p h e n o l a n d ( h y d r o x y m e r c u r i ) c h l o r o p h e n o l , a n d p h e n y l m e r c u r i c s a l i c y l a t e ; 
a n d others, such as m e t h y l m e r c u r i c y a n o g u a n i d i n e . 

Effect on Agriculture. T h e use of a l k y l mercur ia l s is widespread for the c o n t r o l 
of fung i c ida l diseases, especial ly those of wheat a n d cereal grains . I t has m a d e pos 
sible increased y ie lds of wheat , c o rn , co t ton , a n d other v i t a l crops . A p p r o x i m a t e l y 
3 5 % of the seed u t i l i z e d i n these crops is t reated w i t h a fungic ide , a n d of th is about 
3 0 % is t rea ted w i t h a n a l k y l m e r c u r i a l . T h e a c t u a l sav ing b y the use of a fungic ide 
is dif f icult to determine , b u t a 1 0 % y i e l d increase is to be expected, or for each $1 
spent o n the purchase of fungicides $20 is r e t u r n e d . T h e es t imated o v e r - a l l y e a r l y 
va lue of the a l k y l mercur ia l s is of the order of $100,000,000, a n d t h e y have c o n 
t r i b u t e d m e a s u r a b l y to our a g r i c u l t u r a l abundance . 
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Organoboron Compounds 

ROY M. ADAMS 

Callery Chemical Co., Callery, Pa., and Geneva College, Beaver Falls, Pa. 

In this paper the definition of organoboron compounds is limited to those containing 
boron-carbon bonds. The nomenclature is that proposed by Wartik and Schaeffer and 
the Organic Subcommittee on Boron Nomenclature (116, 159). 

Preparations 

Trialkylboranes or Triarylboranes. The first report of the preparation of boron
-carbon bonds was made by Frankland almost one hundred years ago. Triethylborane 
was prepared by the reaction of diethyl zinc with ethyl borate. 

3(C2H5)2Zn + 2B(OC2H5)3 --> 2(C2H5)3B + 3Zn(OC2H5)2 

As a result, the alkylboranes are sometimes referred to as Frankland reagents by Euro
pean writers (52). Many alkyl- and arylboranes have been prepared by similar meth
ods using alkoxy- or haloboranes as the boron source, an alkyl or aryl halide as the 
carbon source, and an active metal as the condensing agent. 

B Y 3 + 6M + 3RX BR 3 + 3MY + 3MX 
Y = halide, oxide or alkoxide; X = halide; M = Li , Na, Mg, Zn, or A l ; R is alkyl or aryl. 

In most cases the intermediate metal alkyl or alkyl metal halide was isolated. In 
the first preparations of arylboranes, diarylmercury compounds were used (16, 37, 69, 
77-80, 82, 83, 99, 106, 107, 148, 162). In the case of hydrocarbons which react with 
active metals, the hydrocarbon has sometimes been used as the carbon source—e.g., 
naphthalene (88). Ethylene has also been used as the carbon source in forming an 
intermediate alkylaluminum halide (124). 

Al + AlCls + C 2 H 4 C2H5A1C12 + (C2H5)2A1C1 

The preparation of a boron-carbon bond directly from a boron compound and a 
hydrocarbon was first reported by Pace. Attempts to reproduce this preparation 
have been unsuccessful (118). Arnold has patented the reaction of acetylene with 
trichloroborane in the presence of mercurous chloride to form chlorovinylborane (2). 

Hg2Cl2 

BCI3 + C 2 H 2 > CI—CH=CH—BC12 

The ease of elimination of acetylene, by these compounds, in the presence of bases limits 
their usefulness (12). 

H H 

Cl—C=C—BC12 + 30H- -» B(OH)3 + C 2 H 2 + 3C1~ 
Hurd has reported the preparation of triethylborane from ethylene and diborane. The 
kinetics of this reaction was studied by Whatley and Pease (64, 161). 

B 2 H 6 + 6C 2H 4 -» 2(C2IIf))3B 
87 
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88 ADVANCES IN CHEMISTRY SERIES 

Others have s tud ied the react ion of d iborane w i t h u n s a t u r a t e d organic compounds , b u t 
the produc ts are u s u a l l y p o l y m e r i c (114, 147, 14&)-

Schlesinger f o u n d t h a t the react ion of d iborane w i t h m e t a l a l k y l s general ly gave 
m e t a l bo rohydr ides a n d a l k y l boranes (141)—e.g., 

( C H 3 ) 3 A 1 + 2 B 2 H 6 -> A 1 ( B H 4 ) 3 + ( C H 3 ) 3 B 

B r o k a w a n d Pease f o u n d t r i e t h y l b o r a n e among the products of the reac t i on of 
a l u m i n u m b o r o h y d r i d e w i t h ethylene. 

A 1 ( B H 4 ) 3 + 1 2 C 2 H 4 -> A 1 ( C 2 H 5 ) 3 + 3 ( C 2 H 5 ) 3 B 

Mono- or Dialkylboranes or Mono- or Diarylboranes. I n general , the preceding 
prepara t i ons can be modi f i ed to give chief ly m o n o - or d i a l k y l b o r a n e s by p r o p e r reactant 
s t o i ch iometry (167). 

B Y 3 + 6 M + R X -> B R Y 2 + M Y + M X 

W i b e r g a n d F i s c h e r have also f o u n d t h a t m o n o - or d ia lky lboranes m a y be p r e p a r e d by 
the r e d i s t r i b u t i o n of t r i a l k y l b o r a n e s w i t h h a l o - or a lkoxyboranes (45-48, 162). 

>ioo° c . 
B R g + B X 3 + Β (OR) ; k 3 B R ( X ) O R 

<100°C. 

S u c h red is t r ibut ions occur o n l y at e levated temperatures . A t r o o m temperatures the 
m i x e d products t e n d to d i spropor t i onate to the s y m m e t r i c a l boranes. 

T r i - p - t o l y l b o r a n e was exchanged w i t h t r ibromoboranes o n s tand ing at r o o m t e m 
perature for 5 days . O n l y p - t o l y lb romoboranes resul ted . T h e react ion was m u c h 
more r a p i d t h a n the exchange react ion of t r i p h e n y l b o r a n e w i t h t r i b r o m o b o r a n e (158). 

( H 3 C — C 6 H 4 ) 3 B + B B r 3 -> H 3 C — € 6 H 4 B B r 2 + ( H 3 C C 6 H 4 ) 2 B B r 

T h e o n l y r epor ted p r e p a r a t i o n of a m i x e d t r i a l k y l b o r a n e was b y K r a u s f r o m d i -
b u t y l b o r y l s o d i u m a n d m e t h y l iodide (6). 

( C 4 H 9 ) 2 B N a + C H 3 I - » ( C 4 H 9 ) 2 B C H 3 + N a l 

Le t s inger was able to prepare p h e n y l ( l - n a p h t h y l ) h y d r o x y b o r a n e b y the react ion of a 
l - n a p h t h y l d i a l k o x y b o r a n e w i t h p h e n y l l i t h i u m . 

C 6 H 6 L i + (1—CioH 7 )B (OR) 2 -> L i C 6 H 6 ( l — C i 0 H 7 ) B ( O R ) 2 

IHOH 
L i O H + 2 R O H + C 6 H 6 ( 1 — C i 0 H 7 ) B O H 

A t t e m p t s to prepare m i x e d a l k y l a r y l b o r a n e s were unsuccessful (88). 
T h e d ia lky lha loboranes can be p r e p a r e d b y react ion of the t r i a l k y l b o r a n e w i t h a 

h y d r o g e n ha l ide . 
( C H 3 ) 3 B + H C 1 -> ( C H 3 ) 2 B C 1 + C H 4 

T h e a d d i t i o n of a l u m i n u m hal ide a n d increased temperatures result i n the r e m o v a l 
of a second molecule of the a lkane (11, 52, 143, 162). 

(CH 3 ) 2 B C 1 + H C 1 ^ C H 3 B C 1 2 + C H 4 

L o n g has repor ted the p r e p a r a t i o n of d i p r o p y l i o d o b o r a n e f r o m t r i p r o p y l b o r a n e a n d 
iodine at 140°C. 

( C 3 H 7 ) 3 B + I 2 -> ( C 3 H 7 ) 2 B I + B 3 H 7 I 

T h e iodine m a y be rep laced b y chlor ine or bromine b y react ion w i t h the a p p r o p r i a t e 
a n t i m o n y hal ide (95). 

3 ( C s H 7 ) 2 B I + S b C l 3 -> 3 ( C 3 H 7 ) 2 B C 1 + S b l 3 
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ADAMS-ORGANOBORON COMPOUNDS 89 

T h e a l k y l fluoroboranes were first p r e p a r e d b y B u r g f r o m tr i f luoroborane a n d the 
a n h y d r i d e of the corresponding h y d r o x y b o r a n e (20). 

( C H 3 B O ) 3 + 3 B F 3 -> C H 3 B F 2 + ( F B O ) 3 

3 ( C H 3 ) , B O B ( C H 3 ) , + 3 B F 3 -> 6 ( C H 3 ) 2 B F + ( F B O ) 3 

M c C u s k e r f ound t h a t B u r g ' s m e t h o d was general ly sat i s factory for p r e p a r i n g the 
a lky ld i f luoroboranes a n d t h a t they were stable to d i s p r o p o r t i o n a t i o n . T h e secondary 
a n d t e r t i a r y compounds were spontaneously flammable. T h e t r i a l k y l b o r o x i n s a n d a l u 
m i n u m chlor ide gave evidence of the f o r m a t i o n of a lky ld i ch lo roboranes (98). 

A l k y l a l k o x y b o r a n e s . T h e m o n o a l k y l d i a l k o x y b o r a n e s m a y be p r e p a r e d b y the slow 
o x i d a t i o n of a l k y l boranes (52) 

R 3 B + 0 2 -> R B ( O R ) 2 

or b y the alcoholysis of the monoa lky lha loboranes or the m o n o a l k y l d i b o r a n e s . 

C H 3 B C 1 2 + 2 H O C 2 H 5 -> C H 3 B ( O C 2 H 5 ) 2 + 2 H C 1 

C H 3 B 2 H 5 + 5 H O C 2 H 6 C H 3 B ( O C 2 H 6 ) 2 + B ( O C 2 H 5 ) 3 + 5 H 2 

T h e m o n o a l k y l d i a l k o x y b o r a n e s are e v i d e n t l y intermediates i n the reactions of the 
m e t a l a l k y l s w i t h excess t r i a l k o x y b o r a n e , b u t they have se ldom been iso lated (llfi). 

W i t h mois t a i r the t r i a l k y l b o r a n e s are repor ted to y i e l d d i a l k y l a l k o x y b o r a n e s (67). 

( C 4 H 9 ) 3 B + 0 2
 m ° 1 S t U r e > ( C 4 H 9 ) 2 B O C 4 H 9 

D i - n - b u t o x y p h e n y l b o r a n e reacted w i t h phosphorus pentachlor ide to give p h e n y l 
d i ch loroborane . S i m i l a r reactions were obta ined w i t h b o t h m - a n d p- b i s - ( d i b u t o x y 
b o r y l ) benzenes. A t t e m p t s to reduce the pheny ld i ch loroboranes w i t h l i t h i u m a l u m i n u m 
h y d r i d e d i d not give pheny lborane . Pheny ld i f luoroborane was p r e p a r e d b y the reac t i on 
of d i m e t h o x y p h e n y l b o r a n e w i t h t r i f luoroborane (99). 

C 6 H 5 B ( O C 4 H 9 ) 2 + P C 1 5 -> C 6 H 5 B C 1 2 + ( C 4 H 9 0 ) 2 P C 1 3 ? 

3 C 6 H 6 B ( O C H 3 ) 2 + 2 B F 3 3 C 6 H 6 B F 2 + 2 B ( O C H 3 ) 3 

Lets inger has p r e p a r e d a n u m b e r of d iary laminoe thoxyboranes a n d f o u n d t h e m to 
be u n u s u a l l y stable because of the i n t e r n a l dat ive b o n d 

A r 
I 

A r B Ο 
î I 

H 2 N C H 2 

H 2 

H e f o u n d these compounds convenient for i so lat ing d i a r y l h y d r o x y b o r a n e s , a n d the d i -
e thano lamine der ivat ives for the i so lat ion of the a r y l d i h y d r o x y b o r a n e s (90). 

H e also repor ted the i so la t ion of the first repor ted heterocyc l i c c o m p o u n d w i t h o n l y 
carbon a n d b o r o n i n the r i n g , b y the f o l l owing react ion (91 ) : 

C H 2 C H 2 

( J ^ J ) + ( C 4 H 9 0 ) 3 B 
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90 ADVANCES IN CHEMISTRY SERIES 

K u i v i l a has invest igated the ethers of p h e n y l d i h y d r o x y b o r a n e w i t h several p o l y a l -
cohols, i n c l u d i n g sorb i to l , m a n n i t o l , p i n a c o l , catechol , p e n t a e r y t h r i t o l , d i e t h y l D - t a r t r a t e , 
a n d c i s - i n d a n - l , 2 - d i o l . These were p r e c i p i t a t e d b y mere ly a d d i n g the p h e n y l d i h y d r o x y 
borane to a s a t u r a t e d so lut ion of the p o l y o l (86). 

O — C R 2 

A r B ( O H ) 2 + ( R 2 C O H ) 2 -> Ar—Β + 2 H 2 0 

O — C R 2 

H e also f ound t h a t α-hydroxyisobutyric ac id ties u p p h e n y l d i h y d r o x y b o r a n e as a c o m 
plex an ion (84). 

O H 

C 6 H 6 B ( O H ) 2 + H ( C H 3 ) 2 — C H ( O H ) C O O H • CGHB-

o 

- B 
I 

o -

c = o 

C H 3 

C H 3 

+ H 3 0 + 

Recent w o r k b y Lets inger has demonstrated t h a t the d i a l k y l a l k o x y b o r a n e s m a y be 
prepared f r o m G r i g n a r d reagents a n d a lkoxyboranes b y the use of 1,2-ethandiol to sep
arate the d i a l k y l f r o m the m o n o a l k y l a t e d p r o d u c t . T h e resu l t ing ethers differ w ide ly 
i n v o l a t i l i t y (89). 

2 ( C 4 H 9 ) 2 B O C H 3 + H O C H 2 C H 2 O H 

C 4 H 9 B ( O C H 3 ) 2 + H O C H 2 C H 2 O H -

-» ( C 4 H 9 ) 2 B O C H 2 C H 2 O B ( C 4 H 9 ) 2 + 2 C H 3 O H 

C 4 H 9 B ( O C H 2 - ) 2 + 2 C H 3 O H 

M e e r w e i n f o u n d i n a n u n u s u a l reac t ion t h a t t r i a l k y l b o r a n e s reacted w i t h aldehydes 
to give d i a l k y l a l k o x y b o r a n e s (102). 

( 0 2 Η Δ ) 3 Β + C 6 H 5 C H O -> ( C 2 H 5 ) 2 B O C H 2 C 6 H 5 + C 2 H 4 

B o r o n bonds to most elements other t h a n carbon h y d r o l y z e to f o rm the h y d r o x y -
boranes (41, 43, 70, 134, 139, 142). 

R 2 B Y + H O H -> R 2 B O H + H Y 

R = a l k y l or a r y l , Y = halogen, alkoxide, hydride , amide, or oxide. 

T h e a l k y l h y d r o x y b o r a n e s lose water r ead i l y (43). 

2 R 2 B O H H O H + R 2 B O B R 2 

3 R B ( O H ) 2 ( R B O ) 3 + 3 H 2 0 
cyclic 

(58). 
T h e t r i a l k y l b o r o x i n s can also be p r e p a r e d f r o m bor ic oxide a n d the t r i a l k y l b o r a n e 

B 2 0 3 + ( C H 3 ) 3 B ^ ± ( C H 3 ) 3 B 3 0 3 

Alkylboranes with Functional Groups in the Side Chain . L y l e has s tud ied the 
p r e p a r a t i o n of t r i a l k y l boranes w i t h t e r m i n a l or a l p h a double bonds or e thereal groups 
i n the side c h a i n . H e found that the s t a b i l i t y of the G r i g n a r d reagent was general ly 
l i m i t i n g i n these preparat i ons . P h y s i c a l propert ies a n d i n f r a r e d spectra gave evidence 
of i n t r a m o l e c u l a r association (97). 

H 2 H 2 

C — C 

Η , Ο ^ Ο — C H 3 

\ • 
Β 

/ \ 
C H 3 O C 3 H 6 0 3ΗβΟΟΗ3 

H 2 C - C H 

I il 
H 2 C C H 2 

\ / 
B -

C 4 H 7 0 4 Η 7 

Pu
bl

is
he

d 
on

 J
an

ua
ry

 1
, 1

95
9 

on
 h

ttp
://

pu
bs

.a
cs

.o
rg

 | 
do

i: 
10

.1
02

1/
ba

-1
95

9-
00

23
.c

h0
10



ADAMS-ORGANOBORON COMPOUNDS 91 

R o t h s t e i n a n d S a v i l l e ob ta ined b i s ( d i a l l y l b o r y l ) oxide a n d t r i - n - b u t y l b o r a n e r a t h e r 
t h a n the expected a l l y l d i - n - b u t y l b o r a n e f r o m the reac t i on of a l l y l m a g n e s i u m b r o m i d e 
w i t h d i - n - b u t y l b r o m o b o r a n e . T h e ev ident course of the react ion was 

2 C 3 H 6 M g B r + 3 ( C 4 H 9 ) 2 B B r -> 2 ( C 4 H 9 ) 3 B + ( C 3 H 5 ) 2 B B r + 2 M g B r 2 

2 ( C 3 H 5 ) 2 B B r + H O H -> 2 H B r + ( C 3 H 5 ) 2 B O B ( C 3 H 5 ) 2 

B i s ( d i a l l y l b o r y l ) oxide was also ob ta ined f r o m the reac t ion of a l l y l m a g n e s i u m b r o 
mide w i t h t r i f luoroborane (123). 

R i t t e r has p r e p a r e d several v i n y l - t y p e boranes b y the reac t ion of v i n y l s o d i u m or 
p r o p e n y l l i t h i u m w i t h d i m e t h y l b r o m o b o r a n e . 

C H 2 = C H N a + ( C H 3 ) 2 B B r -> ( C H 3 ) 2 B C H = C H 2 + N a B r 

T h e produc ts were u n u s u a l l y stable to d i s p r o p o r t i o n a t i o n , a p p a r e n t l y because of 
p i b o n d i n g between the v i n y l g roup a n d the b o r o n 

H 3 C H 3 C 
\ H H \ H H 

B — C = C H ^± B - = C — C H 
/ / 

H 3 C H 3 C 

M e t h y l d i v i n y l , t r i v i n y l , a n d t r i m e t h y l b o r a n e s were ob ta ined as w e l l as the u n u s u a l b i s -
( d i m e t h y l b o r y l ) ethane, p r o b a b l y f r o m e t h e n y l d i s o d i u m , w h i c h is k n o w n to be a n i m 
p u r i t y i n v i n y l s o d i u m preparat i ons (115). 

2 ( C H 3 ) 2 B B r + N a C H = C H N a -> 2 N a B r + ( C H 3 ) 2 B C H = C H B ( C H 3 ) 2 

Diborylalkanes and Diborylbenzenes. Schlesinger p r e p a r e d b i s ( d i c h l o r o b o r y l ) -
ethane b y the reac t ion of d i b o r o n te t rach lor ide w i t h ethylene 

B 2 C 1 4 + C 2 H 4 -> C 1 2 B C H 2 C H 2 B C 1 2 

T h e chlor ines m a y be rep laced b y m e t h o x y groups b y t r e a t m e n t w i t h m e t h a n o l a n d b y 
m e t h y l groups b y t rea tment w i t h d i m e t h y l z inc . 

C 1 2 B C H 2 C H 2 B C 1 2 + 4 C H 3 O H -> ( C H 3 0 ) 2 B C H 2 C H 2 B ( O C H 3 ) 2 + 4 H C 1 
C 1 2 B C H 2 C H 2 B C 1 2 + 2 ( C H 3 ) 2 Z n -> 2 Z n C l 2 + ( C H 3 ) 2 B C H 2 C H 2 B ( C H 3 ) 2 

T h e m e t h y l d e r i v a t i v e decomposes s l o w l y to give t r i m e t h y l b o r a n e a n d unident i f i ed b y 
products . S i m i l a r produc ts have been p r e p a r e d b y the react ion of d i b o r o n te t rach lor ide 
w i t h propene, 2-butene, cyc lopropane , a n d acetylene (154). 

T h e replacement of the chlor ines b y h y d r o g e n has not g iven a stable p r o d u c t (131). 
M c E w e n has also p r e p a r e d the m- a n d p - b i s d i h y d r o x y b o r y l benzenes f r o m the 

corresponding dibromobenzenes . T h e d i l i th iumbenzenes were p r e p a r e d b y exchange 
w i t h b u t y l l i t h i u m . T h e l i t h i u m c o m p o u n d was then t reated w i t h m e t h y l borate . A 
s i m i l a r p r e p a r a t i o n was c a r r i e d out us ing G r i g n a r d procedures . T h e s t ruc ture of each 
c o m p o u n d was p r o v e d b y cleavage w i t h b romine to the respective d ibromobenzene a n d 
bor ic a c i d . These compounds were also p r e p a r e d f r o m the in te rmed ia te b r o m o p h e n y l 
borox ins (99). 

Br—<f~\—Br + 2 C 4 H 9 L i -> LifSu + 2 C 4 H 9 B r 

L i — / ~ Λ — L i + B ( O C H 3 ) 3 -> ( C H 3 0 ) 2 B / ~ \ - L i + B ( O C H 3 ) 3 -> ( C H s O ^ B f ^ B ( O C H , ) i " + 2Li+ 

Ι 6HOH 
\ = / 

6 
( H O ) 2 B < f ^ B ( O H ) 2 + 2LÎOH + 6 C H 3 O H 

J2Br 2 + 2HOH 

B r < v 3 B r + 2 b ( o h ) 3 + 2 H B r 
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92 ADVANCES IN CHEMISTRY SERIES 

A l k y l d i b o r a n e s . T r i m e t h y l b o r a n e a n d diborane react i n propor t i ons of 5 to 1 to 
give 4 0 % of m e t h y l d i b o r a n e a n d 6 0 % of d i m e t h y l d i b o r a n e . I n a 1 to 4 ra t i o the p r o d 
ucts are t r i m e t h y l d i b o r a n e a n d t e t r a m e t h y l d i b o r a n e , exc lus ive ly (11$). 

n / 3 ( C H 3 ) 3 B + B o H e -> B 2 H 6 ( 6 _ n ) ( C H 3 ) r i 

T h e e t h y l a n d p r o p y l d i b o r a n e s were also p r e p a r e d b y Schlesinger f r o m the corre 
spond ing t r i a l k y l b o r a n e s a n d diboranes . M o n o - , c i i - , t r i - , a n d te t raethy ld iboranes a n d 
m o n o - a n d d i p r o p y l d i b o r a n e s w rere isolated (138). 

S y m m e t r i c a l d i m e t h y l d i b o r a n e is p r e p a r e d b y t r e a t i n g m e t h y l d i b o r a n e w i t h four 
t imes i ts v o l u m e of m e t h y l ether at d r y ice tempera ture . T h e products are m e t h y l 
e ther -borane , w h i c h is stable at d r y ice t e m p e r a t u r e , a n d s y m m e t r i c a l d i m e t h y l d i b o r a n e . 

2 C H 3 H B H 2 B H 2 + 2 ( C H 3 ) 2 0 -> C H 3 H B H 2 B H C H 3 + 2 ( C H 3 ) 2 0 : B H 3 

R o s e n b l u m found that t r i b u t y l b o r a n e decomposed on heat ing to give butene a n d 
d i b u t y l d i b o r a n e (122). 

2 ( C 4 H 9 ) 3 B -> 4 C 4 H 8 + ( C 4 H 9 ) 2 B 2 H 4 

Reactions 

M a n y of the reactions of the a l k y l - a n d ary lboranes have been covered i n the p r e 
ceding sections. 

W i t h H y d r o g e n . T h e a lky lboranes do not react w i t h hydrogen at o r d i n a r y t e m 
perature a n d pressure ; however , so l id p y r o l y s i s products m a y be f o rmed u n d e r extreme 
condit ions (5). 

W i t h M e t a l s . K r a u s e f irst r epor ted a react ion between s o d i u m a n d t r i p h e n y l -
borane to give a colored c rys ta l l ine p r o d u c t , s o d i u m t r i p h e n y l b o r a t e ( - l ) 

ether 
( C 6 H 5 ) 3 B + N a > N a B ( C 6 H 5 ) 3 

T h e p r o d u c t reacted i n s t a n t l y w i t h oxygen. I t was t i t r a t a b l e w i t h iodine i n ether a n d 
reacted w i t h a l k y l halides a n d carbon dioxide . T h e ethereal so lut ion conducted elec
t r i c i t y . T h e s o d i u m cou ld be removed b y s h a k i n g w i t h m e r c u r y . T r i - p - t o l y l b o r a n e 
b e h a v e d s i m i l a r l y (81). 

B e n t s tud ied s i m i l a r react ions w i t h t r i n a p h t h y l b o r a n e a n d f o u n d t h a t a second a t o m 
of s o d i u m c o u l d be added . H e s tudied the conduct iv i t i es of the other solut ions of b o t h 
the m o n o - a n d d i s o d i u m complexes (9, 36). 

B ( l — G o H 7 ) 3 + N a - > N a B ( l — C i 0 H 7 ) 3 

N a B ( l — C i 0 H 7 ) 3 + N a -> N a 2 B ( l — C i 9 H 7 ) 3 

C h u has s tud ied the magnet i c suscept ib i l i ty a n d v is ib le s p e c t r u m of s o d i u m t r i -
p h e n y l b o r a t e ( - l ) . H e f ound t h a t i t was not paramagnet i c a n d assumed t h a t the anions 
m u s t be d imer i c . S o d i u m t r i m e s i t y l borate ( -1 ) was f o u n d to have one u n p a i r e d e lectron . 
L a c k of d i m e r i z a t i o n is a p p a r e n t l y due to steric factors . T r i s - l ( 2 - m e t h y l n a p h t h y l ) 
borane r emoved the s o d i u m f r o m s o d i u m t r i m e s i t y l b o r a t e ( - 1 ) , p r e s u m a b l y because of 
higher e lectron af f inity (32, 33). 

B ( C n H 9 ) , + NaB (CeHii) 8 -> N a B ( C n H 1 0 ) 3 + B ( C 9 H n ) 3 

K r a u s e r epor ted t h a t u n l i k e the t r i a r y l b o r a n e s , the t r i a l k y l b o r a n e s d i d not react 
w i t h meta ls (80). H o w e v e r , K r a u s has repor ted the react ion of d i b u t y l c h l o r o b o r a n e 
i n ether w i t h s o d i u m - p o t a s s i u m a l l oy to give d i b u t y l b o r y l 

( C 4 H 9 ) 2 B C 1 + M - » M C I + ( C 4 H 9 ) 2 B 

where M is 1 equ iva lent of s o d i u m po tass ium a l l oy . 
I n c ompar i son W i b e r g f ound t h a t the react ion of d im et h y l ch l o roboran e w i t h s o d i u m 
gave t r i m e t h y l b o r a n e a n d a p o l y m e r i c m a t e r i a l (167). 
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ADAMS-ORGANOBORON COMPOUNDS 93 

B u r g f ound t h a t u p o n contact w i t h s o d i u m i n l i q u i d a m m o n i a at — 7 8 ° C . t e t r a -
m e t h y l d i b o r a n e is spl i t equa l l y in to a m m o n i a - d i m e t h y l b o r a n e a n d a n u n u s u a l sa l t . 

( C H 3 ) 2 B H 2 B ( C H 3 ) 2 + 2 N a + N H 3 -> ( C H 3 ) 2 H B — N H 3 + N a B H ( C H 3 ) 2 

T h i s salt is stable as a whi te so l id i n \^acuum even at 9 0 ° C . I t hydro lyzes r a p i d l y a n d 
q u a n t i t a t i v e l y to d i m e t h y l h y d r o x y b o r a n e , h y d r o g e n , a n d s o d i u m h y d r o x i d e . T r i -
m e t h y l b o r a n e is added i n l i q u i d a m m o n i a to f o r m a ye l l ow so l id w h i c h is also stable i n 
v a c u u m at 100°C. {23). 

N a 2 B H ( C H 3 ) 2 + 3 H O H -> 2 N a O H + 2 H 2 + ( C H 3 ) 2 B O H 

N a 2 B H ( C H 3 ) 2 + B ( C H 3 ) 3 - * N a 2 B H ( C H 3 ) 2 B ( C H 3 ) 3 

T h e corresponding po tass ium salt was p r e p a r e d b y the same methods , b u t a t t e m p t s 
to prepare the l i t h i u m salt were unsuccessful . T h e s o d i u m salt reduces chloros i lane to 
silane a n d reacts w i t h aqueous h y d r o c h l o r i c ac id to f o r m a p p a r e n t l y p o l y m e r i c s o d i u m 
d i m e t h y l b o r y l (30). 

N a 2 H B ( C H 3 ) 2 + C l S i H 3 -> N a C l + S i H 4 + [ N a B ( C H 3 ) 2 ] x 

S o d i u m d i m e t h y l b o r y l reacted w i t h a m m o n i a to f o r m a m i n o d i m e t h y l b o r a n e a n d a 
h i g h l y reduc ing residue (25). 

N a B ( C H 3 ) 2 + N H 3 -> ( C H 3 ) 2 B N H 2 + N a H ? 

Reactions with Metal Hydrides or Organometallics. F i s h e r p r e p a r e d l i t h i u m 
b o r o h y d r i d e b y the hydrogénation of a l i t h i u m h y d r i d e - t r i e t h y l b o r a n e adduct at 240°C . 
under 2000 p .s . i . i n cyc lohexane (50). 

L i B H ( C 2 H 5 ) 3 + 3 H 2
 2 4 ° ° C , > L i B H 4 + 3 C 2 H 6 

3000 p.s.i. 

T r i e t h y l b o r a n e forms a l i q u i d 1 to 1 adduc t w i t h s o d i u m h y d r i d e w h i c h has not been 
charac ter i zed . L i t h i u m h y d r i d e dissolves i n a d i e t h y l ether so lut ion of t r i m e t h y l b o r a n e 
a n d is recovered as l i t h i u m h y d r i d e u p o n e v a p o r a t i o n of the so lut i on . E v i d e n t l y a re -
v e r s i b l y f o r m e d l i t h i u m h y d r i d e - t r i m e t h y l b o r a n e adduc t is responsible (19). 

L i H + B ( C H 3 ) 3 ^± L i B H ( C H 3 ) 3 

A l u m i n u m h y d r i d e i n ether a n d t r i m e t h y l b o r a n e reac ted ; however , the p r o d u c t 
cou ld not be freed f r o m the ether (132). 

Schlesinger f ound t h a t t r i m e t h y l b o r a n e reacted w i t h l i t h i u m a l u m i n u m h y d r i d e to 
f o r m l i t h i u m m e t h y l t r i h y d r o a l u m i n a t e a n d d i m e t h y l a l u m i n u m h y d r i d e (160). 

L i A l H 4 + ( C H 3 ) 3 B -> L i A l H 3 C H 3 + ( C H 3 ) 2 A 1 H 

T r i m e t h y l b o r a n e reacted w i t h u r a n i u m b o r o h y d r i d e to give m e t h y l a t e d der iva t ives . 
M e t h y l t r i h y d r o b o r a t o t r i s ( t e t r a h y d r o b o r a t o ) u r a n i u m is the most v o l a t i l e k n o w n c o m 
p o u n d of u r a n i u m . T e t r a k i s ( m o n o m e t h y l t r i h y d r o b o r a t o ) u r a n i u m was also i so lated . 
These mater ia l s reacted w i t h water a n d h y d r o g e n chlor ide as fol lows (129): 

U ( B H 4 ) 3 ( B H 3 C H 3 ) + 1 2 H 2 0 -> U ( O H ) 4 + 1 5 H 2 + C H 3 B ( O H ) 2 + 3 H B 0 2 

U ( B H 4 ) 3 ( B H 3 C H 3 ) + 6HC1 -> U C 1 4 + 6 H 2 + 3 /2 B 2 H 6 + C H 3 B C 1 2 

U ( B H 3 C H 3 ) + 12HC1 -> U C 1 4 + 1 2 H 2 + 4 C H 3 B C 1 2 

E a r l y a t t empts to react t r i m e t h y l b o r a n e w i t h m e t a l a l k y l s a n d a r y l s fa i led (153). 
H o w e v e r , J o h n s o n f o u n d t h a t t r i b u t y l b o r a n e reacted exo thermal ly w i t h d i p h e n y l m a g -
nes ium i n ether. S e p a r a t i o n into two layers occurred . O n l y one mole of t r i b u t y l 
borane reacted w i t h one mole of d i p h e n y l m a g n e s i u m . T r i b u t y l b o r a n e reacted exo
t h e r m a l l y w i t h e t h y l l i t h i u m , b u t less v igorous ly w i t h b u t y l l i t h i u m a n d b u t y l m a g n e s i u m 
bromide . T r i b u t y l b o r a n e d i d not react w i t h d i b u t y l z i n c (69). 

L i C 2 H 5 + B ( C 4 H 9 ) 3 L i B ( C 4 H 9 ) 3 C 2 H 5 

M g ( C 6 H 5 ) 2 + B ( C 4 H 9 ) 3 -> C 6 H 5 M g B ( C 4 H 9 ) 3 C 6 H ô 
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94 ADVANCES IN CHEMISTRY SERIES 

Schlesinger f o u n d t h a t e t h y l l i t h i u m added equal m o l a r quant i t i es of t r i m e t h y l 
borane to f o r m a w h i t e c rys ta l l ine adduc t (128). 

L i C 2 H 6 + B ( C H 3 ) 3 -> L i B ( C H 3 ) 3 C 2 H 6 

H u r d p r e p a r e d l i t h i u m t e t r a m e t h y l b o r a t e b y the reac t ion of m e t h y l l i t h i u m w i t h 
t r i m e t h y l b o r a n e i n e t h y l ether. T h i s m a t e r i a l was stable i n v e r y d r y a i r , b u t sometimes 
i g n i t e d i n mois t a i r . I t was soluble i n ether a n d disso lved w i t h o u t reac t i on i n water . 
A c i d i f i c a t i o n of the aqueous s o l u t i o n resul ted i n the e v o l u t i o n of t r i m e t h y l b o r a n e . 
E l e c t r o l y s i s of the aqueous so lut i on gave methane , ethane, a n d cyc lopropane (65). 

W i t t i g f o u n d t h a t t r i p h e n y l b o r a n e forms stable complexes w i t h l i t h i u m h y d r i d e a n d 
b u t y l l i t h i u m (70). 

W i t t i g f irst r epor ted the p r e p a r a t i o n of a t e t r a p h e n y l b o r a t e a n i o n b y the reac t ion 
of t r i p h e n y l b o r a n e w i t h p h e n y l l i t h i u m . 

L i C 6 H 5 + Β ( Ο β Η δ ) 3 -> Li+B(C»H. )r 

H e also p r e p a r e d the h y d r o t r i p h e n y l b o r a t e a n i o n b y the reac t i on of l i t h i u m h y d r i d e 
w i t h t r i p h e n y l b o r a n e . 

L i H + B ( C 6 H 6 ) 3 -> L i + + B H ( C 6 H 5 ) r 

A n u m b e r of salts of the t e t r a p h e n y l b o r a t e a n i o n were p r e p a r e d b y metathes is a n d the 
usefulness of th i s i o n i n the g r a v i m e t r i c d e t e r m i n a t i o n of po tass ium, r u b i d i u m , ces ium, 
a n d a m m o n i u m ions was p o i n t e d out . T h e u n u s u a l c o m p o u n d t e t r a p h e n y l p h o s p h o n i u m 
t e t r a p h e n y l b o r a t e was p r e p a r e d b o t h m e t a t h e t i c a l l y a n d b y the reac t i on of p e n t a -
p h e n y l p h o s p h o r u s a n d t r i p h e n y l b o r a n e . 

P ( C 6 H 5 ) 8 + Β ( 0 6 Η δ ) 3 -> ( C 6 H 5 ) 4 P + + B ( C 6 H 6 ) 4 -

A t e t r a p h e n y l b i s m u t h o n i u m a n d a d i p h e n y l i o d o n i u m salt were s i m i l a r l y p r e p a r e d . H e 
also p r e p a r e d c y a n o t r i p h e n y l b o r a t e s b y the reac t ion of t r i p h e n y l b o r a n e w i t h m e t a l c y 
anides a n d c y a n o t r i h y d r o b o r a t e s b y the reac t ion of l i t h i u m b o r o h y d r i d e w i t h h y d r o 
cyan i c ac id . These complex cyanoborates are r e m a r k a b l y stable to h y d r o l y s i s a n d 
t h e r m a l decompos i t ion . 

B ( C e H 6 ) + N a C N -> Na+ + B ( C N ) ( C 6 H 6 ) 3 -

L1BH4 + H O N -> L i + + B H 3 C N - + H 2 

T h e h y d r o x y t r i p h e n y l b o r a t e an ion a n d the p h e n y l e t h y n y l t r i p h e n y l borates were p r e 
p a r e d s i m i l a r l y . 

O H " + ( C 6 H 5 ) 3 B -> B ( O H ) ( C 6 H 5 ) 3 -

C 6 H 5 C = C - + ( C 6 H 5 ) 3 B -> B ( C = C — C 6 I I 5 ) ( C 6 H 5 ) 3 -

These compounds were usua l l y a n a l y z e d b y decompos i t i on w i t h aqueous m e r c u r i c c h l o 
r ide (172). 

( C 6 H 5 ) 4 B - + 4 H g C l 2 + 3 H O H -> 4 C 6 H 5 H g C l + 4 C 1 " + 3H+ + 3 B ( O H ) 8 

T h e use of the t e t r a p h e n y l b o r a t e an ion to prec ip i ta te the heavier a l k a l i meta ls was 
patented b y H e y l (62). A great deal of s t u d y has been m a d e of th i s i o n as a n a n a 
l y t i c a l t oo l for the a l k a l i meta ls . T h e analys is m a y be c a r r i e d out g r a v i m e t r i c a l l y , 
t i t r i m e t r i c a l l y w i t h s i lver n i t r a t e , or conduc tometr i ca l l y (4, 51, 54, 57). 

K r a u s has s tud ied the e lec tro lyt i c propert ies of several t r i a r y l b o r a n e complexes 
w i t h s m a l l anions such as h y d r o x i d e , fluoride, a n d amide (72). 

Reactions with Oxygen and Oxidizing Agents. G r u m m i t t r epor ted t h a t the ease 
of ox ida t i on of a l k y l boranes decreased w i t h increas ing a l k y l c h a i n l e n g t h a n d i n 
creased r a p i d l y i n the order p r i m a r y , secondary, t e r t i a r y . H e f o u n d i n d i c a t i o n of 
peroxide intermediates (60). 

B a m f o r d a n d N e w i t t f ound t h a t t r i m e t h y l b o r a n e ox id ized m u c h less r e a d i l y t h a n 
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ADAMS—ORGANOBORON COMPOUNDS 95 

t r i p r o p y l b o r a n e , t h a t the react ion was a c h a i n process beg inn ing a n d ending o n wal l s , 
a n d t h a t i t was s t rong ly i n h i b i t e d b y m i x t u r e s of t r i f luoroborane a n d water ( 7 ) . T h e y 
f o u n d ind i cat i ons t h a t t r i m e t h y l b o r a n e f o rmed a 1 to 1 a d d i t i o n p r o d u c t w i t h oxygen. 
V e r h o e k has corroborated th is a n d iso lated the adduc t . H e found i t to be stable to a i r 
at r oom t e m p e r a t u r e a n d atmospher i c pressure a n d to be equiva lent i n o x i d i z i n g power 
to a t y p i c a l hydroperox ide of the same mo lecu lar weight [157). 

T h e d i a r y l h y d r o x y b o r a n e s react w i t h chlor ine w a t e r or b r o m i n e water to y i e l d the 
a r y l d i h y d r o x y b o r a n e accord ing to the f o l l owing equat ion . 

A r 2 B O H + X 2 + H 2 0 -> A r B ( O H ) 2 + H X + A r X 

I n the presence of excess halogen the a r y l d i h y d r o x y b o r a n e is decomposed to bor i c a c i d 
accord ing to the equat i on (1, 103) 

A r B ( O H ) 2 + X 2 + H 2 0 -> A r X + H X + B ( O H ) 3 

K r a u s e repor ted t h a t t r i b e n z y l b o r a n e is s i m i l a r to a lky lboranes i n i t s l ow m e l t i n g 
po in t a n d r e a c t i v i t y w i t h oxygen. A l t h o u g h 1 -naphthy lborane is stable i n a i r , most of 
the ary lboranes oxidize i n a i r to f o r m the a r y l b o r o n oxide, b u t do not ign i te . T h e y 
also react r a p i d l y w i t h alcohols (78, 79, 80, 82). 

A r 3 B + 1/2 0 2 + H 2 0 -> A r B O + 2 A r O H 

P h e n y l d i h y d r o x y b o r a n e reacts w i t h h y d r o g e n peroxide to y i e l d p h e n o l a n d bor ic 
a c id . I t also reacts w i t h 5 0 % s o d i u m h y d r o x i d e , w a t e r under pressure, or bo i l ing c o n 
centrated h y d r o c h l o r i c a c i d to give benzene a n d bor i c a c i d (1). 

C 6 H 6 B ( O H ) 2 + H 2 0 2 > C 6 H 5 O H + B ( O H ) 3 

+ H 2 0 ^ - ^ > C 6 H 6 + B ( O H ) 3 

T h e d i a r y l h y d r o x y b o r a n e s react w i t h h y d r o g e n peroxide t o y i e l d a r y l d i h y d r o x y -
boranes accord ing to the e q u a t i o n : 

R 2 B O H + H 2 0 2 -> R B ( O H ) 2 + R O H 

I n the presence of excess h y d r o g e n peroxide bor i c a c i d is f o r m e d (101) : 

R B ( O H ) 2 + H 2 0 2 -> R O H + B ( O H ) 3 

T h e a c i d d issoc iat ion constants of a large n u m b e r of the a r y l d i h y d r o x y b o r a n e s 
have been s tud ied (173). 

Severa l a r y l d i h y d r o x y boranes are r a p i d l y ox id i zed b y a lka l ine po tass ium p e r m a n 
ganate at r o o m t e m p e r a t u r e . B o t h the 1- a n d 2 - n a p h t h y l der ivat ives give p h t h a l i c 
a c i d . o - T o l y l a n d o- a n d p - p h e n e t y l der ivat ives are also r a p i d l y ox id ized . T h e rate 
of o x i d a t i o n w i t h m - p h e n e t y l is moderate , whi le p h e n y l a n d m - a n d p - t o l y l are resistant 
to o x i d a t i o n of the benzene r i n g . T h e react ion p r o b a b l y proceeds t h r o u g h the r e m o v a l 
of the d i h y d r o x y b o r y l g r o u p b y o x i d a t i o n . Pheno ls are produced w h i c h are i n general 
r a p i d l y ox id i zed (10). 

T h e t o l y l d i h y d r o x y b o r a n e s are ox id ized b y po tass ium permanganate to the c a r -
b o x y l p h e n y l d i h y d r o x y b o r a n e (71). 

B e n z y l - a n d n a p h t h y l d i h y d r o x y b o r a n e s reduce s i lver n i t r a t e (70, 108). 

C i o H 7 B ( O H ) 2 + 2Ag+ + 2 H O H -> C i 0 H 7 O H + B ( O H ) 3 + 2 A g + 211+ 

Reactions with Ammonia and Amines 

T h e reactions of a l k y l b o r a n e s w i t h a m m o n i a a n d amines have been s tud ied exten
s ive ly . F r a n k l a n d first r epor ted the adduct of t r i e t h y l b o r a n e a n d a m m o n i a (53). 

C o p l e y first discussed the isoster ism of boron -n i t rogen compounds w i t h c a r b o n 
compounds (38). B r o w n has m a d e a n extensive s t u d y i n this field a n d has shown 
steric effects o n m a n y organic reac t ion mechanisms b y us ing s ter i ca l ly s i m i l a r a l k y l -
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96 ADVANCES IN CHEMISTRY SERIES 

b o r a n e - a l k y l a m i n e react ions. A s a result the stabi l i t ies a n d dissoc iat ion pressures of 
m a n y amine-boranes have been measured {17). 

H e repor ts t h a t t r i m e t h y l b o r a n e a n d t r i e t h y l b o r a n e are most eas i ly h a n d l e d a n d 
pur i f i ed as the t r i m e t h y l a m i n e a n d a m m o n i a adducts , respect ive ly . T h e t r i m e t h y l b o 
rane was freed f r o m t r i m e t h y l a m i n e b y a series of r a p i d d i s t i l l a t i ons . T h e t r i e t h y l b o 
rane was freed f r o m a m m o n i a b y t r e a t m e n t w i t h hydrogen chlor ide (16). 

Schlesinger reports t h a t the a l k y l d i b o r a n e s a d d two moles of a m m o n i a a n d t h a t 
the s t a b i l i t y of the d iammonia tes of m e t h y l d i b o r a n e , d i m e t h y l d i b o r a n e , t r i m e t h y l d i -
borane, a n d t e t r a m e t h y l d i b o r a n e to p y r o l y s i s a n d d i s p r o p o r t i o n a t i o n is greater t h a n 
t h a t of the m e t h y l d iboranes themselves. T h e s t a b i l i t y increases w i t h increas ing n u m 
ber of m e t h y l groups . O n p y r o l y s i s these mater ia l s m a y be conver ted to B - m e t h y l 
aminoboranes a n d borazines (138, 139)—e.g. 

( C H 3 ) 4 B 2 H 2 + 2 N H 3 > 2 H 3 N : B ( C H 3 ) 2 H 

200° C . 
H 3 N : B ( C H 3 ) 2 H > H 2 N B ( C H 3 ) 2 + H 2 

350° C . 
C H 4 + 1/3 ( H N B C H 3 ) 3 < 1 

T r i m e t h y l a m i n e reacts w i t h t r i m e t h y l b o r a n e to f o r m a 1 to 1 adduct . T r i m e t h y l 
amine reacts w i t h t e t r a m e t h y l d i b o r a n e to f o r m t r i m e t h y l a m i n e - d i m e t h y l b o r a n e . 
T r i m e t h y l a m i n e a n d s y m m e t r i c a l d i m e t h y l d i b o r a n e give t r i m e t h y l a m m e - m e t h y l b o r a n e . 
T h e s t a b i l i t y of these compounds to decompos i t ion into the o r ig ina l reactants decreases 
w i t h the increas ing n u m b e r of m e t h y l groups on boron . S t a b i l i t y to d i s p r o p o r t i o n to 
t r i m e t h y l a m i n e - t r i m e t h y l b o r a n e a n d t r i m e t h y l a m i n e - b o r a n e increases w i t h increas ing 
n u m b e r s of m e t h y l groups on b o r o n . I n react ion w i t h h y d r o g e n ch lor ide , increased 
m e t h y l a t i o n of the b o r o n increases the rate at w h i c h hydrogen is l iberated (139). 

( C H 3 ) 3 N + B ( C I I 3 ) 3 - ( C H 3 ) 3 N : B ( C H 3 ) 3 

2 ( C H 3 ) 3 N + ( C H 3 ) 4 B 2 H 2 ^ 2 ( C H 3 ) 3 N : B H ( C H 3 ) 2 

2 ( C H 3 ) 3 N + C H 3 H B H 2 B H C H 3 ^± 2 ( C H 3 ) 3 N : B H 2 C H 3 

H C l 
( C H 3 ) 3 N : B C 1 2 C H 3 + H 2 < ' 

( C H 3 ) 3 N : B ( C H 3 ) 3 

+ 
( C H 3 ) 3 N : B H 3 

W i b e r g f o u n d t h a t condensat ion of equal m o l a r amounts of t r i m e t h y l b o r a n e a n d 
ani l ine f o r m e d a c rys ta l l ine a d d u c t . W h e n th i s was heated to 3 0 0 ° C , t w o produc t s 
were f o rmed , p h e n y l a m i n o d i m e t h y l b o r a n e a n d p h e n y l i m i n o m e t h y l b o r a n e . T h i s p r o d 
uc t m a y t r i m e r i z e to the boraz ine (164). 

300° C 
C 6 H 5 N H 2 + B ( C H 3 ) 3 -> C 6 H 5 H 2 N : B ( C H 3 ) 3 > 2 C H 4 + C 6 H 5 N = B C H 3 

B u r g f o u n d t h a t t r i m e t h y l b o r o x i n reacts w i t h a m m o n i a to f o r m adducts h a v i n g 1 
mole of a m m o n i a a n d 2 moles of a m m o n i a per mole of t r i m e t h y l b o r o x i n , respect ive ly . 
T r i m e t h y l a m i n e forms a 1 to 1 adduc t w i t h t r i m e t h y l b o r o x i n (20). 

M i s c e l l a n e o u s R e a c t i o n s . T e t r a m e t h y l d i b o r a n e reacts w i t h m e t h y l h y d r o g e n s u l 
fide to f o r m the new l i q u i d c o m p o u n d m e t h i o d i m e t h y l b o r a n e (26). 

( C H 3 ) 4 B 2 H 2 + 2 H S C H 3 -> 2 ( C H 3 ) 2 B S C H 3 

M e t h i o d i m e t h y l b o r a n e has also been p r e p a r e d f r o m m e t h y l hydrogen sulfide a n d 
d i m e t h y l b r o m o b o r a n e . T h i s m a t e r i a l decomposes s lowly to t r i m e t h y l b o r a n e a n d less 
vo lat i l e mater ia l s (29). 

( C H 3 ) 2 B B r + H S C H 3 -> H B r + ( C H 3 ) 2 B S C H 3 - » ( C H 3 ) 3 B + ? 
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T r i m e t h y l p h o s p h i n e forms a 1 to 1 adduct w i t h t r i m e t h y l b o r a n e (18) 

( C H 3 ) 3 P + B ( C H 3 ) 3 -> ( C H 3 ) 3 P : B ( C H 3 ) 3 

A n u m b e r of reactions of t r i a l k y l b o r a n e s w i t h other compounds have been de 
scr ibed . B u r g has s tud ied the react ions w i t h phosphine a n d a l k y l p h o s p h i n e s ex ten 
s ive ly . H e has f ound t h a t they m a y be p y r o l y z e d to t r i m e r i c phosphinoboranes . 
These products are ex t remely stable to t h e r m a l a n d atmospher i c decompos i t ion (28). 

C h a t t f o u n d evidence for the lat t i ce c o m p o u n d 3 C 2 H 4 - 2 ( B C H 3 ) 8 i n the so l id sys 
t e m e t h y l e n e - t r i m e t h y l b o r a n e . H e repor ted no associat ion i n the l i q u i d phase (31). 

T h e b e n z y l - a n d a r y l d i h y d r o x y b o r a n e s are read i ly c leaved b y m e r c u r i c ch lor ide to 
f o r m the a r y l m e r c u r i c chlor ide a n d bor ic a c id (70, 71). 

H O H + H 3 C C 6 H 4 B ( O H ) 2 + H g C l 2 -> C H 3 C 6 H 4 H g C l + B ( O H ) 3 + H C 1 

P h e n y l d i h y d r o x y b o r a n e is c leaved b y hot mercurous b r o m i d e solutions to give p h e n y l -
m e r c u r y b r o m i d e . C u p r i c ch lor ide gives p h e n y l ch lor ide , cupr i c b r o m i d e gives p h e n y l 
b r o m i d e , a n d cupr i c cyanide give some p h e n y l cyanide , most of the p r o d u c t be ing b e n 
zene i n the l a t t e r case. C a d m i u m b r o m i d e a n d zinc ch lor ide give benzene a n d p h e n y l 
d i h y d r o x y b o r a n e . P h e n y l d i h y d r o x y b o r a n e can be n i t r a t e d i n su l fur i c a c i d be low 
— 7 0 ° C . to give ra-nitrophenyldihydroxyborane. T h i s m a t e r i a l is c leaved b y c u p r i c 
ch lor ide , m e r c u r i c ch lor ide , b r o m i n e , a n d hydrogen peroxide i n a m a n n e r s i m i l a r to 
p h e n y l d i h y d r o x y b o r a n e . H o t aqueous solut ions of b e r y l l i u m , m a g n e s i u m , or c a l c i u m 
chlor ides do not a t tack p h e n y l d i h y d r o x y b o r a n e (1). T h e a r y l d i h y d r o x y b o r a n e s react 
w i t h t h a l l i c chlor ide a n d t h a l l i c b r o m i d e to give the d i a r y l t h a l l i u m hal ide (104). 

2 H O H + 2 A r B ( O H ) 2 + T1C1 3 -> A r , T l C l + 2 B ( O H ) 3 + 2 H C 1 

T r i p h e n y l b o r a n e is stable i n n i t rogen or carbon dioxide (78). 

Uses of Alkyl- and Arylboranes 

T r i m e t h y l b o r a n e is more stable a n d more sensit ive t h a n tr i f luoroborane i n p r o p o r 
t i o n a l n e u t r o n counters (61). 

A condensat ion p r o d u c t of c h l o r o v i n y l d i c h l o r o b o r a n e w i t h p o l y ( v i n y l alcohol) has 
been patented as a p o l y m e r w h i c h does not swell i n water (127). 

M a r t i n has patented the p r e p a r a t i o n of t h i n b o r o n coatings b y the p y r o l y s i s of 
a l k y l b o r a n e s over a n object (100). 

B o w m a n has ca l cu lated the theoret i ca l exhaust ve loc i ty of t r i e t h y l b o r a n e as a 
rocket fuel (13). 

G r i s d a l e has f o u n d the p y r o l y s i s of t r i p r o p y l b o r a n e useful i n the p r e p a r a t i o n of 
b o r o n - c a r b o n coatings. A f i l m of b o r o n a n d carbon is deposi ted on a ceramic s u p p o r t 
at a p p r o x i m a t e l y 1000°C. (58). 

L i n c o l n has patented the a d d i t i o n of a l k y l a l k o x y b o r a n e s to h y d r o c a r b o n oils (94). 
D a r l i n g has f o u n d t h a t t r i a l k y l b o r a n e s reduce the octane requirement increase due 

to leaded gasolines to 0 to 4 0 % of the n o r m a l va lue (63). 
S m i t h has patented the use of a lky lboranes to stabi l ize amines against d i s co lora 

t i o n (145). 
SafTord has patented a n elastic po lys i loxane conta in ing s m a l l amounts of b o r o n 

hydr ides . D i p h e n y l d e c a b o r a n e is suggested as the b o r o n source (126). 
R o s e n has suggested the use of e t h y l a m i n e - t r i p h e n y l b o r a n e as a n ox ida t i on i n h i b i t o r 

i n l u b r i c a n t s a n d gasoline (121). 
Stout a n d C h a m b e r l a i n extensive ly invest igated a l k y l b o r o n oxygen po lymers a n a l 

ogous to silicones a n d f o u n d t h e m to be b o t h heat - a n d moisture -sens i t ive (150). 
Safford a n d H u r d have patented a p o l y m e r us ing a boron h y d r i d e as a p o l y 

m e r i z a t i o n cata lys t . D i p h e n y l d e c a b o r a n e is suggested as one of the cata lysts (126). 
N i j i m o t o has patented the p r e p a r a t i o n of a heat -res is tant film f r o m p h e n y l d i f l u o r o -

borane a n d d ipheny ld i ch loros i lane (111). 
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Carbon Monoxide Derivatives 

T h e f o r m a t i o n of carbon m o n o x i d e - b o r a n e was first observed b y B u r g w h e n d i -
borane was t rea ted w i t h h i g h concentrat ions of carbon monox ide u n d e r pressures. 

B 2 H 6 + 2 C O ^ 2 B H 3 C O 

T h e p r o d u c t was iso lated at l i q u i d n i t rogen temperatures . I t decomposed easi ly at 
r o o m temperatures . T h e rates of decompos i t ion were s tud ied (21, 27). 

B u r g has repor ted t h a t p e n t a b o r a n e ( l l ) reacts w i t h c a r b o n monox ide to f o r m 
a p p a r e n t l y carbon m o n o x i d e - t r i b o r a n e . T h i s m a t e r i a l decomposes to c a r b o n m o n o x 
ide a n d a colorless o i l w h i c h reacts w i t h c a r b o n m o n o x i d e - b o r a n e to give a 6 0 % y i e l d of 
te t raborane . U n l i k e carbon m o n o x i d e - b o r a n e , i t absorbs t r i m e t h y l a m i n e w i t h o u t loss 
of c a r b o n monox ide (26). 

B5H11 + C O -> B 3 H 7 C O + ? 

B 3 H 7 C O + BH3CO -> B 4 H 1 0 + 2CO 

B 3 H 7 C O + N ( C H 3 ) 3 -> ? 

L a t e r w o r k has ind i ca ted t h a t the prev i ous ly repor ted carbon m o n o x i d e - p o l y b o r a n e 
m a y be B 4 H 8 C O . I t has been made i n i m p r o v e d y i e l d f r o m te traborane instead of 
pentaborane (11, 29). 

T U T ™ -4- C O —» R . H « C O ? 
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Preparation, Properties, and Uses 
of Benzeneboronic Acid 

ROBERT M. WASHBURN, ERNEST LEVENS, CHARLES F. ALBRIGHT, 
FRANKLIN A. BILLIG, and E. S. CERNAK 

Research Department, American Potash & Chemical Corp., Whittier, Calif. 

The purpose of this study was the development of a 
commercially practical process for the preparation of 
benzeneboronic acid based on known laboratory 
methods. The reaction of boron trifluoride with 
phenylmagnesium bromide was investigated briefly. 
The process finally developed, involving the reaction 
of phenylmagnesium bromide and methyl borate to 
give yields of up to 100% of benzeneboronic a c i d , 
was shown to be of general applicability by the prep
aration of p-chlorobenzene- and 1-naphthalene-
boronic acids in high yields. This paper presents: 
the effect of process variables on the yield of ben
zeneboronic a c i d ; a unifying discussion of the im
portant chemical and physical aspects of the process; 
new physical and chemical data concerned with the 
preparation and properties of benzeneboronic a c i d ; 
and a discussion of the reactions of benzeneboronic 
acid and its immediate derivatives. 

T h e nomenc la ture f o r b o r o n compounds is i n a state of f lux a t the present t i m e . T h e 
fo l l owing l i s t of b o r o n compounds discussed i n th i s p a p e r indicates the nomenc la ture 
used. T h e reader is re ferred to the fo l l owing references for b o r o n nomenc la ture (8, 
64, 65, 68, 69, 72). 

C e H 5 B ( O H ) 2 Benzeneboronic acid 
C e HôB (OCH 3 )2 D i m e t h y l benzeneboronate 
CeHsBCls Benzeneboronyl dichloride 
( C e H s ^ B O H Dibenzeneborinic acid 
( C e H s ^ B O C E U M e t h y l dibenzeneborinate 
( C e H B ) 8 B Tr iphenylborane 
( C e H 5 ) 4 B " L i + L i t h i u m tetraphenylborohydride 

B a c k g r o u n d . Benzeneboronic a c id was first r epor ted b y M i c h a e l i s a n d B e c k e r 
(58, 59), who p r e p a r e d benzeneborony l d i ch lor ide b y heat ing b o r o n t r i c h l o r i d e a n d 
d i p h e n y l m e r c u r y a t 180° to 200°C . i n a sealed tube ( E q u a t i o n 1 ) . B e n z e n e b o r o n y l 
d i ch lo r ide was f o u n d to h y d r o l y z e easi ly , g i v i n g benzeneboronic a c i d ( E q u a t i o n 2 ) . 
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Hg + BC13 BC12 + HgCl (1) 

OH 
BC12 + 2H20 2HC1 (2) 

M i c h a e l i s a n d B e c k e r repor ted the m e l t i n g po int of benzeneboronic a c i d to be 2 0 4 ° C , 
b u t la ter , M i c h a e l i s a n d B e h r e n s (60) changed th is to 216°C . 

D i p h e n y l m e r c u r y has been shown to react s m o o t h l y w i t h boron t r i b r o m i d e under 
reflux to give benzeneborony l d i b r o m i d e a n d d ibenzenebor iny l b r o m i d e (31, 61). 

K h o t i n s k y a n d M e l a m e d (85) were the f irst to describe the p r e p a r a t i o n of boronic 
acids f r o m G r i g n a r d reagents a n d borate esters. T h e y repor ted t h a t e t h y l , n - p r o p y l , 
i s o b u t y l , a n d i s o a m y l borates gave about 5 0 % y ie lds of boronic acids or the i r esters, 
w h e n the a l k y l ester was added to the G r i g n a r d reagent at 0 ° C . T h e y also c la imed 
the f o r m a t i o n of some b y - p r o d u c t to luene w h e n m e t h y l borate was used, b u t th i s c ou ld 
not be conf i rmed b y G i l m a n a n d V e r n o n (27). 

K r a u s e a n d N i t s c h e (39, Ifi) invest igated the reac t i on of b o r o n t r i f luor ide a n d 
G r i g n a r d reagents. T h e y f o u n d t h a t a n excess of p h e n y l m a g n e s i u m b r o m i d e gave 
t r i p h e n y l b o r a n e , b u t a n excess of b o r o n t r i f luor ide gave a m i x t u r e of t r i p h e n y l b o r a n e , 
d ibenzenebor iny l f luoride, a n d benzeneboronyl d i f luor ide . T h e di f luor ide y i e lded the 
boronic a c i d w h e n h y d r o l y z e d . 

G i l m a n a n d V e r n o n (27) invest igated the p r e p a r a t i o n of benzeneboronic a c i d us ing 
the procedures of K h o t i n s k y a n d M e l a m e d (35). T r i p h e n y l borate a n d p h e n y l m a g 
nes ium b r o m i d e gave 4 0 % of pheno l , 16 .4% of benzeneboronic a c id , a n d 1.3% of 
b i p h e n y l . T h e y repor ted a n 8 6 % y i e l d of the boronic a c i d f r o m the react ion of a 
0.25-mole r u n of m e t h y l borate a n d p h e n y l m a g n e s i u m b r o m i d e , b u t w i t h more c o n 
centra ted solut ions the y i e l d was reduced to 5 8 % a n d a 3 0 % y i e l d of benzene was o b 
t a i n e d . T h e benzene was supposedly obta ined b y h y d r o l y s i s of unreac ted G r i g n a r d 
reagent. 

Kônig a n d S c h a r r n b e c k (38) r epor ted the p r e p a r a t i o n of benzeneboronic a c i d 
a n d d ibenzenebor in ic a c i d b y a d d i n g i s o b u t y l borate to the G r i g n a r d reagent a t 0 ° C . 

S e a m a n a n d J o h n s o n (71) c ou ld not repeat the w o r k of G i l m a n a n d V e r n o n . 
T h e y s tated t h a t the m e t h y l borate m u s t be free of m e t h a n o l "s ince the l a t t e r caused 
a m a r k e d d i m i n u t i o n of the y i e l d , a p p a r e n t l y greater t h a n cou ld be accounted for on 
the basis of the G r i g n a r d des t royed . " F u r t h e r m o r e , these authors r epor ted t h a t a n 
inverse G r i g n a r d reac t ion gave bet ter y ie lds . Subsequent ly , B e a n a n d J o h n s o n (8) 
were able to increase the y i e l d of benzeneboronic a c i d cons iderab ly b y us ing the m o r e 
easi ly pur i f i ed b u t y l borate a n d effecting the react ion at —60°C . I n several runs y ie lds 
ranged f r o m 50 to 6 0 % . M o r e concentrated solutions gave lower y ie lds (42 to 4 7 % ) . 

B r a n c h a n d his coworkers (5, 6, 8, 23, 88, 89), K u i v i l a a n d his coworkers (41-49), 
a n d others (9, 74, 76, 79) have used the procedure of B e a n a n d J o h n s o n for the p r e p 
a r a t i o n of benzeneboronic a c i d a n d other areneboronic acids. T h e y ie lds were general ly 
about 5 0 % . 

D u r i n g a s t u d y of the p r e p a r a t i o n a n d p h y s i c a l propert ies of benzeneboronic a c id , 
H u t t o (81) ob ta ined y ie lds of about 4 0 % b y a d d i n g p h e n y l m a g n e s i u m b r o m i d e to 
m e t h y l borate cooled w i t h a n ice b a t h . H u t t o also checked the procedures of K h o 
t i n s k y a n d M e l a m e d (35) a n d ob ta ined 1 0 . 5 % y i e l d ; the procedure of K r a u s e a n d 
N i t s c h e (39, 40) gave about 1 0 % y i e l d . 

M e l ' n i k o v (55) used the procedure of Kônig a n d S c h a r r n b e c k (38), b u t Le t s inger 
a n d Skoog (52) p re ferred a n inverse procedure a n d l o w temperatures . 

A n o t h e r synthet i c a p p r o a c h , w h i c h a p p a r e n t l y gives lower y ie lds , invo lves the 
reac t i on of p h e n y l l i t h i u m w i t h a borate ester. B r i n d l e y , G e r r a r d , a n d L a p p e r t (9) 
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104 ADVANCES IN CHEMISTRY SERIES 

repor ted a 3 6 % y i e l d of benzeneboronic ac id us ing b u t y l borate at — 8 0 ° C . L e t s i n g e r 
a n d S k o o g (52) r epor ted a 4 1 % y i e l d of b u t y l d ibenzenebor inate a n d a 1 3 % y i e l d of 
ethylene g l y c o l benzeneboronate f r o m the reac t ion of 2 moles of p h e n y l l i t h i u m w i t h 
b u t y l ethylene g lyco l borate . 

T e r m i n o l o g y . T h e fo l l owing terms are used i n the D i s c u s s i o n a n d E x p e r i m e n t a l 
sections of th is p a p e r : 

F a s t reac t ion = R e a c t a n t s added as r a p i d l y as possible whi le keep ing the reac 
t i o n t e m p e r a t u r e constant (0.33 h o u r or less to a d d 3.00 moles) 

S l o w react ion = R e a c t a n t s added s l owly (0.75 t o 4.0 hours to a d d 3.00 moles) 
3 - M o l e react ion = T h r e e moles of G r i g n a r d (as 3 . 0 M solut ion) + 3 moles of 

m e t h y l borate i n 1500 m l . of ether 

Figure 1. Equipment for study of methyl borate and phenylmagne
sium bromide reaction 

A. Methyl borate addition buret 
β. Stirring motor 
C. Grignard addition buret 
D. Thermometer 
E. Morton flask 
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2 - M o l e react ion = T w o moles of each reactant b u t the same t o t a l v o l u m e ( d i 
l u t e d w i t h ether) as a 3-mole reac t i on 

1 -Mole react ion = One mole of each reactant but the same t o t a l v o l u m e as a 
3-mole reac t i on 

E x p e r i m e n t a l 

Reagents. T h e ether used was M a l l i n c k r o d t A . R. grade, s tored over s o d i u m . 
P h e n y l m a g n e s i u m bromide was obta ined f r o m A r a p a h o e as a 3 . 0 M so lut i on i n d i e t h y l 
ether. D i f f erent batches, a n a l y z e d b y the m e t h o d of G i l m a n (26), v a r i e d between 3.0 
a n d 3 . 2 M . T h e m a t e r i a l was used as received (based o n the analys is ) or d i l u t e d w i t h 
ether as necessary. B o r o n t r i f luor ide was obta ined f r o m M a t h e s o n . B o r o n t r i f l u o -
r ide -e therate was p r e p a r e d b y passing the gas i n t o cooled ether u n t i l the we ight 
i n d i c a t e d the correct a m o u n t of boron t r i f luor ide h a d been absorbed. M e t h y l borate 
was c o m m e r c i a l a n h y d r o u s m a t e r i a l f r o m A m e r i c a n P o t a s h & C h e m i c a l C o r p . I t was 
f o u n d b y analys is to conta in 9 9 . 0 % of ester. T h e m e t h y l borate was pur i f i ed before 
use b y f r a c t i o n a t i o n i n a 30-plate c o l u m n . p - C h l o r o p h e n y l m a g n e s i u m b r o m i d e was 
p r e p a r e d f r o m p-bromochlorobenzene ; 1 -naphthy lmagnes ium br om i de was p r e p a r e d 
f r o m 1-bromonaphthalene i n ether-benzene solvent (26). 

Equipment. T h e equ ipment used is shown i n F i g u r e 1. F o r s m a l l runs (1 - l i ter 
flask) the stirrer used was a L a b l i n e S t i r - O - V a c ( from L a b l i n e , Inc., 217 N o r t h 
Des P la ines St . , Ch i cago 6, 111.) s t i r r i n g at about 5000 r . p . m . F o r larger runs (5 - l i ter 
flask), a P r e m i e r , 1-inch d iameter , D u p l e x D i s p e r s a t o r ( obta ined f r o m P r e m i e r M i l l 
C o r p . , G e n e v a , Ν . Y . ) s t i r r i n g at about 7500 r . p . m . was used. 

Reaction of Boron Trifluoride Etherate and Phenylmagnesium Bromide. T h e 
react ion of b o r o n t r i f luor ide a n d p h e n y l m a g n e s i u m bromide ( E q u a t i o n 3) was br ie f ly 
invest igated us ing the procedure of K r a u s e a n d N i t s c h e (40). I n each exper iment the 
solids f u m e d on first exposure to a i r i n d i c a t i n g the presence of t r i p h e n y l b o r a n e ; the 

b o r o n content of the p r o d u c t , i so lated i n 0 to 4 6 % y i e l d , general ly corresponded most 
closely to dibenzenebor inic a c i d or i ts a n h y d r i d e . These results are i n accord w i t h 
the observat ions of H u t t o (31). 

T h i s l ine of inves t iga t i on was d r o p p e d i n favor of the more easi ly h a n d l e d react ion 
w i t h m e t h y l borate . 

Reaction of Phenylmagnesium Bromide and Methyl Borate. T h e p r e p a r a t i o n of 
benzeneboronic ac id f r o m p h e n y l m a g n e s i u m bromide a n d m e t h y l borate can be r e p r e 
sented b y E q u a t i o n s 4, 5, a n d 6. 

(3) 

Reaction. 

(4) 

Hydrolysis. 

+ 3CH3OH + Mg(OH)Br 

(5) 

Neutralization. 

Mg(OH)Br + èH 2 S0 4 -> |MgBr 2 + èMgS0 4 + H 2 0 (6) 
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C6H5MgBr 

WATER ACID 

L I 
ETHER, 

WATER METHANOL, ETC. 

ETHER 

RES. WATER 
LAYER 

REACTION HYDROLYSIS 
a 

NEUTRALIZATION 

AQUEOUS FILTRATE 

PET. ETHER-

PRODUCT -

LA 
ETHER 

AQUEOUS 
SOLUTION 

WATER 

SOUDS 

I 
PET. ETHER 

SOLIDS 

STEAM 
DISTILLATION 

PRECIPITATION 
OF SOLIDS 

PET. ETHER 
SOLUTION OF 
BORINIC ACIO 

FILTRATION β 
PET. ETHER WASH 

Figure 2. Process flow diagram for preparation of benzeneboronic acid 

F i g u r e 2 shows a s impl i f i ed process f low d i a g r a m of the process invest igated . 
T h e process var iab les invest igated were react ion t e m p e r a t u r e , rate of a d d i t i o n of 

G r i g n a r d to m e t h y l borate , mode of a d d i t i o n a n d concentrat ion of reactants , effect of 
i m p u r i t i e s i n the m e t h y l borate , a n d the procedure for i so la t ing benzeneboronic a c i d . 

T h e procedure for i so la t ing benzeneboronic a c id used t h r o u g h o u t this inves t iga t i on 
i n v o l v e d e x t r a c t i o n of the p r o d u c t f r o m the h y d r o l y z e d a n d n e u t r a l i z e d reac t i on m i x 
t u r e w i t h ether , s team d i s t i l l a t i o n of ether a n d vo la t i l e i m p u r i t i e s , c r y s t a l l i z a t i o n of 
the p r o d u c t , a n d p e t r o l e u m ether wash of the iso lated solids to remove d ibenzene-
bor in i c a c i d . T h i s is a cons iderab ly s imp le r process t h a n a n y p r e v i o u s l y repor ted . 

D e p e n d i n g o n the e x p e r i m e n t a l condit ions , var i ous products were f o r m e d d u r i n g 
the inves t i ga t i on of the process s h o w n i n F i g u r e 2. F o r example , i n exper iments at 
0 ° C , about 2 0 % of the m e t h y l borate cou ld be accounted for i n the aqueous residue 
a n d v a r y i n g amounts of the G r i g n a r d cou ld be accounted for as benzene. Q u a l i t a 
t i v e l y , about 2 to 3 % pheno l a n d u p to about 5 % b i p h e n y l were observed as produc ts 
of exper iments conducted at higher t emperatures (15° to 2 5 ° C ) . T h e benzene, 
pheno l , a n d b i p h e n y l were r emoved d u r i n g the steam d i s t i l l a t i o n step. I n a l l e x p e r i 
ments where the G r i g n a r d was added to the m e t h y l borate , the v a r y i n g amounts of 
dibenzenebor inic a c id f o rmed were separated f r o m the benzeneboronic a c i d b y w a s h i n g 
the f i l tered solids w i t h p e t r o l e u m ether. 

A D D I T I O N OF P H E N Y L M A G N E S I U M B R O M I D E TO M E T H Y L B O R A T E . E f fec t of R a t e of 
A d d i t i o n of P h e n y l m a g n e s i u m B r o m i d e . D u r i n g the ear ly p a r t of th i s w o r k , the 
G r i g n a r d reagent was added to the m e t h y l borate r e l a t i v e l y s l owly i n accordance w i t h 
establ ished l i t e r a t u r e procedures (71) T h e average y i e l d ( T a b l e 1-1) f or three s low 
runs at 0 ° C . was 4 6 . 8 % . 

A group of n ine 3-mole runs was made a t 0 ° C . i n w h i c h the G r i g n a r d was added 
as r a p i d l y as possible whi le m a i n t a i n i n g a constant t e m p e r a t u r e ( T a b l e 1-2) ; t h e 
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Table I. Addition of Phenylmagnesium Bromide to Methyl Borate 0 ° C . 

(3.0-mole reaction) 

Run No. 
le,6 
2 v 
3··/ 
4A 
5» 

Addn. 
Time, 

Hr. 
1.23 
0.18 
0.15 
0.20 
0.20 

Solids Aq. Filtrate 

a Methyl borate purified and stored before use. 
6 Slow reaction, average of 3 runs. 
c Fast reaction, average of 9 runs. 
J Average of 5 runs. 
* Methyl borate distilled directly into apparatus. 
f Fast reaction, average of 5 runs. 
ο Average of 4 runs. 
k Fast reaction, 0.953 gram of methanol added to freshly distilled methyl borate. 
» Fast reaction, 0.613 gram of boric acid added to freshly distilled methyl borate. 

% Yield 

Boromc Bonnie 
Grams % B Grams % B acid acid 

154 8.68 885 0.48 46.8 — 179 8.35 1086 0.35 53.3 18.2<* 
194 9.01 942 0.34 60.2 16.8" 
167 8.69 1011 0.30 51.5 27.7 
165 8.65 959 0.28 50.5 31.7 

Table II. Fast Addition of Phenylmagnesium Bromide to Methyl Borate 

3.0-mole reaction (dist i l led m e t h y l borate) 
% Yield 

Reaction Addn. Solids Aq. Filtrate /V 
Temp., 

°C. 
Time, Boronic Borinic Temp., 

°C. 
Time, Boronic Borinic 

Run No. 
Temp., 

°C. Hr. Grams % B « Grams % B acid acid 
1 0 0.20 180 9.49 1190 0.33 60.7 — 2 0 0.12 194 9.01 1386 0.27 63.3 — 3 0 0.15 196 8.40 908 0.31 56.9 14.7 
4 0 0.18 215 8.35 270 0.51 57.2 14.0 
5 0 0.12 187 9.78 957 0.28 62.9 19.3 
6 - 1 5 0.15 249 8.53 586 0.37 69.5 — 7 - 3 0 0.20 275 8.66 327 0.34 75.6 — 8 - 6 0 2.50 367 6.76 1295 0.21 85.3 — 9 -62 1.03 292 8.55 477 0.36 80.2 1.8 

α Theoretical % boron, 8.87. 

average y i e l d was 5 3 . 3 % . T h u s , there was a definite increase i n y i e l d w h e n the reac 
t i o n was a l l owed t o proceed r a p i d l y . 

Ef fect of C o n c e n t r a t i o n . T h e average y i e l d for 1.0-mole runs made at 0 ° C . us ing 
fast a d d i t i o n of G r i g n a r d was 6 4 . 5 % , a n d a y i e l d of 6 0 % was obta ined i n one 2.0-mole 
r u n . T h e average y ie lds at 0 ° C . for the 3.0-, 2.0-, a n d 1.0-mole runs are p l o t t e d vs. 
m o l e - p e r cent of m e t h y l borate i n ether at the start of the react ion i n F i g u r e 3. T h i s 

70| 1 1 1 , 1 
ο 
ο 

ο 

te 
UJ 
Q. 

501 1 1 1 1 « 

0 4 8 12 16 20 
MOLE PER CENT METHYL BORATE 
IN ETHER AT START OF REACTION 

Figure 3. Variation in yield of benzene

boronic acid with concentration 
Fast addition, 0 ° C , undistilled methyl borate 
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108 ADVANCES IN CHEMISTRY SERIES 

q u a n t i t a t i v e l y shows the advantage of d i lute solutions for the a d d i t i o n of G r i g n a r d to 
m e t h y l borate . 

Ef fect of I m p u r e M e t h y l B o r a t e . A l t h o u g h a l l the m e t h y l borate was care fu l ly 
p u r i f i e d b y f r a c t i o n a t i o n , i t was stored i n bott les u n t i l used. T h e authors d iscovered, 
however ( T a b l e I I - 5 ) , w h e n the m e t h y l borate was d i s t i l l ed d i r e c t l y in to the a p p a r a 
tus , t h a t the y i e l d at 0 ° C . was increased f r o m 53.3 to 6 2 . 9 % . 

T h e effect of e i ther m e t h a n o l or bor ic a c i d as i m p u r i t i e s i n the m e t h y l borate was 
checked b y a d d i n g s m a l l quant i t ies of these mater ia l s to i n d i v i d u a l runs made at 0 ° C . 
a n d us ing fast a d d i t i o n of p h e n y l m a g n e s i u m bromi de to m e t h y l borate . T h e d a t a are 
s u m m a r i z e d i n T a b l e 1-4, 5. T h e y i e l d was reduced f r o m 62.9 to 5 1 . 5 % w i t h the a d d i 
t i o n of 0.953 g r a m of m e t h a n o l , a n d to 5 0 . 5 % w i t h the a d d i t i o n of 0.613 g r a m of bor ic 
a c id . T h e decrease i n y i e l d is cons iderably i n excess of the G r i g n a r d reagent t h a t 
w o u l d be destroyed b y these i m p u r i t i e s (71). 

Effect of T e m p e r a t u r e . T h e effect of react ion t e m p e r a t u r e was first invest igated 
us ing slow a d d i t i o n of G r i g n a r d reagent to m e t h y l borate w h i c h was pur i f i ed b u t stored 
before use. T h e d a t a are g iven i n T a b l e I I I . F i g u r e 4 ( curve A) shows a least squares 

Table III. Slow Addition of Phenylmagnesium Bromide to Methyl Borate 
3.0-mole reaction (undist i l led methy l borate) 

Reaction Addn. Solids Aq. Filtrate % Yield 
Temp., 

°C. 
Time, Boronic Temp., 

°C. 
Time, Boronic Temp., 

°C. Hr. Grams % B« Grams % Β Acid 
+20 1.9 140 8.48 1116 0.37 44.2 
+8 3.5 134 8.78 899 0.48 42.4 
+ 6 3.5 138 7.07 1448 0.20 40.0 
+6 3.5 57.8 

41.0 9.03 
2087 0.20 39.6 

0 2.25 128 8.50 1088 0.33 40.9 
0 0.66 195 7.88 744 0.63 52.4 
0 0.78 140 9.65 822 0.49 47.2 

- 1 5 0.75 190 8.45 1233 0.18 57.9 
- 3 0 1.5 210.8 8.35 1160 0.24 62.1 
- 3 0 1.3 228 8.25 1139 0.20 65.7 
- 6 0 2.5 367 6.76 1295 0.21 85.3 

« Theoretical % boron, 8.87. 
6 Two crops, dried and analyzed independently. 

plo t of the per cent y i e l d vs. r eac t ion t e m p e r a t u r e for the slow runs . 
T h e s t u d y of the effect of react ion t e m p e r a t u r e was repeated us ing fast a d d i t i o n 

of G r i g n a r d reagent ; the m e t h y l borate was d i s t i l l ed d i r e c t l y i n t o the a d d i t i o n bure t . 
T h e d a t a are g iven i n T a b l e I V a n d shown as the least squares l ine i n F i g u r e 4 ( curve 

Table IV. Fast Addition of Phenylmagnesium Bromide to Methyl Borate 
1.0-mole runs (undist i l led m e t h y l borate) 

% Yield 
Reaction Addn. Solids Aq. Filtrate 
Temp., 

°C. 
Time, Boronic Temp., 

°C. 
Time, Boronic Temp., 

°C. Hr. Grams % B« Grams % B acid 
+20 0.6 29.0 8.52 744 0.58 49.2 
+ 20 0.5 53.7 8.59 475 0.36 52.3 
+ 10 0.7 60.0 8.73 545 0.35 59.6 

0 0.05 62.0 8.79 1035 0.18 67.6 
0 0.83 63.5 8.56 661 0.22 63.5 
0 0.6 62.0 8.11 810 0.22 63.0 
0 0.5 62.5 8.42 749 0.29 63.9 

- 1 5 0.6 71.0 8.72 336 0.27 64.1 
- 1 5 0.7 69.0 8.55 566 0.24 66.0 
- 3 0 0.6 74.2 8.88 521 0.22 71.5 
- 3 0 0.7 62.7 8.79 1007 0.22 73.3 
- 6 5 1.75 88.0 8.82 819 0.26 88.6 

Borinic 
acid 

16.4 

a Theoretical % boron, 8.87. 
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WASHBURN, LEVENS, ALBRIGHT, BILLIG, AND CERNAK-BENZENEBORONIC ACID 109 

30' 1 1 1 1 1 

-70 - 5 0 - 3 0 -10 10 30 

TEMPERATURE, ° C . 

Figure 4. Variation in yield of benzeneboronic acid 
with reaction temperature 

A. 3-mole runs, slow addition, undistilled methyl borate 
B. 3-mole runs, fast addition, distilled methyl borate 
C. 1-mole runs, fast addition, undistilled methyl borate 
D. Fast, incremental addition 

B). U s i n g fast a d d i t i o n a n d pure m e t h y l borate gives dec ided i m p r o v e m e n t i n y i e l d 
of benzeneboronic a c i d at 0 ° C , b u t v e r y l i t t l e difference i n y i e l d a t — 6 0 ° C . 

T h e effect of t e m p e r a t u r e for more d i lu te solut ions was ob ta ined i n a series of 
1.0-mole runs us ing fast a d d i t i o n a n d pur i f i ed b u t s tored m e t h y l borate . T h e d a t a 
are g iven i n T a b l e I V a n d s h o w n as a least squares l ine i n F i g u r e 4, curve C. 

T h e d a t a i n Tab les I I , I I I , a n d I V , a n d curves A, B, a n d C i n F i g u r e 4 ind i ca te 
t h a t y ie lds u p to 8 8 . 6 % of benzeneboronic ac id can be obta ined at — 6 5 ° C . 

A D D I T I O N OF M E T H Y L B O R A T E TO P H E N Y L M A G N E S I U M B R O M I D E . One 3.0-mole r u n 
was m a d e at 0 ° C . i n w h i c h pur i f i ed b u t stored m e t h y l borate was added r a p i d l y to 
p h e n y l m a g n e s i u m bromide . T h e y i e l d of benzeneboronic ac id was 4 2 . 8 % a n d of d i -
benzeneborinic ac id , 3 9 . 9 % . 

I N C R E M E N T A L A D D I T I O N OF P H E N Y L M A G N E S I U M B R O M I D E A N D M E T H Y L B O R A T E . 
F a s t A d d i t i o n . T h i s new i n c r e m e n t a l procedure finally developed for the p r e p a r a t i o n 
of benzeneboronic a c i d is g i v e n i n d e t a i l be low for a 3-mole r u n at 0 ° C . 
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n o ADVANCES IN CHEMISTRY SERIES 

M e t h y l borate (336 m l . , 3.0 moles) was d i s t i l l ed d i r e c t l y i n t o one b u r e t . A n h y 
drous ether (1500 m l . ) was p laced i n the react ion flask, us ing d r y n i t r o g e n for pres 
sure t ransfer , a n d t h e n cooled to 0 ° C . A n ethereal so lut ion of p h e n y l m a g n e s i u m 
b r o m i d e (1000 m l . , 3.0 moles) was pressure - t rans ferred ( d r y n i t rogen) to the second 
bure t . T h e reactants were added i n c r e m e n t a l l y to the r a p i d l y ag i ta ted ether, a d d i n g 
first m e t h y l borate (10 m l . ) t h e n p h e n y l m a g n e s i u m b r o m i d e (30 m l . ) so as to m a i n 
t a i n a s to i ch iometr i c rat io w i t h o n l y a v e r y s l ight excess of m e t h y l borate . A t e m 
perature of 0 ° C . was m a i n t a i n e d w i t h a d r y ice -acetone b a t h d u r i n g the a d d i t i o n . A l l 
of the reactants were added w i t h i n a 15-minute per iod a n d the m i x t u r e was s t i r r e d f o r 
a n a d d i t i o n a l 20 minutes before h y d r o l y s i s . 

T h e m i x t u r e was h y d r o l y z e d b y a d d i n g d i s t i l l ed water (200 ml . ) d u r i n g 5 m i n u t e s 
whi le a t e m p e r a t u r e of 0 ° C . was m a i n t a i n e d . T h e m i x t u r e was t h e n n e u t r a l i z e d w i t h 
su l fur i c a c i d (84 m l . i n 1700 m l . of water ) d u r i n g a 15-minute p e r i o d at 0 ° C . W h e n 
the s t i r r i n g was s topped , the m i x t u r e separated into two clear layers . T h e ether l a y e r 
was r emoved a n d the aqueous l a y e r was ex t rac ted w i t h three 2 5 0 - m l . po r t i ons of ether. 
T h e combined extracts a n d ether l a y e r were t rans ferred to a 5- l i ter flask, e q u i p p e d 
w i t h a H e r s h b e r g s t i r re r , mod i f i ed C l a i s e n head, a n d d r o p p i n g funne l . P a r t of the 
ether was r e m o v e d b y d i s t i l l a t i o n , a n d then d i s t i l l ed w a t e r (1500 ml . ) was s l owly 
added as the d i s t i l l a t i o n proceeded. D i s t i l l a t i o n was cont inued u n t i l the head t e m 
perature reached 100°C. D u r i n g th is t i m e a s m a l l q u a n t i t y of b i p h e n y l col lected i n 
the condenser. W h i l e s t i r r i n g was cont inued the aqueous d i s t i l l a n d was cooled r a p i d l y 
w i t h a n ice b a t h . Benzeneboron ic a c id c r y s t a l l i z e d at 4 3 ° C . w i t h a t e m p e r a t u r e rise 
to 4 5 ° C . S t i r r i n g was cont inued u n t i l the m i x t u r e h a d cooled to 11°C. a n d t h e n the 
solids were r e m o v e d b y filtration a n d a i r d r i e d . T h e resu l t ing p r o d u c t (277 grams 
i n c l u d i n g 32 grams f r o m filtrate, 75 .8%) was a fine, wh i t e c rys ta l l ine p o w d e r a n a l y z i n g 
8 .80% of b o r o n ( 8 . 8 7 % t h e o r y ) . O n l y a trace of d ibenzenebor inic a c i d was obta ined . 

S l o w A d d i t i o n . U s i n g the procedure a n d ra t i o of reactants to solvent as descr ibed 
above for the fast react ion , m e t h y l borate (28.0 m l . , 0.25 mole ) a n d p h e n y l m a g n e s i u m 
b r o m i d e (78 m l . , 0.25 mole) were added i n c r e m e n t a l l y to a precooled ether heel (125 
m l . ) . T h e reactants were added i n 26 increments us ing the rat io of 1.0 m l . of ester 
per 3.0 m l . of G r i g n a r d . I n i t i a l l y , 1 m l . of excess m e t h y l borate was added a n d after 
the t h i r t e e n t h increment a second 1.0-ml. excess of m e t h y l borate was added . 

T h e reac t i on m i x t u r e was s t i r r e d 10 m i n u t e s after each increment a n d for 50 
minutes af ter the last increment ( t o ta l t ime , 5 h o u r s ) , d u r i n g w h i c h t i m e the react ion 
t e m p e r a t u r e was m a i n t a i n e d at 0 ° C . T h e r e was a tendency for the t e m p e r a t u r e to 
rise after the a d d i t i o n of each increment . A f t e r h y d r o l y s i s , n e u t r a l i z a t i o n , a n d e x t r a c 
t i o n (see above) the ether extracts were s team d i s t i l l ed w i t h 125 m l . of w a t e r . W h e n 
d i s t i l l a t i o n a n d s t i r r i n g were s topped , a sizable o i l l a y e r sett led to the b o t t o m of the 
hot so lut ion . W h e n i t was cooled a n d s t i r r e d , the benzeneboronic a c i d p r e c i p i t a t e d . 
T h e solids were r e m o v e d b y filtration, washed on the filter w i t h t w o 5 0 - m l . por t i ons of 
p e t r o l e u m ether, a n d a i r d r i e d . Y i e l d was 19.4 grams ( i n c l u d i n g p r o d u c t i n the aqueous 
filtrate) or 6 3 . 5 % . T h e p e t r o l e u m ether filtrate was evapora ted to dryness i n vacuo , 
y i e l d i n g 6.4 grams of d ibenzenebor in ic a c i d ( 2 8 . 2 % ) . 

Ef fect of R e a c t i o n T e m p e r a t u r e U s i n g F a s t I n c r e m e n t a l A d d i t i o n . I n order to 
evaluate the effect of t e m p e r a t u r e on the y i e l d of benzeneboronic ac id w h e n i n c r e m e n t a l 
a d d i t i o n is be ing used, a series of 0.5-mole runs was made at var ious temperatures 
( - 6 0 ° , - 4 5 ° , - 3 0 ° , - 1 5 ° , + 1 5 ° C ) . T h e va lue used for 0 ° C . was t h a t obta ined 
f r o m the 3-mole r u n p r e v i o u s l y descr ibed. I n each case, the a d d i t i o n t im e was 
as r a p i d as possible, b u t the v a r i a t i o n i n the t e m p e r a t u r e difference between the d r y 
ice-acetone b a t h a n d the desired reac t i on t e m p e r a t u r e prec luded equa l rates of a d d i 
t i o n . T h e a p p a r a t u s a n d procedure were the same as those descr ibed above. 

O n l y negl igible quant i t ies of d ibenzenebor in ic a c i d were ob ta ined a t temperatures 
of — 1 5 ° C . or less, b u t considerable bor in i c a c i d was ob ta ined at + 1 5 ° C . T h e d a t a 
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WASHBURN, LEVENS, ALBRIGHT, BILLIG, AND CERNAK-BENZENEBORONIC ACID 111 

g i v e n i n T a b l e V a n d F i g u r e 4 ind i cate t h a t essential ly q u a n t i t a t i v e y ie lds are o b 
t a i n e d a t — 6 0 ° C , w i t h the f o r m a t i o n of o n l y trace amounts of bor in i c a c i d . 

Table V. Effect of Reaction Temperature on Yield of Benzeneboronic Acid 
( Incremental fast add i t i on of phenylmagnesium bromide and m e t h y l borate) 

Total 
Benzeneboronic Borinic 

Reaction Addn. Solids Filtrate Acid Anhy
Temp., 

°C. 
Time, dride, Temp., 

°C. 
Time, dride, 

Run No. 
Temp., 

°C. Hr. Grams % B« Grams % Β Grams % Yield Grams 
1 + 15 0.20 24.9 8.08 238 0.260 29.7 48.7 11.2 
2*> 0 0.25 246.6 8.80 1117 0.260 277.4 75.8 — 3 - 1 5 0.25 52.3 8.28 218 0.181 53.3 87.5 1.68 
4 -15 0.25 46.1 8.42 236 0.190 52.2 85.6 1.35 
5 - 3 0 0.25 56.2 8.16 257 0.160 56.3 92.3 0.647 
6 - 4 5 0.38 52.1 8.77 226 0.184 56.2 92.2 0.417 
7 - 6 0 0.90 55.8 8.73 287 0.180 60.7 99.5 0.327 

a Theoretical % boron, 8.87. 
6 Three-mole incremental described in text. 

Reaction of Other Grignard Reagents with Methyl Borate. p - C h l o r o b e n z e n e -
a n d 1-naphthaleneboronic acids were p r e p a r e d i n 81 a n d 6 8 % y ie lds , respect ive ly , f r o m 
the a p p r o p r i a t e G r i g n a r d reagents a n d m e t h y l borate at 0 ° C . us ing the i n c r e m e n t a l 
procedure descr ibed. T h e d a t a a n d results are g iven i n T a b l e V I . 

Table VI. 

Boronic Acid 
p-Chlorobenzene-
l-Naphthalene-a 

Reaction of p-Chlorophenyl- and l-Naphthylmagnesium 
Bromide with Methyl Borate 

( Incremental procedure) 

Grignard Reagent 

Concn., Ν 
1.45 
0.685 

M l . 
172.5 
365 

Mole 
0.25 
0.25 

(CHsO)sB, 
Mole 
0.25 
0.25 

Addn. 
Time, 
Min. 

25 
16 

Ether 
Heel, 
M l . 
100 
100 

Reaction 
Temp., 

°C. 
0 
0 

Yield, 
% 
81 
68 

° Because 1-naphthaleneboronic acid is decomposed by boiling water (60), the ether extracts were distilled 
with benzene to give the anhydride as the product isolated. 

Purification of Benzeneboronic A c i d and Anhydride. Benzeneboron ic a c i d is 
r e a d i l y conver ted to the a n h y d r i d e a n d , therefore, care m u s t be exercised t o o b t a i n 
the boronic a c i d free of the a n h y d r i d e . T h e best procedure for o b t a i n i n g a spec t ro -
scop ica l ly p u r e sample is to recrysta l l i ze the a c i d f r o m water u s i n g a l i t t l e charcoa l . 
T h e ac id is t h e n d r i e d w i t h a slow s t r e a m of a i r a lmost s a t u r a t e d w i t h water . If the 
a c i d is finely g r o u n d a n d spread t h i n l y i t w i l l undergo a lmost complete d e h y d r a t i o n 
o n s tand ing overn ight i n the l a b o r a t o r y ( re lat ive h u m i d i t y 30 to 4 0 % ) . 

Benzene s h o u l d no t be used as a solvent for the c r y s t a l l i z a t i o n of benzeneboronic 
a c i d . F r e n c h a n d F i n e (25) observed a mo le cu lar weight i n benzene h igher t h a n 
monomer . T h e authors ' s o l u b i l i t y d a t a (see below) a n d the fact t h a t benzeneboronic 
a c i d can be conver ted easi ly to the a n h y d r i d e b y azeotropic d i s t i l l a t i o n of w a t e r w i t h 
benzene suggest t h a t convers ion to the a n h y d r i d e occurs to some extent o n c r y s t a l l i z a 
t i o n of the a c i d f r o m benzene. U n f o r t u n a t e l y , m e l t i n g p o i n t cannot be used as a c r i 
t e r i on of p u r i t y , as the observed m e l t i n g po in t 215° to 216°C . is a c t u a l l y t h a t of the 
a n h y d r i d e . 

P u r e a n h y d r i d e can be s i m p l y p r e p a r e d f r o m pur i f i ed boron ic a c i d b y azeotropic 
d e h y d r a t i o n w i t h to luene. T h e a n h y d r i d e prec ip i tates s l owly f r o m the cooled s o l u 
t i o n as a whi te m i c r o c r y s t a l l i n e powder . 

Physical Properties. T h e w o r k of F r e n c h a n d F i n e (25) a n d K i n n e y a n d P o n t z 
(36, 37) indicates t h a t benzeneboronic a c i d is m o n o m e r i c a n d t h a t the a n h y d r i d e is 
t r i m e r i c . 
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112 ADVANCES IN CHEMISTRY SERIES 

T h e repor ted p h y s i c a l d a t a for benzeneboronic a c i d are col lected i n T a b l e V I I . 

Table VII. Physical Properties of Benzeneboronic Acid 

Reference Property 
Melting point, °C. 
Ka X 1010 

Polarization, P » 

Dipole moment, Χ 1018 

a M.p. of anhydride. 

Value 
215-216° 

13.7 (H20) 
1.97 (25% C2H5OH) 

91.94 (Benzene) 
98.28 (Dioxane) 

1.64 (Benzene) 
1.72 (Dioxane) 

(8) 

(63) 

(63) 

T h e p o l a r i z a t i o n a n d dipole m o m e n t (63) for benzene solut ions of the a c i d are p r o b 
a b l y a l i t t l e l o w due to the tendency of the ac id to dehydrate . 

Infrared Spectra. T h e i n f r a r e d s p e c t r u m of benzeneboronic a c i d is shown i n 
F i gure 5 a n d t h a t for the a n h y d r i d e i n F i g u r e 6. T h e three bands at 1023, 1086, a n d 
1175 c m . - 1 are character is t i c of the a n h y d r i d e . T h e bands a t 1333 c m . - 1 i n the 
spectra of the a c i d a n d a n h y d r i d e are p r o b a b l y Β — Ο stre t ch ing ( ca lcu lated , 1350 
c m . - 1 ) . T h e shoulder i n the a n h y d r i d e s p e c t r u m at 1252 c m . - 1 a n d i n the boronic 
a c i d s p e c t r u m at 1250 to 1270 c m . - 1 has been t e n t a t i v e l y assigned to Β — C 
stre t ch ing ( ca l cu lated , 1247 c m . - 1 ) . B e n z e n e b o r o n y l d i ch lor ide a n d d i m e t h y l b e n -
zeneboronate also show a b s o r p t i o n i n this region. 

Solubility of Benzeneboronic A c i d and Anhydride. T h e s o l u b i l i t y of benzene
boronic a c i d as a f u n c t i o n of t e m p e r a t u r e (0° to 45°C . ) was de termined i n benzene, 
c a r b o n te t rach lor ide , ether ( 3 5 ° C ) , m e t h a n o l , water , p e t r o l e u m ether, a n d xy lene 
( F i g u r e 7 ) , a n d the s o l u b i l i t y of the a n h y d r i d e was de termined i n benzene, to luene, a n d 
xy lene ( F i g u r e 8 ) . 

T h e s o l u b i l i t y of the ac id i n m e t h a n o l a n d water is a p p a r e n t l y a s t ra ight l ine 
w i t h i n the t e m p e r a t u r e range s tud ied . T h e v e r y h i g h s o l u b i l i t y i n m e t h a n o l suggests 
the poss ib i l i t y of complex f o r m a t i o n I [cf. S y r k i n a n d D y a t k i n a (78)]. 

H+ 

I 

A c ompar i son of the s o l u b i l i t y of the a c i d a n d a n h y d r i d e i n benzene a n d xy lene 
shows the a n h y d r i d e to be more soluble, b u t i n each case the slope of the curve for the 
a c i d increases w i t h t e m p e r a t u r e , i n d i c a t i n g possible d e h y d r a t i o n . 

T h e s o l u b i l i t y curves fit the d a t a w i t h a m a x i m u m d e v i a t i o n of 1 5 % except f o r 
c a r b o n te t rach lor ide , p e t r o l e u m ether, a n d xylene i n w h i c h the solubi l i t ies are v e r y 
l o w at l ow temperatures . I n these cases, the poss ib i l i t y for error increases because of 
the d i f f i cu l ty of accurate ly d e t e r m i n i n g the s m a l l quant i t ies of b o r o n i n the a n a l y t i c a l 
samples . 

/=\ ?CH' 
B—OCH3 
OCH, 

Discussion 

Occurrence of Tetracoordinate Complex. T h e react ion of a G r i g n a r d reagent 
w i t h a borate ester is u s u a l l y represented b y E q u a t i o n 7. 

/ = \ / = \ / 0 C H 3 

<\ >-MgBr + (CH30)3B >- /}—\ + Mg(OCH3)Br (7) 
^ — ^ ^ — " OCH, 
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116 ADVANCES IN CHEMISTRY SERIES 

> 
-J 
Ο 
CO 

CO 
2 
< 
e> 
ο 
ο 

IaJ 
H 3 
Ο 
CO 

< 
50 20 30 40 

TEMPERATURE, °C. 

Figure 8. Solubility of benzeneboronic anhydride 

T h e r e is , however , a large a m o u n t of evidence to ind i cate t h a t a te t racoord inate 
boronate a n i o n ( E q u a t i o n 8) a n d the e q u i l i b r i a i n w h i c h i t takes p a r t are some of the 
most i m p o r t a n t aspects of the G r i g n a r d react ion . K u i v i l a a n d coworkers (41-Jfi) 
have shown t h a t a te t racoord inate boronate a n i o n , I I , is i n v o l v e d i n the react ion of 
benzeneboronic a c id a n d its der ivat ives w i t h b r o m i n e (43-40), iodine (40), a n d h y d r o 
gen peroxide (41, 4%, 4$)· 

OH 
I 
B—OH 
I 

OH 

I I 

M a n y examples of boron compounds ac t ing as L e w i s acids are k n o w n . F o r example , 
s o d i u m h y d r i d e a n d sod ium methox ide react w i t h m e t h y l borate to give s o d i u m 
t r i m e t h o x y - a n d s o d i u m t e t r a m e t h o x y b o r o h y d r i d e , respect ive ly (14)· T h e n , b y a n a l 
ogy, i t m i g h t be expected t h a t p h e n y l m a g n e s i u m b r o m i d e w o u l d react w i t h m e t h y l 
borate accord ing to E q u a t i o n 8 to f o r m a te t racoord inate complex . 

<̂  MgBr + (CH30)3B ^= 

OCH3 

B—OCH, 
I 3 

OCH3 
MgBr+ (8) 

T h e react ion of p h e n y l m a g n e s i u m b r o m i d e w i t h m e t h y l borate is h i g h l y exo
t h e r m i c , w h i c h p r o b a b l y results at least i n p a r t f r o m a fast react ion rate . F u r t h e r 
evidence for a fast react ion rate is afforded b y the fact t h a t the average y i e l d of b e n 
zeneboronic a c i d for a slow rate of a d d i t i o n of G r i g n a r d reagent (3 moles /0 .75 to 4.0 
hours ) is 4 6 . 8 % , whereas the average y i e l d for a fast rate of a d d i t i o n (3.0 moles /0 .1 
t o 0.25 h o u r ) , f o l lowed b y i m m e d i a t e h y d r o l y s i s , is 5 3 . 3 % . T h u s , the m a j o r p a r t of 
the reac t ion m u s t have occurred i n a r e l a t i v e l y short t i m e . F u r t h e r m o r e , i t can be 
assumed t h a t Κ ( E q u a t i o n 8) is p r o b a b l y r a t h e r large , because, q u a l i t a t i v e l y , the heat 
l i b e r a t e d d u r i n g h y d r o l y s i s of the reac t i on m i x t u r e ( E q u a t i o n 5) appears to be s m a l l 

Pu
bl

is
he

d 
on

 J
an

ua
ry

 1
, 1

95
9 

on
 h

ttp
://

pu
bs

.a
cs

.o
rg

 | 
do

i: 
10

.1
02

1/
ba

-1
95

9-
00

23
.c

h0
11



WASHBURN, LEVENS, ALBRIGHT, BILLIG, AND CERNAK-BENZENEBORONIC ACID 117 

i n c o m p a r i s o n to the heat of h y d r o l y s i s of the G r i g n a r d reagent alone. T h i s seems 
to ind i cate t h a t most of the G r i g n a r d has reacted . 

W h e n p h e n y l m a g n e s i u m bromide is added to a n ethereal so lu t i on of m e t h y l borate 
at l o w temperatures , a n d the react ion m i x t u r e is w a r m e d to a n d s t i r r e d at 0 ° C . p r i o r 
to h y d r o l y s i s , a m u c h better y i e l d is obta ined t h a n w h e n the react ion proceeds at 0 ° C . 
fo l lowed b y s t i r r i n g a n d h y d r o l y s i s at 0 ° C . T h i s suggested t h a t some side react ion was 
o c c u r r i n g at higher react ion temperatures to l i m i t the y i e l d of benzeneboronic a c i d . 
A clue was afforded b y the fact t h a t the h igher the reac t ion t e m p e r a t u r e , the h igher 
the y i e l d of dibenzenebor inic a c id . A s s u m i n g t h a t d ibenzenebor in ic a c i d c o u l d o n l y 
result f r o m the react ion of p h e n y l m a g n e s i u m b r o m i d e w i t h d i m e t h y l benzeneboronate 
( E q u a t i o n 10) var ious process var iab les a n d e q u i l i b r i a were considered w h i c h m i g h t 
l ead to the f o r m a t i o n of d i m e t h y l benzeneboronate . 

T h e boronate ester cou ld arise b y the t h e r m a l d i s p r o p o r t i o n a t i o n of the t e t r a -
coordinate boronate a n i o n of E q u a t i o n 8, accord ing to E q u a t i o n 9. 

T h e effect of t emperature then , can be at least p a r t i a l l y i n t e r p r e t e d i n terms of E q u a 
t i o n 9. A s the t e m p e r a t u r e is increased, more d i m e t h y l benzeneboronate is f o r m e d 
w h i c h i n t u r n can compete w i t h m e t h y l borate for p h e n y l m a g n e s i u m b r o m i d e ( E q u a 
t i o n 10) . 

T h e c o m p e t i n g rates of reac t ion of p h e n y l m a g n e s i u m b r o m i d e w i t h m e t h y l borate 
a n d d i m e t h y l benzeneboronate w i l l depend on a n u m b e r of factors such as s o l u b i l i t y 
of the two te t racoord inate complexes, re la t ive L e w i s a c i d i t y , a n d ster ic factors . I n 
general , one w o u l d expect the d i p h e n y l - s u b s t i t u t e d b o r o n to be a bet ter L e w i s a c i d 
t h a n the m o n o p h e n y l c o m p o u n d , a n d hence, produce a more stable t e t racoord inate 
complex w h i c h w o u l d p r o v i d e a d r i v i n g force for the f o r m a t i o n of the d i p h e n y l t e t r a -
coordinate complex . F o r example , L e t s i n g e r a n d Skoog (52) have shown t h a t d i b u t y l 
benzeneboronate forms a v e r y unstable a m m o n i a a d d i t i o n c o m p o u n d w h i c h d ecom 
poses at about 3 0 ° C , b u t y l d ibenzenebor inate forms a more stable a m m o n i a c o o r d i n a 
t i o n c o m p o u n d w h i c h decomposes at about 64° to 6 7 ° C , a n d t r i p h e n y l borane forms a 
v e r y stable c o o r d i n a t i o n c o m p o u n d w h i c h decomposes at 170° to 176°C. T h u s , the 
a c i d i t y of p h e n y l - s u b s t i t u t e d boron is i n the order , 

w h i c h is i n accord w i t h the observat ions of J o h n s o n a n d V a n C a m p e n (32) for a l i 
phat i c b o r o n compounds . 

A l l workers p r i o r to Seaman a n d J o h n s o n (71) e m p l o y e d a " n o r m a l " G r i g n a r d 
reac t ion for the p r e p a r a t i o n of benzeneboronic a c i d , b u t S e a m a n a n d J o h n s o n f o u n d 
t h a t the y ie lds were cons iderably i m p r o v e d b y a d d i n g the G r i g n a r d reagent to the 
borate ester. 

(9) 

(10) 
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118 ADVANCES IN CHEMISTRY SERIES 

B y a d d i n g the borate ester to the G r i g n a r d reagent, there was a lways a n excess 
of p h e n y l m a g n e s i u m b r o m i d e ; th i s gave r e l a t i v e l y large y ie lds of bor in i c a c i d a n d 
corresponding ly l o w y ie lds of boronic a c i d . A cons iderat ion of E q u a t i o n 10 shows 
t h a t the presence of excess p h e n y l m a g n e s i u m b r o m i d e can act as a d r i v i n g force for 
the f o r m a t i o n of the d i p h e n y l complex f r o m the m o n o p h e n y l complex b y r e m o v i n g 
d i m e t h y l benzeneboronate as r a p i d l y as i t is f o r m e d . I t was assumed above t h a t 
f o r m a t i o n of bor in i c a c i d o ccurred as a result of the f o r m a t i o n a n d subsequent react ion 
of d i m e t h y l benzeneboronate . T h e authors conf i rmed the effect of h a v i n g excess 
p h e n y l m a g n e s i u m b r o m i d e present b y a d d i n g m e t h y l borate to the G r i g n a r d . U n d e r 
these condi t ions the y i e l d of boronic a c i d was 4 2 . 8 % a n d the y i e l d of b o r i n i c a c i d , 
3 9 . 9 % . T h i s can be c o m p a r e d to exper iments i n w h i c h the G r i g n a r d reagent was 
a d d e d to a n ethereal so lu t i on of m e t h y l borate u n d e r exac t ly c omparab le condit ions 
y i e l d i n g 5 3 . 3 % of boronic a c i d a n d 1 8 . 2 % of bor in i c a c i d ( T a b l e I V ) . 

T h e inverse procedure of a d d i n g the G r i g n a r d reagent to the borate ester gives 
the c o n d i t i o n of a lways h a v i n g excess m e t h y l borate present , w h i c h b y mass ac t i on 
w o u l d be expected to reduce the effect of the reac t ion of p h e n y l m a g n e s i u m b r o m i d e 
w i t h d i m e t h y l benzeneboronate. T h i s is u n d o u b t e d l y p a r t l y t r u e . H o w e v e r , the 
a c i d i t y of m e t h y l borate is w e l l k n o w n , a n d a compet i t i ve e q u i l i b r i u m for the base, 
m a g n e s i u m m e t h o x y b r o m i d e , M g ( O C H 3 ) B r , between d i m e t h y l benzeneboronate a n d 
m e t h y l borate w o u l d be expected ( E q u a t i o n 11) . 

T h u s , a n excess of m e t h y l borate b y mass a c t i o n tends to d r i v e E q u a t i o n 8 to the r i ght 
a n d tends to p r e v e n t f o r m a t i o n of m e t h y l d ibenzenebor inate ( E q u a t i o n 10) , b u t i t 
also prov ides for the f o r m a t i o n of d i m e t h y l benzeneboronate . 

T h i s suggested t h a t the react ion of a G r i g n a r d reagent w i t h a borate ester shou ld 
be conducted i n such a m a n n e r t h a t there w o u l d never be a n excess of e i ther borate 
ester or G r i g n a r d reagent ; a n d i f one of the two h a d to be i n excess then i t shou ld be 
the ester. 

T h e authors inves t igated th is a prion conc lus ion b y a d d i n g m e t h y l borate a n d 
p h e n y l m a g n e s i u m b r o m i d e i n s m a l l s to i ch iometr i c increments to ether m a i n t a i n e d at 
the desired t e m p e r a t u r e . F i g u r e 7 gives the v a r i a t i o n of y i e l d w i t h t e m p e r a t u r e us ing 
th is m e t h o d . A t 0 ° C . , a y i e l d of 7 5 . 8 % of boronic a c i d was ob ta ined w i t h o n l y a 
trace of b y - p r o d u c t bor in i c a c i d . T h i s can be c o m p a r e d to a n average r u n i n w h i c h 
the G r i g n a r d reagent was added to the m e t h y l borate at 0 ° C . y i e l d i n g 5 3 . 3 % of boron ic 
a c i d a n d 1 8 . 2 % of bor in i c a c i d . I n b o t h cases the reactants were added as r a p i d l y as 
possible whi l e a constant t e m p e r a t u r e was m a i n t a i n e d . 

Q u a l i t a t i v e l y , the authors conc luded above t h a t the e q u i l i b r i u m represented b y 
E q u a t i o n 8 is v e r y r a p i d l y a t t a i n e d . I f the react ion were not reversible to some 
extent , the i n c r e m e n t a l r u n c i ted shou ld have g iven a q u a n t i t a t i v e y i e l d because no 
bor in i c a c id was ob ta ined . H o w e v e r , boron equ iva lent to 2 5 % of unreac ted m e t h y l 
borate was f o u n d i n the aqueous residue after e x t r a c t i o n of the h y d r o l y z e d react ion 
m i x t u r e . T h i s also suggested the poss ib i l i ty t h a t the secondary react ions i n v o l v i n g 
f o r m a t i o n of bor in i c a c i d a n d borane ( resu l t ing f r o m excess m e t h y l borate) act as a 
d r i v i n g force to prevent , i n effect, reversal of E q u a t i o n 8 d u r i n g the usua l inverse 
G r i g n a r d reac t i on . 

I n one i n c r e m e n t a l r u n the reactants were added v e r y s l owly a n d the react ion 
m i x t u r e was s t i r r e d for about a n h o u r before h y d r o l y s i s . I n th is case the y i e l d of 
benzeneboronic a c i d was reduced to 6 3 . 5 % w i t h a concurrent f o r m a t i o n of 2 8 . 2 % of 
bor in i c a c i d . T h i s f u r t h e r suggests t h a t the rate of reac t i on l ead ing to the m o n o -

OCH; 

(11) 
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phenyl tetracoordinate complex is much greater than the rate of formation of the 
diphenyl and triphenyl tetracoordinate complex (Equations 10 and 16). 

There is, however, an anomaly here; when the incremental method is used at 
— 6 0 ° C , followed by warming to, and hydrolysis at 0 ° C , a 99.5% yield of boronic acid 
was obtained (Table V and Figure 4, curve D). One would expect that the same 
equilibrium would be established on warming, so that regardless of the reaction tem
perature, some constant yield would be obtained. Apparently this is not the case. 
A number of possible explanations exist. The tetracoordinate complex might crystal
lize and the rate of solution be sufficiently slow to prevent reversal of the reaction 
within the experimental time allowed. Also, the reacting species has been assumed 
to be phenylmagnesium bromide. The Schlenk (84) equilibrium: 

2 R M g X ^± R 2 M g + M g X 2 (12) 

has not been considered in this discussion. For example, it is known that phenyl
magnesium bromide 0.2178iV in magnesium contains 31% of diphenylmagnesium at 
— 1 5 ° C , and 35% at 35°C. This suggests the possibility that the reacting species is 
actually phenylmagnesium bromide, and a higher concentration of this would then 
be present at lower temperatures. 

Unreacted Methyl Borate. Formation of Phenol, Benzene, and Dibenzeneborinic 
A c i d . In all runs made at 0 ° C , boron equivalent to about 20% of unreacted methyl 
borate was found in the aqueous residue. The boron could arise in one of two ways 
and in varying amounts depending on the quantity of benzene formed. These prod
ucts partially arise through hydrolysis (workup) of unreacted Grignard reagent (27) 
during the incremental method discussed above. However, during the addition of the 
Grignard reagent to methyl borate, the unreacted methyl borate and benzene probably 
arise, at least in part, as a result of other reactions described below. 

The formation of dibenzeneborinic acid was discussed above as arising through 
the reaction of dimethyl benzeneboronate and phenylmagnesium bromide. 

The small amounts of phenol observed during the high temperature runs prob
ably did not result from oxidized Grignard reagent, as air was rigorously excluded from 
the reactants and apparatus. However, no precautions were taken to keep air out 
of the system during hydrolysis of the reaction mixture and subsequent extraction 
steps. The phenol might have been formed by the oxidation of either dibenzeneborinic 
acid (Equation 13) or more probably, by the oxidation of triphenyl borane with lib
eration of phenol upon subsequent hydrolysis (Equation 14). 

The fact that more phenol is apparently formed in the high temperature runs in 
which the yield of triphenyl borane would be higher, suggests that the oxidation of 
borane is the source of the phenol. Letsinger and Skoog (52) observed that a rela
tively large amount of triphenyl borane was obtained when the reaction of phenylmag
nesium bromide and isobutyl borate proceeded at reflux, but only a small quantity was 
obtained at a reaction temperature of — 70°C. 

As triphenyl borane reacts with hot water, the presence of borane could also account 
for at least part of the benzene obtained (Equation 17). 

Torssell (79) (Equation 16) has shown that the esters of borinic acids react with 
Grignard reagents to form boranes. If one assumes again that there must be an initial 
dissociation of the diphenyl-tetracoordinate complex (Equation 15) then the arguments 
given above for dimethyl benzeneboronate would hold here also. 
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120 ADVANCES IN CHEMISTRY SERIES 

T h e o v e r - a l l equat ion for the f o r m a t i o n of t r i p h e n y l borane ( E q u a t i o n 18) i n d i 
cates t h a t 3 moles of p h e n y l m a g n e s i u m b r o m i d e react w i t h 1 mole of m e t h y l borate . 
H o w e v e r , the reactants are m i x e d i n a 1 to 1 m o l a r ra t i o for the f o r m a t i o n of benzene
boronic a c i d . T h u s , i f there is a n y bor in i c a c i d or borane f o rmed , then there w i l l be 
unreac ted m e t h y l borate at the end of the react ion , a n d when the react ion m i x t u r e is 
h y d r o l y z e d , a n d neutra l i zed , m e t h y l borate equ iva lent to the bor in i c a c id a n d borane 
f o r m e d is h y d r o l y z e d to m e t h a n o l a n d bor ic a c i d . 

D i b e n z e n e b o r i n i c a c i d is p r o b a b l y stable under the h y d r o l y s i s a n d n e u t r a l i z a t i o n 
condit ions used. There fore , at least p a r t of the benzene p r o b a b l y arises t h r o u g h the 
cleavage of t r i p h e n y l borane to y i e l d d ibenzenebor inic a c id a n d benzene ( E q u a t i o n 17) . 
T h i s is s igni f icant , because t r i p h e n y l borane, w h i c h is k n o w n to be f o r m e d at h igher 
temperatures b u t w h i c h w o u l d not be observed or iso lated under the e x p e r i m e n t a l 
condi t ions , c ou ld account for at least p a r t of the benzene, pheno l , a n d bor ic a c i d 
equiva lent to unreac ted m e t h y l borate . A s was po inted out above, the L e w i s a c i d i t y 
a n d hence the s t a b i l i t y of the te tracoord inate boronate an ion p r o b a b l y increase w i t h 
the n u m b e r of p h e n y l groups . T h u s , the e q u i l i b r i a ( E q u a t i o n s 10 a n d 16) are p r o b 
a b l y not reversible to a n y great extent , a n d once condit ions arise w h i c h promote the 
f o r m a t i o n of t r i v a l e n t boron compounds such as d i m e t h y l benzeneboronate ( E q u a t i o n 
9) a n d m e t h y l d ibenzenebor inate ( E q u a t i o n 15) , the y i e l d of boronic a c id is l i m i t e d . 

A s t u d y of the steric effects a n d electronic effects on the f o r m a t i o n a n d s t a b i l i t y 
of the te tracoord inate boronate an ion ( I ) w i l l be repor ted i n a subsequent p u b l i c a t i o n . 

Reactions and Uses of Benzeneboronic Acid 

Benzeneboronic a c id is such a versat i le chemica l in termediate t h a t a br ie f d iscus
s ion of the produc ts that can be der ived f r o m i t is i n order . M o r e general i n f o r m a t i o n 
about organoboron c h e m i s t r y can be f o u n d i n a recent rev iew b y L a p p e r t (SO). 

B r a n c h a n d Y a b r o f f (7, 87) f o u n d t h a t benzeneboronic a c id f o r m e d c rys ta l l ine 
amine adducts ( I I I ) w i t h d i e t h y l a m i n e , t r i e t h y l a m i n e , p r o p y l a m i n e , p y r i d i n e , a n d 
p i p e r i d i n e . 
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WASHBURN, LEVENS, ALBRIGHT, BILLIG, AND CERNAK-BENZENEBORONIC ACID 121 

R3 

I I I 

T h e y f ound t h a t acetoni tr i le , benzon i t r i l e , pheny lace ton i t r i l e , an i l ine , d i p h e n y l a m i n e , 
acetic a n h y d r i d e , a n d s o d i u m acetylacetonate d i d not f o r m stable a d d i t i o n compounds 
w i t h benzeneboronic a c id . 

Dehydration. Benzeneboronic a c id is easi ly d e h y d r a t e d to the a n h y d r i d e . T h e 
react ion was discussed above. 

Nitration. T h e n i t r a t i o n of benzeneboronic a c id was first r epor ted b y A i n l e y a n d 
Cha l l e nge r (2). W i t h s u l f u r i c - n i t r i c acids above —10°C . they observed considerable 
c h a r r i n g , b u t at — 2 0 ° C . a 7 0 % y i e l d of m-ni trobenzeneboronic a c i d was ob ta ined . 
Seaman a n d J o h n s o n (71) f o u n d t h a t n i t r a t i o n w i t h f u m i n g n i t r i c a c i d a t — 1 5 ° C . 
gave 7 0 % of m - n i t r o - a n d 1 0 % of o -ni trobenzeneboronic a c id , b u t n i t r a t i o n w i t h excess 
f u m i n g n i t r i c a c i d i n acetic a n h y d r i d e at — 15°C. gave 6 0 % of o - n i t r o - a n d 2 % of 
p-ni trobenzeneboronic a c id . A s m a l l a m o u n t of ni trobenzene was a lways f o rmed , 
a n d at higher temperatures , n i trobenzene a n d bor ic a c i d were the sole produc ts . 

Reduction of Nitrobenzeneboronic Acids. S e a m a n a n d J o h n s o n (71) obta ined 
44 to 4 8 % yie lds of m-aminobenzeneboronic a c id b y reduct ion of the n i t r o c o m p o u n d 
w i t h ferrous h y d r o x i d e . A t t e m p t s to isolate the o -amino c o m p o u n d or i ts a c e t y l 
d e r i v a t i v e y i e lded benzeneboronic a c i d i n s t e a d ; however , the benzoy l d e r i v a t i v e was 
isolated i n 3 7 % y i e l d f r o m the react ion m i x t u r e . Subsequent ly , B e a n a n d J o h n s o n 
(3) ob ta ined m - a m i n o - a n d o -aminobenzeneboronic a c id i n 85 to 90 a n d 2 4 % y ie lds , 
respect ive ly , b y ca ta ly t i c r educ t i on of the n i t r o compounds . 

S n y d e r a n d W e a v e r (74) have repor ted the p r e p a r a t i o n a n d in situ use of 
ra-diethylaminobenzeneboronic ac id b y reduc t i on of the n i t r o c o m p o u n d i n the presence 
of acetaldehyde. 

Diazotization of Aminobenzeneboronic A c i d . B e a n a n d J o h n s o n (3) r epor ted 
the p r e p a r a t i o n of m-hydroxybenzeneboron i c a c id i n a n o v e r - a l l y i e l d of 3 0 % based 
on m-ni trobenzeneboronic a c id ( E q u a t i o n 19) . 

N02 NH2 OH 

T h e m - h y d r o x y c o m p o u n d has also been p r e p a r e d b y S n y d e r a n d his coworkers 
(73-76). 

Diazo-coupling Reactions of m-Hydroxy- , ra-Amino-, and ra-Diethylamino-
benzeneboronic Acids. S n y d e r a n d his coworkers (73-76) have p r e p a r e d a n u m b e r 
of v e r y in teres t ing compounds us ing m - h y d r o x y - , m - a m i n o - , a n d ra-diethylaminobenzene-
boronic ac id as s t a r t i n g mater ia l s . I n a l l cases the boronic a c id couples p a r a to the 
a m i n o or h y d r o x y func t i on . F o r example , a d d i t i o n of benzid ine t e t r a z o n i u m chlor ide 
so lut ion to m-hydroxybenzeneboron i c a c id gave 4 ,4 ' - b i s - (2 -borono -4 -hydroxy -
benzeneazo ) -b ipheny l ( I V ) i n 6 9 % y i e l d . 

B(OH)2 B(OH)2 

I V 
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122 ADVANCES IN CHEMISTRY SERIES 

M a n y other examples of this c oup l ing react ion are g i v e n b y S n y d e r a n d coworkers 
(78-76). 

K u i v i l a (43) r epor ted t h a t m- iodobenzeneboronic ac id cou ld not be p r e p a r e d f r o m 
the d i a z o n i u m salt a n d cuprous iodide . T h i s conf irms the f indings of S n y d e r a n d 
coworkers a n d A i n l e y a n d Cha l l enger (2) t h a t cuprous salts cause cleavage of the 
b o r o n - c a r b o n b o n d . 

Esterification of Benzeneboronic A c i d and Reactions of Boronate Esters. E s t e r s 
of benzeneboronic a c i d were ob ta ined b y K h o t i n s k y a n d M e l a m e d (85) i n u n s t a t e d 
y i e lds as intermediates i n the p r e p a r a t i o n of benzeneboronic a c i d f r o m p h e n y l 
m a g n e s i u m b r o m i d e a n d borate esters. H o w e v e r , B r i n d l e y , G e r r a r d , a n d L a p p e r t 
(9) f o u n d th is procedure unsat i s fac tory . T h e y pre fe r red t o esteri fy the boron ic a c id 
or a n h y d r i d e b y r e m o v i n g water of reac t ion b y azeotropic d i s t i l l a t i o n . T h e azeotropic 
procedure of D u p i r e (24) was used b y T o r s s e l l (79-81) for the p r e p a r a t i o n of d i m e t h y l 
benzeneboronate. 

D i - i e r i - b u t y l benzeneboronate was best p r e p a r e d f r o m benzeneborony l d i ch lor ide 
a n d i e r i - b u t y l a l coho l i n the presence of p y r i d i n e (9, 11). E s t e r s of benzeneboronic 
a c i d general ly undergo faci le h y d r o l y s i s a n d alcoholys is w i t h h igher alcohols . B o t h 
react ions a p p a r e n t l y i n v o l v e cleavage of a boron -oxygen b o n d , because h y d r o l y s i s of 
d i - ( + ) - 2 - m e t h y l h e p t y l benzeneboronate afforded ( + ) -2 -oc tano l . A l s o , n e o p e n t y l 
a l coho l was recovered unchanged f r o m the h y d r o l y s i s of d i n e o p e n t y l benzeneboronate 
(11) [cf. Scat tergood , M i l l e r , a n d G a m m o n (67)]. 

T h e d ie thano lamine ester of benzeneboronic a c i d ( V ) is not h y d r o l y z e d b y water 
(52, 62). T h i s p r o b a b l y results f r o m the c o o r d i n a t i o n of the amine n i t r o g e n w i t h 
b o r o n [cf. B r o w n a n d F l e t c h e r (18)1. 

CH 2-CH 2 

CH2—CH2 

V 

E s t e r s of benzeneboronic a c i d react w i t h G r i g n a r d reagents to give excellent y ie lds of 
u n s y m m e t r i c a l d iarenebor inates (51, 53, 79, 80). 

B r i n d l e y , G e r r a r d , a n d L a p p e r t (10) have discussed the reac t i on of boronate 
esters w i t h b o r o n a n d h y d r o g e n hal ides . I n general , b o r o n hal ides react w i t h boronate 
esters accord ing t o E q u a t i o n 20. 

/ = \ OR / = K OR / ν CI O i ^ o<c, ^ o<cl -
T h e react ion of hydrogen b r o m i d e w i t h d i - ( + ) - 2 - m e t h y l h e p t y l benzeneboronate gave 
(—) -2 -bromo-octane . 

K u i v i l a , K e o u g h , a n d Soboczenski (46) p r e p a r e d esters of benzeneboronic a c i d 
a n d p o l y h y d r o x y compounds i n 57 to 9 6 % yie lds b y m i x i n g hot s a t u r a t e d solut ions 
of m a n n i t o l , s o r b i t o l , catechol , p i n a c o l , p e n t a e r y t h r i t o l , d ie thyl - D - tartrate , a n d cis-
i n d a n - l , 2 - d i o l , a n d the boronic a c i d . 

Conversion of Benzeneboronic A c i d to Benzeneboronyl Dichloride. S c h u p p 
a n d B r o w n (70) r epor ted the p r e p a r a t i o n of benzeneborony l d i ch lor ide i n a p p r o x i 
m a t e l y 5 0 % y ie lds f r o m the react ion of b o r o n t r i c h l o r i d e a n d benzeneboronic a c i d 
a n h y d r i d e ( E q u a t i o n 2 1 ) . 

B 3 0 3 + 2BC13 >- 3<T^\-BC12 + B 2 0 3 ( 2 D 
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WASHBURN, LEVENS, ALBRIGHT, BILLIG, AND CERNAK-BENZENEBORONIC ACID 123 

T h i s react ion has also been invest igated b y A b e l , D a n d e g a o n k e r , G e r r a r d , a n d L a p p e r t 
(1) who f o u n d t h a t b o r o n t r i f luor ide d i d not react analogously . 

S c h u p p a n d B r o w n (70) proposed the s t r u c t u r a l f o r m u l a V I for the react ion 
p r o d u c t of benzeneborony l d i ch lor ide a n d o -phenylened iamine . 

H 

C O O 
I 
H 

V I 

B r i n d l e y , G e r r a r d , a n d L a p p e r t (11) have shown t h a t benzeneborony l d i ch lor ide 
reacts w i t h alcohols to give in termediate products exempl i f ied b y V I I . 

/ = \ 
- B — 0 0 , H, 

CI 
V I I 

These authors also repor ted a stable complex ( V I I I ) f o rmed between p y r i d i n e a n d 
benzeneborony l d i ch lor ide . 

Cl 

U /)—Β: Ν // 

\—f C 1 \ — f 

V I I I 
Cleavage of the Boron-Carbon Bond in Benzeneboronic A c i d . M i c h a e l i s a n d 

B e c k e r (58) observed t h a t p h e n y l m e r c u r i c ch lor ide was obta ined w h e n benzeneboronic 
a c i d was t r e a t e d w i t h a n aqueous so lut ion of m e r c u r i c ch lor ide . T h i s react ion also 
proceeds w i t h the b r o m i d e (2) a n d has been used for the analys is of b o r o n compounds 
(29, SO, 35, 38) a n d m e r c u r y compounds (86). 

H o l z b e c h e r (29, 30) has s h o w n t h a t a q u a n t i t a t i v e y i e l d of d i p h e n y l m e r c u r y was 
ob ta ined f r o m the react ion of benzeneboronic a c i d a n d aqueous m e r c u r i c n i t r a t e i n 
the presence of s o d i u m acetate a n d t h a t a q u a n t i t a t i v e y i e l d of p h e n y l m e r c u r i c iodide 
was obta ined w h e n the react ion was a l l owed to proceed i n the presence of po tass ium 
iodide , a m m o n i u m n i t r a t e , a n d a m m o n i a . 

C h a l l e n g e r a n d P a r k e r (22) f o u n d t h a t t h a l l i c ch lor ide a n d b r o m i d e react i n hot 
aqueous so lut ion w i t h benzeneboronic a c id , y i e l d i n g , a c cord ing to the p r o p o r t i o n of 
boronic a c i d used, m o n o - or d i p h e n y l t h a l l i u m hal ides . These results were conf irmed 
b y M e l ' n i k o v a n d R o b i t s k a y a (57). 

M i c h a e l i s a n d B e c k e r (59) r epor ted the f o r m a t i o n of a " s i l v e r m i r r o r " a n d benzene 
w h e n benzeneboronic a c id was w a r m e d w i t h a m m o n i a c a l s i lver n i t r a t e . S e a m a n a n d 
J o h n s o n (71) a n d B e a n a n d J o h n s o n (3) used the reac t i on to remove the boronic 
a c i d g roup for purposes of i d e n t i f y i n g subs t i tu ted benzeneboronic acids. T h e r e 
a c t i o n was f o r m u l a t e d not as a reduc t i on b u t as a h y d r o l y t i c cleavage ( E q u a t i o n 22 ) . 
T h e h y d r o l y t i c cleavage has been conf i rmed (33). 

AgCNHa) 4 " 

C 6 H 5 B ( O H ) 2 + H 2 ( ) — > C 6 H 6 + H 3 B 0 3 (22) 
A i n l e y a n d Cha l l enger (2) invest igated a n u m b e r of cleavage react ions of benzene

boronic a c i d . T h e boronic a c i d was f o u n d to react r ead i l y w i t h ch lor ine or b r o m i n e 
w a t e r to give ch lo ro - or bromobenzene ( E q u a t i o n s 23 a n d 24 ) . 

C 6 H 5 B ( O H ) 2 + C l 2 + H O H C 6 H 5 C 1 + H C 1 + H 3 B 0 3 (23) 

C 6 H 5 B ( O H ) 2 + B r 2 + H O H -> C 6 H 5 B r + H B r + H 3 B 0 3 (24) 
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124 ADVANCES IN CHEMISTRY SERIES 

T h e reac t ion w i t h b r o m i n e water has been used as a r a p i d m e t h o d for d e t e r m i n i n g 
b o r o n i n a r o m a t i c organoboron c o m p o u n d s ; the results are said to be accurate to 
w i t h i n 0 . 1 % b o r o n (S6). 

T h e e lec trophi l i c d isp lacement of the boronic a c id group has been inves t igated 
k i n e t i c a l l y i n a series of excellent papers b y K u i v i l a a n d his coworkers [43-45, Jfi). 
T h e y have shown t h a t the m e c h a n i s m invo lves the r a p i d a n d reversible f o r m a t i o n of 
a te t racoord inate boronate an ion ( I I ) f r o m benzeneboronic a c i d a n d solvent , H S , w h i c h 

OH 

OH 
4- HS ^= 

OH 

0 ~ ? - ° h 

+ H+ 

I I 

t h e n reacts w i t h mo lecu lar b r o m i n e b y w a y of the discrete in termediate I X i n the r a t e -
d e t e r m i n i n g step. 

f=\ B(OH)3 

'Br • Q 
I X 

Iod ine i n excess po tass ium h y d r o x i d e reacts w i t h benzeneboronic a c id to give 
iodobenzene (2, see also 49). P h e n o l a n d bor ic a c i d are obta ined f r o m the 
reac t i on of benzeneboronic a c id a n d aqueous hydrogen peroxide ( E q u a t i o n 25) {2, 41, 
42,48, 55). 

ζ^^~- B ( Q H ) 2 + H 2 ° 2 OH + H3B03 
(25) 

T h e k inet i cs (41, Ιβ, 4$) f ° r th i s react ion ind icate t h a t there are two ionic mechanisms 
a c t i n g : b o t h are first order i n p e r o x i d e ; one is first order a n d the other is second 
order i n boronic a c id . T h e reac t ion is ca ta lyzed b y m a n y p o l y h y d r o x y compounds , 
exhib i ts a pos i t ive salt effect, a n d has the character ist i cs of first-order specific l ya te 
i o n cata lys is . These facts are satisfied b y the fo l l owing m e c h a n i s m : 

OH 

<^~^^B-QH + HOO" 
K- 2 

OH 
I 
B-OH 
I 

OH. 

slow 
/ = v ° H 

+ OH" 

I1 

H.BO, + <QHOH - T - < Q H O - B - O H 

H o t aqueous solutions of cupr i c ch lor ide a n d b r o m i d e react w i t h benzeneboronic 
a c i d to give good y ie lds of c h l o r o - a n d bromobenzene ( E q u a t i o n s 26 a n d 27 ) , whereas 

^~"^-B(OH)2 4- 2CuCl2 4- H20 

^~^-B(OH) 2 + 2CuBr2 + H20 

4- Cu2Cl2 + HCl 4· H3B03 

(26) 

4- Cu2Br2 + Η Br + H3B03 

(27) 
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hot aqueous cupr i c sulfate gives benzene, d i p h e n y l , a n d pheno l (2). B e n z o n i t r i l e is 
obta ined i n l ow y i e l d f r o m a hot m i x t u r e of cupr i c sul fate , p o t a s s i u m cyanide , a n d 
benzeneboronic a c i d . 

W a t e r at 140°C. for 40 hours or hot 5 0 % s o d i u m h y d r o x i d e was f o u n d to cleave 
benzeneboronic a c id y i e l d i n g benzene (2). T h e react ion of benzeneboronic a c i d w i t h 
water is c a t a l y z e d b y zinc a n d c a d m i u m hal ides . B e r y l l i u m , m a g n e s i u m , a n d c a l c i u m 
salts do not react (2). 

Formation of Polymers from Benzeneboronic A c i d . Sa l zberg a n d Signaigo (66) 
have described p o l y m e r s f o r m e d f r o m h i g h v i s cos i ty p o l y ( v i n y l alcohol ) a n d benzene
boronic a c i d h a v i n g the probab le s t ruc ture X . 

— CH-CH-CH—CH2— 
I I 

Ο 0 

T h e f i lms made f r o m th is m a t e r i a l are sa id to be v e r y t o u g h . 
A q u e o u s dispersions of p o l y ( v i n y l borate ) f o r m e d b y m i x i n g d i lu te p o l y ( v i n y l 

a lcohol ) w i t h bor ic a c id so lut ion , react i n the same w ray t o w a r d iodine as do amylose 
solutions b y g i v i n g a s t rong absorp t i on b a n d at 670 m μ. U n d e r s i m i l a r condi t ions , 
p o l y ( v i n y l benzeneboronate) d ispers ion does not give a color reac t ion (8S). 

U p s o n (83) has descr ibed p o l y m e r i c produc ts der ived f r o m d ipheny ls i lane 
a n d benzeneboronic a c id , h a v i n g the proposed s t ruc ture X L These mater ia l s are 

— Si- - B — Ο 

Χ Ι 

sa id to give c lear, t r a n s p a r e n t films a n d can be d r a w n i n t o fibers. A s i m i l a r 
m a t e r i a l has been descr ibed b y H i z a w a a n d N o j i m o t o (28). I t was c l a i m e d to give a n 
e lec t r i ca l ly i n s u l a t i n g film w h e n b a k e d on a copper p la te . 

U p s o n (82, 84) has also descr ibed p o l y m e r i c iV-boroureas ( X I I ) p r e p a r e d f r o m 
hexamethylene diureas a n d iV-boroamides der ived f r o m hexamethylene di isocyanates 
a n d benzeneboronic a c i d . 

— Β — N H C — N H ( C H 2 ) 6 N H C — N H — 
II II 
Ο 0 

X I I 

Miscellaneous Uses of Benzeneboronic A c i d . I t has been c l a i m e d (54) t h a t 
d i - ( carboe thoxyundecy l ) -benzeneboronate great ly i m p r o v e s film s t rength a n d extreme 
pressure character is t i cs of l u b r i c a t i n g oi ls . 
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M i c h a e l i s a n d B e c k e r (58, 59) r epor ted t h a t benzeneboronic a c id was tox i c t o w a r d 
microorgan isms a n d r e l a t i v e l y nontox i c t o w a r d higher a n i m a l s . 

S e a m a n a n d J o h n s o n (71) a n d B e a n a n d J o h n s o n (8) inves t igated the b a c t e r i o 
s tat i c effects of a n u m b e r of areneboronic acids u p o n Staphylococcus aureus. I n 
general , benzeneboronic a c i d was f o u n d to be o n l y s l i g h t l y effective, b u t B r o w n a n d 
coworkers (12) considered benzeneboronic a c i d as h i g h l y t ox i c . T h e y tested a 
n u m b e r of compounds against l a b o r a t o r y - r e a r e d l a rvae of the housefly (M. domestica), 
the confused flour beetle (T. confusum), the M e d i t e r r a n e a n f lour m o t h (E. Kuehniella), 
a n d adu l t s of the g r a n e r y weev i l (S. granarius). These results were : 

M u s c a Sitophi lus T r i b o l i u m Ephes t ia 
LCw LC% LC50 LC$a Î/C50 LC% LCw LC% 
700 1450 102 305 50 450 150 270 

B e r a n , P r e y , a n d Bôhm (4) also f o u n d benzeneboronic a c i d to be a good insect ic ide 
w h e n tested against Calandra granaria, Tenebno molitor, Musca domestica, a n d 
Carausius mow sus. 

Benzeneboronic a c id has bacter iostat i c a c t i o n equal to pheno l w h e n tested against 
Staphylococcus aureus (cf. 8) a n d Escherichia coli wh i l e the b a c t e r i c i d a l a c t i o n is 
less t h a n pheno l (20). T h e s o d i u m salt of benzeneboronic a c id is sa id to be a po ison 
to the r e s p i r a t o r y sys tem, b u t does not affect the heart (19). T h e l e t h a l dose of 
the sod ium salf for dogs was 0.4 g r a m per k g . weight (21). T h e l e t h a l dose of the a c i d 
was repor ted as 560 m g . per k g . i n t r a p e r i t o n e a l l y i n the mouse a n d 284 m g . per k g . 
i n the guinea p i g . T h e in t ravenous l e t h a l dose i n the dog was 450 m g . per k g . (21). 

C a u j o l l e a n d his coworkers have also f o u n d t h a t benzeneboronic a c i d has a 
definite effect o n the g e r m i n a t i o n of seeds a n d on the root g r o w t h of p l a n t s (15-18). 

Acknowledgment 

T h e authors w o u l d l i k e to express t h e i r a p p r e c i a t i o n to A m e r i c a n P o t a s h & 
C h e m i c a l C o r p . for permiss ion to p u b l i s h th i s w o r k . T h e y w o u l d also l i k e to t h a n k 
K a r l S terner for the a n a l y t i c a l d a t a a n d several G e r m a n t rans la t i ons , N a n c y N a u m a n n 
for the i n f r a r e d spectra , K e n t S m i t h e m a n for v a p o r c h r o m a t o g r a p h i c analyses, a n d 
V . V . Levashef f for several R u s s i a n t rans la t i ons . 

Literature Cited 

(1) Abel, E. W., Dandegaonker, S. H., Gerrard, W., Lappert, M . F., J. Chem. Soc. 1956, 
4697. 

(2) Ainley, A. D., Challenger, F., Ibid., 1930, 2171. 
(3) Bean, F. R., Johnson, J. R., J. Am. Chem. Soc. 54, 4415 (1932). 
(4) Beran, F., Prey, V., Böhm, H., Mitt. chem. Forschungsinsts. Wirtsch. Österr. 6, 54 

(1952). 
(5) Bettman, B., Branch, G. E. K., J. Am. Chem. Soc. 56, 1616 (1934). 
(6) Bettman, B., Branch, G. E . K., Yabroff, D. L., Ibid., 56, 1865 (1934). 
(7) Branch, G. Ε. K., Yabroff, D. L., Ibid., 54, 2569 (1932). 
(8) Branch, G. Ε. K., Yabroff, D. L., Bettman, B., Ibid., 56, 937 (1934). 
(9) Brindley, P. B., Gerrard, W., Lappert, M. F., J. Chem. Soc. 1955, 2956. 

(10) Ibid., 1956, 824. 
(11) Ibid., 1956, 1540. 
(12) Brown, A. W. Α., Robinson, D. B. W., Hurtig, H., Wenner, B. J., Can. J. Research 

26D, 177 (1948). 
(13) Brown, H . C., Fletcher, Ε. Α., J. Am. Chem. Soc. 73, 2809 (1951). 
(14) Brown, H . C., Schlesinger, Η. I., Sheft, I., Ritter, D. M. , Ibid., 75, 192 (1953). 
(15) Caujolle, F., Bergal, G., Compt. rend. 228, 1249 (1949). 
(16) Ibid., p. 1516. 
(17) Ibid., 230, 1101 (1950). 
(18) Ibid., 231, 1550 (1950). 
(19) Caujolle, F., Couturier, P., Delas, R., Gayrel, P., Stanislas, E., 66th Congr. French 

Assoc. Progress Sci., Sect. Pharmacol., 1947; Toulouse méd. 49, 50 (1948). 

Pu
bl

is
he

d 
on

 J
an

ua
ry

 1
, 1

95
9 

on
 h

ttp
://

pu
bs

.a
cs

.o
rg

 | 
do

i: 
10

.1
02

1/
ba

-1
95

9-
00

23
.c

h0
11



WASHBURN, LEVENS, ALBRIGHT, BILLIG, AND CERNAK-BENZENEBORONIC ACID 127 

(20) Caujolle, F., Delas, R., Gayrel, P., Lagreu, R., Ann. pharm. franc. 12, 113 (1954). 
(21) Caujolle, F., Gayrel, P., Roux, G., Muscarella, C., Bull. acad. natl. méd. 135, 314 

(1951). 
(22) Challenger, F., Parker, B., J. Chem. Soc. 1931, 1462. 
(23) Clear, C. G., Branch, G. E. K., J. Org. Chem. 2, 522 (1938). 
(24) Dupire, Α., Compt. rend. 202, 2086 (1936). 
(25) French, H . E., Fine, S. D., Am. Chem. Soc. 60, 352 (1938). 
(26) Gilman, H., Ibid., 45, 150 (1923). 
(27) Gilman, H., Vernon, C. C., Ibid., 48, 1063 (1926). 
(28) Hizawa, K., Nojimoto, E., Jap. Patent 4791 (1953). 
(29) Holzbecher, Z., Chem. Listy 46, 17 (1952). 
(30) Ibid., p. 20. 
(31) Hutto, F. B., Ph.D. thesis, Cornell University, 1953. 
(32) Johnson, J. R., Van Campen, M . G., Jr., J. Am. Chem. Soc. 60, 121 (1938). 
(33) Johnson, J. R., Van Campen, M . G., Jr., Grummitt, O., Ibid., 60, 111 (1938). 
(34) Kharasch, M . S., Reinmuth, O., "Grignard Reactions of Nonmetallic Substances," 

pp. 104-9, Prentice-Hall, New York, 1954. 
(35) Khotinsky, E. S., Melamed, M. , Ber. 42, 3090 (1909). 
(36) Kinney, C. R., Pontz, D. F., J. Am. Chem. Soc. 58, 196 (1936). 
(37) Ibid., p. 197. 
(38) Konig, W. Von, Scharrnbeck, W., J. prakt. Chem. 128, 153 (1930). 
(39) Krause, E., German Patent 371,467 (1923). 
(40) Krause, E., Nitsche, R., Ber. 55B, 1261 (1922). 
(41) Kuivila, H . G., J. Am. Chem. Soc. 76, 870 (1954). 
(42) Ibid., 77, 4014 (1955). 
(43) Kuivila, H . G., Benjamin, L. E., Ibid., 77, 4834 (1955). 
(44) Kuivila, H . G., Esterbrook, Ε. K., Ibid., 73, 4629 (1951). 
(45) Kuivila, H . G., Hendrickson, A. R., Ibid., 74, 5068 (1952). 
(46) Kuivila, H . G., Keough, A. H., Soboczenski, E. J., J. Org. Chem. 19, 780 (1954). 
(47) Kuivila, H . G., Soboczenski, E. J., J. Am. Chem. Soc. 76, 2675 (1954). 
(48) Kuivila, H . G., Wiles, R. Α., Ibid., 77, 4830 (1955). 
(49) Kuivila, H . G., Williams, R. M. , Ibid., 76, 2679 (1954). 
(50) Lappert, M . F., Chem. Revs. 56, 959 (1956). 
(51) Letsinger, R. L., Remes, N. , J. Am. Chem. Soc. 77, 2489 (1955). 
(52) Letsinger, R. L., Skoog, I., Ibid., 77, 2491 (1955). 
(53) Letsinger, R. L., Skoog, I., Remes, N. , Ibid., 76, 4047 (1954). 
(54) Lincoln, B. H., Byrkit, C. D., U. S. Patent 2,418,358 (1947). 
(55) Mel'nikov, Ν. N. , J. Gen. Chem. (U.S.S.R.) 6, 636 (1936). 
(56) Ibid., 8, 1766 (1938). 
(57) Mel'nikov, Ν. N. , Robitskaya, M. S., Ibid., 8, 1768 (1938). 
(58) Michaelis, Α., Becker, P., Ber. 13, 59 (1880). 
(59) Ibid., 15, 180 (1882). 
(60) Michaelis, Α., Behrens, M. , Ibid., 27, 244 (1894). 
(61) Michaelis, Α., Richter, E., Ann. 315, 26 (1901). 
(62) Musgrave, O. C., Park, T. O., Chemistry & Industry 1955, 1552. 
(63) Otto, M . M. , J. Am. Chem. Soc. 57, 1476 (1935). 
(64) Patterson, A. M. , Chem. Eng. News, 34, 136 (1956). 
(65) Ibid., p. 560. 
(66) Salzberg, P. L., Signaigo, F. K., U . S. Patent 2,475,603 (1948). 
(67) Scattergood, Α., Miller, W. H., Gammon, J., Jr., J. Am. Chem. Soc. 67, 2150 (1945). 
(68) Schaeffer, G. W., Wartik, T., Division of Chemical Literature, 125th ACS Meeting, 

Kansas City, Mo., March 1954. 
(69) Schlesinger, H . I., Brown, H. C., J. Am. Chem. Soc. 75, 186 (1953). 
(70) Schupp, L. J., Brown, C. Α., Division of Physical and Inorganic Chemistry, 128th ACS 

Meeting, Minneapolis, Minn., September 1955. 
(71) Seaman, W., Johnson, J. R., J. Am. Chem. Soc. 53, 711 (1931). 
(72) Snyder, H . R., Kuck, J. Α., Johnson, J. R., Ibid., 60, 105 (1938). 
(73) Snyder, H . R., Meisel, S. L., Ibid., 70, 774 (1948). 
(74) Snyder, H . R., Weaver, C., Ibid., 70, 232 (1948). 
(75) Snyder, H . R., Weaver, C., Parmerter, S. H., Ibid., 70, 773 (1948). 
(76) Snyder, H . R., Wyman, F. W., Ibid., 70, 234 (1948). 
(77) Strecker, W., Ber. 43, 1131 (1910). 
(78) Syrkin, Y. K., Dyatkina, M . E., "Structure of Molecules and the Chemical Bond," 

p. 110, Interscience, New York, 1953. 
(79) Torssell, K., Acta Chem. Scand. 8, 1779 (1954). 
(80) Ibid., 9, 239 (1955). 
(81) Ibid., p. 242. 

Pu
bl

is
he

d 
on

 J
an

ua
ry

 1
, 1

95
9 

on
 h

ttp
://

pu
bs

.a
cs

.o
rg

 | 
do

i: 
10

.1
02

1/
ba

-1
95

9-
00

23
.c

h0
11



128 ADVANCES IN CHEMISTRY SERIES 

(82) Upson, R. W., U . S. Patent 2,511,310 (1950). 
(83) Ibid., 2,517,945. 
(84) Ibid., 2,599,144. 
(85) West, C. D., J. Chem. Phys. 17, 219 (1949). 
(86) West, T. S., Metallurgia 47, 97 (1953). 
(87) Yabroff, D. L., Branch, G. Ε. K., J. Am. Chem. Soc. 55, 1663, 5077 (1933). 
(88) Yabroff, D. L., Branch, G. E. K., Almquist, H . J., Ibid., 55, 2935 (1933). 
(89) Yabroff, D. L., Branch, G. Ε. K., Bettman, B., Ibid., 56, 1850 (1934). 

RECEIVED for review May 10, 1957. Accepted June 1, 1958. 

Pu
bl

is
he

d 
on

 J
an

ua
ry

 1
, 1

95
9 

on
 h

ttp
://

pu
bs

.a
cs

.o
rg

 | 
do

i: 
10

.1
02

1/
ba

-1
95

9-
00

23
.c

h0
11



Preparation, Properties, and Uses 
of Borate Esters 

ROBERT M. WASHBURN, ERNEST LEVENS, CHARLES F. ALBRIGHT, and FRANKLIN A. BILLIG 

Research Department, American Potash & Chemical Corp., Whittier, Calif. 

The esters of orthoboric acid, although known for 
more than 100 years (58), have only recently become 
commercially available. This paper presents process 
development data; the synthesis and properties of a 
new series of hydrolytically stable borates; the varia
tion in boiling point, density, index of refraction, and 
viscosity with temperature; a summary of reactions 
and uses; and physical evidence that tetracoordinate 
boron is involved in the reactions of borate esters. 

A n u m b e r of methods for p r e p a r i n g borate esters have been descr ibed. T h e y i n 
c l u d e : react ion of a n a lcohol (or phenol ) w i t h boron t r i c h l o r i d e (48, 134) ( E q u a t i o n 
1 ) ; b o r o n acetate (8, 146) ( E q u a t i o n 2 ) ; bor ic a c i d (47, lp) ( E q u a t i o n 3 ) ; b o r o n 
oxide (188) ( E q u a t i o n 4) ; or s o d i u m b o r o h y d r i d e (36) ( E q u a t i o n 5) ; a n d t r a n s -
esteri f icat ion w i t h a lower b o i l i n g borate ester (170, 204) ( E q u a t i o n 6 ) . W h e n w a t e r 
is a p r o d u c t of the esteri f icat ion, i t has been removed b y azeotropic d i s t i l l a t i o n w i t h 
a n excess of the alcohol (14, 92, 164) o r a n m e r t m e d i u m (149) ; or b y d e h y d r a t i o n 
w i t h su l fur i c ac id (45, 197), copper sulfate (56, 93), or b o r o n oxide (120, 126, 172, 
197) ( E q u a t i o n 7 ) . 

3 R O H + B C 1 3 -> ( R O ) 3 B + 3 H C 1 (1) 

6 R O H + ( C H 3 C O O ) 4 B 2 0 -> 2 ( R O ) 3 B + 4 C H 3 C O O H + H 2 0 (2) 

3 R O H + H 3 B 0 3 -> ( R O ) 3 B + 3 H 2 0 (3) 

6 R O H + B 2 0 3 -> 2 ( R O ) 3 B + 3 H 2 0 (4) 

3 R O H + N a B H 4 + H+ -> ( R O ) 3 B + 4 H 2 + N a + (5) 

3 R O H + ( R O ) 3 B -> 3 ( R O ) 3 B + 3 R O H (6) 

3 R O H + B 2 0 3 -> ( R O ) 3 B + H 3 B 0 3 (7) 

Stan ley (180) has c la imed the p r e p a r a t i o n of borate esters as a n in termed ia te step 
i n the convers ion of a lkylenes into alcohols . T h e a lky lene is conver ted to the a l k y l 
sul fate , a l k y l phosphate , or a l k a r y l sul fonate b y a b s o r p t i o n in to a c i d or ac id ester ; 
the borate ester f o rmed o n subsequent reac t i on w i t h bor i c a c i d is t h e n d i s t i l l ed a n d 
h y d r o l y z e d to the a l c o h o l : 

3 S 0 2 ( O E t ) 2 + H 3 B 0 3 -> 3 S 0 2 ( O E t ) O H 4- ( E t O ) 8 B 

1 H 3 B ° 3 > 3 H 2 S 0 4 + ( E t O ) 8 B (8) 
129 
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B a r n e s a n d coworkers (15) recent ly c l a i m e d the p r o d u c t i o n of m e t h y l , e t h y l , 
p r o p y l , a n d b u t y l borates b y react ion of b o r o n t r i f luor ide etherate w i t h the a lcohol 
a n d s o d i u m a l coho late : 

B F 3 : 0 ( C 2 H 5 ) 2 + 3 N a O C H 3 + C H 3 O H - • [ B ( O C H 3 ) 3 + C H 3 O H ] + 3 N a F + ( C 2 H 6 ) 2 0 (9) 
azeotrope 

I n general , a t t e m p t s to prepare m i x e d borate esters of m o n o h y d r o x y compounds 
result i n d i s p r o p o r t i o n a t i o n to the corresponding s y m m e t r i c a l esters (47, 48, 170, 188). 
M i x e d esters have , however , been synthes ized b y use of a p o l y h y d r i c a l coho l (ethylene 
g lyco l ) or p h e n o l (catechol) i n c o n j u n c t i o n w i t h a monoa l coho l to give the cyc l i c 
p roduc ts , I a n d I I (118, 188): 

H O B 

O C H 2 

O C H , 

R O B < 

I 

Ο 
χ 
\ 

0 

I I 
T h e s imple borates of p o l y h y d r i c alcohols have been described (3, 4$, 146> 151, 

170). T h e effectiveness of c e r t a i n p o l y h y d r i c alcohols ( m a n n i t o l , g lycero l ) used i n 
the s t a n d a r d a lka l ine t i t r a t i o n of bor i c a c i d has been a t t r i b u t e d b y Bôeseken (23, 26, 
27) t o the f o r m a t i o n i n w a t e r of s t rong acids i n w h i c h the esterif ied b o r o n a t o m has 
become te t racoord inate ( I I I ) : 

H C O 

H C O 

O C H 

O C H 

H + 

I I I 

T h e t e t r a h e d r a l s t ruc ture of b o r o n i n esters of c i s - c l ihydroxy compounds was es
tab l i shed b y reso lut ion of b o r o n b i s - (y - ch lorocatecho l ) a n d of b o r o n b i s - ( 3 - n i t r o c a t e -
c h o l ) , each i n t o t w o o p t i c a l l y ac t ive f orms . S i m i l a r l y , the borosa l i cy late i o n a n d the 
α-hydroxybutyrate d e r i v a t i v e were f o u n d to be o p t i c a l l y ac t ive (23-25). O n the 
other h a n d , catechol borate , p r e p a r e d b y m e l t i n g together catechol a n d b o r o n oxide, 
was assigned the s t r u c t u r e ( I V ) : 

- O ( ) - ^ \ 
^ > B - - O — i * / 

- ο ο 

I V 

A l t h o u g h the ester is h y d r o l y z e d b y water , the salts are stable (165-167). T h i s 
suggests t h a t borates h a v i n g t r i g o n a l c op lanar b o r o n are f o r m e d u n d e r a n h y d r o u s c o n 
d i t ions , whi l e borates h a v i n g t e t r a h e d r a l boron as the center of s y m m e t r y result w h e n 
water is present . 

T h e u n u s u a l l y h i g h resistance to h y d r o l y s i s of the a l k a n o l a m i n e borates a n d 
a m i n o e t h y l d i a r y l b o r i n a t e s has been a t t r i b u t e d to the t e t r a h e d r a l conf igurat ion of 
b o r o n i n a t r y p t i c h s t ruc ture resu l t ing f r o m the t r a n s a n n u l a r c o o r d i n a t i o n of a p a i r 
of electrons o n the n i t rogen a t o m w i t h the open sextet on the b o r o n (85, 62, 119, 
181). T h a t t r i i s o p r o p a n o l a m i n e borate is cons iderably more hydro lys i s - res i s tant t h a n 
t r i e t h a n o l a m i n e borate (181) m a y result f r o m the a d d i t i o n a l steric effect i n the f o rmer . 

T h e p o l y f u n c t i o n a l i t y of bor i c a c i d (or b o r o n oxide) a n d the p o l y h y d r o x y c o m 
pounds r e a d i l y leads to the f o r m a t i o n of condensat ion p o l y m e r s a n d copo lymers . 
S e v e r a l patents descr ib ing such mater ia l s are l i s ted i n T a b l e X I X . 
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WASHBURN, LEVENS, ALBRIGHT, AND BILLIG—BORATE ESTERS 131 

Figure 1. Apparatus for laboratory study 
of azeotropic distillation method 

A. Miter flask 
B. Vigreux column 
C. Water-cooled azeotrope decanter 

T h e o n l y p a r t i a l l y esterif ied bor i c a c i d [ R O B ( O H ) 2 ] w h i c h has been repor ted is 
1-methyl bor i c a c id (142). Scat tergood , M i l l e r , a n d G a m m o n (164) a n d Ste inberg 
a n d H u n t e r (181) have suggested t h a t the p a r t i a l l y esterif ied bor i c acids occur as 
intermediates i n the stepwise h y d r o l y s i s of the f u l l y esterified compounds . G e r r a r d 
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132 ADVANCES IN CHEMISTRY SERIES 

Figure 2. Apparatus for large-scale laboratory azeotropic distillation 

a n d L a p p e r t (73) pos tu lated a s i m i l a r m e c h a n i s m for the d e a l k y l a t i o n of the tr iesters 
b y hydrogen hal ides , a l though no evidence for the in termediate d e a l k y l a t e d forms was 
f ound . T h e magnes ium, a l u m i n u m , c a l c i u m , b a r i u m , t i n , a n d c h r o m i u m salts of m a n y 
m o n o - a n d d i subs t i tu ted a l k o x y a n d a r y l o x y bor ic acids have been c la imed i n patents 
(U, W). 

Process Development 

I n deve lop ing processes for the m a n u f a c t u r e of var i ous borate esters, the authors 
have used azeotropic d i s t i l l a t i o n ( M e t h o d I , E q u a t i o n s 3 a n d 4) ; transester i f i cat ion 
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WASHBURN, LEVENS, ALBRIGHT, AND BILLIG—BORATE ESTERS 133 

( M e t h o d I I , E q u a t i o n 6) ; or d e h y d r a t i o n w i t h boron oxide ( M e t h o d I I I , E q u a t i o n 7 ) . 

T h e re lat ive efficiencies i n M e t h o d I of bor ic a c i d vs. bo ron oxide a n d of a v a r i e t y 
of azeotropic m e d i a were inves t igated i n a series of s t a n d a r d exper iments us ing the 
a p p a r a t u s shown i n F i g u r e 1. T h e water -coo led t r a p (designed b y the a u t h o r s ; c o n 
s t ruc ted b y S t a n f o r d G l a s s b l o w i n g L a b o r a t o r i e s , P a l o A l t o , C a l i f . ) was m u c h more 
sat i s fac tory for separat ing the azeotropes t h a n the c o m m o n l y used D e a n - S t a r k t r a p . 
T h e a lcohol (used as received) a n d the s to i ch iometr i c a m o u n t of boron c o m p o u n d (boric 
a c i d or boron oxide) were heated at a constant power i n p u t selected to give a moderate 
b o i l - u p rate (219 w a t t s ) . A n equal weight of reactants (500 grams) was used i n each 
case. T h e react ion was fo l lowed b y measur ing the a m o u n t of water col lected i n the 
t r a p , a n d was t e r m i n a t e d when a p p r o x i m a t e l y the theoret i ca l amount h a d been removed . 
T h e ester was pur i f i ed b y s t r i p p i n g the azeotropic m e d i u m at atmospher i c pressure, r e 
m o v i n g a n y unreacted a lcohol under moderate v a c u u m ( a s p i r a t o r ) , then d i s t i l l i n g 
t h r o u g h a short V i g r e u x or p a c k e d c o l u m n at about 5 m m . ( m e t h y l a n d e t h y l borate 
f o r m azeotropes ; i s o p r o p y l borate requires efficient f ra c t i onat i on to o b t a i n good separa 
t i o n f r o m the a l coho l ) . Larger - sca le l a b o r a t o r y preparat i ons were conducted i n the 
a p p a r a t u s shown i n F i g u r e 2. 

T y p i c a l curves of the progress of the s t a n d a r d reactions are g iven i n F i g u r e 3. 
T h e rate of f o r m a t i o n is t a k e n as the slope of the least squares l ine ca l cu lated for the 
i n i t i a l l inear p o r t i o n of the p lo t of ester f o r m e d (based on water col lected) vs. r eac t ion 
t i m e . Mono -o le f ins ( T a b l e I ) give faster rates of ester f o r m a t i o n of the a l i p h a t i c 

Table I. Comparison of Effect of Azeotropic Medium 
on Rate of Ester Formation 
(Standard reaction w i t h B 2 0 3 ) 

^ Rate, Moles/Hour 
Weight % H2() 

Azeotropic in Binary η-Butyl n-Dodecyl 
Medium Azeotrope" borate borate 

l-Butanolb 42.5 1.12 — 
l-Dodecanolc — — 1.56 
Benzene* 8.83 2.21 1.45 
Xylene* 35.8 — 1.47 
Diisobutylene' 13.0 2.56 2.16 
1-Octene' 34.7 2.78 2.01 
Tripropylene* 28.6 2.58 1.74 
Tetrapropylene* 66.0 2.48 1.74 

α Azeotrope data for butanol, benzene, and xylene from (87). 
b Union Carbide Chemicals Corp. 
c Aceto Chemical Co. 
d Baker and Adamson. 
« Phillips Petroleum Co.; mixture of meta- and para-isomers. 
/ Atlantic Refining Co.; approximately 4:1 mixture of 2,4,4-trimethyl-l-

pentene and 2,4,4-trimethyl-2-pentene. 
ο Matheson, Coleman and Bell. 
A Enjay Co.; mixture of mono-olefins: 33 vol. % Ce, 50 vol. % Cg, 17 vol. 

% Cio. 
* Enjay Co.; mixture of mono-olefins. 

borates t h a n does a n excess of the a lcohol or the c o m m o n aromat i c azeotropic m e d i a ; 
b o r o n oxide ( T a b l e I I ) reacts faster t h a n bor i c a c id . F o r a romat i c borates, the m o n o -
olefins are also more effective, a l t h o u g h here bor ic a c id seems to be a better b o r o n 
source t h a n b o r o n oxide. 

T a b l e I shows that the higher efficiency of the olefins re lat ive to the other m e d i a 
is not re lated to the a m o u n t of water i n the corresponding b i n a r y azeotrope. A l 
t h o u g h the m a t t e r was not s tudied i n deta i l , a br ie f inves t igat i on of the m i n i m u m -
b o i l i n g t e r n a r y azeotrope, d i i sobuty lene -butano l -water ( T a b l e I I I ) , demonstrated t h a t 
a subs tant ia l a m o u n t of the alcohol is car r i ed o v e r ; the olefin a n d alcohol are , of 
course, r e t u r n e d to the sys tem w h e n the cooled d is t i l la te is decanted. T h e c o m p o s i 
t i o n of the t e r n a r y azeotrope was obta ined b y d i s t i l l a t i o n of a m i x t u r e of the c o m 
ponents , r e m o v a l of water f r o m the t o t a l d i s t i l la te w i t h po tass ium carbonate , a n d i n f r a 
red analys is of the organic l ay er . T h e a m o u n t of water r e m a i n i n g i n the organic l a y e r 
was f ound b y K a r l F i s c h e r t i t r a t i o n . 
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134 ADVANCES IN CHEMISTRY SERIES 

0 1 2 3 0 1 2 3 

REACTION TIME, HOURS 

Figure 3. Comparison of rates of η - b u t y l borate formation 
with boron oxide and boric acid by azeotropic distillation 

A c o m p a r i s o n was also made , on a 1-liter scale, of the azeotropic d i s t i l l a t i o n 
( M e t h o d I ) a n d transester i f i cat ion ( M e t h o d I I ) processes for the p r e p a r a t i o n of a 
techn i ca l grade of the a l i p h a t i c borates . T h e compounds i n c l u d e d i n the c o m p a r i s o n 
were the η-butyl , c y c l o h e x y l , 2 - e t h y l h e x y l , 2 , 6 , 8 - t r i m e t h y l - 4 - n o n y l , a n d 2 - m e t h y l - 7 -

Table II. Comparison of Effect of Boron Oxide 
and Boric Ac id on Rate of Ester Formation 

(Standard reaction w i t h diisobutylene) 

Alcohol 
Alcohol, 

Moles 

Boron 
Compound, 

Moles 

Rate, Moles/Hour 

B 2 0 3
e HaBCV 

1-Butanol5 5.83 
5.27 

0.971 
1.76 

2.56 
1.45 

2-Ethylhexanolb 3.52 
3.31 

0.586 
1.10 

2.57 
1.75 

2-Metbyl-2 pentanol6 4.39 
4.07 

0.731 
1.36 

2.03 
1.50 

2-Methyl-7-ethyl-4-undecanolb 2.20 
2.12 

0.367 
0.708 

1.88 
1.18 

l-Dodecanolc 2.52 
2.41 

0.420 
0.804 

2.16 
1.30 

° American Potash & Chemical Corp. 
b Union Carbide Chemicals Corp. 
c Aceto Chemical Co. 

e t h y l - 4 - u n d e c y l borates . I n the azeotropic d i s t i l l a t i o n s tudy , d i i sobuty lene was used 
as the iner t m e d i u m ; i n the transester i f i cat ion exper iment , i s o p r o p y l borate was used 
as the exchange ester. F o r b o t h sets of exper iments , the a p p a r a t u s was s i m i l a r to 
t h a t shown i n F i g u r e 1, except t h a t the flask h a d a n extra neck for the w i t h d r a w a l of 

Table III. Composition of Diisobutylene-
Butanol-Water Azeotrope 

Weight % 

Phase Water 1-Butanol Diisobutylene Total 
Organic 0.3 9.2 77.9 87.4 
Water 12.3 0.3 — 12.6 
Azeotrope 12.6 9.5 77.9 100.0 
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WASHBURN, LEVENS, ALBRIGHT, AND BILLIG—BORATE ESTERS 135 

samples a n d a c o l u m n (45 X 2.54 cm.) p a c k e d w i t h 0 .24- inch p r o t r u d e d stainless steel 
p a c k i n g (Scienti f ic D e v e l o p m e n t C o r p . , State Col lege , P a . ) was used. I n the t r a n s -
esteri f icat ion exper iments the azeotrope t r a p was replaced b y a W h i t m o r e - L u x c o l u m n 
head {202) m a n u a l l y set at a reflux ra t i o of a p p r o x i m a t e l y 4 to 1. 

W h e n the react ions were completed , as i n d i c a t e d b y col lect ion of a p p r o x i m a t e l y 
the theoret i ca l a m o u n t of water or 2 - p r o p a n o l , the c o l u m n was rep laced b y a C l a i s e n 
head a n d ice-cooled receiver , a n d the react ion m i x t u r e was s t r i p p e d at atmospher i c 
pressure to a m a x i m u m of 250°C . Samples were w i t h d r a w n f r o m the pot at i n t e r v a l s 
w i t h o u t i n t e r r u p t i n g the d i s t i l l a t i o n . T h e same procedure was t h e n repeated on each 
reac t ion m i x t u r e at 20 a n d 5 m m . T y p i c a l d a t a re la t ing to the b o r o n a n d a lcohol 
content to the s t r i p p i n g operat ion are shown for b u t y l borate i n T a b l e I V . 

Table IV. Relation of Boron and Alcohol Content 

of Tri(n-butyl) Borate to Stripping Temperature 

at Atmospheric Pressure 

Pot Temp., Boron, Alcohol, Ester, % 
°C. % % (on Boron) 

Azeotropic Distillation Method 
125 3.11 21.8 66.2 
130 3.51 20.4 74.7 
150 4.28 7.7 91.1 
175 4.48 3.5 95.3 
200 4.55 2.5 96.8 
225 4.63 0.9 98.5 
235 4.66 0.3 99.2 

Transesterification Method 
175 4.55 5.2 96.8 
200 4.57 2.4 97.2 
225 4.66 1.4 99.2 
250 4.68 0.1 99.6 

O n the basis of the i n f o r m a t i o n thus obta ined , a new r u n was made for each 
ester u n d e r process condit ions selected to p r o v i d e products of h i g h p u r i t y i n good 
y i e l d . W i t h b u t y l borate as a n example , the s to i ch iometry a n d react ion condit ions 
a n d m a t e r i a l balances for the two methods be ing c o m p a r e d are shown i n Tab les 
V , V I , a n d V I I . A s u m m a r y of the results obta ined w i t h the var i ous esters b y b o t h 
p r e p a r a t i v e methods is g iven i n T a b l e V I I I . 

Table V. Stoichiometry and Reaction Conditions 

for Preparation of Tri(n-butyl) Borate by 
Azeotropic Distillation under Selected Conditions 

Reactants 
Alcohol, grams 
Boron oxide, grams 

185.30 (2.5 moles) 
29.25 (0.42 mole) 

Water removed 
Pot temp., °C. 
Head temp., °C. 
Heating time to remove water, hr. 
Water removed, ml. (theory 22.7) 

99-114 
81-98 
0.33 

22.2 
Azeotropic medium recovered (diisobutylene) 

Pot temp., °C. 
Head temp., °C. 
Pressure, mm. Hg 
Heating time, hr. 
DIB recovered, ml. 
Boron, % 

113-122 
100-107 
760 
0.2 
176 
0.06 

Products 
Pot temp., °C. (sampled) 
Pressure, mm. Hg 
Boron, % (theory 4.70) 
Alcohol, % 
Total heating time for reaction, hr. 
Yield 

grams (theory 191.7) 
% 

Purity (% ester) 
Based on boron content 
Based on alcohol content 

227 
760 
4.67 
2.8 
1.33 

Pot temp., °C. (sampled) 
Pressure, mm. Hg 
Boron, % (theory 4.70) 
Alcohol, % 
Total heating time for reaction, hr. 
Yield 

grams (theory 191.7) 
% 

Purity (% ester) 
Based on boron content 
Based on alcohol content 

190 
99.1 
99.4 
97.2 
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136 ADVANCES IN CHEMISTRY SERIES 

Table VI. Stoichiometry and Reaction Conditions 
for Preparation of Tri(n-butyl) Borate by 

Transesterification under Selected Conditions 

Reactants 
Alcohol, grams 
Isopropyl borate, grams 

Alcohol removed 
Pot temp., °C. 
Head temp., °C. 
Heating time to remove alcohol, hr. 
Alcohol removed 

M l . (theory 191.4) 
Grams 

Boron, % 
Products 

Pot temp., °C. (sampled) 
Pressure, mm. Hg 
Boron, % (theory 4.70) 
Alcohol, % 
Total heating time for reaction, hr. 
Yield 

Grams (theory 191.7) 
% 

Purity (% ester) 
Based on boron content 
Based on alcohol content 

185.30 (2.5 moles) 
156.66 (0.83 mole) 

103-126 
81-106 
0.75 

193 
150.1 
0.02 

232 
760 
4.69 
0.55 
3.27 

189.2 
98.7 

99.8 
99.4 

Table VII. Materials Balance for Preparation of 
Tri(n-butyl) Borate 

Materials in, grams 
Alcohol 
Boron oxide 
Diisobutylene 
Isopropyl borate 

Materials out, grams 
Water 
Diisobutylene 
Isopropyl alcohol 
Ester 

Loss, grams 
Loss, % 

Total 

Total 

Azeotropic 
Distillation0 

185.30 
29.25 

128.00 

243.55 

22.20 
126.82 

190.00 

339.02 
3.53 
1.03 

° Operating conditions shown in Table V. 
b Operating conditions shown in Table VI. 

Transesteri fication6 

185.30 

156.66 

341.96 

150.10 
189.21 

339.31 
2.65 
0.78 

Table VIII. Comparison of Azeotropic Distillation and Transesterification Methods 
for the Preparation of Aliphatic Borate Esters 

(Technical grade) 

Borate Ester 
Butyl 

Cyclohexyl 

2-Ethylhexyl 

2,6,8-Trimethyl-4-nonyl 

7-Ethyl-2-methyl-4-undecyl 

Yield, %« Ester Purity, % 

Azeotropic 
distillation 

99.1 

Transester
ification 

98.7 

Basis of 
calculation 

Boron 
Alcohol 

Azeotropic 
distillation 

99.4 
97.2 

Transester
ification 

99.8 
99.4 

102.0 98.0 Boron 
Alcohol 

99.7 
97.6 

98.6 
97.8 

101.7 99.4 Boron 
Alcohol 

99.3 
97.3 

101.1 
100.0 

99.8 100.1 Boron 
Alcohol 

99.0 
92.3 

98.4 
97.3 

101.3 101.2 Boron 
Alcohol 

99.4 
93.1 

101.2 
98.8 

• Not adjusted for alcohol content. 
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WASHBURN, LEVENS, ALBRIGHT, AND BILLIG—BORATE ESTERS 137 

I t m a y be conc luded t h a t t e chn i ca l grades of borate esters h a v i n g better t h a n 
9 0 % p u r i t y (based on a lcoho l content) can be p r e p a r e d i n good y i e l d ( > 9 0 % ) b y 
either azeotropic d i s t i l l a t i o n or transester i f i cat ion . Process flow d iagrams i l l u s t r a t i n g 
b o t h methods are shown for technica l grade η-butyl borate (F igures 4 a n d 5 ) . 

481.9 lb. 
(75.82 gel.) 

B 9 0 2 U 3 -

ALCOHOL 97.49 lb. 
(14.34 gal.) 

DECANTER 

DIB-HgO 
AZEOTROPE 

ÎH20 118.391b. 
H4.20gal.) 

REACTOR 

FRACTIONATION 
COLUMN 

FLASH 
STILL 

ALCOHOL 

PRODUCT 
100 lb. 

(I4.06qal.) 

Figure 4. Flow diagram for batch preparation of η - b u t y l borate by azeotropic 
distillation 

DIB. Diisobutylene 

ISOPROPYL ALCOHOL 
79.361b. (12.02gal.) 

FRACTIONATION 

COLUMN 

UNREACTED 
ISOPROPYL BORATE -i 
1-BUTANOL 

ISOPROPYL BORATE 

82.79 lb. (11.99gal.) 

ALCOHOL 
97.88 lb. (I4.39gal.) 

FLASH 
STILL 

PRODUCT 
I00 lb. 

Figure 5. Flow diagram for batch preparation of η - b u t y l borate by transesterification 

A s i m i l a r process flow d i a g r a m for the prev i ous ly repor ted cont inuous p r e p a r a t i o n 
of i s o p r o p y l borate (120) b y M e t h o d I I I ( d e h y d r a t i o n w i t h b o r o n oxide) is g iven 
i n F i g u r e 6. 

Borates of Polyhydric Compounds 

A l t h o u g h catechol borate ( I V ) , w h e n p r e p a r e d i n a n a n h y d r o u s m e d i u m , is 
h y d r o l y z e d b y water , i ts salts are stable (65, 165-167). T h e authors have synthes ized 
s o d i u m catechol borate m o n o h y d r a t e ( f o rmula ted most s i m p l y as shown i n E q u a t i o n 
10) b y direct reac t ion of catechol (1.33 moles ) , borax (0.333 m o l e ) , a n d aqueous 
s o d i u m h y d r o x i d e (0.665 mole ) : 

- O H 
+ N a 2 B 4 0 7 · 10H 2 O + 2 N a O H -> 4 

V 
— O H 

i—Ο 
B O N a - H 2 0 + 1 4 H 2 0 (10) 

V 
- o 
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138 ADVANCES IN CHEMISTRY SERIES 

B 2 ° 3 i - C 3 H ? 0 H i - C 3 H 7 0 H 

(WASH) 
4 5 5 . 6 9 2 7 . 8 2 5 0 . 0 

_ i i « I 

REACTOR « 

ALCOHOL 
D I S T I L L A T E 

E S T E R - 2 6 . 9 
ALCOHOL - 2 5 9 . 8 

CRYSTALLIZER 
1 

BOROXINE 
210.5 

S L U R R Y 
2 0 2 0 . 0 

* 

FILTER 

ALCOHOL 

137.4 

F I L T R A T E 
E S T E R - 1 5 6 5 . 0 
H3BO3 - 5 0 . 5 
A L C O H O L - 1 1 2 . 6 

t 

WET WASHED C A K E 
ALCOHOL - 137.4 
H3BO3 - 4 0 4 . 3 

ALCOHOL COLUMN 
1 

E S T E R COLUMN F E E D 
E S T E R - 1 2 2 8 . 9 
BOROXINE - 2 1 0 . 5 

L 

ESTER COLUMN 

DRYER 
Γ 

A L C O H O L 
137.4 

ALCOHOL 
CONDENSER 

I S O P R O P Y L B O R A T E 

1 2 2 8 . 9 

H 3 B 0 3 ( T O B 2 0 3 P L A N T ) 

4 0 4 . 3 
Figure 6. Flow diagram for continuous preparation of isopropyl borate by boric acid 

precipitation 

A f t e r the reactants h a d been heated to 8 4 ° C , t h e n cooled, the solids were r e m o v e d 
b y filtration a n d washed w i t h e t h y l a l coho l to y i e l d 217 grams (92 .3%) of gray , 
s h i n y plates . A n a l y s i s of the v a c u u m - d r i e d p r o d u c t gave : 

C a l c u l a t e d for C 6 H 6 0 4 B N a . N a , 13.08; B , 6.14 
F o u n d . N a , 12.97; B , 6.13 

A n u m b e r of viscous to glassy p o l y m e r i c borates were br ie f ly invest igated to 
determine q u a l i t a t i v e l y the effect of cross l i n k i n g on resistance to h y d r o l y s i s . A s ex
amples , bor i c a c id , ethylene g l y c o l , a n d pheno l i n a mole ra t i o of 1 to 2 to 0.3 gave a 
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WASHBURN, LEVENS, ALBRIGHT, AND BILLIG—BORATE ESTERS 139 

p r o d u c t w h i c h was viscous w h e n hot a n d h a r d w h e n coo led ; a mole ra t i o of 1 to 2 to 1 
y ie lded a m a t e r i a l w h i c h was t a c k y at r o o m t e m p e r a t u r e : 

H3BO3 + H O C H 2 C H 2 O H + C 6 H 5 O H > Γ — C H 2 C H 2 0 — Β — Ο — " I ( H ) 
- H 2 0 

-> Γ — C H 2 C H 2 0 — Β — Ο — Ί 
0 ! 

R e a c t i o n of bor i c a c id a n d ethylene g l y c o l alone resulted i n a t a c k y p r o d u c t . These 
ethylene g l y c o l borates were r e a d i l y h y d r o l y z e d b y water . I n contrast , the glassy 
copo lymers obta ined f r o m the react ion of bor ic a c i d a n d male ic a n h y d r i d e w i t h 
g lycero l a n d w i t h p e n t a e r y t h r i t o l were o n l y s l owly a t t a c k e d b y water . 

2,6-Di-ferf-butylphenyl Borates 

T h e authors have p r e p a r e d a series of new, hydro lys i s - res i s tant , m i x e d borate 
esters of 2,6-di-ieré-butylphenols b y the transester i f i cat ion react ion ( M e t h o d I I ) : 

Ç4H9(terO CJÎ9(tert) 

Il—/ \ — O J J + O B ( O R ' ) 2 + R O H (12) 

Y - f 
C 4 H 9 ( f e r O C 4 H 9 ( f e r O 

These compounds , some p h y s i c a l constants for w h i c h are g iven i n T a b l e I X , are 
of considerable interest because of the h i g h steric h indrance i n v o l v e d . T h e s t a r t i n g 

Table IX. 2,6-Di-ferf-butylphenyl-dialkyl Borates 
CiB.9(tert) 

Compound 

.—O—B(OR')2 

CiHtitert) 

B.P., M.P. , 
R R' °C./Mm. °C. 

H — IS0-C3H7— 80/0.5 ~ 
C H 8 — Iso-CsHr— — 88-89 
C H 3 — 71-C4H9— 140/0.6 — 
CH 3—° C H 2 = C H — C H 2 — 130-131/0.4 — 

CHo 

C H 3 — b C H 3 C I I — C H 2 C H ^ 153/0.5 — 

(tert)d¥i9— Iso-C 3 H 7 — — 209-215 

" d4° a = 0.9727 - 0.0007727 t. 
ηζ°· = 1.5004 - 0.0003794 t. 
Viscosity (cs.)i°C. = 1696·β; 4ϋ.0 2 3· 2; 21.237.s. 

b d^°c- = 0.9121 - 0.0001700 t. 
ηζ°· = 1.4826 - 0.0003657 t. 

Viscosity (cs.)i°C. = 521»·*; 20835-2; 85.5 4 6 0. 

phenols do not undergo the usua l phenol ic r e a c t i o n — t o f o r m the s o d i u m phenate , for 
example , i t is necessary to use meta l l i c s o d i u m i n l i q u i d a m m o n i a (183). 

A s a n example of the h y d r o l y s i s resistance of the h i n d e r e d esters, the 2 , 6 - d i - i e r i -
b u t y l - 4 - m e t h y l p h e n y l d i i s o p r o p y l borate was recovered q u a n t i t a t i v e l y after 8 hours ' 
reflux i n 3 7 . 5 % aqueous acetone fo l lowed b y storage i n the m o t h e r l i q u o r for 13 weeks ; 
no boron was f o u n d i n the f i l t rate . 

D e t a i l s of the p r e p a r a t i v e methods for these compounds w i l l be g iven i n a s u b 
sequent p u b l i c a t i o n . 

Physical Properties 

T h e p h y s i c a l propert ies of a n u m b e r of borate esters have been s u m m a r i z e d b y 
L a p p e r t (116) a n d b y Ste inberg a n d H u n t e r (181). A d d i t i o n a l d a t a have been 
obta ined for several borates o n the v a r i a t i o n w i t h t e m p e r a t u r e of v a p o r pressure 
(Tables Χ , X I ) , dens i ty ( T a b l e X I I ) , re f ract ive index ( T a b l e X I I I ) , a n d v iscos i ty 
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140 ADVANCES IN CHEMISTRY SERIES 

Table X. Vapor Pressures of Borate Esters 

Log Pm 

Borate Ester 
Primary aliphatic 

Methyl 0 

Ethyl* 
n-Butyl 
2-Ethylhexyl 
n-Octyl 
n-Decyl 
n-Dodecyl 

Secondary aliphatic 
Isopropyl 
sec-Butyl 
Methylisobutylcarbinyl 
2,6,8-Trimethyl-4-nonyl 
2-Methyl-7-ethyl-4-undecyl 

Aromatic 
o-Cresyl 

Miscellaneous 
2-Methoxyethyl 
2-2'-Methoxyethoxyethyl 
Tri (hexyleneglycol) biborate 
Tetrahydrofurfuryl borate 

8.1073 
8.4156 
8.3986 
9.4290 
8.4776 
9.4317 
8.2793 

8.1877 
7.8840 
8.2400 
8.4144 
8.1154 

9.0080 

7.6396 
10.834 
9.0910 

12.576 

A - B/T 

Β 

1785 
2167 
2804 
4080 
3682 
4478" 
4126 

2190 
2350 
2833 
3585 
3791 

B.P., °C. 
(Calcd.), 
10 Mm. 

68.3™> 
H8760 
106 
211 
219 
258 
294 

140760 
197760 
118 
210 
260 

3883 

2614 
4457 
3664 
5466 

212 

121 
180 
180 
199 

β Values from (197). 
b Reference reported log ρ = 8.8553 — 
e This value may be too low. 

2298. 

Table XI. Melting Points of Solid Borate Esters 

Borate Ester M.P. , 0 0 
Diisopropylcarbinyl 60.4-61.4 
Diisobutylcarbinyl 97-98 
Neopentyl glycol 123-124 
Cyclohexyl 54-55 
Phenyl 89-91 
p-Cresylb 137-140 
2,5-Dimethylphenyl 147-148 
3.4- Dimethylphenyl 72-73 
3.5- Dimethylphenyl 145-148 
2.6- Dimethylphenyl 156-157 
2,6-Diisopropylphenyl 286-290 

a Uncorrected. 
6 Sample probably impure. 

References 
(164) 
(181) 
(164) 
(198, 204) 
(181, 204) 
(116) 
New compound 
New compound 
New compound 
New compound 
New compound 

Table XII. Densities of Borate Esters 

Borate Ester 
Primary aliphatic 

Methyl 
Ethyl 
n-Propyl 
n-Butyl 
2-Ethylhexyl 
n-Octyl 
n-Decyl 
n-Dodecyl 

Secondary aliphatic 
Isopropyl 
sec- Butyl 
Methylisobutylcarbinyl 
2,6,8-Trimethyl-4-nonyl 
2-Methyl-7-ethyl-4-undecyl 

Aromatic 
o-Cresyl 
w-Cresyl 
2,4-Dimethylphenyl 

Miscellaneous 
Allyl 
2-Methoxyethyl 
2-2,-Methoxyethoxyethyl 
Cyclohexyl 
3,3,5-Trimethylcyclohexyl 
Tetrahydrofurfuryl 

0.9578 
0.8853 
0.8808 
0.8735 
0.8743 
0.8661 
0.8641 
0.8704 

0.8404 
0.8495 
0.8368 
0.8544 
0.8591 

1.1037 
1.0949 
1.0711 

0.9400 
1.0508 
1.0789 
0.9992 
0.9249 
1.1214 

A — Bt 

Β X 10* 

13.62 
11.48 
12.89 
8.229 
7.553 
6.658 
6.077 
7.654 

10.69 
9.043 
7.242 
7.393 
6.436 

7.515 
8.203 
7.063 

10.62 
10.29 
9.150 
8.330 
7.184 
7.360 

d*> (Calcd.) 

0.9306 
0.8623 
0.8550 
0.8570 
0.8592 
0.8528 
0.8519 
0.8551 

0.8190 
0.8314 
0.8223 
0.8396 
0.8462 

1.0887 
1.0784 
1.0570 

0.9188 
1.0302 
1.0606 
0.9825 
0.9105 
1.1067 

References 

(181, 197) 
(181, 197) 
(73, 181) 
(181) 
(181) 
(116) 
(80, 181) 

(111, 181) 
(73, 181) 
(164, 181) 
(181) 
New compound 

(149, 181) 

(164) 
New compound 
(123, 181) 
(76) 

References 

(181, 197) 
(181, 197) 
(45, 181) 
(73, 181) 
(181) 
(181) 
(116) 
(80, 181) 

(111, 181) 
(73, 181) 
(164, 181) 
(181) 
New compound 

(149, 181) 
(49) 
New compound 

(13, 98) 
(164) 
New compound 
(198, 204) 
New compound 
(76) 
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WASHBURN, LEVENS, ALBRIGHT, AND BILLIG—BORATE ESTERS 141 

Table XIII. Refractive 

Borate Ester 
Primary aliphatic 

Methyl 1.3668 
Ethyl 1.3825 
n-Propyl 1.4029 
n-Butyl 1.4129 
2-Ethylhexyl 1.4441 
n-Octyl 1.4430 
n-Decyl 1.4492 
n-Dodecyl 1.4546 

Secondary aliphatic 
Isopropyl 1.3850 
sec-Butyl 1.4038 
Methylisobutylcarbinyl 1.4182 
2,6,8-Trimethyl-4-nonyl 1.4453 
2-Methyl-7-ethyl-4-undecyl 1.4543 

Aromatic 
o-Cresyl 1.5637 
m-Cresyl 1.5637 
2,4-Dimethylphenyl 1.5535 

Miscellaneous 
Allyl 1.4359 
2-Methoxyethyl 1.4235 
2-2,-Methoxyethoxyethyl 1.4418 
3,3,5-Trimethylcyclohexyl 1.4658 
Tri(hexyleneglycol) biborate 1.4457 
Tetrahydrofurfuryl 1.4674 

Indices of Borate Esters 
A - Bt 

Β Χ 104 n ? 0 (Calcd.) References 

4.360 1.3581 (181, 197) 
4.359 1.3738 (181, 197) 
4.000 1.3948 (45, 181) 
2.949 1.4070 (73, 181) 
3.615 1.4369 (181) 
3.496 1.4360 (181) 
3.487 1.4422 (116) 
3.484 1.4476 (80, 181) 

4.380 1.3762 (111, 181) 
4.026 1.3957 (73, 181) 
3.895 1.4104 (164, 181) 
3.513 1.4383 (181) 
3.333 1.4476 New compound 

3.718 1.5563 (149, 181) 
4.077 1.5555 (49) 
3.282 1.5469 New compound 

4.471 1.4270 (13, 93) 
3.743 1.4160 (164) 
3.385 1.4350 New compound 
3.487 1.4588 New compound 
3.362 1.4390 (123, 181) 
3.308 1.4608 (76) 

Table XIV. Viscosities of Borate Esters 

Temp., Viscosity, Temp., Viscosity, Temp., Viscosity, 
Borate Ester °C. Centistokes °C. Centistokes °C. Centistokes 

Primary aliphatic 
Methyl 21.2 0.416 39.8 0.347 60.0 0.295 
Ethyl 21.4 0.615 40.0 0.503 60.0 0.424 
n-Propyl 7.0 1.59 23.8 1.09 43.4 0.845 
n-Butyl 21.4 1.99 39.8 1.47 63.6 1.08 
2-Ethylhexyl* 20.8 11.0 39.6 6.18 60.0 3.80 
n-Octyl 20.6 11.1 40.0 6.38 60.0 3.93 
n-Decyl 21.4 19.3 40.0 10.3 60.0 6.66 
n-Dodecyl 21.0 30.5 39.6 15.1 60.0 8.89 

Secondary aliphatic 
Isopropyl 21.4 1.03 39.6 0.797 59.8 0.631 
sec-Butyl 20.8 1.90 39.6 1.37 60.0 1.04 
Methylisobutylcarbinyl 21.4 4.30 40.0 2.77 63.6 1.70 
2,6,8-Trimethyl-4-nonyl 21.4 121. 39.6 33.7 60.0 15.4 
2-Methyl-7-ethyl-4-undecyl 20.6 139. 39.6 46.5 63.6 16.9 

Aromatic 
o-Cresyl 21.4 175. 39.8 35.9 60.0 11.9 
ra-Cresyl 20.6 192. 39.6 37.0 60.0 10.8 
2,4-Dimethylphenyl 60.0 35.1 70.0 17.3 76.6 12.8 

Miscellaneous 
Allyl 7.0 1.25 23.2 0.902 37.8 0.747 
2-Methoxyethyl 21.2 2.90 39.8 1.99 59.8 1.39 
2-2'-Methoxyethoxyethyl 20.8 8.57 39.6 5.05 60.2 3.23 
3,3,5-Trimethylcyclohexyl 60.0 87.9 70.0 43.3 79.0 25.5 
Tri(hexyleneglycol) biborate 23.4 433. 37.8 97.8 48.2 44.5 
Tetrahydrofurfuryl 21.4 22.6 40.0 6.93 60.0 4.35 

a (100) report 1.94 (210°F.); 6.28 (100°F.); 433 ( -40°F.) . 

( T a b l e X I V ) . These d a t a were fitted b y the m e t h o d of least squares. T h e m e l t i n g 
po ints of some so l id esters are g i v e n i n T a b l e X L 

T h e v a p o r pressure d a t a were obta ined w i t h the modi f i ed C o t t r e l l ebull ioscope 
shown i n F i g u r e 7 (designed b y H . S. M y e r s , C . F . B r a u n C o . , A l h a m b r a , C a l i f . ; 
c onstructed b y S t a n f o r d G l a s s b l o w i n g L a b o r a t o r i e s , P a l o A l t o , C a l i f . ) us ing a C a r t e s i a n 
manos ta t ( E m i l G r e i n e r C o . , N e w Y o r k , Ν . Y . ) to m a i n t a i n reduced pressures. 
Dens i t i es were de termined i n 5- a n d 10 -ml . v o l u m e t r i c flasks w i t h extended necks , 
c a l i b r a t e d w i t h d i s t i l l ed water , a n d suspended i n a constant t e m p e r a t u r e b a t h . T h e 
re fract ive indices were de termined w i t h a n A b b é re fractometer ( B a u s c h & L o m b 
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142 ADVANCES IN CHEMISTRY SERIES 

Figure 7. Modified Cottrell ebullioscope of 
H. S. Myers 

A. Ebullioscope 
B. Cartesian manostat 

O p t i c a l C o . , T y p e 3 3 - 4 5 - 5 6 ) , ca l i b ra ted w i t h d i s t i l l ed water , h a v i n g water at the 
requ i red t e m p e r a t u r e c i r c u l a t i n g t h r o u g h the p r i s m . Viscos i t ies were de termined i n 
C a n n o n - F e n s k e - O s t w a l d viscometers ( C a n n o n I n s t r u m e n t C o . , State Col lege , P a . ) sus
pended i n a constant t emperature b a t h . 

A v e r a g e densities of p r i m a r y a l i p h a t i c , secondary a l i p h a t i c , a n d a r o m a t i c borates 
are g iven i n F i g u r e 8. T h e re la t i ve ly h i g h dens i ty of m e t h y l borate m a y be a t 
t r i b u t e d to shorten ing of the Β — Ο b o n d l ength , as shown b y a shift of the i n f r a r e d 
Β — Ο s t re t ch ing v i b r a t i o n f r o m the average of 1335 c m . - 1 for a l k y l borates to 
1352 c m . - 1 

T h e re f rac t ive indices of p r i m a r y a n d secondary a l i p h a t i c borates are shown i n 
F i g u r e 9 as a f u n c t i o n of the n u m b e r of c a r b o n atoms i n the a lcohol m o i e t y . 
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Figure 8. Densities of borate esters 

Inves t i ga t i on of the specific v i scos i ty of d i lu te solutions of l o n g - c h a i n borate 
esters (n - oe ty l to n-decy l ) i n benzene a n d c a r b o n te t rach lor ide i n d i c a t e d t h a t the 
esters are i n extended f o r m as expected f r o m the parachor values (7). 

T h e p l a n a r conf igurat ion of the B 0 3 g roup was demonstrated b y a n electron d i f 
f r a c t i o n s t u d y of m e t h y l borate (16). T h e b o n d angles were f o u n d to be 120° for 
B — 0 , a n d 113° ± 3° for B — 0 — C . T h e b o n d distances were : B — 0 , 1.38 ± 0.02 Α . ; 
C — 0 , 1.43 ± 0 . 0 3 A . T h e d a t a suggested considerable r o t a t i o n of the C H 3 groups 
about the l ine of the Β — Ο b o n d ; th i s i n t e r n a l r o t a t i o n was i n t e r p r e t e d as be ing 
s y n c h r o n i z e d so t h a t the C — C distance is a lways greater t h a n 3.5 Α., as there appeared 
to be insuff ic ient r o o m for independent m o v e m e n t . T o th is s y n c h r o n i z a t i o n of the 
m e t h y l groups was a t t r i b u t e d a s m a l l d ipo le m o m e n t . 

T h e p a r a c h o r constants for b o r o n i n s imple a l k y l borates were f o u n d to range 
f r o m 15.9 to 17.8 (185). Subsequent ly , Jones a n d others (93) f o u n d t h a t 
t r i - 2 - c h l o r o e t h y l borate , B ( 0 C H § C H § C 1 ) 3 , a n d t r i - 2 , 2 - d i c h l o r o i s o p r o p y l borate , 
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Figure 9. Refractive indices of borate esters 

B [ 0 C H ( C H 2 C 1 ) 2 ] 3 , have b o r o n parachor constants of 21.6 a n d 37.1, respect ive ly . T h e y 
conc luded t h a t the va lue of the constant rises w i t h increas ing mo lecu lar weight a n d 
c o m p l e x i t y of the boron c o m p o u n d . 

A r b u z o v a n d V i n o g r a d o v a (8) also measured the parachor for the f o l l owing borates : 
m e t h y l (243.7) ; e t h y l (363 .1 ) ; w - p r o p y l (476 .5 ) ; i s o p r o p y l (475 .8 ) ; n - b u t y l (597 .9 ) ; 
n - h e p t y l (957 .7) ; n - o c t y l (1072.2) ; a n d w-decyl (1307.2) . T h e y assigned the va lue 
77.5 to the B ( 0 — C ) 3 - g r o u p . These parachor d a t a were sa id to be i n agreement 
w i t h the electron d i f f ract ion measurements of B a u e r a n d B e a c h (16) a n d to con f i rm the 
p l a n a r s t ruc ture of the B 0 3 g roup , w i t h out -o f -p lane synchronous m o v e m e n t of the 
a l k y l groups so t h a t i f one is above the B 0 3 - g r o u p plane , two are below the p lane . 

Chemical Properties 

Thermal Stability. B r a n d e n b e r g a n d G a l a t (30) described the p y r o l y s i s of 
alcohols to f o r m olefins i n 85 to 9 5 % yie lds at 350°C . us ing bor ic a c id as a cata lys t . 
T h e react ion was said to proceed b y f o r m a t i o n a n d subsequent decompos i t i on of the 
corresponding a l k y l b o r a t e ; the pos i t i on of the olefin double b o n d was not ind i ca ted . 
T h e unstable in termediate m a y , however , be the metaborate f o r m e d f r o m the i n i t i a l 
borate ester (11$). D r e i s b a c h , M a r t i n , a n d E r b e l (55) s tated t h a t borates of 
α-hydroxyalkyl a romat i c compounds were t h e r m a l l y decomposed w h e n they were 
d i s t i l l ed at 10 m m . , bu t d i d not describe the decompos i t ion products . P y r o l y s i s of 
dodecy l borate gave the α-olefin (9). 

T h e authors invest igated the t h e r m a l s t a b i l i t y of borate esters at atmospher i c 
pressure b y heat ing a p p r o x i m a t e l y 50 m l . of the selected c o m p o u n d under reflux for 
1 h o u r i n a 100-ml . flask sealed to a jacketed V i g r e u x c o l u m n . A f t e r the reflux 
per i od , a p p r o x i m a t e l y 5 0 % b y v o l u m e of the ester was d i s t i l l ed at atmospher i c 
pressure. B o t h d i s t i l l a n d a n d d is t i l la te were ana lyzed for b o r o n as a measure of 
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WASHBURN, LEVENS, ALBRIGHT, AND BILLIG—BORATE ESTERS 145 

the amount of decompos i t ion t h a t h a d occurred . T h e decompos i t ion products were 
not examined . 

M e t h y l , e t h y l , a n d i s o p r o p y l borates are stable at the i r a tmospher i c bo i l ing 
po ints (197). T h e results of the s t u d y g iven i n T a b l e X V show t h a t the higher esters 

Table XV. Stability of Borate Esters to Distillation at Atmos
pheric Pressure* 

% B 

Borate Ester Theoretical Distillate Distilland 
n- Butyl 4.70 4.63 4.72 
2-Ethylhexyl 2.71 2.65 2.84 
Cyclohexyl 3.51 3.30 3.85 
2-Methyl-4-pentyl 3.44 3.37 3.43 
2-Methyl-7-ethyl-4-undecyl 1.66 0.39 2.96 
n-Dodecyl 1.91 0.87 4.29 
(m.p)-Cresyl 3.26 1.99 3.43 
Te trahy drof urfuryl 3.44 1.18 4.52 

a Preceded by 1-hour reflux. 

undergo t h e r m a l decompos i t ion , as evidenced b y the decreasing b o r o n content of the 
dis t i l la te whi le t h a t of the d i s t i l l a n d increases. A l l these esters m a y be successful ly 
d i s t i l l ed u n d e r reduced pressure, a l t h o u g h the temperature shou ld p r o b a b l y be k e p t 
below about 250°C. to prevent decompos i t ion . 

Reactions. Scattergood , M i l l e r , a n d G a m m o n (164) observed q u a l i t a t i v e l y t h a t 
b r a n c h i n g reduces the rate of h y d r o l y s i s of a l k y l borates. Q u a n t i t a t i v e d a t a were 
obta ined b y Ste inberg a n d H u n t e r (181), who observed the t im e of disappearance of 
the p h e n o l p h t h a l e i n end po int when hal f the caustic requ i red for complete h y d r o l y s i s 
was added to the ester i n aqueous dioxane. T h e y f o u n d t h a t the re lat ive rates for 
a l i p h a t i c a n d a l i cyc l i c esters are i n the order expected f r o m the steric factors i n v o l v e d 
i n the nuc leophi l i c a t t a c k of water (or h y d r o x y l ion) on the c e n t r a l b o r o n a t o m (see 
D i s c u s s i o n ) . T h e rate of hydro lys i s is , therefore, reduced b y increas ing size of the 
alcohol g roup a n d b y b r a n c h i n g so t h a t , for example , b u t y l > a m y l > h e x y l , etc., a n d 
p r i m a r y > secondary > t e r t i a r y . T h e r a p i d h y d r o l y s i s of h i g h l y h indered a r o m a t i c 
a n d ch lor ine - subs t i tu ted a l i p h a t i c esters was a t t r i b u t e d to a shi f t f r o m steric to elec
t ron i c c o n t r o l l i n g factors . 

B r a d l e y a n d C h r i s o p h e r (29) invest igated the h y d r o l y s i s of a l k y l borates i n a n 
hydrous acetone. T h e y repor ted the e q u i l i b r i u m constants at 0 ° C . to be m e t h y l 
borate, 16.0; η-propyl borate , 2.7; η-butyl borate , 2 .1 ; a n d n - a m y l borate , 1.8. 

B o r a t e esters react w i t h carboxy l i c acids to f o r m the corresponding esters (85, 
86, 170) : 

( R O ) 3 B + 3 R ' C O O H -> 3 R ' C O O R + H 3 B 0 3 (13) 

T h e react ion w i t h acetic a n h y d r i d e to f o r m b o r o n acetate has also been described 
(120): 

2 ( R O ) 3 B + 5 ( C H 3 C O ) 2 0 ( C H 3 C O O ) 2 B O B ( O O C O H 3 ) 2 + 6 C H 3 C O O R (14) 

F r i e d e l - C r a f t s a l k y l a t i o n s have been car r i ed out w i t h borate esters i n place of the 
a l k y l or a l k a r y l ha l ide . F o r example , w i t h a l u m i n u m chlor ide as cata lys t , i s o b u t y l 
borate reacted w i t h m-xy lene to f o r m £er£-butylxylene, w i t h anisole to f o r m p-tert-
buty lan iso le , w i t h pheno l to f o r m p-ieré-butylphenol, a n d w i t h bromobenzene to f o r m 
p - b r o m o - i e r i - b u t y l b e n z e n e ; b e n z y l borate a n d benzene gave d i p h e n y l m e t h a n e (96). 
Benzene a n d b u t y l borate , w i t h a l u m i n u m chlor ide , gave a n unident i f i ed organoboron 
c o m p o u n d , l ead ing to the conclus ion t h a t the borate esters m a y either donate the a l k y l 
g roup or a d d boron to the benzene r i n g (191). 

A l u m i n u m isopropoxide has been used to reduce aldehydes a n d ketones i n the 
M e e r w e i n - P o n d o r f f - V e r l e y react ion (203). Somewhat lower y ie lds at higher t e m p e r a -
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146 ADVANCES IN CHEMISTRY SERIES 

tures (150° to 175°C.) were obta ined b y K u i v i l a , S lack , a n d S i i t e r i (111), who i n v e s t i 
gated the use of a l k y l borates for the same p u r p o s e : 

( \ ) Η Ο J Β + 3 R ' C O R " -> 3 R C O R + ( \ ) H O J Β (15) 

R ^ Κ V R " ^ Κ 
A r o m a t i c a ldehydes were reduced i n good y i e l d b y i s o p r o p y l b o r a t e ; a l i p h a t i c a l d e 
hydes gave poor y ie lds . K e t o n e s were not reduced b y i s o p r o p y l borate a n d o n l y i n 
l ow y i e l d b y a l l y l borate . 

T h e borate esters react w i t h G r i g n a r d reagents to give , successively, boronic acids, 
R B ( O H ) 2 ; b o r i n i c acids, R 2 B O H ; a n d borines , R 3 B (98). T h e m e c h a n i s m of th i s 
reac t ion has been discussed i n some de ta i l (196). 

O f the a l k y l borates , o n l y m e t h y l borate appears to react w i t h a m m o n i a a n d 
p r i m a r y a n d secondary amines to f o r m stable , so l id c oord inat i on compounds (77-79, 
168, 198) : 

( C H 3 0 ) 3 B + RxNH 3_x -> ( C H 3 0 ) 3 B · N H 3 _ X R X (16) 

T h e a r y l borates , w h i c h are stronger L e w i s acids t h a n the a l k y l esters, general ly f o r m 
s i m i l a r compounds , w i t h some steric l i m i t a t i o n s (47, 48). 

A n u m b e r of borate esters were invest igated as cata lysts for the p o l y m e r i z a t i o n of 
d iazomethane to p o l y m e t h y l e n e (181). T h e order of effectiveness was a p p r o x i m a t e l y 
i n the order of increas ing a c i d i t y of the esters: i s o p r o p y l < e t h y l < m e t h y l < a l l y l < 
b e n z y l < β -methoxyethyl < β-chloroethyl < β-trichloroethyl . 

B o r a t e esters react w i t h m e t a l a lkoxides to f o r m the corresponding m e t a l t e t r a -
a l k o x y b o r o h y d r i d e (171): 

( R O ) 3 B + N a O R - » N a B ( O R ) 4 (17) 

H o w e v e r , steric l i m i t a t i o n s appear to decrease the rate of f o r m a t i o n a n d s t a b i l i t y of the 
t e t ra i sopropoxy c o m p o u n d . R e a c t i o n w i t h m e t a l hydr ides y ie lds the corresponding 
m e t a l t r i a l k o x y b o r o h y d r i d e s : 

(R()) : i B + N a H -> N a B H ( O R ) 3 (18) 

Tetracoordinate Boron in Borates 

T h e a b i l i t y of b o r o n compounds to act as L e w i s acids has long been k n o w n a n d 
the effect has been used to corre late var ious aspects of b o r o n c h e m i s t r y . F o r e x a m 
ple , Schlesinger a n d B r o w n (171) used the L e w i s general ized acid-base concept to 
correlate the react ions of d iborane a n d re lated compounds . B r o w n (84) has g iven 
a n excellent s u m m a r y of his w o r k (concerned to a great extent w i t h the c o o r d i n a t i o n 
of v a r i o u s bases w i t h b o r o n compounds) o n the chemica l effects of steric s t ra ins . 

K u i v i l a a n d coworkers (105-114) have de termined k i n e t i c a l l y t h a t a t e t r a c o o r d i 
nate boronate a n i o n is the i m p o r t a n t in termed ia te i n the e lectrophi l i c d isp lacement of 
the boronate m o i e t y f r o m areneboronic acids b y halogen or perox ide . 

Bôeseken a n d coworkers (24) conf i rmed the te tracoord inate s t ruc ture of the b o r o n 
a t o m i n e is -d io l c ompounds b y separat ing the o p t i c a l isomers of b o r o n b i s - ( y - c h l o r o -
catechol) a n d b o r o n b i s - ( 3 - n i t r o c a t e c h o l ) . 

T h e i m p o r t a n c e of te tracoord inate b o r o n d u r i n g the p r e p a r a t i o n of benzeneboronic 
a c i d f r o m m e t h y l borate a n d p h e n y l m a g n e s i u m b r o m i d e has been demonstra ted (196). 

A l t h o u g h there are m a n y examples of te tracoord inate b o r o n compounds , c o m p a r a 
t i v e l y l i t t l e is k n o w n about the factors affecting the L e w i s a c i d i t y of borate esters. 
E v i d e n c e is ava i lab le to s u p p o r t the hypothes is t h a t b o r o n compounds undergo reac 
t i o n b y c o o r d i n a t i o n w i t h a base. F o r example , w h e n a n o p t i c a l l y ac t ive borate is 
h y d r o l y z e d , the a l coho l f o r m e d reta ins i t s conf igurat ion (72, 164), i n d i c a t i n g cleavage 
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WASHBURN, LEVENS, ALBRIGHT, AND BILLIG—BORATE ESTERS 147 

of a boron -oxygen b o n d . T h i s c o u l d occur as shown i n F i g u r e 10. T h e second a n d 
t h i r d steps of the h y d r o l y s i s are i d e n t i c a l to the f irst . T h e f o u r t h step p r o b a b l y 
leads to the t e t r a h y d r o x y b o r a t e an ion (61). W h e t h e r the h y d r o l y s i s is concerted or 

Figure 10. Hydrolysis and reaction mechanism involving tetracoordinate boron 

stepwise is not def inite ly k n o w n , b u t a stepwise m e c h a n i s m is suggested, or perhaps a 
"s tepwise - concer ted" m e c h a n i s m , i n w h i c h solvent is first d isp laced b y another base 
(water for h y d r o l y s i s ) as shown i n F i g u r e 11, fo l lowed b y the m e c h a n i s m depic ted i n 
F i g u r e 10. 

Ο 

Figure 11. Generalized displacement mechanism applied 
to borate esters 

S u c h a m e c h a n i s m w o u l d exp la in w h y the rates of h y d r o l y s i s of borate esters are 
m u c h slower i n aqueous acetone, t e t r a h y d r o f u r a n , a n d dioxane or other L e w i s bases 
w i t h a n u n h i n d e r e d e lectron p a i r t h a n i n aqueous m e t h a n o l . F u r t h e r evidence s u p 
p o r t i n g th is m e c h a n i s m for h y d r o l y s i s ( and react ion) is afforded b y c o m p a r i n g the 
re lat ive inertness of t e r t i a r y a m i n e - b o r o n t r i c h l o r i d e coord inat i on compounds to co ld 
water w i t h the a lmost v i o l ent h y d r o l y s i s of boron t r i c h l o r i d e itself . T h i s is also t r u e 
for s o d i u m t e t r a m e t h o x y b o r o h y d r i d e a n d t r i m e t h y l b o r a t e ; the b o r o h y d r i d e is o n l y 
s l owly h y d r o l y z e d , whereas the borate ester hydro lyzes v e r y r a p i d l y . 

T h e authors have invest igated the i n f r a r e d spec tra of borate esters. B e t h e l l a n d 
S h e p p a r d (21) r epor ted a v e r y s t rong a b s o r p t i o n at 1450 c m . - 1 for c rys ta l l ine bor i c 
a c i d . T h i s was assigned to a s y m m e t r i c a l Β — Ο stre t ch ing , as i t d i d no t change a p p r e 
c i a b l y for deuterated bor ic a c id . W e r n e r a n d O ' B r i e n (198) de te rmined the i n f r a r e d 
spectra of several borate esters. T h e y assigned the s trong b a n d a t 1340 ± 10 c m . — 1 

to the Β — Ο stre t ch ing v i b r a t i o n . T h e authors find a n average of 1335 c m . - 1 for Β — Ο 
stre t ch ing i n a l k y l borate esters ( T a b l e X V I ) a n d a n average of 1354 c m . - 1 for a r y l 
borate esters. A b s o r p t i o n bands for the stable, m i x e d a l k y l - a r y l borates are shown 
i n T a b l e X V I I . 

American Chemical Society 
Library 
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ADVANCES IN CHEMISTRY SERIES 

Table XVI. Infrared 
phatic Borate 

Borate Ester 
Methyl 

Ethyl 

n-Propyl 

n-Butyl 

n-Octyl 

2-Ethylhexyl 

n-Decyl 

n-Dodecyl 

Isopropyl 

sec-Butyl 

Cyclohexyl 

Methylisobutylcarbinyl 

Diisopropylcarbinyl 

Diisobutylcarbinyl 

3,3,5-Trimethylcyclohexy 1 

3,6,8-Trimethylnony 1 

Tetradecyl 

2-Methoxyethyl 

2-2'-Methoxyethoxyethyl 

Tetrahydrofurfuryl 

Tri(hexyleneglycol) biborate 

Data for A l i -
Esters 

Cm. - i 
1352 VS 
683 W 
662 M 

1335 VS 
693 W 
665 M 

1334 VS 
692 W 
667 M 

1335 VS 
690 W 
663 M 

1336 VS 
690 W 
664 M 

1334 VS 
688 W 
663 M 

1337 VS 
690 W 
664 M 

1337 VS 
688 W 
663 M 

1327 VS 
692 W 
663 M 

1332 VS 
688 VW 
663 M 

1325 VS 
688 W 
662 M 

1330 VS 
687 W 
663 M 

1334 VS 
678 W 
657 M 

1340 VS 
681 W 
661 M 

1338 VS 
690 VW 
664 M 

1335 VS 
681 W 
657 M 

1330 VS 
680 W 
657 M 

1333 VS 
686 W 
662 M 

1333 VS 
684 W 
661 M 

1334 VS 
686 W 
662 M 

1309 VS 
690 W 
664 M 
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WASHBURN, LEVENT ALBRIGHT, AND BILLIG—BORATE ESTERS 149 

Table XVII. Β — Ο Absorption for Aromatic and Mixed 

Aliphatic-Aromatic Esters 

Borate Ester Cm. - i Phase 
Aromatic Esters 

Phenyl 1354 ecu 
o-Cresyl 1357 Film 
n-Cresyl 1352 Film 
p-Cresyl 1354 ecu p-Cresyl 

Film 
3,5-Dimethylphenyl 1356 ecu 

1356 CeHu 
3,4-Dimethylphenyl 1352 ecu 
2,4-Dimethylphenyl 1352 Film 
2,6-Dimethylphenyl 1358 C H C h 
2,6-Diallylphenyl 1353 C H C h 
2,6-Diisopropylphenjrl 1353 ecu 
6-Chloro-l-cresyl 1353 ecu 

Mixed Aliphatic-Aromatic Esteri 

2,6-Di-<er<-butyl-4-methylphenyldiallyl 1329 Film 
2,6-Di-<er<-butyl-4-methylphenyldiisopropyl 1319 KBr 

1328 
2,6-Di-<eri-butyl-4-methylphenyldi-n-butyl 1333 ecu 2,6-Di-<eri-butyl-4-methylphenyldi-n-butyl 

1335 C H C l i 
1325 Film 

I n a d d i t i o n two bands seem to be v e r y character is t i c of a l i p h a t i c borates ( F i g u r e 
12) . W e r n e r a n d O ' B r i e n (198) observed a weak b a n d for a l i p h a t i c borate esters a t 
about 690 c m . - 1 b u t d i d no t state whether or not they considered i t to be c h a r a c t e r 
i s t i c . T h e i r i n s t r u m e n t d i d not p e r m i t observat i on of the second, m e d i u m b a n d at 
662 ± 5 c m . - 1 T h e shorter wave l e n g t h b a n d has been f o u n d at 687 ± 8 c m . - 1 

( T a b l e X V I ) . A l t h o u g h no definite ass ignment has been made , the fact t h a t the t w o 
bands are n e a r l y constant regardless of a considerable mass change i n going f r o m 
m e t h y l t h r o u g h t e t r a d e c y l groups suggests assignment to m o v e m e n t of the b o r o n a t o m 
above a n d below the plane of the oxygen atoms (v 2 f ° r D 3 / i s y m m e t r y ) . 

T h e authors have also observed t w o consistent bands w h i c h are bel ieved to be 
due to te t racoord inate Β — Ο : a weak to v e r y weak b a n d at 1250 c m . - 1 , a n d a weak to 
m e d i u m b a n d at 1178 to 1200 c m . - 1 ( T a b l e X V I I I ) . T o calculate (75) the t e t r a -

Table XVIII. Materials Showing Absorption at 

1250 and 1178 to 1200 C m . " 1 

C m . " 1 

1250 W 
1178 M 
1250 W 
1179 M 
1262 M 
1180 M 
1259 W 
1193 VW 
1253 W 
1184 M 
1262 W 
1194 S 

1190 W 
1200 VW 

1197 VW 
1195 VW 
1200 S 
1198 S 

1186 S 
1177 S 

Material 
(CH 3 0) 3 B 
(CHsOhB-CHsOH 
( C H 3 0 ) 3 B n - C 4 H 9 O H 
( n - C 4 H 9 0 ) 3 B - C H 3 O H 
NaBH(OCH 3 ) 3 

NaB(OCH 3 ) 4 

(C 2 H 5 0) 3 B 
( C H 2 = C H C H 2 0 ) 3 B 
fn-C 3 H 7 0) 3 B 
(n-C4H 90) 3B 
( C H 3 O C H 2 C H 2 0 ) 3 B 
( C H 3 O C H 2 C H 2 O C H 2 C H 2 0 ) 3 B 

C^O'̂ CHîO^aB 

Tri(hexyleneglycol) biborate 

Pu
bl

is
he

d 
on

 J
an

ua
ry

 1
, 1

95
9 

on
 h

ttp
://

pu
bs

.a
cs

.o
rg

 | 
do

i: 
10

.1
02

1/
ba

-1
95

9-
00

23
.c

h0
12



150 ADVANCES IN CHEMISTRY SERIES 

0.5 I 1 1 
14 15 

WAVE LENGTH IN MICRONS 
Figure 12. Infrared absorption of aliphatic 
borate esters in the region from 650 to 

700 c m . " 1 

coordinate Β — Ο absorpt i on requ i red t h a t the b o n d distance be f o u n d i n order to e s t i 
m a t e the force constant . I t was first assumed t h a t the percentage increase i n b o n d 
l e n g t h for Β — 0 t r i g o n a l c op lanar going to Β — 0 tetracoord inate w o u l d be the same as 
for Β — F . T h i s l ed to a n es t imated te t racoord inate Β — 0 l e n g t h of 1.46 Α. , w h i c h 
corresponds closely to the repor ted (17) Β — 0 b o n d distance of 1.50 ± 0 . 0 6 A . for d i 
m e t h y l e t h e r - b o r o n t r i f luor ide a n d to the s u m of the single b o n d r a d i i , 1.54 A . (145). 
U s i n g a b o n d distance of 1.50 Α. , the ca l cu lated a b s o r p t i o n for te t racoord inate Β—Ο 
w o u l d be 1211 c m . - 1 T h e intensit ies of the two bands f o u n d v a r y d i r e c t l y w i t h the 
bas i c i t y of the solvent . F o r example , m i x t u r e s of m e t h y l borate w i t h ethers ( F i g u r e 
13) have intensit ies i n the o r d e r : 

( C H 3 0 ) 3 B : Ο > ( C H 3 0 ) 3 B : 0 ( C 2 H 5 ) 2 » ( C H 3 Q ) 3 B - 0 ( C 4 H 9 ) 2 

T h e bands at 1250 a n d espec ia l ly at 1190 c m . - 1 are s i m i l a r l y more intense i n the t e t r a -
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FREQUENCY IN CM. 
1250 1190 
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Figure 13. Infrared absorption of methyl 
borate with ethers in the region from 1110 

to 1300 c m . " 1 

coordinate b o r o n compounds , s o d i u m t r i - a n d t e t r a m e t h o x y b o r o h y d r i d e ( F i g u r e 14) . 
A s t u d y of th is spec t ra l region also indicates weak i n t e r a c t i o n of oxygen i n one 

m e t h y l borate molecule w i t h b o r o n i n another molecule ( T a b l e X V I I I ) : 

R 
R Ο 

\ I 
O : > B 

/ / \ 
R O — Β R O O R 

I 
ο 
R 

T h i s is also observed for m e t h a n o l - m e t h y l borate ( F i g u r e 14) , c on f i rming the f o r m u 
l a t i o n of S y r k i n a n d D y a t k i n a (186). I t is s ignif icant t h a t w i t h increas ing steric i n t e r 
ference of the L e w i s a c i d (borate) a n d base ( e ther ) , the absorpt ions at 1250 a n d 
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FREQUENCY IN CM. -! 

8 9 

WAVE LENGTH IN MICRONS 
Figure 14. Infrared absorption of tetraco
ordinate boron compounds in the region 

from 1110 to 1300 c m . - 1 

1190 c m . - 1 d i sappear , the a b s o r p t i o n at 1250 c m . " 1 d i sappear ing f irst . T h e i n t e n 
sities of the absorpt ions for the esters are i n the order ( T a b l e X V I I I ) : 

( C H 3 0 ) 3 B > ( C 2 H 5 0 ) 3 B > ( C H 2 = C H C H O ) 3 B > ( n - C 3 H 7 0 ) 3 B > ( n - C 4 H 9 0 ) 3 B 

T h i s ester a b s o r p t i o n was not seen for other a l i p h a t i c borate esters unless they also 
conta ined ether o x y g e n ; the esters 2 - m e t h o x y e t h y l , 2 - [ 2 / - m e t h o x y e t h o x y ] e t h y l , t e t r a -
h y d r o f u r f u r y l borate , a n d t r i (hexy leneg lyco l ) b iborate a l l show m e d i u m to s trong 
absorpt ions , f u r t h e r suggesting oxygen-boron i n t r a m o l e c u l a r i n t e r a c t i o n . 

T h e spec tra of the a r y l borates are more complex a n d no corre lat ions have ye t 
been made . I t appears t h a t there is a n a b s o r p t i o n m a x i m u m just outside the range 
of rock salt opt ics (650 c m . - 1 ) for a l l of the a r y l borates . F u r t h e r detai ls w i l l be 
presented i n a subsequent paper . 

Toxicity 

L i t t l e i n f o r m a t i o n appears to have been pub l i shed about the t o x i c i t y of borate 
esters. I n screening tests w i t h e t h y l a n d b u t y l borates the fo l l owing were f o u n d (41 ) : 
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WASHBURN, LEVENS, ALBRIGHT, AND BILLIG—BORATE ESTERS 153 

Test 
Snail control 

Toxicity 

Antibacterial 

Plant growth 
regulator 

Cancer 

Triethyl Borate 
Mortality 1/10 at 10 p.p.m. 

Mouse mortality 0/3 at 15.6 
cu. mm./kg.; ataxia at 125 
to 500 cu. mm./kg. No 
response in brown trout, 
bluegill, goldfish 

Slight activity against S. au
reus; negative against B. 
globigii 

No apparent effect on red kid
ney bean seeds 

Tributyl Borate 
Mortality 0/10 at 10 p.p.m. 

Mouse mortality 1/5 at 500 
cu. mm./kg. ; ataxia, depres
sion; recovery in 20 min. 

Negative against S. aureus, 
E. coli, B. globigii 

Negative results at 225 cu. 
mm./kg. 

Sax (163) cites e x p e r i m e n t a l l y i n d u c e d eye damage f r o m m e t h y l a n d e t h y l borates . 
I n general , for esters w h i c h h y d r o l y z e r a p i d l y , i t seems reasonable to ascribe the p r i n 
c i p a l effects to the resu l t ing a lcohol or (phenol ) a n d bor i c a c i d . B o r i c a c i d is sa id to 

Table XIX. Uses of Borate Esters 

Use 
Antidiscolorant (aromatic amines) 
Antioxidant 

Alcohol 
Rubber 

Azeotropic separation 
Catalyst 

Cracking 
Oxidation acetylenic 7-glycols 
Polymerization diazomethane 
Polymerization drying oils 
Sulfurization fatty oils 
Synthesis /3-lactones 

Coating 
Flame-resistant 
Water-repellant 

Colorimetric reagent (hydroxyquinones) 
Cosmetic preparations 
Curing agent (epoxy resins) 
Dehydrating agent 

Hydrogen peroxide 
Polymerization silicones 
Road aggregates 

Deterrent (smokeless powder) 
Electrolytic condensers 
Flux (brazing, welding) 
Fungicide 
Gelling agent (castor oil) 
Germicide 
Inhibitor (SO3 polymerization) 
Insecticide 
Lubricant (textile) 
Petroleum additive 

Antioxidant 
Corrosion inhibitor 
Dehydrating agent 
Demulsifier 
Improve gasoline performance 
Prevent wax precipitation 

Pharmaceutical preparations 

Plasticizer 
Polymer 

Adhesive 
Binder 
Coating 
Resin 

Purification 
Alcohols, phenols 
Cottonseed oil 

Recovery boron values (saltpeter) 
Refractories (bonding, impregnation) 
Resin modifier (pine wood resin) 
Rubber accelerator 
Stabilizer (PVA films) 
Surface active agent (detergent, dispersant, 

emulsifier, foaming, wetting) 

References 
(176) 

(88) 
(38, 144) 
(184) 
(199) 
(33) 
(131) 
(201) 
(63) 
(81) 

(12) 
(143) 
(δ) 

(10, 19, 76) 

(121) 
(153) 
(132, 177, 178) 
(162) 
(10, 19,31, 60, 68-71, 148, 160) 
(6, 126, 168, 195) 
(149, 187) 
(66, 135) 
(90, 149) 
(127) 
(1,55) 
(200) 

(44, 54, 49,117, 154) 
(44, 54, 174, 190) 
(64) 
(99) 
(52, 67, 88,117) 
(122) 
(10, 11, 19, 31, 4^, 43, 50, 51, 

125, 152, 189 
(18, 31, 80, 103, 138, 162, 178) 

(10, 19, 31, 138, 150) 
(46, 138) 
(10, 19, 31) 
(10, 13, 19, 22, 28, 31, 82, 46, 

57, 82, 89, 104, 128, 189, 
156, 157, 175) 

(87, 40, 84, 97, 101, 123, 138, 
141, 158, 205) 

(169) 
(39) 
(194) 
(161) 
(65) 
(22, 115) 

(20, 31, 74, 80, 91, 94, 95, 124, 
129, 130, 140, 14?, 159, 162, 

Wax or resin substitute (182) 
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154 ADVANCES IN CHEMISTRY SERIES 

affect the c e n t r a l nervous system a n d to accumulate i n the b r a i n , l i v e r , a n d b o d y fat . 
Sax states t h a t the f a t a l dose of o r a l l y ingested bor ic a c id is 15 to 20 grams for adu l t s 
a n d 5 to 6 grams for in fants . Spector (179) gives the bor ic a c i d range of LD50 for 
l a b o r a t o r y an imals as 4740 to 5580 m g . per k g . 

F o r 2,6-di-£er£-butyl-4-methylphenyl d i i s o p r o p y l borate , one of the new stable 
esters shown i n T a b l e I X , the o r a l LDm i n rats was f o u n d to be 5.2 grams per k g . 
( t o x i c i t y test conducted b y Scienti f ic Associates , S t . L o u i s , M o . ) , w h i c h is i n good agree
m e n t w i t h the va lue just c i ted for bor ic a c id . 

Uses of Borate Esters 

I n a d d i t i o n to the synthet i c possibi l i t ies for borate esters, a large n u m b e r of 
miscel laneous uses have been described, p r i n c i p a l l y i n the patent l i t e r a t u r e . Some of 
these are s u m m a r i z e d i n T a b l e X I X . 
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Trimethoxyboroxine—An Extinguishing 
Agent for Metal Fires 

J. D. COMMERFORD, D. L. CHAMBERLAIN, JR.,1 and J. W. SHEPHERD 

Callery Chemical Company, Callery, Pa. 

Metal fires present a serious problem to the producers 
a n d processers of such metals as magnesium, tita
nium, and zirconium. Titanium and zirconium in the 
form of sponge, and all of these metals in the form 
of chips or turnings, will ignite easily a n d , when burn
ing, their combustion will be supported even by nitro
gen. Trimethoxyboroxine, a n organic ester of boric 
oxide, is a liquid having unique characteristics which 
are useful for extinguishing such metal fires. It has 
been used to extinguish magnesium chip fires, mag
nesium casting fires, molten magnesium spill fires, 
titanium turning fires, titanium sponge fires, titanium 
powder fires, and zirconium sponge fires, and also to 
control small sodium and sodium-potassium alloy 
fires. 

Trimethoxyboroxine is a colorless liquid p r e p a r e d by the react ion of m e t h y l borate 
w i t h bor i c oxide. I t was first repor ted (2) by Schiff i n 1867 a n d was assigned the 
f o r m u l a B O ( O C H 3 ) . M o r e recently it has been designated B g C ^ O C H g ^ . G o u b e a u 
a n d K e l l e r (1) r epor ted the p r e p a r a t i o n a n d charac te r i za t i on of several subs t i tu ted 
boroxines , i n c l u d i n g t r i m e t h o x y b o r o x i n e , i n 1951. T h e y cite the m o l e c u l a r weight 
a n d the R a m a n spec t ra as evidence for the cyc l i c s t ruc ture s h o w n be low. 

Ο 

C H 3 0 — B ^ ^ B — O C H 3 

A A 
\ / 

Β 
I 

OCH3 
T h e proposed cyc l i c s t r u c t u r e is isoelectronic w i t h benzene a n d boraz ine . 
T h e organic character is t i cs of th is substance are p a r t i c u l a r l y not iceable i n i t s 

m i s c i b i l i t y w i t h m a n y organic l i q u i d s . A m o n g the compounds w i t h w h i c h i t is 
misc ib le are ( T a b l e I ) : p h t h a l a t e esters, halogenated hydrocarbons , a n d t r i e t h y l phos 
phate , w h i c h m a y be of interest as components of spec ia l ty ex t ingu ish ing agents. 

1 Present address, Stanford Research Inst i tute , Menlo P a r k , C a l i f . 
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COMMERFORD, CHAMBERLAIN, AND SHEPHERD—TRIMETHOXYBOROXINE 159 

Table I. Solubility of Organic Liquids in Trimethoxyboroxine at 2 5 ° C . 

Solubility, 
Grams/Ml. T M B 

0.6 
0.45 

Solute 
Benzene 
Toluene 
Xylene 
2,3-Dimethylbutane 
n-Pentane 
Ligroin 
Dimethyl ether 
Isopropyl ether 
Methyl ethyl ketone 
Dimethylformamide 
Carbon disulfide 
Carbon tetrachloride 
Chlorobromomethane 
Triethyl phosphate 
2-Ethylhexyl phthalate 

1 Viscosity of T M B at 32°F., 122.8 cs. 

Remarks 

Separates on cooling 
Separates on cooling 
Separates on cooling 

Solution warms on mixing 

Viscosity of 0.8 molal soin. 
Viscosity of 0.9 molal soin. 
Viscosity of 1.1 molal soin. 
Viscosity of 0.1 molal soin. = 123 cs. at 32°F. 

= 44.6 cs. at 32°F.° 
= 37.1 cs.at32°F. 

36.5 cs. at 32°F. 

I n the p r e p a r a t i o n of t r i m e t h o x y b o r o x i n e for use as a m e t a l fire ex t ingu ish ing 
agent, so ld b y C a l l e r y under the t r a d e m a r k T B M , more emphasis has been p laced on 
o b t a i n i n g a compos i t i on of m a t t e r w i t h a cer ta in dens i ty a n d v iscos i ty ra ther t h a n a 
pure chemica l . T h i s is because these propert ies have effects on nozzle s p r a y pat terns 
a n d the e m p t y i n g t ime of the ext inguisher . T r i m e t h o x y b o r o x i n e m a y be considered 
as a component of the sys tem m e t h y l b o r a t e - b o r i c oxide. I n th i s sys tem the dens i ty 
appears to change i n a regular m a n n e r w i t h increas ing t o t a l bor ic oxide content . T h e 
viscos i ty of th is system increases r a p i d l y , however , once the mole ra t i o of bor i c oxide 
to m e t h y l borate exceeds 1. These re lat ionships are shown i n F i g u r e s 1 a n d 2. F i g u r e 
2 is a p lo t of v iscos i ty vs. t empera ture on a p o r t i o n of A S T M V i s c o s i t y C h a r t E . T h e 

I .30 
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Figure 2. Viscosity of compositions in the system boric oxide 
-methyl borate vs. temperature 

ASTM Viscosity Chart Ε 

l a t t e r is a modi f i ed semilog paper w h i c h gives s t ra ight - l ine plots for the viscosit ies of 
p e t r o l e u m produc ts a n d other N e w t o n i a n fluids. I t can be seen t h a t t r i m e t h o x y -
borox ine m a y be considered a N e w t o n i a n fluid. 

T w o reactions of t r i m e t h o x y b o r o x i n e occur d u r i n g its use as a m e t a l fire e x t i n g u i s h 
i n g agent. U n d e r the influence of heat, t r i m e t h o x y b o r o x i n e breaks d o w n in to m e t h y l 
borate a n d bor i c oxide as shown i n E q u a t i o n 1. M o r e i m p o r t a n t , bor i c oxide is 
also the p r i n c i p a l p r o d u c t f r o m the combust i on of t r i m e t h o x y b o r o x i n e i n a i r as is 
i n d i c a t e d i n E q u a t i o n 2. 

B 3 0 3 ( O C H 3 ) 3 - ^ ^ B ( O C H 3 ) 3 + Β Λ 

2B 3 03 (OCH 3 ) 3 + 9 0 2 -> 3 B 2 0 3 + 9 H 2 0 + 3 C 0 2 

(1) 

(2) 
M e t a l fires are dif f icult to ext ingu ish because of the great r e a c t i v i t y of the 

mater ia l s at the i r i g n i t i o n temperatures . A t these temperatures they w i l l combine 
w i t h m a n y mater ia l s w h i c h are o r d i n a r i l y considered to be r e l a t i v e l y iner t , such as 
n i t rogen . There fore , effective ext inguish ing of a m e t a l fire is ob ta ined o n l y b y complete 
exc lusion of the atmosphere or b y cool ing the mass of the m e t a l be low i ts i g n i t i o n 
t e m p e r a t u r e . These effects are u s u a l l y obta ined b y b l a n k e t i n g the fire w i t h a d r y 
iner t so l id m a t e r i a l to exclude the atmosphere or b y a p p l y i n g a n organic l i q u i d w h i c h 
has a h i g h heat of v a p o r i z a t i o n to cool the mass be low the i g n i t i o n t e m p e r a t u r e . 
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COMMERFORD, CHAMBERLAIN, AND SHEPHERD—TRIMETHOXYBOROXINE 161 

T r i m e t h o x y b o r o x i n e , be ing a l i q u i d , possesses the advantages of the organic l i q u i d 
ext inguish ing agents i n that i t can be a p p l i e d as a s t ream or a s p r a y depending u p o n 
the condit ions of the fire. T h e inorganic component of t r i m e t h o x y b o r o x i n e , bor ic 
oxide, w h i c h is regenerated b y either t h e r m a l decompos i t ion or combust i on , is a v e r y 
effective ext inguish ing agent. A t the temperature of the b u r n i n g m e t a l , bor ic oxide 
melts to a flux w h i c h flows over the hot m e t a l a n d excludes the atmosphere . 

A s a result of these character is t i cs m e t a l fire ext inguishment w i t h t r i m e t h o x y 
boroxine is f requent ly more r a p i d t h a n w i t h other ext inguish ing agents, less e x t i n g u i s h 
ing agent is requ i red , a n d f requent ly more u n b u r n e d m e t a l is recoverable . I n a d 
d i t i o n , the products of combust i on ( E q u a t i o n 2) are v i r t u a l l y nontox ic . 

I n the case of c h i p or sponge fires, b u r n i n g occurs over a considerable area a n d 
i n a d d i t i o n penetrates w i t h i n the mass. T r i m e t h o x y b o r o x i n e shou ld be a p p l i e d over 
the entire area i n a s t ream, i n c l u d i n g p a r t i c u l a r l y the hottest po ints where the fire is 
progressing i n w a r d . C a s t i n g fires are character i zed b y intensely whi te spots on the 
surface where b u r n i n g is o c c u r r i n g as we l l as b y a general fire over a n y pools of 
m o l t e n m e t a l t h a t m a y have f o rmed . A g a i n t r i m e t h o x y b o r o x i n e shou ld be direc ted 
towards the hottest spots i n a s tra ight s t ream. H o w e v e r , i f a large m o l t e n poo l is 
present, care should be exercised to a v o i d d i s t u r b i n g the surface. I n such cases, 
most efficient use of t r i m e t h o x y b o r o x i n e w i l l be obta ined i f i t is a l l owed to flow over 
the m o l t e n fire or i f i t is a p p l i e d as a s p r a y . 

T h e secondary fire f r o m the combust i on of t r i m e t h o x y b o r o x i n e is character ized 
b y greenish flames 2 to 3 feet h igh . T h e r e is also a c l oud of whi te smoke . T h i s fire 
subsides q u i c k l y when the a p p l i c a t i o n of t r i m e t h o x y b o r o x i n e is s topped . One a p 
p l i c a t i o n of t r i m e t h o x y b o r o x i n e is usua l l y sufficient to ext inguish the m e t a l fire. I f 
s m a l l areas of b u r n i n g m a t e r i a l are missed, short bursts of t r i m e t h o x y b o r o x i n e w i l l 
quench t h e m r a p i d l y . I f too m u c h t r i m e t h o x y b o r o x i n e is used, a s m a l l secondary fire 
w i t h green flames 2 to 3 inches h i g h w i l l cont inue to b u r n for several minutes . A t 
this po int the vigorous fire m a y be considered out . H o w e v e r , the residue w i l l be quite 
hot . T h e residue can be left to cool b y itself or , i n cer ta in cases i f there is the 
danger of i g n i t i n g other flammable mater ia l s , a s t ream of water can be used to cool 
the u n b u r n e d m e t a l . 

Test Fires 

Severa l m e t a l fires were ign i ted a n d ext inguished w i t h t r i m e t h o x y b o r o x i n e . T h e 
t r i m e t h o x y b o r o x i n e was used i n s t a n d a r d w a t e r - t y p e ext inguishers pressur ized w i t h 
d r y n i t rogen . These ext inguishers have several features w h i c h l i m i t the effective use 
of t r i m e t h o x y b o r o x i n e . A t present, other laborator ies are w o r k i n g on programs to 
develop better equ ipment a n d techniques of a p p l i c a t i o n . T h e t r i m e t h o x y b o r o x i n e 
used i n these tests conformed to the specif ications shown i n T a b l e I I . 

Table II. Physical Properties 
of Trimethoxyboroxine 

Property Typical Product 
Total % B 2 0 3 « 59.7 
Specific gravity at 25°C. 1.216 
Viscosity at 25°C. 13.0 cs. 
Turbidity 6 100 
Pour point -22°F . 
Refractive index, n2& 1.3986 
Flash point (COC) ° 90°F. 

° Theoretical for trimethoxyboroxine is 60.0% boric oxide. 
b Turbidity determined as % transmission of white light. 

B r o k e n z i r c o n i u m sponge (20-mesh) was used for one fire; 4 pounds of sponge 
were a r ranged i n a p y r a m i d about 9 inches i n d iameter a n d were i gn i ted . T h e fire 
spread r a p i d l y over the surface. T r i m e t h o x y b o r o x i n e was a p p l i e d i n a stra ight 
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162 ADVANCES IN CHEMISTRY SERIES 

s t r e a m for 10 seconds a n d comple te ly ext inguished the fire. Less t h a n 0.5 gal lon of 
t r i m e t h o x y b o r o x i n e was used. A f t e r the residue cooled, i t was b r o k e n open. U n d e r 
the crust of bor i c oxide there remained a large percentage of u n b u r n e d z i r c o n i u m . 
T h e residue was ext remely dif f icult to reignite . A propane t o r c h h a d to be used to 
b u r n the bor i c oxide f r o m the surface of the z i r c o n i u m before i g n i t i o n occurred . 

A t i t a n i u m sponge fire was ext inguished w i t h s i m i l a r results . A n o t h e r fire was 
s t a r t e d w i t h g r a n u l a r t i t a n i u m sponge a n d t h e n a b lock of sponge 8 x 8 x 8 inches 
was p laced o n t o p . I t ign i ted r a p i d l y a n d the fire b u r n e d u p w a r d . A g a i n less t h a n 
0.5 ga l lon of t r i m e t h o x y b o r o x i n e was sufficient to ext inguish the fire. O n e x a m i n a t i o n 
of the large piece of sponge i t was f ound t h a t the i n w a r d pene t ra t i on of the fire was 
h a l t e d . 

T r i m e t h o x y b o r o x i n e was a p p l i e d as a s t ra ight s t ream to a 17 -pound m a g n e s i u m 
c h i p fire for 18 seconds. T h e fire was k n o c k e d d o w n except for a few s m a l l spots on 
one side. A second short s p r a y i n g for 5 seconds comple te ly ext inguished the fire. 
T h e residue was a l l owed to cool , then i t was opened a n d examined . A b o u t 8 0 % 
of the m a g n e s i u m chips were u n b u r n e d . T h e t r i m e t h o x y b o r o x i n e h a d s topped the 
i n w a r d penet ra t i on of the fire in to the pi le . Less t h a n 0.5 gal lon of t r i m e t h o x y b o r o x i n e 
h a d been used. 

A 16 -pound m a g n e s i u m cast ing was ign i t ed w i t h 5 gallons of n a p h t h a . A f t e r 4 
m i n u t e s the cast ing began to m e l t a n d a m i n u t e la ter i g n i t i o n at var i ous spots was 
observed. A f t e r the fire h a d b u r n e d for 8 more minutes , a subs tant ia l p o r t i o n of 
the cast ing h a d me l t ed . T h e fire was b u r n i n g over most of the m o l t e n area a n d 
o n the cast ing . T r i m e t h o x y b o r o x i n e was a p p l i e d as a s t ra ight s t ream for 6 seconds. 
T h e n the secondary fire was a l lowed to die d o w n a n d i n t e r m i t t e n t sprays of t r i m e t h o x y 
borox ine were d i rec ted at var ious spots. T h e t o t a l e lapsed t i m e was 40 seconds. 
O n l y 3.5 pounds of t r i m e t h o x y b o r o x i n e were used to ext ingu ish the fire comple te ly . 

T r i m e t h o x y b o r o x i n e was a p p l i e d as a s p r a y on a 12-pound s o d i u m fire such as 
m i g h t occur w i t h a s p i l l . T h e fire was ext inguished . H o w e v e r , a f ter 2 or 3 minutes 
the bor i c oxide coat ing disso lved p a r t i a l l y a n d s m a l l patches of the m e t a l surface 
re ign i ted . These flare-ups were ext inguished w i t h a second short s p r a y i n g . A t o t a l 
of about 0.5 ga l l on of ext inguish ing agent was used. W i t h fires of th i s t y p e extreme 
care m u s t be t a k e n not to d i s t u r b the surface of the m o l t e n m e t a l . I f the surface 
is a c c identa l ly b r o k e n , the l i q u i d m e t a l w i l l re igni te . 
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Organoaluminum Compounds 

R. F. SCHULTZ 

Hercules Powder Co., Wilmington, Del. 

Aluminum alkyl reactions which have possible indus
trial applications are discussed. Ziegler and his 
coworkers have outlined a new field of organic re
actions, using organoaluminum compounds, which 
will have a tremendous impact on both basic and 
applied organic chemistry. 

T h e first o r g a n o a l u m i n u m c o m p o u n d , t r i m e t h y l a l u m i n u m , was m a d e i n 1865 b y the 
react ion of d i m e t h y l m e r c u r y a n d a l u m i n u m (8). Subsequent ly , v e r y l i t t l e w o r k was 
done o n o r g a n o a l u m i n u m compounds u n t i l 1948 w h e n Ziegler a n d his coworkers of 
the M a x P l a n c k I n s t i t u t f u r K o h l e n f o r s c h u n g s tar ted inves t iga t ing t h e m as cata lysts 
a n d chemica l in termediates . 

T h e c lassical p r e p a r a t i v e methods us ing m e r c u r y d i a l k y l s a n d a l u m i n u m , G r i g n a r d 
reagents a n d a l u m i n u m chlor ide , or e t h y l ch lor ide w i t h a l u m i n u m a n d s o d i u m are 
too cost ly for the p r o d u c t i o n of a l u m i n u m a l k y l s on a c o m m e r c i a l scale for use as 
chemica l intermediates . Ziegler deve loped several methods for the low-cost p r o d u c t i o n 
of a l u m i n u m t r i a l k y l s w h i c h i n c l u d e : reac t i on of a n a l u m i n u m - m a g n e s i u m a l l oy w i t h 
a n a l k y l ha l ide (20, 21), 

A l 2 · M g 3 + 6RC1 -> 2A1R 3 + 3 M g C l 2 (1) 

a d d i t i o n of a n olefin to a l u m i n u m h y d r i d e (16), 

A 1 H 3 + 3 C H 2 = C R 2 -> A 1 ( C H 2 C H R 2 ) 3 (2) 

a n d reac t i on between a l u m i n u m , h y d r o g e n , a n d a n olefin (7, 18). 

A l + 1.5H 2 + 3 C n H 2 „ -> A K C J W O 3 (3) 

T h e last reac t i on is c a r r i e d out r e a d i l y w i t h 1 ,1-disubst i tuted olefins such as 
isobuty lene . G o o d y ie lds of t r i i s o b u t y l a l u m i n u m c a n be made f r o m finely d i v i d e d 
a l u m i n u m , hydrogen , a n d isobuty lene a t 50 to 100 atmospheres a n d about 120°C. 
W i t h ethylene a n d m o n o s u b s t i t u t e d ethylenes, a n i n d i r e c t m e t h o d c a n be used. 
A l u m i n u m , hydrogen , a n d some p r e v i o u s l y p r e p a r e d a l u m i n u m t r i a l k y l react to f o r m 
the a l u m i n u m d i a l k y l h y d r i d e . T h e n olefin is s u p p l i e d w h i c h adds to the a l u m i n u m -
h y d r o g e n b o n d to f o r m the t r i a l k y l . I n prac t i ce , th i s takes p lace i n one step b y the 
react ion of a l u m i n u m , a n olefin, hydrogen , a n d a n a l u m i n u m t r i a l k y l . F o r example , 
w i t h e thy l ene : 

A l + I.5H2 + 2 A 1 ( C 2 H 5 ) 3 + 3 C 2 H 4 -> 3 A 1 ( C 2 H 5 ) 3 (4) 

T h e t r i e t h y l a l u m i n u m is a c t i n g as a ca ta lys t for i ts o w n f o r m a t i o n . T h u s , we n o w 
have a low-cost process for p r e p a r i n g a n y a l u m i n u m t r i a l k y l f r o m ava i lab le a l p h a 
olefins. 
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164 ADVANCES IN CHEMISTRY SERIES 

T h e lower molecu lar weight a l u m i n u m t r i a l k y l s are w a t e r - w h i t e l i q u i d s , specific 
g r a v i t y about 0.8, a n d are soluble i n h y d r o c a r b o n solvents . T h e m e t h y l a n d e t h y l 
der iva t ives c a n be d i s t i l l ed at a tmospher i c pressures at 130° a n d 1 9 4 ° C , respect ive ly . 
H i g h e r members of the series can be d i s t i l l ed at low pressures w i t h o u t decompos i t i on 
—e.g . , t r i i s o b u t y l a l u m i n u m , w h i c h has a b o i l i n g po int of 4 0 ° C . at 0.1 m m . of m e r c u r y 
pressure. T h e lower members are spontaneously flammable i n a i r a n d on contact w i t h 
water . T h e c h e m i s t r y of a l u m i n u m t r i a l k y l s is based large ly on the reactions of 
t r i e t h y l a l u m i n u m a n d the h igher homologs, as they are made read i l y f r o m cheap r a w 
mater ia l s . 

M e t a l a l k y l s are extremely react ive chemicals . R e l a t i v e l y l i t t l e has been p u b 
l i shed on the react ions of a l u m i n u m a l k y l s , a n d i t has been on ly i n the last few years 
t h a t reactions of t h e m have been discovered w h i c h are c o m m e r c i a l l y i m p o r t a n t . 

Thermal Decomposition 

A t y p i c a l reac t ion of a l l a l u m i n u m a l k y l s is the i r ease of t h e r m a l decompos i t ion 
in to meta l l i c a l u m i n u m , a n olefin, a n d h y d r o g e n at e levated temperatures . T h i s a p 
pears to i n v o l v e t w o d i s t inc t steps as shown i n E q u a t i o n s 5 a n d 6 for t r i i s o b u t y l 
a l u m i n u m (14) : 

( C H 3 \ / CII3\ 

/ \ 100°C. / / \ 
C H 2 C H J > A1H I C H 2 C H J + C H 2 = C ( C H 8 ) 2 (5) 

X x C H 3 / 3 V \ H / 2 
/ C H 3 v 

/ / \ >200°C. 
A 1 H f C H 2 C H j > A l + 1.5H 2 + 2 C H 2 = C ( C H 3 ) 2 (6) 

V \w2 

C o m p o u n d s i n w h i c h the a l k y l s are s t ra ight - cha ined radicals are m u c h more stable 
t h a n those i n w h i c h b r a n c h i n g occurs on the second c a r b o n a t o m . T r i m e t h y l a l u m i n u m 
a n d t r i e t h y l a l u m i n u m can be d is t i l l ed w i t h o u t decompos i t i on at atmospher i c pressure 
a n d do not break d o w n u n t i l r e la t i ve ly h i g h temperatures are reached. T r i i s o b u t y l 
a l u m i n u m a n d s i m i l a r a l k y l s lose 1 mole of olefin at 100°C. to f o r m the m o n o h y d r i d e . 
T h e m o n o h y d r i d e is stable u p to about 200°C . a n d t h e n breaks d o w n comple te ly 
( E q u a t i o n 6 ) . 

These reactions show some promise of h a v i n g c o m m e r c i a l a p p l i c a t i o n where i t 
is desired to deposit films of a l u m i n u m on m e t a l a n d nonmeta l l i c surfaces. T h i s can 
be done i n two ways . G lass a n d meta l l i c surfaces m a y be coated b y passing vapors of 
t r i i s o b u t y l a l u m i n u m over such surfaces whi le heat ing t h e m to about 250°C . T h i s m u s t 
be done at reduced pressures because the t r i i s o b u t y l a l u m i n u m cannot be d i s t i l l ed suc
cessful ly above 10 m m . T h e same result is p roduced b y first m a k i n g d i i s o b u t y l a l u m i n u m 
h y d r i d e , in to w h i c h the object to be coated is d i p p e d , a n d subsequent ly heat ing to 
about 250°C . I n e i ther case, a l u m i n u m is depos i ted , a n d isobuty lene a n d h y d r o g e n 
are f o rmed a n d m u s t be swept a w a y . T h i s decompos i t i on can be used to prepare 
v e r y pure a l u m i n u m b y first t r e a t i n g finely d i v i d e d , a c t i v a t e d a l u m i n u m w h i c h is 
re la t i ve ly i m p u r e w i t h i sobutylene a n d h y d r o g e n to f o r m the a l k y l . T h e n the a l k y l is 
decomposed to f o r m v e r y pure a l u m i n u m (11). Reaction with Active Hydrogen 

A n o t h e r t y p i c a l react ion of a l u m i n u m a l k y l s a n d a l l m e t a l a l k y l s is t h e i r a c t i o n 
w i t h act ive hydrogen such as t h a t conta ined i n water , acids , a n d alcohols . 

A 1 R 3 + 3 H X -> A 1 X 3 + 3 R H (7) 
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SCHULTZ—ORGANOALUMINUM COMPOUNDS 165 

I n th is case a sa tura ted h y d r o c a r b o n is f o r m e d , a n d the a l u m i n u m appears as a l u m i n u m 
alcoholate , a l u m i n u m h y d r o x i d e , or a n a l u m i n u m salt . 

T h i s react ion cou ld be used to convert olefins to s a t u r a t e d h y d r o c a r b o n s , b u t i t 
is not a c o m m e r c i a l l y a t t r a c t i v e subst i tute for hydrogénation. A s i t is responsible 
for most of the losses of a l u m i n u m a l k y l s i n o r d i n a r y chemica l m a n i p u l a t i o n s , i t 
necessitates care fu l p u r i f i c a t i o n of olefins a n d other reagents w h i c h are used i n c o n 
nec t i on w i t h a l u m i n u m a l k y l react ions. 

Oxidation 

A character is t i c react ion of a l u m i n u m a l k y l s is the f o r m a t i o n of a l u m i n u m 
alcoholates on t r e a t m e n t w i t h oxygen (14)· 

T h i s react ion shows promise as a process for p r o d u c i n g p r i m a r y alcohols f r o m c o m 
m e r c i a l l y ava i lab le t e r m i n a l olefins. I t is necessary o n l y to m a k e the a p p r o p r i a t e 
a l u m i n u m a l k y l , oxidize i t to the a lkox ide , a n d t h e n h y d r o l y z e th i s to a l u m i n u m 
h y d r o x i d e a n d the corresponding a lcohol , w h i c h is a lways p r i m a r y . 

Olefin Displacement 

A general react ion of a l u m i n u m a l k y l s is the react ion i n w h i c h one olefin can d i s 
place another to produce a new a l k y l a n d a n olefin. T h i s reac t i on enables one to 
prepare easi ly a n y a l u m i n u m a l k y l f r o m the a p p r o p r i a t e olefin a n d t r i i s o b u t y l a l u -
m i n u m (14), the most easi ly p r e p a r e d a l u m i n u m a l k y l . 

where R a n d R ' can be either h y d r o g e n or another a l k y l r a d i c a l . 
T h i s react ion m a y have c o m m e r c i a l a p p l i c a t i o n i n p r e p a r i n g alcohols f r o m cer ta in 

p e t r o l e u m ref inery olefin streams. I f t r i i s o b u t y l a l u m i n u m reacts w i t h the a l p h a olefins 
i n the re f inery s t ream at about 100° to 1 2 0 ° C , a new a l u m i n u m a l k y l a n d isobuty lene 
are produced . T h e unreac ted olefins or h y d r o c a r b o n s can be d i s t i l l ed , a n d the r e 
m a i n i n g a l u m i n u m a l k y l is ox id ized a n d h y d r o l y z e d to produce a n alcohol a n d a l u 
m i n u m h y d r o x i d e . I n a n a l t e rnat ive m e t h o d , the olefin reacts w i t h h y d r o g e n a n d 
s u i t a b l y a c t i v a t e d a l u m i n u m to produce the a l k y l , w h i c h can t h e n be converted to a n 
a lcohol . T h u s , 2 - p h e n y l e t h y l a l coho l c ou ld be p r e p a r e d f r o m styrène, a p r i m a r y 
a l coho l f r o m t r i i s obuty lene , or a p r i m a r y terpene a l coho l f r o m l imonene (14)· 

Reducing Properties 

A l u m i n u m a l k y l s , p a r t i c u l a r l y t r i i s o b u t y l a l u m i n u m a n d d i i s o b u t y l a l u m i n u m h y 
dr ide , are v e r y good reduc ing agents for c a r b o n y l groups i n aldehydes , ketones, a n d 
esters. A l c o h o l s are f o rmed , a n d the a l u m i n u m a l k y l appears to act l i k e l i t h i u m a l u 
m i n u m h y d r i d e except t h a t the t o t a l r educ ing c a p a c i t y is no t a lways u t i l i z e d . 
A l t h o u g h th is reagent m a y be less efficient t h a n l i t h i u m a l u m i n u m h y d r i d e on a m o l a r 
basis, the l ow cost of t r i i s o b u t y l a l u m i n u m more t h a n compensates for th is ineff iciency 

A1R 3 + I .5O2-» A l ( O R ) ; 

(W-
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166 ADVANCES IN CHEMISTRY SERIES 

Use as a Grignard Reagent 

O r d i n a r i l y , the use of a n a l u m i n u m a l k y l c o m p o u n d as a G r i g n a r d reagent w i t h 
c a r b o n y l groups results i n reduc t i on . I n cer ta in cases G r i g n a r d - l i k e a d d i t i o n takes 
p lace , b u t o n l y one of the a l u m i n u m a l k y l bonds is i n v o l v e d . T h e f o r m a t i o n of the 
f irst R 2 A 1 — Ο — b o n d seems to i n a c t i v a t e the other two bonds (H). 

Reactions with Halogens and Sulfur Dioxide 

Halogens react w i t h t r i a l k y l a l u m i n u m compounds to produce a n a l u m i n u m 
salt a n d a p r i m a r y hal ide (10) : 

A1R 3 + 3 X 2 -> A I X 3 + 3 R X (10) 

S u l f u r d ioxide adds a l u m i n u m a l k y l s t o f o r m salts of sulf inic acids (10): 

AIR3 + 3 S 0 2 -> A 1 ( S 0 2 R ) 3 (11) 

Reaction with Metal Salts 

Sal ts of meta ls w h i c h can f o r m stable m e t a l a l k y l s react w i t h a l u m i n u m a l k y l s 
to produce the expected m e t a l a l k y l a n d a n a l u m i n u m salt (10) : 

2A1R 3 + 3 C d C l 2 -> 2AICI3 + 3 C d R 2 (12) 

AIR3 + 2 H g C l 2 -> AICI3 + H g R 2 + H g R C l (13) 

AIR3 + B F 3 -> AIF3 + B R 3 (14) 

a A l R 3 + z S i F 4 -> S i F 3 R + S i F 2 R 2 + S i F R 3 + S i R 4 + A 1 F 3 (15) 

T h e last react ion can be contro l l ed to produce large ly S i F 2 R 2 a n d S i F 3 R w h i c h m a y 
have some a p p l i c a t i o n to s i l i con c h e m i s t r y . H y d r o l y s i s w o u l d y i e l d S i R 2 ( O H ) 2 a n d 
S i R ( O H ) 3 , w h i c h cou ld be condensed to sil icones. T h i s process has been developed b y 
K a l i - C h e m i e A . - G . i n G e r m a n y (5 ) . 

Formation of Complex Salts 

A n o t h e r character is t i c reac t ion of a l u m i n u m a l k y l s is the f o r m a t i o n of complex 
salts w i t h a v a r i e t y of organic a n d inorganic compounds (2). T h e f o l l owing are ex
amples of such complexes : 

( C 2 H 5 ) 2 0 · A 1 ( C 2 H 5 ) 3 ( C H 3 ) 2 N · C 6 H n · A 1 ( C 2 H 5 ) 3 

C H 2 — C H 2 

\ > · A 1 ( C 2 H 5 ) 3 C 5 H 5 N · A 1 ( C 2 H 5 ) 3 

C H 2 — C H 2 

( C H 3 ) 2 N C 6 H 5 · A 1 ( C 2 H 5 ) 3 Quinoline · A 1 ( C 2 H 5 ) 3 

V e r y l i t t l e is k n o w n about the propert ies of such complexes as cata lysts or as reagents. 
O f greater interest are those complexes f o rmed w i t h a l k a l i m e t a l salts (H). 

A 1 ( C 2 H 5 ) 3 + N a F -> N a F - A 1 ( C 2 H 5 ) 3 (16) 

2 A 1 ( C 2 H 5 ) 3 + N a F N a F - 2 A l ( C 2 H 5 ) 3 (17) 

T h e 1 to 1 complex mel ts at 74°C. , whereas the 1 to 2 complex is l i q u i d a t r o o m 
t e m p e r a t u r e a n d conducts e lec t r i c i ty we l l . P r a c t i c a l l y a l l of the a l u m i n u m a l k y l s f o r m 
s u c h complex salts w i t h s o d i u m f luoride a n d po tass ium f luor ide . 

These complex salts of a l u m i n u m a l k y l s a p p e a r to have a n interes t ing fu ture as 
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SCHULTZ—ORGANOALUMINUM COMPOUNDS 107 

electrolytes for use i n the e lec t rop la t ing of m e t a l objects w i t h a l u m i n u m (9). U p 
to now, no p r a c t i c a l process for e lec t rop lat ing a l u m i n u m is k n o w n . A process based 
o n m o l t e n inorganic salts has w o r k e d f a i r l y we l l on a l a b o r a t o r y scale, b u t some d i f 
ficult engineering prob lems need so lv ing before large-scale opera t i on is possible. T h e 
s o d i u m fluoride-aluminum a l k y l complex salts are essential ly m o l t e n salt e lectrolytes 
w h i c h are l i q u i d be low 100°C. A s i t is possible to p la te a l u m i n u m on copper wire 
(9), deve lopments are i n progress to extend th is process to the coat ing of t h i n sheet 
steel such as is used i n m a k i n g containers . 

A n o t h e r p o t e n t i a l use for these salts f r o m t r i e t h y l a l u m i n u m is i n the synthesis of 
t e t r a e t h y l l e a d . T h e complex salt is used as a n electro lyte w i t h a lead anode a n d a n 
a l u m i n u m cathode. Passage of current t h r o u g h the cel l f orms t e t rae thy l l ead , w h i c h 
d r i p s off the anode, a n d pure a l u m i n u m , depos i t ing at the cathode i n a finely d i v i d e d 
f o r m (14). 

N a F . A l ( C 2 H 5 ) 3 + % P b -> % P b ( C 2 H 5 ) 4 + A l + N a F (18) 

T r i e t h y l a l u m i n u m m u s t be added to replenish the b a t h as the react ion progresses. 
C o n s i d e r i n g the methods ava i lab le for m a k i n g t r i e t h y l a l u m i n u m , t e t r a e t h y l l e a d is 
made essential ly f r o m ethylene , hydrogen , and lead m e t a l . T h i s process is be ing 
s t u d i e d to determine i t s va lue i n c o m p a r i s o n w i t h the present c o m m e r c i a l process. 

React ion w i t h M e t a l s a n d H y d r o g e n 

A recent patent describes the p r e p a r a t i o n of other m e t a l a l k y l s f r o m a n a l u m i n u m 
t r i a l k y l , a m e t a l , a n d hydrogen . T h u s w i t h lead a n d hydrogen , t r i e t h y l a l u m i n u m 
produces t e t r a e t h y l l e a d a n d a l u m i n u m h y d r i d e (1). 

4A1{C2II5)3 + 6 H 2 + 3 P b -> 4 A 1 H 3 - f 3 P b ( C 2 H 5 ) 4 (19) 

A d d i n g ethylene to the a l u m i n u m h y d r i d e w i l l r e f o r m t r i e t h y l a l u m i n u m w h i c h can 
be re-used. 

G r o w t h React ion 

A l u m i n u m t r i a l k y l c ompounds , except those made f r o m isobuty lene o r s i m i l a r 
olefins, can a d d ethylene to f o r m higher a l k y l s or grow. T h i s is a n i m p o r t a n t r e 
act i on of a l u m i n u m a l k } l s . C o n t r o l of the react ion condit ions enables p r e p a r a t i o n of 
higher a l u m i n u m a l k y l s w h i c h can be used to produce s a t u r a t e d h y d r o c a r b o n s , olefins, 
o r alcohols . 

I f ethylene is passed in to t r i e t h y l a l u m i n u m at a t e m p e r a t u r e of about 2 0 0 ° C . a t 
atmospher i c pressure, 1-butene is f o r m e d together w i t h v e r y s m a l l a m o u n t s of 1-hexene 
a n d 1-octene (14, 16): 

200°C 
z C H 2 = C H 2 C H 2 = C H — C 2 H 5 + ( W 2 = C H - - - C J - I 9 + C H 2 = C H — C 6 H 1 3 (20) 

Al(CsH6)8 

A c t u a l l y the p r i m a r y produc ts are the corresponding a l k y l s a n d the o v e r - a l l react ion is : 

A 1 ( C 2 H 5 ) , + 3 C H 2 = C H 2 - * A 1 ( C H 2 C H 2 C H 2 C H 3 ) 3 (21 ) 

t h e n , 
200°C 

A 1 ( C H 2 C H 2 C H 2 C H 3 ) 3 + 3 C H 2 = C H 2 » C H 2 = C H — C 2 H 5 + A 1 ( C 2 H 5 ) 3 (22) 

T h e nature of the p r o d u c t is de termined b y the pressure of ethylene , the t i m e of 
contact , a n d the t e m p e r a t u r e . U n d e r the condit ions c i ted above, o n l y r e l a t i v e l y l o w 
molecu lar weight olefins are f o rmed . Occas iona l ly , s m a l l amounts of olefins are 
f o r m e d where the double b o n d has m o v e d t o w a r d the center of the molecule . T h i s 
c a n be m i n i m i z e d b y us ing short contact t imes a n d s m a l l amounts of phenylacety lene 
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168 ADVANCES IN CHEMISTRY SERIES 

( e thynylbenzene) to i n h i b i t the m i g r a t i o n . T h e o p t i m u m condi t ions for p r o d u c i n g 
1-butene b y th is process i n v o l v e passing ethylene at 40 atmospheres in to t r i e t h y l -
a l u m i n u m at 100° to 110°C. c o n t a i n i n g a s m a l l a m o u n t of co l l o ida l n i c k e l a n d 0 . 5 % 
of pheny lacety lene (13). 

I f p ropy lene is used instead of ethylene, the propy lene d i m e r is f o r m e d exc lus ive ly 
a n d q u a n t i t a t i v e l y : 

2 C H 2 = C H C H 3
 2 Q Q ° C ' ) C H 2 = C — C 3 H 7 (23) 

A1(C 2H 5)3 J 
C H 3 

A t first the s m a l l a m o u n t of ethylene is d isp laced b y the i n c o m i n g propy lene a n d 
swept out of the sys tem leav ing t r i p r o p y l a l u m i n u m w h i c h is the rea l ca ta lys t . H i g h e r 
p o l y m e r s of propy lene are not f o rmed . A p p a r e n t l y , a l u m i n u m a l k y l s i n w h i c h the 
second carbon f r o m the m e t a l has a b r a n c h cannot a d d other olefins, even ethylene. 
Ins tead , i f the t empera ture is h i g h enough, they react b y s p l i t t i n g out the b r a n c h e d 
olefin. I f another olefin is present w h i c h can f o r m a n u n b r a n c h e d a l k y l , a new a l k y l is 
f o rmed . W i t h propy lene , 2 - m e t h y l - l - p e n t e n e is spl i t out a n d t r i p r o p y l a l u m i n u m is 
f o rmed w h i c h aga in reacts w i t h more propy lene . T h i s process can be a p p l i e d to 
1-butene, 1-pentene, a n d others w i t h almost equal results . 

C o d i m e r i z a t i o n of different olefins is possible but u s u a l l y results i n a m i x t u r e of 
a l l possible produc t s . 

Ziegler 's w o r k on the d i m e r i z a t i o n react ion resulted i n a process for synthes i z ing 
p -xy lene f r o m ethylene. T h e reactions i n v o l v e d are (6) : 

40 atm. 110°C. 
2 C H 2 = C H 2 > C H 2 = C H C H 2 C H 3 (24) 

Al(C 2 H 6 ) 3 +Ni + 0.5% C 6 H 5 — C ^ C H 

2oo°C 
2 C H 2 = C H C H 2 C H 3 C H 2 = C C H 2 C H 2 C H 2 C H 3 (25) 

A U C 2 H B ) 3 ι 
C2H5 

500°C 
C H 2 = C C H 2 C H 2 C H 2 C H 3 > 5 5 % p-xylene + 2 6 % o-xylene + 1 9 % ethylbenzene (26) 

J C r 2 0 3 

C 2 H 6 

T h e p r o d u c t of the first step is s u b s t a n t i a l l y pure 1-butene a n d excess ethylene . 
F r o m the second step, o n l y 2 - e t h y l - l - h e x e n e a n d unchanged 1-butene are obta ined . 
T h e a r o m a t i z a t i o n reac t ion uses a convent i ona l chromi te ca ta lys t . T h e final p r o d u c t 
is separated easi ly in to i ts components b y f r a c t i o n a l d i s t i l l a t i o n a n d c r y s t a l l i z a t i o n . 
C o s t ca lculat ions showed t h a t p -xy lene made b y this process was cheaper t h a n t h a t 
ava i lab le at the t i m e , bu t i t was not cheap enough to compete w i t h p red i c t ed fu ture 
prices for p -xy lene made b y other methods f r o m p e t r o l e u m . 

T h e g r o w t h reac t ion can be extended to produce h i g h mo lecu lar weight a l k y l s 
a n d f r o m these the corresponding olefins a n d alcohols . F o r th is react ion , h igher pres 
sures of ethylene a n d longer contact t imes are r equ i red at temperatures be low those 
at w h i c h olefins are disp laced . T y p i c a l condi t ions are ethylene pressures of 100 or 
more atmospheres at 100° to 150°C. for 1 or more hours . U n d e r such condit ions , 
the react ion (14) is s i m i l a r to E q u a t i o n 2 7 : 

100 atm. ( C H 2 — C H 2 ) m — C 2 H 5 

A 1 ( C 2 H 5 ) 3 + z C H 2 = C H 2 > A l ( C H 2 — C H 2 ) r — C 2 H 5 (27) 
ioo°C. ( C H 2 — C H 2 ) — C 2 H 5 

T h e p r o d u c t is a lways a m i x t u r e of a l u m i n u m a l k y l s , b u t the average l ength of 
the a l k y l cha in a p p a r e n t l y can be peaked somewhat b y regu lat ing the condit ions . 

A t y p i c a l react ion , i n w h i c h 6 moles of ethylene reacted for each mole of t rie t h y 1-
a l u m i n u m used, gave a p r o d u c t i n w h i c h the a l k y l chains were d i s t r i b u t e d as i n 
T a b l e I . T h e last c o l u m n gives the w e i g h t - p e r cent d i s t r i b u t i o n of a p r o d u c t w h i c h 
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SC H U LTZ—ORG AN OALUMIN UM COMPOUNDS 169 

Table I. Distribution of Reaction Products 

wt. % 
Mole % Wt. % as R O H 

C 2 H 5 15 5.0 7.0 
C 4 H 9 26 18.0 19.0 
C 6 H 1 3 27 27.5 27.5 
CSHIT 17 23.0 22.0 
CioHoi 9 15.0 14.0 
C12H25 4 8.0 7.5 
CuHw 1 2.5 2.0 
C16H33 1 1.0 1.0 

w o u l d be obta ined b y o x i d a t i o n of the a l k y l s fo l lowed b y h y d r o l y s i s of the alcoholates. 
I n a d d i t i o n to p r o d u c i n g alcohols , these a l k y l s c o u l d be used to m a k e n o r m a l olefins 
b y d isp lacement , or n o r m a l paraffins b y h y d r o l y s i s . Because the successive members 
of the series differ b y two c a r b o n atoms, the m i x t u r e of products can be separated in to 
f a i r l y pure compounds b y f rac t i ona l d i s t i l l a t i o n . 

T h e g r o w t h reac t ion fo l lowed b y h y d r o l y s i s , t h e r m a l decompos i t ion , or ox idat i on 
a n d h y d r o l y s i s prov ides a n a t t r a c t i v e means for synthes i z ing s t r a i g h t - c h a i n e d sa turated 
h y d r o c a r b o n s , olefins, a n d alcohols . N o signif icant c o m m e r c i a l uses are k n o w n for 
these h y d r o c a r b o n s or olefins. T h e alcohols have m a n y i m p o r t a n t app l i ca t i ons . 
T h e process is p r o b a b l y too cost ly for m a k i n g alcohols w i t h six c a r b o n atoms or less. 
Because m a t e r i a l costs d r o p as c a r b o n content increases, i t appears v e r y a t t r a c t i v e 
for p r e p a r i n g alcohols i n the 10- to 14-carbon range : Less of the expensive a l u m i n u m 
m e t a l is consumed as the c h a i n l e n g t h increases. 

C o n t i n u e d inves t iga t i on of the g r o w t h react ion showed t h a t i t cou ld be used to 
prepare olefins w i t h mo lecu lar weights as h i g h as 5000 (17). T h i s was done b y us ing 
a large excess of ethylene a n d pressures u p to several thousand pounds . These h igher 
mo lecu lar weight products ranged f r o m soft l o w - m e l t i n g to v e r y h a r d h i g h - m e l t i n g 
waxes. I t was not possible to prepare po lye thy lene w i t h p last i c - range mo lecu lar 
weights at moderate pressures b y the s imple g r o w t h react ion f r o m t r i e t h y l a l u m i n u m 
a n d ethylene . H o w e v e r , Ziegler observed the p r o f o u n d effect of s m a l l quant i t i es of 
cer ta in m e t a l salts o n the g r o w t h react ion , w h i c h l ed to his process for p r e p a r i n g 
p last i c -grade po lye thy lene at l ow pressures. 

Ziegler d iscovered t h a t a cata lys t , composed of a n a l u m i n u m t r i a l k y l a n d s m a l l 
amounts of a t r a n s i t i o n m e t a l salt such as t i t a n i u m te t rach lor ide , was capable of 
p o l y m e r i z i n g ethylene at l ow pressure to a v e r y h i g h mo lecu lar weight p r o d u c t at 
50° to 100°C. (8) : 

* C H 2 ^ C H 2
 1 % < Λ 1 * * ™ > ( _ C H 2 - C H 2 - ) , (28) 

where χ can be v a r i e d f r o m 1000 to 400,000. A s i n the g r o w t h react ion , the ethylene 
h a d to be v e r y free f r o m ac t ive i m p u r i t i e s l i k e oxygen, water , su l fur , a n d acetylene, 
b u t d i d not require the absence of iner t mater ia l s l i k e sa tura ted hydrocarbons a n d 
n i t rogen . I n most cases, the react ion was c a r r i e d out i n a n iner t h y d r o c a r b o n so lvent 
such as D i e s e l o i l . A wide v a r i e t y of organometa l l i c c ompounds such as a l u m i n u m 
d i a l k y l hal ides , z inc a l k y l s , a n d s o d i u m a l u m i n u m a l k y l s can be used i n place of the 
t r i a l k y l a l u m i n u m . A p p a r e n t l y , a n y of the t r a n s i t i o n m e t a l salts c o u l d be used i n 
place of t i t a n i u m te t rach lor ide . Ziegler 's w o r k covered the use of salts of z i r c o n i u m , 
h a f n i u m , v a n a d i u m , t a n t a l u m , a n d c h r o m i u m (8). 

H e f o u n d t h a t the molecu lar weight of the p r o d u c t c o u l d be v a r i e d at w i l l a n d 
seemed to be contro l l ed b y the ra t i o of a l u m i n u m a l k y l to t r a n s i t i o n m e t a l salt i n 
the ca ta lys t (12). T h i s is i l l u s t r a t e d i n T a b l e I L A h i g h mo lecu lar weight p r o d u c t 
i n the range of 300,000 resul ted i f the a l u m i n u m a l k y l to t i t a n i u m salt mole ra t i o was 
12 to 1. T h e molecu lar weight of the p r o d u c t d i d no t change m u c h as the mole ra t i o 
of a l u m i n u m a l k y l to t i t a n i u m salt d r o p p e d u n t i l a va lue f r o m 0.5 to 1 was reached. 
W i t h th is cata lys t compos i t i on , the mo lecu lar weight d r o p p e d to 20,000 (12). 

T h i s t y p e of cata lys t system can be used to po lymer i ze p r a c t i c a l l y a n y a l p h a 
olefin f r o m propy lene to styrene , a n d p r o b a b l y b e y o n d , to y i e l d e i ther a m o r p h o u s 
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Table I!. Effect of Catalyst 
Composition on Molecular Weight 

Molar Ratio, 
AIRs to TiCU 

12 
6 
3 

4-Hr. 
Yield, Grams 

440 
430 
460 
440 
480 
460 
300 

10 

Av. Mol. Wt. 
272.000 
292,000 
298,000 
284,000 
160.000 
40,000 
21,000 
31,000 

0.63 
0.53 
0.50 
0.20 

or c rys ta l l ine p o l y m e r s a n d sometimes a m i x t u r e of b o t h (19). A p p a r e n t l y , dif ferent 
monomefs can be copo lymer i zed . I n p r a c t i c a l l y a l l cases, the react ion rate is s lower 
t h a n for ethylene at a g i v e n t e m p e r a t u r e a n d pressure. W i t h propy lene , u n d e r 
c e r ta in condi t ions , the p o l y m e r ob ta ined was a m i x t u r e of a m o r p h o u s a n d c rys ta l l ine 
m a t e r i a l . B y a suitable ex t rac t i on procedure , a n a m o r p h o u s rubber f r a c t i o n w i t h a 
molecu lar weight of less t h a n 45,000 was separated . T h e residue f r o m such an ex
t r a c t i o n was a c rys ta l l ine so l id w h i c h me l ted at 100° to 150°C. a n d h a d a mo lecu lar 
weight above 100,000. T h e c rys ta l l ine f r a c t i o n cou ld be e x t r u d e d in to filaments a n d 
stretch -or iented to f o r m produc ts w i t h v e r y h i g h tensile s t rength . C r y s t a l l i n e p o l y 
styrene also has been made w i t h a molecu lar weight above 2,800,000, a dens i ty of 1.08, 
a n d a softening p o i n t above 200°C . (19). 

A large r u b b e r c o m p a n y announced the use of Z ieg l e r - type cata lysts to p o l y m e r i z e 
isoprene to a rubber w h i c h is a p p a r e n t l y i d e n t i c a l w i t h n a t u r a l r u b b e r (4), as s h o w n 
b y i n f r a r e d a b s o r p t i o n a n d x - r a y d i f f ract ion d a t a . P h y s i c a l propert ies a n d the 
results of f ie ld tests f u r t h e r substant iate t h i s . 

I t is dif f icult to t e l l w h i c h of Ziegler 's m a n y react ions w i l l be the most i m p o r t a n t . 
C e r t a i n l y , the l o w pressure synthesis of po lye thy lene is most i m p o r t a n t to i n d u s t r y . 
P r o b a b l y the most notable react ions a r e : the synthesis of a l u m i n u m a l k y l s f r o m 
olefins, h y d r o g e n , a n d a l u m i n u m ; the g r o w t h of long u n b r a n c h e d a l i p h a t i c chains 
f r o m a l u m i n u m a l k y l s a n d ethylene a n d the i r use to m a k e sa turated h y d r o c a r b o n s , 
olefins, a n d a l coho ls ; a n d the synthesis of h i g h p o l y m e r s of ethylene a n d other olefins 
at l o w pressures us ing a cata lys t composed of a l u m i n u m a l k y l s a n d t r a n s i t i o n m e t a l 
salts . 

F u t u r e workers shou ld e x p a n d the app l i ca t i ons of these react ions a n d also d iscover 
m a n y more . 
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Preparation and Ignition Properties 
of Aluminum Alkyls 

CHARLES J. MARSEL, EMIL O. KALIL, ANTHONY REIDLINGER, and LEONARD KRAMER 
Department of Chemical Engineering, New York University, New York, Ν. Y., 
and Wright Aeronautical Division, Curtiss-Wright Corp., Woodridge, N. J. 

Three years ago, a joint project was established by the Wright Aeronautical Division, 
Curtiss-Wright Corp., at the Jet and Flame Laboratory of New York University, to 
study the preparation and behavior of pyrophoric organometallic compounds. The 
aluminum alkyls have been one of the most interesting groups studied to date, from an 
ignition standpoint. 

Compounds capable of ready spontaneous ignition with air are of considerable 
potential importance for certain types of air-breathing power plants. Certain thermal 
theories of flame propagation suggest that the flame is propagated by virtue of 
continuous spontaneous ignition occurring on the leading edge of the flame front; in 
such a case, the time lapse before the flame appears—ignition delay—would be an 
important factor. 

Although aluminum alkyls have been known for some time, it has been only during 
the past few years that these compounds have been the subject of extensive research, 
largely because of the use of these compounds by Ziegler as catalysts for olefin 
polymerizations at low pressures. 

Preparation of Aluminum Alkyls 

A convenient m e t h o d for the p r e p a r a t i o n of s m a l l quant i t ies of these compounds 
invo lves a d isplacement react ion between a l u m i n u m m e t a l a n d the a l k y l c o m p o u n d of 
some less act ive m e t a l ( w h i c h can be read i ly prepared )—e .g . , the react ion of d i m e t h y l -
m e r c u r y w i t h a n excess of a l u m i n u m yie lds t r i m e t h y l a l u m i n u m a n d m e r c u r y (2) : 

2A1 + 3 ( C H 3 ) 2 H g — 2 ( C H 3 ) 3 A 1 + 3 H g 

A l t h o u g h this procedure gives good y ie lds for lower members of the series, the 
decreased s t a b i l i t y of the higher m e r c u r y a l k y l s l i m i t s its usefulness. T h e cost of such 
a m e t h o d w o u l d be h i g h . 

R e c e n t l y Ziegler has developed several new methods of p r e p a r i n g a l u m i n u m 
a l k y l s us ing olefins as the s t a r t i n g reagents (10, 11). A t about 100° C . l i t h i u m 
a l u m i n u m h y d r i d e reacts w i t h ethylene a n d t e t r a e t h y l a l u m i n u m l i t h i u m is f o r m e d : 

L i A l H 4 + 4 C 2 H 4 -> L i A l ( C 2 H 5 ) 4 

W h e n this q u a t e r n a r y salt is t reated w i t h a l u m i n u m chlor ide , t r i e t h y l a l u m i n u m is 
f o r m e d : 

3 L i A l ( C 2 H 5 ) 4 + AICI3 - * 3LÎC1 + 4 A 1 ( C 2 H 5 ) 3 

T h i s m e t h o d has been used to prepare the corresponding η -propyl a n d n - h e x y l c o m 
pounds . 

A more economical process for the large scale p r o d u c t i o n of these compounds 
invo lves s p r a y i n g a l u m i n u m in to a n atmosphere of hydrogen a n d a n olefin (12): 
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MARS EL, KALIL, REIDLINGER, AND KRAMER—ALUMINUM ALKYLS 173 

Al + 3 C 2 H 4 + 3 /2H 2 -> A1(C 2H 5) 3 

C H 3 / C H 3 

Al + 3 C H 2 = C / + 3 /2H 2 - * | ^ C H — C H 2 )A1 
\ \ / 

C H 3 \CH3 

A l k y l a l u m i n u m hydr ides m a y be f o rmed b y a d j u s t i n g the p r o p o r t i o n s of the reac tants : 

2R3A1 + A1 + 3 /2H 2 -> 3R 2A1H 
I t is ev ident t h a t t r i m e t h y l a l u m i n u m , the s implest m e m b e r of the series, a n d the 

one w h i c h is of most interest i n th i s s t u d y , cannot be made b y the react ions w h i c h 
i n v o l v e the use of olefins as s t a r t i n g mater ia l s . T o prepare this c o m p o u n d one can 
e m p l o y the general react ion of a n a l k y l hal ide a n d a l u m i n u m , w h i c h results i n the 
f o r m a t i o n of a n equ imo lar m i x t u r e of the m o n o a l k y l a l u m i n u m d iha l ide a n d d i a l k y l -
a l u m i n u m monohal ide cal led a sesquihalide : 

2A1 + 3 R X -> RoAlX + RA1X 2 

I n general , the sesquiiodides r ead i l y d i spropor t i onate on heat ing , a n d t r i m e t h y l 
a l u m i n u m m a y be p r e p a r e d b y heat ing m e t h y l a l u m i n u m sesquiiodide a n d r e m o v i n g the 
most vo lat i l e component , t r i m e t h y l a l u m i n u m , f r o m the t o p of a f r a c t i o n a t i n g c o l u m n 
(8). T h i s convenient m e t h o d for p r e p a r i n g t r i m e t h y l a l u m i n u m was i n i t i a l l y used i n 
these laborator ies for the p r e p a r a t i o n of p o u n d quant i t ies of th is c o m p o u n d . 

Preparation of Trimethylaluminum from Methyl Iodide and Aluminum. T r i 
m e t h y l a l u m i n u m , t r i e t h y l a l u m i n u m , a n d some of the i r halides are extremely react ive 
substances w h i c h are spontaneously f lammable i n a i r a n d react w i t h water w i t h 
explosive violence. C a r e m u s t be t a k e n t h a t a l l a p p a r a t u s is comple te ly d r y before 
s t a r t i n g a n y exper iments . I t is also i m p o r t a n t t h a t a p p a r a t u s be selected i n w h i c h 
there is l i t t l e poss ib i l i t y for the deve lopment of a i r leaks . B y far the most a n n o y i n g 
di f f i cul ty encountered i n these laborator ies was the deve lopment of a i r leaks d u r i n g 
the f r a c t i o n a t i o n step, because a l u m i n u m oxide can deposit i n the c o l u m n a n d i t m a y 
become plugged . 

A l u m i n u m turn ings (4 pounds) are p laced i n a 12- l i ter glass flask a t tached to the 
b o t t o m of a n efficient f r a c t i o n a t i n g c o l u m n . M e t h y l iodide (2 pounds) is i n t r o d u c e d , 
a n d the m i x t u r e is ref luxed b y externa l heat ing u n t i l the reac t ion becomes spontaneous, 
as evidenced b y a sudden increase i n t e m p e r a t u r e i n the react ion flask a n d b y 
b lacken ing of the a l u m i n u m surface. ( T h e i n i t i a t i o n of th is react ion m a y be hastened 
b y a d d i n g a s m a l l a m o u n t of the p r o d u c t obta ined f r o m a prev ious react ion or b y the 
a d d i t i o n of iodine or of a l u m i n u m chlor ide . ) T h e remainder of the m e t h y l iodide 
(23 pounds) is then added at a rate sufficient to m a i n t a i n a pot t e m p e r a t u r e of about 
160° F . , w i t h external heat be ing requ i red on ly occas ional ly i n the late stages of the 
react ion . T h i s react ion is slow a n d a d d i t i o n t imes of 24 to 48 hours were not u n 
c o m m o n . 

W h e n the react ion is complete , the m i x t u r e is d i s t i l l ed t h r o u g h a 6-foot c o l u m n 
p a c k e d w i t h p r o t r u d e d stainless steel p a c k i n g . T h e reflux rat io is ad jus ted to m a i n t a i n 
a head t e m p e r a t u r e be low 72° C . at 100 m m . of m e r c u r y pressure, a n d varies f r o m 
4 to 1 at the beg inn ing of the d i s t i l l a t i o n to about 19 to 1 at the end of the d i s t i l l a t i o n . 
T h e t r i m e t h y l a l u m i n u m is a colorless l i q u i d , bo i l ing at 69° to 72° C . at 100 m m . a n d 
is ob ta ined i n y ie lds of 50 to 6 5 % of theory (about 2.5 p o u n d s ) . 

T w o obvious disadvantages of the above procedure are the cost of the s t a r t i n g 
reagent m e t h y l iodide , a n d the r e la t i ve ly long t ime requ i red for the slow d i s t i l l a t i o n 
a n d e q u i l i b r a t i o n w h i c h is necessary i n order to o b t a i n a pure p r o d u c t . 

A n obvious i m p r o v e m e n t over th is procedure w o u l d invo lve the s u b s t i t u t i o n of 
m e t h y l ch lor ide for the more expensive m e t h y l iodide . M e t h y l a l u m i n u m sesquichloride 
can read i l y be p r e p a r e d f r o m m e t h y l ch lor ide a n d a l u m i n u m fo i l , w h i c h al lows a large 
surface area for a g iven weight of m e t a l . 
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174 ADVANCES IN CHEMISTRY SERIES 

Preparation of Methylaluminum Sesquichloride. I n a d r y 2 - l i ter , three -necked 
flask fitted w i t h a condenser, m e r c u r y - s e a l s t i r r e r , in le t for gases, a n d thermometer , 
are p laced 320 grams of a l u m i n u m fo i l (household grade ) , w h i c h has been cut in to 
s m a l l pieces. T h e thermometer shou ld extend 2 or 3 inches i n t o the flask, i n order to 
measure the v a p o r temperatures over the reac t ing mass. A schematic d i a g r a m of the 
a p p a r a t u s is presented i n F i g u r e 1. A c r y s t a l of iodine is p laced i n the flask, w h i c h is 

methyl 
chloride 

water-cooled 
condenser 

semi-ball 
joints 

mercury 
bubbler 

mercury 
bubbler 

Figure 1. Apparatus for preparation of aluminum 
alkyls 

then flushed w i t h m e t h y l ch lor ide . T o i n i t i a t e the react ion , 5 or 6 m l . of m e t h y l iodide 
are i n t r o d u c e d i n t o the flask t h r o u g h the condenser. T h e flask is t h e n heated u n t i l 
the reac t ion s tar ts , a n d a sudden rise i n t e m p e r a t u r e to 150° C . is no ted . T h e source 
of heat is removed , a n d the reac t i on cont inues u n t i l the m e t h y l iodide is c o n s u m e d ; 
th is takes about % h o u r . T h e a d d i t i o n of m e t h y l ch lor ide is begun a n d cont inued at 
a rate w h i c h m a i n t a i n s a pressure, w i t h i n the sys tem, equa l to or s l i g h t l y greater t h a n 
a tmospher i c pressure. M e r c u r y bubb lers before a n d after the sys tem w i l l g ive a 
q u a l i t a t i v e measure of the rate of passage of m e t h y l ch lor ide in to a n d out of the 
react ion flask. T h e react ion is susta ined b y i ts o w n heat, a n d the t e m p e r a t u r e shou ld 
be k e p t between 90° a n d 120° C . T h e a d d i t i o n of m e t h y l ch lor ide is s topped w h e n 
its a b s o r p t i o n no longer occurs at a reasonable r a t e — t h i s requires about 20 hours . T h e 
mass is n o w ent i re ly l i q u i d , a n d no a l u m i n u m m e t a l remains . T h e y i e l d of m e t h y l 
a l u m i n u m sesquichlor ide is q u a n t i t a t i v e (based on a l u m i n u m ) . 

( N o t e . T h e above procedure has also been used i n these laborator ies for the p r e p 
a r a t i o n of e t h y l a l u m i n u m sesquichloride. ) 

T h i s p r o d u c t ( m e t h y l a l u m i n u m sesquichlor ide) does not read i ly d i spropor t i onate , 
a n d t r i m e t h y l a l u m i n u m cannot be obta ined as i n the case of the sesquiiodide. T h e r e 
are several a l t e rnat ive routes f or the convers ion of the sesquichlor ide to t r i m e t h y l 
a l u m i n u m . These i n c l u d e : 
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MARSEL, KALIL, REIDLINGER, AND KRAMER-ALUMINUM ALKYLS 175 

R e d u c t i o n of the sesquichloride w i t h s o d i u m m e t a l . 
Separa t i on of d i m e t h y l a l u m i n u m chlor ide f r o m m e t h y l a l u m i n u m dich lor ide t h r o u g h 

the f o r m a t i o n of the nonvo la t i l e complex C H 3 A 1 C 1 2 · N a C l w i t h the subsequent reduc 
t i o n of d i m e t h y l a l u m i n u m chlor ide w i t h sod ium. 

C o n v e r s i o n of the sesquichloride to d i m e t h y l a l u m i n u m chlor ide b y the a d d i t i o n of 
one mole of t r i m e t h y l a l u m i n u m to one mole of the sesquichloride, a n d subsequent 
reduct ion w i t h sod ium of the d i m e t h y l a l u m i n u m chlor ide . 

R e d u c t i o n of the sesquichloride w i t h meta l l i c s o d i u m appears to occur accord ing 
to the f o l l owing equat ion (δ) : 

3 N a + M e A l C l 2 + M e 2 A l C l 3 -> M e 3 A l + A l + 3 N a C l 

I n pract i ce , the reac t ion is somewhat s luggish, a n d i t appears t h a t the f o r m a t i o n of a 
complex between sod ium chlor ide a n d m e t h y l a l u m i n u m d ich lor ide causes some decrease 
i n y ie lds . 

T h e fact that m e t h y l a l u m i n u m d i ch lor ide forms a nonvo la t i l e complex w i t h s o d i u m 
chlor ide , whi le d i m e t h y l a l u m i n u m chlor ide does not , is used as the basis for the f o l l ow
i n g separat ion . 

Separation of Dimethylaluminum Chloride from Methylaluminum Dichloride. 
T o the sesquichloride obta ined f r o m 320 grams of a l u m i n u m are added 450 grams of 
d r y sod ium chlor ide , a n d the mass is s t i r r e d a n d a l lowed to reflux (external heat ing i f 
necessary) for 2 hours . T h e flask is a l lowed to cool , a n d the a p p a r a t u s is ar ranged 
for d i s t i l l a t i o n . T h e p r o d u c t , d i m e t h y l a l u m i n u m ch lor ide , d i s t i l l s at 126-7° C . a t 
atmospher i c pressure, a n d weighs 460 grams ( 8 3 % of the theore t i ca l based o n 
a l u m i n u m ) . 

D i m e t h y l a l u m i n u m chlor ide can be conver ted to t r i m e t h y l a l u m i n u m b y a s ingle 
d i s t i l l a t i o n w i t h s o d i u m . 

Preparation of Trimethylaluminum from Dimethylaluminum Chloride. T o a 
500-ml . , three-necked flask f i t ted w i t h a ref lux condenser a n d a m e r c u r y seal s t i r r e r , 
are added 27 grams of s o d i u m . T h e a p p a r a t u s is flushed w i t h n i t r o g e n a n d 100 grams 
of d i m e t h y l a l u m i n u m chlor ide are p u m p e d i n t o the flask. T h e m i x t u r e is gent ly heated 
w i t h slow s t i r r i n g u n t i l the react ion s t a r t s ; th is occurs w h e n the v a p o r t e m p e r a t u r e 
range is 95° to 100° C . T h e react ion is exothermic , a n d care m u s t be t a k e n to keep 
the react ion under c ont ro l . I f the reac t i on becomes too v igorous , s t i r r i n g shou ld be 
stopped a n d the flask cooled. T h e m i x t u r e is a l l owed to reflux f or 5 hours . T h e 
chloride- free p r o d u c t w h i c h d is t i l l s a t 127° to 130° C . weighs 45 grams ( 9 0 % of 
t h e o r y ) . 

T r i e t h y l a l u m i n u m has also been p r e p a r e d i n good y ie lds by the above procedure . 
T h e t h i r d a l t e rnat ive process has not been inves t igated i n these laborator ies , b u t 

shou ld offer considerable m e r i t for the large-scale p r o d u c t i o n of t r i m e t h y l a l u m i n u m . 
I t has been repor ted t h a t the a d d i t i o n of t r i e t h y l a l u m i n u m to e t h y l a l u m i n u m sesqui 
chlor ide results i n the f o r m a t i o n of d i e t h y l a l u m i n u m chlor ide (5). 

(C 2 H 5 ) 2 A1C1 + C2H5AICI2 + ( C 2 H 5 ) 3 A 1 - » 3 (C 2 H 5 ) 2 A 1 C 1 

I f such a react ion occurs w i t h the m e t h y l compounds , i t w o u l d offer a reasonable 
m e t h o d for the p r e p a r a t i o n of d i m e t h y l a l u m i n u m ch lor ide , w h i c h c o u l d easi ly be c o n 
v e r t e d to t r i m e t h y l a l u m i n u m . 

I n the N e w Y o r k U n i v e r s i t y laborator ies d i m e t h y l a l u m i n u m chlor ide has been 
p r o d u c e d b y the reac t ion of m e t h y l ch lor ide w i t h a n a l l o y of a l u m i n u m a n d m a g n e s i u m . 
T h i s is a n extension of the w o r k of Grosse a n d M a v i t y (5) who p r e p a r e d d i e t h y l 
a l u m i n u m b r o m i d e f r o m e t h y l b r o m i d e a n d M a g n a l i u m , a n a l l o y consist ing of 7 0 % 
a l u m i n u m a n d 3 0 % m a g n e s i u m . W h e n m e t h y l ch lor ide is a l l owed t o react w i t h a n 
a l l oy cons is t ing of 7 0 % a l u m i n u m a n d 3 0 % m a g n e s i u m , d i m e t h y l a l u m i n u m chlor ide 
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176 ADVANCES IN CHEMISTRY SERIES 

a n d m a g n e s i u m chlor ide are f o rmed . T h u s , d i m e t h y l a l u m i n u m chlor ide can be f o r m e d 
b y a one-step synthesis . 

4 C H 3 C 1 + A l 2 M g -> 2 (CH 3 ) 2 A1C1 + M g C l 2 

Preparation of Dimethylaluminum Chloride. T h e a p p a r a t u s is s i m i l a r to t h a t 
used for the p r e p a r a t i o n of m e t h y l a l u m i n u m sesquichlor ide . 

T u r n i n g s of A l 2 M g (60 grams) are p laced i n a 500-ml . , three -necked flask. ( A t the 
t ime of th is w o r k , th is a l l oy cou ld not be obta ined f r o m a c o m m e r c i a l source. I t was 
p r e p a r e d b y the D e p a r t m e n t of M e t a l l u r g i c a l E n g i n e e r i n g of N e w Y o r k U n i v e r s i t y . ) 
A s m a l l a m o u n t of m e t h y l iodide is i n t r o d u c e d , i n order to s tar t the react ion , w h i c h is 
then a l lowed to cont inue t h r o u g h the a d d i t i o n of m e t h y l ch lor ide . T h e react ion mass 
s lowly changes f r o m a sol id to a g r a y sludge as the react ion proceeds. 

T h i s react ion is slower t h a n the one using pure a l u m i n u m , a n d u s u a l l y requires 
externa l heat ing to m a i n t a i n a t e m p e r a t u r e i n the range of 90° to 120° C ; the 
react ion is complete i n about 30 hours . D i s t i l l a t i o n at atmospher i c pressure y ie lds 113 
grams ( 8 0 % ) of d i m e t h y l a l u m i n u m chlor ide bo i l ing at 126-27° C . T h e t i m e requ i red 
for the react ion to go to comple t i on increases a p p r e c i a b l y as the b a t c h size is increased. 

P r e p a r a t i o n of d i m e t h y l a l u m i n u m chlor ide b y this procedure is slow, a n d requires 
the use of a n a l l oy w h i c h , w h e n ava i lab le , is somewhat more expensive t h a n pure 
a l u m i n u m . F o r these reasons i t appears t h a t the methods w h i c h u t i l i z e the sesqui 
ch lor ide as a n intermediate are more a t t r a c t i v e for the large-scale p r o d u c t i o n of t r i 
m e t h y l a l u m i n u m . 

F o r the sake of convenience the p h y s i c a l constants of the m e t h y l a n d e t h y l 
a l u m i n u m a l k y l s a n d chloro intermediates are s u m m a r i z e d i n T a b l e I . 

Table I. Physical Constants of Methyl and Ethyl Aluminum Alkyls 
and Their Chloro Intermediates 

Compound Boiling Point, °C. Melting Point, °C. ά2£, G . /Cc . 
Aluminum chloride, AlCh 182.7 at 752 mm., sublimes 194 at 5.2 mm. 2.44 

at 177.8 (Handbook of 
Chemistry and Physics) 

Methyl aluminum dichloride, CH3AICI2 97-101 at 100 mm. (4) 72.7 (4) 
Dimethyl aluminum chloride, (CH8)2A1C1 83-4 at 200 mm. (4) Below - 5 0 1.00 

70-6 at 100 mm. (4) 
58-60 at 20 mm. 

Trimethyl aluminum, (CH 3 ) 3 A1 125-6 at 755 mm. (4) 15 0.752 
Ethyl aluminum dichloride, C2H5AICI2 114.5-15.5 at 50 mm. (4) 32 (4) 
Diethyl aluminum chloride, (C2H5)2A1C1 125-6 at 50 mm. (4) Below - 5 0 

105-7 at 20 mm. 
Triethyl aluminum, (C2H6)3A1 128-30 at 50 mm. Below - 1 8 0.837 

-19.8 

Where no reference is listed, values were determined in this laboratory. 

Thermal Stabilities of Aluminum Alkyls 

T o measure the t h e r m a l stabi l i t ies of t r i m e t h y l a l u m i n u m a n d t r i e t h y l a l u m i n u m , 
two series of tests were conducted . 

I n the first series, a 103-ml . stainless steel c y l i n d e r connected to a pressure gage a n d 
v a l v e system for i n t r o d u c i n g a n i t rogen atmosphere was used as a constant v o l u m e 
conta iner . A b o u t 1 g r a m of sample was i n t r o d u c e d in to the c y l i n d e r i n a scaled glass 
v i a l ; the cy l inder was t h e n evacuated a n d f i l led w i t h n i t rogen to a pressure of 300 
p.s. i .a. T h e v i a l was b r o k e n b y s h a k i n g the cy l inder , a n d the c y l i n d e r was p laced i n 
a heat ing b a t h at the desired t empera ture . T e m p e r a t u r e a n d pressure readings were 
t a k e n at definite t ime in te rva l s , a n d finally the pressure of the system, after cool ing to 
r o o m t e m p e r a t u r e , was recorded. T h e results of these tests are s u m m a r i z e d i n T a b l e 
I I . 

Table II. Thermal Stabilities of Trimethylaluminum 
and Triethylaluminum 

Compound Conditions Results 
Al(CHs)3 300° F. for 2 hours No evident decomposition 
Al(CH3)s 450° F. for 6 hours 25 p.s.i. pressure increase; 

about 30% decomposition; 
pyrophoric residue 

A1(C2H6)3 300° F. for 2 hours No evident decomposition 
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177 MARSEL, KALIL, REIDLINGER, AND KRAMER-ALUMINUM ALKYLS 

T h e procedure i n v o l v e d i n the second series of tests was the same as that 
described above, b u t i n this case the v ia l s were not b r o k e n ( F i g u r e 2 ) . T u b e Β is a 

A Β 

Figure 2. Thermal stability of trimethyl 
aluminum 

C a r i u s combust i on tube t h a t conta ined a 1-ml. sample of t r i m e t h y l a l u m i n u m w h i c h 
was heated at 450° F . for 4 hours . A ye l l ow so l id was f o r m e d ; the so l id was shown 
to be a l u m i n u m carbide . T u b e A is a s i m i l a r c o m b u s t i o n tube t h a t conta ined a 1-ml. 
sample of t r i e t h y l a l u m i n u m w h i c h was subjected to s i m i l a r condi t ions . I n this case no 
l i q u i d remained , a n d i t appears that the so l id conta ined meta l l i c a l u m i n u m . 

Compatibilities with Materials of Construction 

D u r i n g th is inves t igat i on , a n u m b e r of tests were made to ascerta in whether the 
a l u m i n u m a l k y l s are compat ib l e w i t h c e r ta in mater ia l s of cons t ruc t i on . I n general , 
most of the tests were made at room t e m p e r a t u r e , b u t i n cer ta in cases tests were r u n 
at e levated temperatures . T h e tests i n v o l v e d i m m e r s i n g samples of the mater ia l s i n 
t r i m e t h y l a l u m i n u m for v a r y i n g periods of t ime , after w h i c h the t r i m e t h y l a l u m i n u m 
wras removed f r o m the test flask; the samples were washed several t imes w i t h benzene 
a n d / o r c a r b o n te t rach lor ide , removed , examined , a n d c o m p a r e d w i t h the or ig ina l 
m a t e r i a l . T h e results of m a n y of these tests are s u m m a r i z e d i n Tab les I I I a n d I V . 

F r o m the d a t a l i s ted i n Tab les I I I a n d I V i t is ev ident t h a t a l u m i n u m , copper , 
a n d carbon steel are not affected b y contact w i t h t r i m e t h y l a l u m i n u m at r o o m t e m p e r a 
ture , a n d i t has been observed t h a t s i lver solder, l ead , brass , a n d stainless steel do not 
react to a n y apprec iab le extent . 

M o s t of the rubbers a n d the i r subst i tutes react , to some degree, w i t h t r i m e t h y l 
a l u m i n u m . T h i s is not s u r p r i s i n g , for m e t a l a l k y l s are v e r y react ive compounds 
w h i c h react w i t h u n s a t u r a t e d groups a n d groups w h i c h conta in act ive hydrogens . I t 
is expected, therefore, t h a t t r i m e t h y l a l u m i n u m w o u l d react w i t h olefinic groups , 
c a r b o n y l groups , p r i m a r y a n d secondary a m i n o groups , a n d h y d r o x y l g r o u p s ; because 
t r i m e t h y l a l u m i n u m can be considered to be a L e w i s a c i d , i t can complex w i t h basic 
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178 ADVANCES IN CHEMISTRY SERIES 

Table III. Effect of Immersing Certain Materials in Trimethylaluminum 
at Room Temperature 

Material Exposure Period, Days Condition after Exposure 
Cast iron 21 No apparent effect 
Tungsten 21 No apparent effect 
Molybdenum 21 No apparent effect 
Zinc 21 No apparent effect 
Aluminum 10 No apparent effect 
Copper 10 No apparent effect 
Carbon steel 10 No apparent effect 
Celanese polyethylene 10 No apparent effect 
U. S. Rubber polyacrylate, Style 9271 10 Surface hardened and cracked 
U. S. Rubber Paracril 18-80 1 Loses elasticity, breaks easily 
Du Pont Neoprene G Ν 35 Slight surface cracking, retains elasticity 
Du Pont Neoprene W 35 Tears easily, some loss of elasticity 
Enjay butyl rubber GR-1-18 19 Very soft, spongy 
Enjay butyl rubber GR-1-25 19 Very soft, spongy, blistered 
Enjay butyl rubber GR-1-35 19 Swollen, very spongy 
Du Pont Hypalon magnesium oxide cure 35 Surface cracks, somewhat elastic 
Du Pont Hypalon litharge cure 35 Cracks on bending, slightly elastic 
Dow Corning Silastic 250 1 Disintegrates 
Du Pont Mylar 1 Dissolves 
Du Pont silicon rubbers 1 Disintegrates 
U. S. Rubber 565 R 7 Blisters 
U. S. Rubber 575 7 Hardens and blisters 
U. S. Rubber cured Neoprene 3077 7 Blisters and hardens 
U. S. Rubber 566R 7 Hardens 
U. S. Rubber 3048 7 Hardens, cracks 
Kellogg Kel-F 3700 7 Unaffected except for slight discoloration 
Kellogg Kel-F 5500-72 7 Unchanged 
Du Pont Teflon 7 Unchanged 

Table IV. Effect of Immersing Certain Materials in Trimethylaluminum 
at Elevated Temperature 

Material Temperature, °F. Time, Hours 
Kellogg Kel-F 5500-72 300-330 1 Reacts 
Kellogg Kel F NW-5 250-300 2 Sample 
Kellogg Kel-F 5NW-25TR 240-305 1.5 Sample 
Kellogg Kel-F N - l 240-300 1.5 Sample 
Kellogg Kel-F compression-molded film 300 1.5 Reacts 
Du Pont extruded black Teflon 350 1.5 Sample 
Du Pont Teflon sheet 350 1.5 Sample 
Du Pont Teflon sheet 400 1.5 Sample 
Du Pont Teflon sheet 450 1.5 Sample 

Observation 

dissolved 
became porous 
dissolved 

recovered unchanged 
recovered unchanged 
recovered unchanged 
recovered unchanged 

compounds such as ethers, t e r t i a r y amines, a n d sulfides. I n a d d i t i o n , the fillers or 
plast ic izers c ou ld also react . T h e o n l y mater ia l s w h i c h are compat ib l e w i t h t r i m e t h y l 
a l u m i n u m at r o o m t e m p e r a t u r e are po lye thy lene , K e l - F , a n d Te f lon . 

Because of i ts re la t i ve ly l ow softening po in t , po lye thy lene cannot be used i n a n y 
app l i ca t i ons at even moderate temperatures . A n u m b e r of K e l - F elastomers, compres 
s i on -molded K e l - F f i l m , ex t ruded Te f l on , a n d Te f l on sheet were subjected to i m m e r s i o n 
tests at e levated temperatures . A l l of the K e l - F mater ia l s reacted to some extent . 
T h i s m a y be due to the react ion of the t r i m e t h y l a l u m i n u m w i t h the ch lor ine atoms i n 
the K e l - F p o l y m e r , or to the decompos i t ion of the K e l - F b y the loss of chlor ine a n d 
subsequent reac t i on w i t h the t r i m e t h y l a l u m i n u m . 

Ignition Properties of Aluminum Alkyls 

T h e r e are numerous unclassi f ied l i t e r a t u r e references to react ion systems c o n t a i n 
i n g oxygen a n d organometal l i c compounds , b u t v e r y few of these deal d i r e c t l y w i t h 
i g n i t i o n . F o r example , B a m f o r d a n d N e w e t t (3) have invest igated the k inet i cs a n d 
m e c h a n i s m of o x i d a t i o n of d i m e t h y l z i n c a n d d i e t h y l z i n c , t r i m e t h y l a n t i m o n y a n d t r i -
e t h y l a n t i m o n y , t r i m e t h y l b o r o n a n d t r i p r o p y l b o r o n , a n d others. T h e r e are also m a n y 
invest igat ions of the effect of these compounds o n the i g n i t i o n a n d combust i on c h a r a c 
ter ist ics of h y d r o c a r b o n fuels. T h e great b u l k of these deal w i t h lead a l k y l s ; however , 
reference to other a l k y l s a n d hydr ides occasional ly appears . F o r example , K u r z has 
recent ly pub l i shed a paper on the influence of d iborane o n flame speeds of propane -a i r 
m i x t u r e s (6). 
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MARSEL, KALIL, REIDLINGER, AND KRAMER-ALUMINUM ALKYLS 179 

I g n i t i o n l i m i t s for d iborane -oxygen {9) a n d explos ion l i m i t s for d i m e t h y l z i n c (1) 
a n d t r i e t h y l b o r a n e (4) have also appeared , b u t these papers are m o s t l y concerned w i t h 
k inet i cs a n d l a c k d a t a such as i g n i t i o n de lay values at v a r y i n g condi t ions of t e m p e r a 
ture a n d pressure. 

I n c o n j u n c t i o n w i t h the synthesis p r o g r a m , p r e v i o u s l y descr ibed, the i g n i t i o n 
propert ies of some organometa l l i c c ompounds have been invest igated , a n d a l i m i t e d 
a m o u n t of d a t a is ava i lab le concerning the spontaneous i g n i t i o n i n a i r of a series of 
o r g a n o a l u m i n u m compounds . 

Spontaneous i g n i t i o n temperatures a n d i g n i t i o n delays are not absolute propert ies , 
b u t are s t rong ly dependent u p o n the sys tem i n w h i c h t h e y are ob ta ined . M u l l i n ( 7 ) 
has l i s t ed several methods i n considerable d e t a i l ; a s u m m a r y of some of the p r i n c i p a l 
methods is g i v e n be low. 

Drop Methods. I g n i t i o n t e m p e r a t u r e is t a k e n as the lowest t e m p e r a t u r e of a n 
a i r - f i l l ed c a v i t y w h i c h y ie lds i g n i t i o n w h e n drops of l i q u i d fuel are i n t r o d u c e d in to i t ; 
t i m e i n t e r v a l s are measured , w h e n possible. T h e f o l l owing types of a p p a r a t u s have 
been used to f o r m the c a v i t y : 

1. A covered cruc ib le i n a heated m e t a l b l o ck , i n t o w h i c h a i r is cont inuous ly 
s t reamed a t the b lock t e m p e r a t u r e ( M o o r e ) . 

2. A conica l c a v i t y is cut d i r e c t l y i n t o a b l o ck rep lac ing the cruc ib le i n N o . 1 ; the 
test is otherwise s i m i l a r t o M o o r e ( K r u p p ) . 

3. A S T M m e t h o d D 286-30 uses a boros i l i cate glass, con i ca l flask i n a gas-heated 
solder b a t h ; otherwise, i t is s i m i l a r to M o o r e . 

4. A f o u r - c o m p a r t m e n t test section m e t h o d i n each of w h i c h tests are conducted 
at var i ous oxygen rates, to determine the effect of v a r y i n g flow rates of gas on i g n i t i o n 
t e m p e r a t u r e . T h i s test defines a n i g n i t i o n v a l u e : 

where Τ — ignit ion temperature 
b — a function of flow rate, bubbles per minute 

Ζ is r e l a t i v e l y constant over a wide range of values for b ( J e n z s c h ) . 
5. A heated enclosure, gas - t ight , i n w h i c h the effect of pressure m a y be de termined . 

D e s p i t e m u c h controversy regard ing the exact m e a n i n g a n d usefulness of these 
tests, t h e y are s t i l l w i d e l y used. T h e p r i n c i p a l object ions ra ised concern the l a c k of 
c o n t r o l of or di f f iculty i n q u a n t i t a t i v e l y d e t e r m i n i n g the var iab les i n v o l v e d (such as 
fuel t e m p e r a t u r e , fuel t o a i r ra t i o , i g n i t i o n de lay , e tc . ) . 

Flow Methods. These methods general ly e m p l o y a heated tube t h r o u g h w h i c h 
the combust ib le m i x t u r e passes. Because bet ter m i x i n g of fue l a n d a i r is ob ta ined 
t h a n w i t h the stat ic m e t h o d , th is test o f ten gives results w h i c h bet ter a p p r o x i m a t e 
those p r e v a i l i n g i n the a c t u a l use of the fue l . 

Adiabatic Compression. T h i s m e t h o d employs r a p i d compress ion of the gas to 
give a D i e s e l t y p e of i g n i t i o n . C o m p r e s s i o n m a y be obta ined b y p i s t on compress ion , 
shock tubes, or b y h a v i n g a i r w h i c h is stored at a suff ic iently h i g h pressure r u s h in to a 
tube of fue l at low pressure. 

T h e p r i n c i p a l object ions to this m e t h o d are that the t e m p e r a t u r e a n d pressure 
change cont inuous ly and d r a s t i c a l l y d u r i n g the course of i g n i t i o n , so t h a t the measure 
m e n t of these var iab les is very d i f f icult . 

Heated Surface Method. Heated surfaces of solid objects act as igni ters for c o m 
bust ib le m i x t u r e s . These objects may be wires, rods, par t i c l es , spheres, or p lanes . 
This m e t h o d not only in t roduces a surface variable, but also leaves the temperature 
of the m i x t u r e necessary for i g n i t i o n , unknown. The values ob ta ined general ly are 
higher t h a n those ob ta ined by the o ther methods . 

W i t h organometa l l i c c ompounds , the i g n i t i o n de lays are so short that spec ia l 
methods must be e m p l o y e d for their d e t e r m i n a t i o n . Such a method has been de
ve loped at New York University. 
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180 ADVANCES IN CHEMISTRY SERIES 

Ignition under "Static" Conditions. T h e static i g n i t i o n tester ( F i g u r e 3) c o n 
sists of a v e r t i c a l l ength of 10- inch I . P . S . p ipe , w h i c h has a ^ - i n c h steel cover p late 

welded to the t op . A flanged cover p late , po l i shed on b o t h sides, seals the b o t t o m . 
T w o 2 X 10 i n c h V y c o r w indows are m o u n t e d v e r t i c a l l y at the f ront a n d back of 
the p ipe for observat ion of the i n t e r i o r d u r i n g test ing . T h e r m o w e l l s , a i r in let a n d o u t 
let , a n d pressure taps enter t h r o u g h the p ipe w a l l . F u e l connections are i n the t o p 
plate . T h e entire system when assembled is v a c u u m - t i g h t . W h e n the v a c u u m is 
b r o k e n , the b o t t o m cover p late can be d r o p p e d off; th is makes c leaning the system 
re la t i ve ly easy. 

Figure 4. Photograph of static ignition test setup showing 
test chamber and window 

Strobolume and strip camera mounted about 3 feet in front of window 

T h e system is heated at the b o t t o m b y a t h e r m o s t a t i c a l l y contro l l ed hot plate 
a n d four s t r i p heaters m o u n t e d on the p ipe w a l l . T h e ent ire vessel is insu la ted except 
at the b o t t o m . T e m p e r a t u r e s are t a k e n i n the b o t t o m plate a n d i n the b o m b i n t e r i o r 
at three different heights . W h e n w o r k i n g at reduced pressures, v a c u u m is m a i n t a i n e d 
b y p u m p i n g against a n adjustable leak rate of d r y a i r in to the chamber . 

I n the o r i g i n a l sys tem, fuel was i n t r o d u c e d f r o m a h y p o d e r m i c syr inge w h i c h was 
closed at the b o t t o m w i t h a syr inge stopcock. T h e h y p o d e r m i c needle was w a t e r -
cooled a n d extended in to the test chamber t h r o u g h the t o p . 

A S t r o b o l u m e l i g h t source m o u n t e d i n the rear p r o v i d e d intense l i g h t i n g at 1 /48-
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MARSEL, KALIL, REIDLINGER, AND KRAMER-ALUMINUM ALKYLS 181 

second in te rva l s . I g n i t i o n d a t a were ob ta ined p h o t o g r a p h i c a l l y . One of two types of 
cameras was u s e d : 

1. A s t r i p camera ( G e n e r a l R a d i o C o r p . ) i n w h i c h there is no frame m a k e r . 
T h e f i lm s t r i p moves cont inuous ly past a n image of the windows . A p o i n t of l i g h t i n 
the image appears as a h o r i z o n t a l l ine on the f i l m . A po int m o v i n g v e r t i c a l l y appears 
as a n inc l ined l ine a n d a l ine or plane of l i g h t i n the w i n d o w appears as a b a n d on the 
f i l m . I n a d d i t i o n , every 1/48 second the S t r o b o l u m e l ights the back w i n d o w . I n th is 
w a y , the f irst m o m e n t of fuel in jec t i on is k n o w n to 1/48 second. I g n i t i o n a n d p r o p a 
gat ion of the f lame show u p as b r o a d bands of l i g h t . 

2. A F a s t a x , f rame m a k i n g , h i g h speed m o t i o n p i c ture camera . T h e S t robo lume 
is used here as a t i m i n g l i g h t on ly . B a c k l i g h t i n g is cont inuous . T h e i g n i t i o n delay is 
ca l cu lated b y c o u n t i n g the frames f r o m i n i t i a l fuel in jec t i on to i g n i t i o n . 

F i g u r e 5 shows two s t r ips of a F a s t a x f i l m record of the i g n i t i o n of t r i m e t h y l -

Figure 5. Fastax record of 
ignition of trimethylaluminum 

Conditions. 5 inches of mercury 
absolute air pressure and 450° F. 
Ignition shows in left strip, fourth 
frame down, 26 frames (0.013 sec
ond) after start of fuel injection. 
Second strip shows bomb 0.015 

second after ignition 

a l u m i n u m at r o o m temperature s p r a y e d in to a i r at 450° F . a n d 5 inches of m e r c u r y 
absolute. T h e film speed here is about 2000 frames per second. I g n i t i o n starts i n the 
f o u r t h f rame d o w n , w h i c h is 26 frames after the s tar t of in jec t i on . T h i s corresponds 
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182 ADVANCES IN CHEMISTRY SERIES 

to a n i g n i t i o n de lay of 13 mi l l i seconds (0.013 second) . T h e right-hand film s t r i p shows 
the b o m b w i n d o w 15 mi l l i seconds af ter i g n i t i o n s t a r t s ; i t c a n be seen t h a t the flame 
fills the ent ire test chamber . 

F i g u r e 6 shows film records t a k e n w i t h the s t r i p camera . I n a l l photographs , the 

A 

Β 

C 

D 

Figure 6. Strip camera records of ignition of various organo
metallic compounds 

A. Tripropylboron 
B. Triethylboron without water-cooled needle 
C. Triethylboron with water-cooled needle 
D. Trimethylaluminum 

i g n i t i o n shows as whi te streaks . Images of the w i n d o w a p p e a r every 1/48 second as 
whi te rectangles ; spac ing differences are due to different film speeds. F i g u r e 6, A, shows 
the i g n i t i o n of t r i p r o p y l b o r o n ; B, t r i e t h y l b o r o n ; C, t r i e t h y l b o r o n f r o m a w a t e r -
cooled needle ; D, t r i m e t h y l a l u m i n u m . 

I g n i t i o n i n F i g u r e 6, A, shows b o t t o m firing a n d m o v e m e n t of the flame u p 
towards the in jec tor needle. D r o p l e t s of fuel can be seen enter ing the chamber f r o m 
the t o p . Β shows no droplets , because the t r i e t h y l b o r o n flashes off as i t enters. C 
w i t h a water -coo led needle shows the drop lets . D shows i g n i t i o n s t a r t i n g a t the t o p 
almost i m m e d i a t e l y (less t h a n 1/48 second) after fuel in j e c t i on . 

B y us ing these test methods , the i g n i t i o n delays for several organometa l l i c c o m 
pounds have been de termined ( T a b l e V ) . 

Table V. Ignition Delay Values of Selected Compounds at 4 5 0 ° F. 
and 5 Inches of Mercury Absolute Ai r Pressure 

Compound Ignition Delay, Second 
Dimethylaluminum chloride 0.020 
Trimethylaluminum 0.013 
Triethylaluminum 0.040 
Diethylaluminum bromide 0.150 
Diethylzinc Smoke after 0.040 
Triethylborane 0.020 
Triisobutylaluminum Smoking only 

A series of stat ic i g n i t i o n tests was r u n to determine the effect of pressure a n d 
t e m p e r a t u r e on the i g n i t i o n character is t i cs of t r i m e t h y l a l u m i n u m . I n th i s series of 
exper iments i t was desirable t o have the fuel in jec ted u n d e r a constant pressure 
d i f ferent ia l . T h i s was accompl i shed b y rep lac ing the syr inge in j e c t i on sys tem w i t h a 
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MARSEL, KALIL, REIDLINGER, AND KRAMER-ALUMINUM ALKYLS 183 

pressur ized feed c h a m b e r ; the pressure difference across a 1 /16 - inch c a p i l l a r y tube was 
k e p t at 30 inches of m e r c u r y t h r o u g h o u t the series of exper iments . T h e results of 
th i s series of runs are s u m m a r i z e d i n T a b l e V I . 

Table VI. Effects of Temperature and Pressure on 
Ignition of Trimethylaluminum 

Chamber Temp. Absolute Pressure, Ignition Delay, 
Range, °F. Inches Hg Msec. 

455-60 2 21 
450-60 5 13 
445-60 30 3 
350-65 5 15 

A 100° change i n a i r t e m p e r a t u r e does no t a p p r e c i a b l y change the i g n i t i o n de lay 
v a l u e . H o w e v e r , the i g n i t i o n de lay decreases cons iderab ly as the pressure is increased, 
a n d th is is to be expected, because the concentrat i on of oxygen a n d the heat ing c a p a c i t y 
of the a i r t h r o u g h w h i c h the s p r a y t rave l s are increased. 
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Aluminum Alcoholates and the 
Commercial Preparation and Uses of 
Aluminum Isopropylate 

G. C. WHITAKER 

The Harshaw Chemical Co., Cleveland, Ohio 

The alkoxides of alcoholates in which metals, such 
as aluminum, replace the hydrogen of the alcohol 
group have been known for years. Some of these 
products are now available commercially and pre
sent a challenging field of research in preparing a 
host of new compounds. Using these compounds, a 
method of introducing higher, less reactive alcohols 
into combination with aluminum to form the higher 
alkoxides is now avai lable; thus the trisoaps of a l u 
minum can now be synthesized. By proper com
bination of reactants it is possible to prepare alumi
num soaps containing three different acid radicals. 
A n extensive literature on the preparation of alumi
num alkoxides was available before the turn of the 
century and the methods then discovered are still in 
common use not only in the laboratory, but also in 
commercial operations. 

T h e react ion of alcohols on p u r e a l u m i n u m m e t a l is negl igible even at the b o i l i n g 
po in t of the alcohols . T o in i t i a t e the react ion a n u m b e r of reagents have been 
used a n d are u s u a l l y re ferred to as cata lysts . G lads tone a n d T r i b e (7) used s m a l l 
amounts of iod ine . W i s l i c e n u s a n d K a u f m a n n (27) i n t r o d u c e d the a m a l g a m a t i o n 
process. H i l l y e r a n d C r o o k e r (11) used a l u m i n u m chlor ide a n d the chlor ides of t i n . 
C a r b o n te t rach lor ide has also been suggested. A process l a t e ly pa tented i n F r a n c e (3) 
passes a lcohol v a p o r together w i t h a n iner t gas countercurrent t h r o u g h a heated 
m i x t u r e of copper a l u m i n u m a l l oy a n d copper chlor ide . T h e B r i t i s h have pa tented 
a process (6) i n w h i c h a l u m i n u m chlor ide is d isso lved i n the desired a l c o h o l ; a n h y d r o u s 
a m m o n i a or one of the s impler p r i m a r y amines is t h e n added . T h e a m m o n i u m 
chlor ide w h i c h prec ip i tates out is f i l tered off, l e a v i n g a n alcohol ic s o lu t i on of the 
desired c o m p o u n d . T h i s react ion is also useful i n m a k i n g i r o n alcoholates. M e e r w e i n 
(25) f o u n d t h a t the alkoxides un i t e w i t h alcohols to f o r m a l k o x y acids w h i c h are 
r e l a t i v e l y s t rong a n d can be t i t r a t e d w i t h ind i ca tors . 

T h e reac t i on m e c h a n i s m is pos tu la ted i n the e q u a t i o n : 

A l ( O R ) 8 + R O H -> [ H + A l ( O R ) 4 ] -

T h a t such a c o m p o u n d is a c t u a l l y present i n the a lcohol solutions is i n d i c a t e d b y the 
fact t h a t a l u m i n u m m e t a l dissolves r e a d i l y i n these solutions m u c h as the m e t a l d i s 
solves i n the s t a n d a r d acids. 

184 
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Laboratory Preparation 

O n the l a b o r a t o r y scale, a l u m i n u m compounds of the lower mo le cu lar weight 
alcohols are r ead i l y p r e p a r e d b y using the a m a l g a m a t i o n process. T h e a m a l g a m a t i o n 
is accompl i shed b y p lac ing a l u m i n u m turn ings i n a 2 % so lut ion of m e r c u r i c ch lor ide . 
A f t e r a m a l g a m a t i o n is comple ted the m e t a l is washed a n d d r i e d . A l t e r n a t e l y , the 
m e r c u r i c ch lor ide is added as a so l id to the react ion flask conta in ing the m e t a l a n d 
a lcohol . A l l m a t e r i a l shou ld be free of water a n d d u r i n g reac t ion the a p p a r a t u s shou ld 
inc lude a d r y i n g tube c o n t a i n i n g c a l c i u m chlor ide to protect the react ion m i x t u r e . 
T h e a m a l g a m a t e d a l u m i n u m dissolves r ead i l y i n the a lcohol at reflux t e m p e r a t u r e . 
A f t e r d i sso lv ing a l l of the m e t a l the excess of a lcohol is d i s t i l l ed off a n d the a l u m i n u m 
alcoholate is t h e n pur i f i ed b y d i s t i l l a t i o n u n d e r reduced pressure. 

Some d i f f i cu l ty is encountered i n p u r i f y i n g the alcoholates i n w h i c h m e r c u r y has 
been used as a cata lyst , because at the t empera ture of d i s t i l l a t i o n the m e r c u r y , w h i c h 
at this stage is present as m e t a l , has a n apprec iab le v a p o r pressure a n d d is t i l l s over , 
causing the p r o d u c t to be d a r k . I n m a n y cases the i m p u r e p r o d u c t is used d i r e c t l y 
w i t h o u t d i s t i l l i n g . 

W h y d i d the chemica l i n d u s t r y choose a l u m i n u m i sopropy la te as the c o m p o u n d 
for c o m m e r c i a l p r o d u c t i o n ? T h e compounds based on secondary alcohols are more 
versat i le reagents t h a n those based on p r i m a r y alcohols a n d i s o p r o p y l is the first 
m e m b e r of the secondary series. A s a r a w m a t e r i a l , i s o p r o p y l a l coho l is moderate i n 
pr i ce , r e a d i l y ava i lab le , a n d re la t i ve ly nontox ic . A l u m i n u m i sopropy la te contains a 
h i g h p r o p o r t i o n of m e t a l , is stable , r ead i l y pur i f i ed , a n d easily h a n d l e d i n s t a n d a r d 
containers . T h e r e is some d e m a n d for a l i q u i d p r o d u c t w h i c h w o u l d be more c o n 
venient i n some operat ions a n d , i f p u r i t y is not v e r y i m p o r t a n t , a p r o d u c t based o n 
m i x e d alcohols is ava i lab le (17). S t a r t i n g w i t h a l u m i n u m i sopropy la te i t is possible 
to convert i t to the other alcoholates b y the ester interchange m e t h o d of B a k e r (2). 

T h e h i s t o r y of c h e m i s t r y inc ludes m a n y examples of products w h i c h l a i d o n the 
shelf for years . D D T is a case i n po in t a n d is f a m i l i a r to a l l . T h e a l u m i n u m a lco 
holates have t r a v e l e d a s i m i l a r s low a n d tor tuous course. 

F r o m the i r first p r e p a r a t i o n to 1900 most of the effort was expended i n m a k i n g 
compounds b y di f fer ing methods a n d a p p l y i n g t h e m to the react ions k n o w n for the 
a l k a l i m e t a l alcoholates. I n 1922, A d k i n s (1) reasoned t h a t a l u m i n u m oxide cata lysts 
c ou ld be m a d e w i t h v a r y i n g s t ruc ture a n d p o r o s i t y b y decompos ing the a l u m i n u m 
alcoholates. H e made a series of compounds a n d no ted the i r propert ies . T h r e e years 
l a te r the w o r k of V e r l e y (24) a n d of M e e r w e i n a n d S c h m i d t (16) l ed to the d i s covery 
t h a t a ldehydes c o u l d be reduced to alcohols b y t r e a t m e n t w i t h a l u m i n u m ethoxide 
i n the presence of e t h y l a l coho l . I n 1926 Ponnc lor f (20) showed t h a t the a l u m i n u m 
der iva t ives of the secondary alcohols made the react ions m o r e general a n d a p p l i e d 
equa l ly we l l to the reduc t i on of ketones. 

T h e M e e r w e i n - P o n n d o r f - V e r l e y reduc t i on , as i t came to be c o m m o n l y k n o w n , 
p r o v e d a useful t oo l i n the p r e p a r a t i o n of a n u m b e r of compounds d u r i n g the next 
decade. B y us ing a l u m i n u m i sopropy la te a n d i s o p r o p y l a l coho l even the u n s a t u r a t e d 
aldehydes a n d ketones were successfully reduced . T h e reac t ion is m i l d , specific, a n d 
i n most cases produces the desired p r o d u c t i n h i g h y i e l d . A t the same t i m e the 
opera t i on is r e l a t i v e l y s i m p l e . T h e a ldehyde or ketone is m i x e d w i t h a n excess of 
i s o p r o p y l a l coho l a n d a l u m i n u m i sopropy la te a n d heated . T h e acetone resul t ing f r o m 
the react ion is d i s t i l l ed off as i t is f o r m e d a n d side react ions are at a m i n i m u m . E v e n 
d u r i n g these ear ly exper iments the r e v e r s i b i l i t y of the reac t ion was real ized , b u t i t 
remained for O p p e n a u e r (18) to w o r k out the condi t ions w h e r e b y ox idat i on c o u l d be 
accompl i shed . T h e O p p e n a u e r o x i d a t i o n depends on the use of a n excess of acetone 
or o ther ketone i n the presence of a l u m i n u m alcoholate a n d has p r o v e d ex t remely 
useful i n stero id c h e m i s t r y . 

A l l of these findings were ex tremely i m p o r t a n t a n d interes t ing b u t d u r i n g the 
n e a r l y 60 years i n w h i c h these events were t a k i n g place there was no progress b e y o n d 
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186 ADVANCES IN CHEMISTRY SERIES 

the test tube stage. I t was s t i l l a m a t t e r of p r e p a r i n g alcoholates as requ i red , i n s m a l l 
quant i t i es a n d c o m m e r c i a l a v a i l a b i l i t y was s t i l l i n the f u t u r e . T h e i m p e t u s for c o m 
m e r c i a l p r o d u c t i o n came f r o m the uses deve loped i n the last 10 to 12 years . 

A l u m i n u m i sopropy la te is analogous to a l u m i n u m h y d r o x i d e i n w h i c h the h y d r o g e n 
a toms have been rep laced b y i s o p r o p y l groups . U s i n g th i s s imple c o m p a r i s o n m a n y of 
the react ions of the alcoholates become obvious . T h e reac t i on of a l u m i n u m i s o p r o 
p y l a t e w i t h acids to f o r m salts a n d i s o p r o p y l a l coho l is comparab le to the react ion of 
a l u m i n u m h y d r o x i d e w i t h acids to f o r m salts a n d water . H o w e v e r , because of the 
t r i v a l e n c y of a l u m i n u m a n d i ts weakness as a base i ts reac t i on w i t h the l ong - cha in 
f a t t y acids offers some interest ing new poss ib i l i t ies . U n t i l recent ly there was some 
doubt as to the existence of the a l u m i n u m tr isoaps i n w h i c h a l l of the a l u m i n u m 
valencies were t a k e n u p b y f a t t y acids. W h e n these soaps are p r e p a r e d b y p r e 
c i p i t a t i o n o n l y m o n o - or disoaps are p r o d u c e d . 

U s i n g a l u m i n u m i s o p r o p y l a t e i t is n o w possible to m a k e no t o n l y the m o n o - a n d 
disoaps, b u t also the t r i soaps . R i n s e (21) f o u n d t h a t t r e a t i n g a l u m i n u m alcoholates 
w i t h f a t t y acids u n d e r care fu l l y c ont ro l l ed condi t ions results i n the f o r m a t i o n of 
t r i soaps . T h e reac t i on proceeds stepwise a n d the f irst t w o a l coho l groups are easi ly 
rep laced . T h e t h i r d a l coho l g roup is more dif f icult t o replace , since the react ion 
appears to be revers ib le . A t the same t i m e the a l coho l r e su l t ing f r o m the react ion 
is ava i lab le for the f o r m a t i o n of esters w h i c h contaminate the p r o d u c t . T h e equat i on 
for the rep lacement of the first t w o a l coho l groups i l lustrates the po in t . 

A l ( O R ) 3 + 2 R 1 C O O H - » A 1 0 R ( O O C R 1 ) 2 + 2 R O H 

I f n o w jus t enough a c i d is added to m a k e the t r i s o a p , the t w o moles of a l coho l 
f o r m e d t e n d to reverse the reac t ion a n d to f o r m esters. I t is therefore necessary to 
remove the a l coho l as i t is f o r m e d b y o p e r a t i n g a t e levated temperatures . 

T h e a l u m i n u m t r i t a l l a t e as p r e p a r e d b y R i n s e {21) has severa l in teres t ing 
propert ies w h i c h he l ists as f o l l ows : 

E x c e l l e n t s o l u b i l i t y i n h y d r o c a r b o n s , m i n e r a l , vegetable , a n d a n i m a l oils to f o r m 
solut ions of l o w v i s cos i ty . 

C o m p a t i b i l i t y w i t h f a t t y ac ids , resins, a n d ester gums. 
R a p i d p a r t i a l h y d r o l y s i s i n presence of w a t e r or h u m i d a i r to so l id products w i t h 

good water resistance. 
R e a c t i v i t y w i t h h y d r o x y compounds such as g lycero l , alcohols , a n d the phenols . 

U s i n g a l u m i n u m i sopropy la te i t is possible to m a k e the m o n o - a n d disoaps w i t h 
out the c o n t a m i n a t i o n of s o d i u m salts encountered i n the regu lar p r e c i p i t a t i o n process. 
I t also is possible to m a k e m i x e d soaps i n w h i c h more t h a n one f a t t y a c i d is combined 
to the same a l u m i n u m a t o m . One area where th i s m a y be of p a r t i c u l a r interest is i n 
the p r e p a r a t i o n of je l l ied gasolines. A p a t e n t (10) has a l r e a d y been issued for a 
l i q u i d compos i t i on based on a l u m i n u m i sopropy la te . T h i s l i q u i d c o m p o u n d makes 
i t possible to prepare j e l l i ed gasoline i n the field as needed, w i t h o u t the use of heat . 
T h e field of greases based on a l u m i n u m soaps offers a n excellent d o m a i n f o r these 
p u r e r produc ts based o n i s o p r o p y l a t e . 

A l u m i n u m i sopropy la te is of va lue to the p a i n t f o r m u l a t o r . A n extensive l i t e r a 
t u r e is a c c u m u l a t i n g a n d o n l y a few examples w i l l be used t o ind i ca te the areas of 
interest . R i n s e (21) finds t h a t the alcoholates increase the v i s cos i ty of pa ints a n d 
t h u s decrease p i g m e n t se t t l ing . A t the same t i m e the p r o d u c t has i m p r o v e d w a t e r 
resistance. A heat -res is tant a l u m i n u m p a i n t uses a l u m i n u m i s o p r o p y l a t e as a b inder 
(δ). W h e n l inseed o i l is t r ea ted w i t h the alcoholates the films d r y faster a n d harder , 
absorb less oxygen , a n d have bet ter resistance to w a t e r a n d chemica l a t t a c k (22). 
S p e c i a l resins (9) are p r e p a r e d b y reac t ing w i t h glycols a n d f a t t y acids . A l u m i n u m 
i s o p r o p y l a t e is a good interester i f i cat ion ca ta lys t a n d m a y be of considerable interest 
i n m o d i f y i n g resins. 

A l u m i n u m i sopropy la te reacts r e a d i l y w i t h water or w a t e r v a p o r , the end produc t s 
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WHITAKER—ALUMINUM ALCOHOLATES AND ALUMINUM ISOPROPYLATE 187 

being a l u m i n u m h y d r o x i d e a n d i s o p r o p y l a lcohol . Because of its sens i t i v i ty to water , 
the c o m p o u n d should be stored i n sealed containers . T h e react ion w i t h water is a n 
excellent m e t h o d of p r e p a r i n g pure a l u m i n a , because the a lcohol is comple te ly r e 
m o v e d b y a p p l i c a t i o n of heat . P u r e a l u m i n a w i t h a v a r y i n g pore size was the goal 
of A d k i n s b a c k i n 1922. Interest i n m a k i n g special grades of a l u m i n a has been 
r e v i v e d i n the last few years . A process for m a k i n g e t a - a l u m i n a (4) is based on the 
contro l l ed h y d r o l y s i s of higher a l u m i n u m alcoholates. T h e higher alcohols are u t i l i z e d , 
because of the i r water inso lub i l i ty a n d the ease of recovery of the a lcohol . V a p o r i z e d 
a l u m i n u m i sopropy la te m i x e d w i t h combust ib le gases such as hydrogen can be b u r n e d 
to f o r m a finely d i v i d e d pure a l u m i n a . T h i s m a t e r i a l is sui table for rubber c o m 
p o u n d i n g a n d as a carr ier for phosphorescent a n d luminescent p igments . 

I t is k n o w n t h a t alcohols , a ldehydes , ketones, a n d esters are basic components i n 
the b l end ing of per fumes . T h e per fumers were one of the ear ly groups to take a d 
vantage of the var ious organic react ions based on a l u m i n u m i sopropy la te . T h e 
T i s c h e n k o , M e e r w e i n - P o n n d o r f - V e r l e y , a n d O p p e n a u e r react ions are a l l i m p o r t a n t 
methods used i n the m a n u f a c t u r e a n d rearrangement of these exotic p roduc t s . 

T h e use of a l u m i n u m i sopropy la te i n stero id c h e m i s t r y is extremely i m p o r t a n t to 
the m e d i c a l profession a n d centers a r o u n d the interconvers ions of alcohols a n d ketones 
b y the var i ous reactions ment i oned . P r o d u c t i o n i n th is field is s m a l l a n d the s tero id 
chemicals represent on ly a m i n o r c o n s u m p t i o n of alcoholate . A l u m i n u m i sopropy la te 
is also used i n the m a n u f a c t u r e of v i t a m i n A alcohol , a n d Ch lo romyce t in (13). 

A n t i a c i d s m a y not come under the s t r i c t head ing of leg i t imate drugs , b u t a l u m i 
n u m i s o p r o p y l a t e has f o u n d a growing out let i n the m a n u f a c t u r e of these produc t s . 
W h e n a l u m i n u m i sopropy la te reacts w i t h a s t rong hot water so lu t i on of g lyc ine a 
d i h y d r o x y a l u m i n u m g lyc inate results (12), w h i c h has excellent a n t i a c i d propert ies . 
I n th is c o m p o u n d the two h y d r o x y groups react r ead i l y w i t h acids a n d the g lyc ine p a r t 
of the molecule can also act as a n a c i d acceptor . G l y c i n e is one of the a m i n o acids 
w h i c h f o r m zwi t ter i ons . A z w i t t e r i o n is one of those mater ia l s w h i c h has f o u n d out 
h o w to m a k e b o t h ends meet . C o m p o u n d s of other a m i n o acids have been f o u n d 
effective as ant iac ids (14). 

A l u m i n u m isoprop jdate can enter i n d i r e c t l y into the p r e p a r a t i o n of a n t i p e r s p i r a n t s . 
W h e n a l u m i n u m d i h y d r o x y aminoacetate is reacted w i t h h y d r o c h l o r i c a c i d a d i ch loro 
a l u m i n u m aminoacetate results (8). T h i s m a t e r i a l combines the astr ingent propert ies 
of a l u m i n u m chlor ide w i t h the buf fer ing a c t i o n of the a m i n o ac id . 

W o r k i n the area of replacement of the a lcohol groups w i t h f a t t y acids has r e 
su l ted i n the f o r m a t i o n of p o l y m e r i c organic a l u m i n u m oxides (23). T h e process c o n 
sists of t r e a t i n g a l u m i n u m i sopropy la te w i t h less t h a n the theoret i ca l q u a n t i t y of f a t t y 
a c i d , r e m o v i n g the a lcohol a n d esters w h i c h are f o rmed , a n d t h e n heat t r e a t i n g the 
p r o d u c t under v a c u u m to f o r m p o l y m e r s conta in ing the g roup 

These p o l y m e r s have surface act ive propert ies a n d are suggested as dispers ing 
agents for p igments , l u b r i c a t i n g o i l add i t ives , a n d c r o s s - l i n k i n g agents for p o l y m e r s . 

A l u m i n u m i sopropy la te has been proposed for a n u m b e r of other uses w h i c h m a y 
be of interest . W i l l i a m s a n d H i a t t (26) a d d 6 % of the i s opropy la te to cellulose esters 
to s tabi l ize the i r color a n d v iscos i ty . O r t h n e r a n d R e n t e r (19) t reat fabr ics w i t h a 
so lut i on of a l u m i n u m alcoholate a n d oleic a c id i n t r i ch loroe thy lene to reduce the water 
u p t a k e of the fabr ics . M a i l a n d e r (15) uses a l u m i n u m i s o p r o p y l a t e w i t h octylene 
g l y c o l a n d p e t r o l e u m wax to m a k e fabr ics water repel lent . 

O n a c o m m e r c i a l scale a l u m i n u m i sopropy la te is made i n batches of 1 to 5 tons . 
Some m a n u f a c t u r e r s s t i l l use a modi f i ed a m a l g a m a t i o n process where m e r c u r i c ch lor ide 
is added d i r e c t l y to the reactants . Because the added m e r c u r y presents some d i f f i 
cult ies i n the p u r i f i c a t i o n step a n d the process of us ing a l u m i n u m i s o p r o p y l a t e as the 
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188 ADVANCES IN CHEMISTRY SERIES 

catalyst proceeds almost as rapidly, it is just a matter of time before the amalgamation 
process is supplanted. The aluminum alcoholates when dissolved in alcohols form 
strong acids which are the explanation for the rapid reaction. 

In making aluminum isopropylate in the laboratory or on a small scale all of the 
aluminum can be added at once. On a commercial scale this is not possible because 
the reaction gets out of hand. The reaction rate is therefore controlled by adding the 
metal in 50- to 100-pound increments. After each addition the metal is allowed to 
react until the evolution of hydrogen subsides, when another increment of metal is 
added. During the entire operation the alcohol is maintained at the boiling point and 
provision is made for refluxing the vapor back to the reaction tank. When all of the 
metal has been added, the refluxing is continued for 3 hours to ensure complete reac
tion. Since hydrogen is evolved during the reaction, means must be provided to vent 
the gas and at the same time to avoid forming explosive mixtures with air. The 
method used is to purge the reactor with an inert gas and to feed the metal through a 
double valving system. Excess gas is bled from the top of the condenser. 

After the aluminum is completely dissolved and the batch has been refluxed, the 
excess of alcohol is distilled off. The molten aluminum isopropylate is then distilled 
at reduced pressure and is packed in air-tight steel drums. 

Aluminum isopropylate is a white, brittle, solid compound melting at 118°C. and 
boiling under reduced pressure at 125° to 130°C. at 4 mm. The compound decomposes 
on exposure to moisture, forming aluminum hydroxide and isopropyl alcohol. Upon 
heating it is not readily decomposed until about 900°C. It is soluble in isopropyl al
cohol, benzene, and mineral spirits. The commercial aluminum isopropylate has a 
typical analysis of: 

Al 13.10% 
Aluminum isopropylate 99.40% 
Residue 0.5% 

One of the problems encountered in the use of aluminum isopropylate is the fact 
that the material is received as a solid cake in drums. As the melting point is rather 
high, difficulty is encountered in melting the product in the drum. This hardship can 
be circumvented by breaking the solid in the drum prior to opening, which is readily 
accomplished by striking the side of the drum with a hammer or other tool. The 
isopropylate is very brittle and only a minimum of effort is necessary to break the 
solid cake so that it can be readily removed. 

Of the half million or more chemical compounds which have been synthesized by 
chemists, only about 5000 products are commercially available and aluminum isopropy
late is among them. Its use in paint, plastics, greases, cosmetics, catalysts, drugs, oils, 
and perfumes suggests that this is a chemical we can be proud of. It not only helps 
in lubricating the wheels, but it also helps to make us look better, feel better, and 
even smell better. 
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Applications of Organotin Compounds 

W. RICHARD LEWIS and ERNEST S. HEDGES 
Tin Research Institute, Perivale, Greenford, Middlesex, England 

Organotin compounds were first studied in 1852 by Löwig (9), who prepared 
diethyltin by the action of a sodium-tin alloy upon ethyl iodide. In the following 
year Frankland (4) prepared tetraethyltin and in the next years a considerable 
number of both alkyl and aryl organotin compounds were synthesized and described. 
In the course of these studies more than one of the investigators became aware of 
the poisonous nature of some of these compounds and Frankland himself was made 
ill for several months, but happily recovered, and there are no reports that any of 
those affected actually succumbed. It was evident that certain organotin compounds, 
notably triethyltin hydroxide and triethyltin acetate, were highly toxic; this was 
confirmed in 1881 by White (22), who studied their effects upon dogs and other 
animals. A period of 70 years was to elapse before the significance of these preliminary 
observations was realized. 

In 1932 (13) a patent was taken out for the use of the tetraalkyltin compounds 
as stabilizers of chlorinated transformer oils. In 1940 and 1941 patents were taken 
out by Yngve (24) covering the use of various organotin compounds as stabilizers 
for poly (vinyl chloride). Dibutyltin dilaurate and other dibutyltin salts have since 
become widely used as stabilizers. The availability of dibutyltin dilaurate as a com
mercial material may have been a predisposing influence in the selection of this 
compound for experiments on the treatment of worms in chickens, for which it is 
now widely used. Methyltin triiodide was marketed in England over 20 years ago 
as a treatment for boils, but failed to gain wide acceptance. It has been known 
for centuries that even the rather insoluble dioxide, and the metal itself in powder 
form, often effected remarkable cures of worm infections both in human beings and 
in animals, and that tin and its salts had often given positive results in the treatment 
of staphylococcal infections such as boils. In view of the erratic results with the 
inorganic forms of tin, it seemed likely that the organotin compounds would be more 
potent. 

Modern Researches 

Linking of the tin atom directly to at least one carbon atom is adopted here as 
the criterion of an organotin compound. As tin, like carbon, is quadrivalent and 
as preparative chemistry has shown that tin atoms can be linked together in short 
chains, a considerable field of organic chemistry is possible in which one or more 
atoms of carbon are replaced by tin atoms. This concept differs somewhat from 
that of general organometallic chemistry, in view of chemical similarities between tin 
and carbon. 

The International Tin Research Council decided that the time was ripe for the 
systematic investigation of this new field of organotin chemistry. It was expected 
that among the vast number of possible new compounds a number would fill some 
industrial need, but it was necessary to develop methods of synthesis and to study 
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LEWIS AND HEDGES—APPLICATIONS OF ORGANOTIN COMPOUNDS 191 

reac t i on mechanisms a n d s t r u c t u r a l p rob lems . I n th i s field i t is easy to be l e d 
a s t r a y b y the o r d i n a r y rules of organic c h e m i s t r y . 

T h e counc i l was f o r tunate i n en l i s t ing , 7 years ago, the enthusiast ic c o l laborat i on 
of v a n der K e r k , d i rector of the I n s t i t u t e for Organ i c C h e m i s t r y , T . N . O . , U t r e c h t , 
who w i t h a t e a m of assistants has been i n charge of the m a i n p r o g r a m of research 
ever since. H i s personal c o n t r i b u t i o n to the success of the w o r k is enormous . T h e 
counc i l has also, d u r i n g the past 7 years , sponsored research on different aspects 
of o rganot in c h e m i s t r y i n the U n i v e r s i t y of Toulouse i n F r a n c e a n d i n the U n i v e r s i t i e s 
of L o n d o n a n d S o u t h a m p t o n i n E n g l a n d . I n recent years interest i n organot in 
c h e m i s t r y has spread cons iderab ly a n d the counc i l co l laborates w i t h the research 
depar tments of univers i t ies a n d techn i ca l inst i tutes a n d w i t h m a n u f a c t u r e r s a n d users 
of o rganot in compounds i n m a n y countr ies . 

Four Main Types of Organotin Compound 

T h e four types of c o m p o u n d m a y be character i zed accord ing to the n u m b e r of 
c a r b o n atoms d i r e c t l y l i n k e d to t i n : 

Tetraalkyltin RSn 
Trialkyltin RsSnX 
Dialkyltin R2S11X2 
Monoalkyltin RSnXj 

where R is a n a l k y l r a d i c a l a n d X is a n y r a d i c a l no t l i n k e d t h r o u g h a c a r b o n a t o m . 
C o r r e s p o n d i n g series of a r y l c ompounds exist . 

Tetraalkyltin. T h e t e t r a a l k y l t i n compounds , such as t e t r a m e t h y l t i n a n d t e t r a -
e t h y l t i n , are a k i n to hydrocarbons , b u t less v o l a t i l e ; v o l a t i l i t y decreases as the 
aggregate of carbon a t tachments increases t h r o u g h the series. W h i l e i t is easiest 
t o prepare s y m m e t r i c a l t e t r a a l k y l t i n s i n w h i c h a l l the a l k y l groups are of i d e n t i c a l 
k i n d , i t is n o w also possible to prepare t h e m w i t h one, two , three , or a l l the groups 
di f fer ing : 

R' 4 Sn, R " R ' 3 S n , R ' " R " R ' 2 S n , R " " R " ' R " R ' S n 

T h e lower t i n t e t r a a l k y l s — e . g . , t e t r a e t h y l t i n — a r e colorless mob i l e l i q u i d s , w i t h a 
weak odor w h e n pure . T h e y are insoluble i n water b u t soluble i n organic solvents , es
pec ia l l y i n hydrocarbons , ch l o r ina ted hydrocarbons , a n d ethers. T h e h igher m e m b e r s — 
t e t r a - n - d o d e c y l t i n , e tc .—are solids w i t h l o w m e l t i n g po ints . T i n t e t r a a r y l s are solids 
w i t h m e l t i n g po ints above 200°C . T h e lower t i n t e t r a a l k y l s can be d i s t i l l ed u n d e r 
a tmospher i c pressure w i t h o u t decompos i t ion . A l l the compounds are stable i n the 
presence of a i r a n d water . 

Trialkyltin. T h e t r i a l k y l t i n compounds are f o r m e d f r o m the t e t r a a l k y l c o m 
pounds b y t r e a t m e n t w i t h a ha logen : 

R4S11 + X 2 -> R3S11X + R X 

T h e t r i a l k y l t i n chlor ides , bromides , a n d iodides are colorless l i q u i d s or solids w i t h 
l o w m e l t i n g po ints showing the same t h e r m a l s t a b i l i t y as t i n t e t r a a l k y l s . T h e y are 
somewhat soluble i n water a n d misc ib le w i t h organic solvents . T h e e t h y l c ompounds 
i n p a r t i c u l a r possess a pene t ra t ing a n d l a c h r y m a t o r y smel l . T h e fluorides are 
solids w i t h h i g h m e l t i n g po ints . A l l the t r i a l k y l t i n hal ides are sol ids. O n s h a k i n g 
the hal ides w i t h caustic po tash so lut ion the hydrox ides are f o r m e d . These are sol ids. 

Dialkyl - and Diaryltin. T h e d i a l k y l t i n a n d d i a r y l t i n c ompounds are f o r m e d 
b y react ion of the t e t r a a l k y l t i n w i t h two halogens: 

R 4 Sn + 2 X 2 -> RaSnXa + 2 R X 

T h e d ihal ides are c rys ta l l ine substances w h i c h are ra ther more soluble i n w a t e r t h a n 
the monohal ides . W i t h d i l u t e a l k a l i t h e y h y d r o l y z e , f o r m i n g the oxides, R 2 S n O . 
These are whi te a m o r p h o u s in fus ib le powders w i t h w e a k l y basic propert ies . W i t h 
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192 ADVANCES IN CHEMISTRY SERIES 

s t rong acids they f o r m n o r m a l salts w h i c h are stable i n water . W i t h weak acids the 
n o r m a l salts can be p r e p a r e d under special condi t ions . T h e d i a l k y l t i n a n d d i a r y l t i n 
salts are m u c h less toxic t h a n the corresponding t r i a l k y l or a r y l t i n s a l t s ; some are 
nontox i c . 

T h e m o n o a l k y l a n d a r y l t i n compounds i n some respects resemble the inorganic 
t i n te trahal ides . T h e t r i h y d r o x i d e s are u n k n o w n because the h y d r o l y s i s of the 
hal ides produces e i ther a l k y l or ary l s tannon i c acids, R S n 0 2 H . T h e stannonic acids 
are whi te , a m o r p h o u s , in fus ib le a n d insoluble powders , f o r m i n g salts w i t h b o t h s t rong 
acids a n d bases. 

The Distannanes 

A n o t h e r t y p e of c o m p o u n d is the h e x a a l k y l or h e x a a r y l d is tannane , p r e p a r e d f r o m 
the corresponding t r i a l k y l or a r y l t i n hal ides b y reduc t i on w i t h s o d i u m . 

2 R 3 S n X + 2 N a -> R 6 S n 2 + 2 N a X 

T h e h e x a a l k y l d istannanes are colorless l i qu ids b o i l i n g at f r o m 50° to 100°C. h igher 
t h a n the corresponding t i n t e t r a a l k y l s . T h e h e x a a r y l d istannanes are crys ta l l ine 
solids. 

Applications and Properties of Organotin Compounds 

Table I. Survey of Known Alkyltin Trihalides and Methods 
Used in Their Preparation (5) 

Compound 
CH 3 SnCl 3 

CH 3 SnBr 3 

CH 3 SnI 3 

C 2 H 5 SnCl 3 

C 2 H 6 SnI 3 

C 3 H 7 S n l 3 

Iso-C 3H 7SnCl 3 

Iso-C3H7SnBrs 
C 4 HiSnI 3 

Melting Boiling Point 
Yield, Point, 

Method of Preparation % °C. °C. Mm. 
CH 3 SnOOH + dry HC1 at 50°C. (53), 46 
CH 3 (C 6 H6) 3 Sn + 3SnCl 4 65 45-46 
CH 3 SnOOH + fuming HBr 53 53 
Sn + l ^ C H 2 B r 2 50 hr. at 180°-220°C. 90 53 210-211 746 
CHsSnOOH + aq. HI 65 86.5 
Snl 2 + 2CH 3 I 4 hr. at 160°C. 50 85 
Snl 4 + 4CH 3 MgI 15 85 
KSnCl 3 + C H 3 I 48 hr. at 90°C. 43.7 85 
(C 2H 6) 4Sn + 9SnCl4 24 hr. reflux. 15 196-198 760 
KSnCh + C 2 H E I 48 hr. at 110°C. 37 181-184.5 19 
KSnCls + C 3 H 7 I at 130°C. <25 200 (de- 16 

KSnCU + Iso-C 3H 7I at 110°C. 
comp.) 

KSnCU + Iso-C 3H 7I at 110°C. >40 75 16 
Iso-C 3H 7SnOOH + coned, aq. HBr 112 
KSnCb + C 4 H i I 72 hr. at 90°C. 25 154 5 

The Monoalkyltin Compounds. T h e o n l y one of the compounds l i s ted i n T a b l e I , 
w h i c h has so f a r h a d p r a c t i c a l a p p l i c a t i o n , is m e t h y l t i n t r i i od ide , w h i c h has been t r i e d 
i n medic ine as a cure for boi ls , b u t not w i d e l y acc la imed for th i s purpose . F u r t h e r r e 
search u p o n this a n d other m o n o a l k y l or a r y l t i n t r iha l ides is essential before t h e y can be 
safely recommended for a n y pharmaco l og i ca l purpose . F u r t h e r invest igat ions u p o n 
m o n o a l k y l t i n compounds w i l l doubtless b r i n g to l i ght useful app l i ca t i ons , so at th i s 
stage they shou ld not be disregarded . 

Dialkyltin and Diaryltin Compounds. Plastics Stabilizers. A t present the p l a s 
t ics i n d u s t r y consumes the largest tonnage of organot in compounds . T h i s is due to 
the o u t s t a n d i n g a b i l i t y of the d i b u t y l t i n salts to stabi l ize p o l y ( v i n y l c h l o r i d e ) . I n 
1942, Y n g v e (25) specif ied the use of d i b u t y l t i n d i l aura te as a v i n y l s tab i l i zer . 
S h o r t l y a f terwards , Q u a t t l e b a u m a n d Nof fs inger (16) d iscovered t h a t d i b u t y l t i n 
maleate was m o r e effective for h i g h t e m p e r a t u r e processing of the p o l y ( v i n y l ch lor ide ) 
because of i ts double b o n d , w h i c h enables i t to react w i t h the colored polyenes f o r m i n g 
i n heat -degraded v i n y l p o l y m e r a n d so to m a i n t a i n the water - c lear color of the 
res in . I n recent years there have been m a n y v a r i a t i o n s made i n the a c i d r a d i c a l s — 
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for example , d i b u t y l t i n d i th iog lyco l la te has been f o u n d even more effective. S y n e r 
gistic effects result f r o m the use of combinat ions of the var ious d i b u t y l t i n salts. 
M a c k a n d P a r k e r (14) describe the use of o rganot in sul fonamides of the general 
f o r m u l a 

R . S n C R ' N O s S R " ) * , 

where R , R ' , a n d R " are a l k y l or a r y l radica ls a n d χ + y — 4. These substances 
are p last ic izers as we l l as stabi l izers a n d i n react ing w i t h h y d r o c h l o r i c a c i d t h e y s p l i t 
off sul fonamides w h i c h are compat ib l e w i t h v i n y l resins. A n example of th i s c o m 
p o u n d is d i b u t y l t i n dibenzene su l fonamide , ( C 4 H 9 ) 2 S n ( H N 0 2 S · C 6 H 5 ) 2 . 

M a n y v a r i a n t s of these a n d other d i b u t y l t i n compounds have been invest igated 
as stabi l izers b y B a n k s a n d his colleagues at the R e s e a r c h L a b o r a t o r i e s of the M e t a l 
& T h e r m i t C o r p . , I L S Α . , where large scale m a n u f a c t u r i n g methods have been de
veloped . I n E n g l a n d B X P las t i c s , L t d . , P u r e C h e m i c a l s , a n d A l b r i g h t a n d W i l s o n 
are a l l a c t i v e l y interested i n th is field. 

T h e reviews b y S m i t h (17, 18) deal i n great de ta i l w i t h the theory a n d pract i ce of 
s t a b i l i z i n g p o l y ( v i n y l c h l o r i d e ) , w i t h special emphasis o n the va lue of the d i b u t y l t i n 
compounds for th is purpose . 

I t is general ly acknowledged t h a t the organot in stabi l izers are i n a class b y 
themselves i n the i r a b i l i t y to preserve the t r a n s p a r e n c y of p o l y ( v i n y l c h l o r i d e ) , e i ther 
w h e n being processed or subsequent ly w h e n exposed to the de ter i o ra t ing ac t i on of 
sunl ight a n d heat. W h i l e the efficiency of the d i b u t y l t i n d i th iog lyco l lates is also a 
m a t t e r of general agreement, they suffer f r o m the serious d isadvantage t h a t they 
have a v e r y persistent character is t i c a n d object ionable smel l . M u c h effort is s t i l l 
be ing expended i n the a t t e m p t to f ind a n ideal m e t h o d of c o m b i n i n g the d i a l k y l t i n 
r a d i c a l w h i c h w i l l be free f r o m this ob ject ion. 

T h e t o x i c i t y of the d i b u t y l t i n salts has long been the subject of some doubt , a n d 
p a r t i c u l a r l y there is anx ie ty as to whether or not i t is permiss ib le to use t h e m i n 
plast ics w h i c h w i l l come in to contact w i t h foodstuffs or w i t h the body . T h e r e are 
two m a i n p o i n t s : the t o x i c i t y of the s tab i l i zer itself a n d the extent to w h i c h i t m a y 
be leached d u r i n g the use of the p last i c for its n o r m a l purposes. T h e la t t e r is of 
p a r a m o u n t i m p o r t a n c e , because i f leaching were not possible there cou ld be no r i sk , 
even i f the s tabi l i zer were tox ic . T h e l e a c h a b i l i t y is v a r i a b l e , depending u p o n the 
na ture of the p last i c a n d the plast ic izers used i n i t , so i t is not possible to a v o i d 
the issue of t o x i c i t y on the score of non leachab i l i t y . T h e t o x i c i t y of d i b u t y l t i n c o m 
pounds is deemed i n m a n y countr ies to be suff ic iently h i g h to w a r r a n t the den ia l of 
th e i r use i n cer ta in p o l y ( v i n y l chlor ide) plast ics where there m a y be contact w i t h 
foods or w i t h the m o u t h , a n d these stabi l izers are avo ided so far as possible i n these 
app l i ca t i ons . 

Recent exper iments car r i ed out i n H o l l a n d , F r a n c e , a n d G e r m a n y (20) showed 
t h a t the t o x i c i t y of the d i a l k y l t i n c ompounds declines for c h a i n lengths greater t h a n 
b u t y l . E x p e r i m e n t s b y B a r n e s (19) at the Tox i co l ogy U n i t of the M e d i c a l R e s e a r c h 
C o u n c i l i n E n g l a n d have conf i rmed t h a t d i o c t y l t i n compounds are not toxic w h e n 
t a k e n b y m o u t h a n d t h a t v e r y large amounts of t h e m m a y be ingested b y exper imenta l 
an imals w i t h o u t i l l effects. N o tests have been c a r r i e d out u p o n h u m a n subjects, 
b u t i t is u n l i k e l y t h a t th is is necessary. T h e w a y appears to be open now to the 
use of d i o c t y l t i n compounds , w h i c h w i l l open ent i re ly new fields of app l i ca t i ons to 
replace d i b u t y l t i n salts. T h e s tab i l i z ing ac t i on of the d i o c t y l t i n salts has been shown 
to be as good as t h a t of the d i b u t y l t i n salts a n d the i r c o m p a t i b i l i t y w i t h the p last i c 
is b e y o n d quest ion . 

C h l o r i n a t e d R u b b e r S t a b i l i z e r (5). T h e s tab i l i z ing p r o p e r t y of the d i a l k y l t i n 
salts has been shown at the T i n R e s e a r c h Ins t i tu te to extend to ch lo r ina ted r u b b e r 
a n d to pa ints f o r m u l a t e d w i t h i t . D i b u t y l t i n d i l aura te , i n amounts equal to o n l y 
0 . 1 % of the weight of the ch lo r inated rubber , is a n effective s tab i l i zer for c o m m e r c i a l 
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194 ADVANCES IN CHEMISTRY SERIES 

ch l o r ina ted pa in ts . A t least one w e l l - k n o w n f i r m i n E n g l a n d is m a n u f a c t u r i n g a t i n -
s tab i l i zed p a i n t . 

Anthelmintic Property of Dialkyltin Salts (6). T i n a n d i ts salts have been used 
i n medic ines for the t r e a t m e n t of w o r m infect ions i n h u m a n beings a n d an imals for 
a c e n t u r y or more . T h e inorganic t i n preparat i ons are safe a n d t h e y produce no 
unpleasant effects i n the subject , b u t the i r c u r a t i v e effect is u n c e r t a i n . W h e n d i b u t y l 
t i n d i laurate became ava i lab le i n d u s t r i a l l y about 10 years ago i t was thought t h a t 
t i n i n th is f o r m m i g h t be more potent . T r i a l s showed t h a t th i s was the case w i t h 
p o u l t r y a n d there has developed a v e r y b i g out let for th is c o m p o u n d a n d i ts analogs 
as a w o r m cure a n d p r o p h y l a c t i c for p o u l t r y . T h e m a t e r i a l is f o r m u l a t e d as a powder , 
w h i c h is added to the b i r d ' s d a i l y m a s h . 

O r g a n o t i n compounds shou ld not be used for the cure of w o r m s i n an imals o r h u m a n 
beings w i t h o u t due care. F o w l s m a y be except iona l ly i m m u n e to the a c t i o n of such 
o rganot in compounds w h e n t a k e n b y m o u t h {23). One p r e p a r a t i o n of d i e t h y l t i n 
d i iod ide , admin i s te red m e d i c i n a l l y , is suspected of h a v i n g been responsible for deaths 
of h u m a n beings i n F r a n c e d u r i n g 1953 (19). 

A measure of success has been r e p o r t e d i n the t r e a t m e n t of warb le fly in fes tat ion 
of catt le (23) w i t h d i b u t y l t i n d i laurate b u t f u r t h e r c on f i rmat i on of i ts effectiveness 
is necessary. T h e p o s s i b i l i t y of a n act ive i m p u r i t y i n the m a t e r i a l has to be ex
a m i n e d . 

I n general , there appears to be a m a r k e d d i m i n u t i o n i n b i o c i d a l a c t i v i t y of 
d i a l k y l t i n c ompounds as the c h a i n lengths increase b e y o n d b u t y l . F o r example , 
d i o c t y l t i n d i l aura te a n d other d i o c t y l t i n salts have been shown to be nontox ic (19). 
I n the case of d i o c t y l t i n d i l aura te , 400 m g . per k g . of b o d y weight b y m o u t h i n arachis 
o i l p roduced no loss of weight n o r a n y signs of po ison ing i n rabb i t s , ra ts , mice , a n d 
guinea pigs . A t p o s t - m o r t e m the an imals appeared h e a l t h y . A p p l i e d repeated ly to 
the s k i n of ra ts , a so lut ion of d i o c t y l t i n d i laurate i n d i m e t h y l p h t h a l a t e p roduced 
no l o ca l damage to the s k i n a n d no effects of po isoning . D i e t h y l , d i m e t h y l , d i p r o p y l , 
a n d d i b u t y l d i l a u r a t e tested o n the s k i n i n the same solvent caused i r r i t a t i o n . T h e 
d i m e t h y l a n d d i e t h y l salts p r o d u c e d super f i c ia l s k i n damage o n l y . T h e d i p r o p y l t i n , 
d i i s o p r o p y l t i n , a n d d i b u t y l t i n salts p r o d u c e d a deeper seated lesion i n the s k i n a n d 
tissues be low a n d a l l a t t a c k e d the bi le duc t . T h e d i p e n t y l t i n , d i h e x y l t i n , a n d d i o c t y l 
t i n d i d not i n j u r e the s k i n o r deeper tissues, b u t the first t w o caused severe loss of 
weight a n d the an ima l s were i l l f or a reason t h a t was not establ ished. 

T h e d i o c t y l t i n d i laurate a n d d i ch lor ide h a d no demonstrab le t o x i c i t y w h e n g iven 
to f our species of an ima l s i n repeated doses of m o d e r a t e l y large size. I t differs v e r y 
m a r k e d l y i n th i s respect f r o m the other d i a l k y l t i n salts . I t seems h i g h l y probab le 
t h a t d i o c t y l t i n d i l aura te a n d other salts shou ld const i tute no h e a l t h h a z a r d i f used 
as stabi l izers i n p o l y ( v i n y l ch lor ide ) p last i cs . 

Antidote. T h e effects of d i m e r c a p r o l ( B A L ) have been s tud ied b y B a r n e s (11) 
on the s u r v i v a l t imes of rats w h i c h h a d been g iven 20 m g . per k g . of d i e t h y l t i n 
d i ch lor ide ( i n t r a p e r i t o n e a l l y i n T w e e n 80) ( T a b l e I I ) . 

Table II. Effect of Dimercaprol (BAL) (30 M g . per Kg. I.M. 
in Oil) on Survival Time of Rats Given 20 M g . per Kg. of 

Diethyltin Dichloride (LP. in Tween 80) 
(Untreated rats were given equivalent vo lume of arachis o i l i . m . 

N u m b e r of rats shown i n parentheses) 

Survival Time 

Treatment 
B A L given 30 min. before and 6 hr. 

after injection of diethyltin 

Treated, days Untreated, hr. 
3 (1) 
7 (2) 

>7 (1) 
>7 (3) B A L given at 2 and 6 hr. after 

injection of diethyl, tin 
<24 (3) 
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LEWIS AND HEDGES-APPLICATIONS OF ORGANOTIN COMPOUNDS 195 

T r i a l k y l t i n a n d T r i a r y l t i n C o m p o u n d s . T h e b i o c ida l ac t i on of c e r ta in t r i a l k y l t i n 
a n d t r i a r y l t i n compounds above a l l others makes t h e m of interest . T h e fo l l owing 
invest igat ions were a l l c a r r i e d out b y v a n der K e r k a n d his t e a m at U t r e c h t (11). 

T h e influence of the n u m b e r of carbon atoms d i r e c t l y a t tached to the t i n a t o m is 
we l l shown i n T a b l e I I I (11). 

Table III. Influence of Number of Alkyl Groups Directly Attached to Tin Atom 
on Antifungal Properties of Ethyltin Compounds ( Ï 9 ) 

No. 
2 

3 

23 

24 

Compound 

Name 
Tetraethyltin 
Triethyltin 

chloride 
Diethyltin 

dichloride 
Ethyltin 

trichloride 
Stannic 

chloride 
Stannous 

chloride 

Formula 
(C 2H 6) 4Sn 

(C2H5)sSnCl 

(C 2 H 6 ) 2 SnCl 2 

C 2H 6SnCl3 

SnCh 

SnCl 2 -2H 2 0 

Type 
I 

II 

III 

IV 

Concn. (P.P.M. = Mg. /L. ) Causing Complete 
Inhibition of Growth of Fungi 

Botrylis 
allii 

50 

0.5 

100 

>1000 

>1000 

>1000 

Pénicillium 
italicum 

>1000 

2 

100 

>1000 

>1000 

>1000 

Aspergillus 
niger 

100 

500 

>1000 

>1000 

>1000 

Rhizopus 
nigricans 

100 

2 

200 

>1000 

>1000 

>1000 

T e t r a - , d i - , a n d m o n o e t h y l t i n compounds , as we l l as the stannous a n d stannic 
salts , have l i t t l e or no f u n g i t o x i c i t y . B y contrast , however , the t r i e t h y l t i n ch lor ide 
is ex tremely fungi tox ic . T h i s is s u r p r i s i n g because the f u n g i t o x i c i t y of other meta ls 
such as m e r c u r y , copper , c a d m i u m , a n d zinc is not re lated to the t y p e of organic 
s t ruc ture t h e y are combined w i t h a n d they are fungi tox ic whether as organic or 
inorganic compounds . 

Studies of the f u n g i t o x i c i t y of t r i a l k y l t i n c ompounds were c a r r i e d out b y s y s t e m 
a t i c a l l y v a r y i n g the a t tached ac idic or a l k y l groups . 

Table IV. Influence of Varying Group X on Antifungal Properties 
of Compounds with the General Formula (C2H 5 ) 3 SnX (7 7) 

Compound 

No. Name 
8 Triethyltin hydroxide 
3 Triethyltin chloride 

19 Triethyltin bromide 
22 Triethyltin iodide 
21 Triethyltin sulfide 
9 Triethyltin sulfate 

10 Triethyltin acetate 
11 Triethyltin caproate 
12 Triethyltin laurate 
13 Triethyltin benzoate 
15 Triethyltin malonate 
14 Triethyltin maleate 
16 Triethyltin phenoxide 
17 Triethyltin 

p-nitrophenoxide 
4 p-Triethylstannyl-

sulfonyltoluene 
5 Triethyltin toluene-p-

sulfonamide 
6 Triethyltin methane-

sulfonamide 

18 N-Triethylstannyl-
saccharin 

7 iV-Triethylstannyl-
phthalimide 

Formula 
(C 2H 6) 3SnOH 
(C 2H 6) 3SnCl 
(C2H6)3SnBr 
(C 2H 5) 3SnI 
[(C2H6)3Sn]2S 
[(C2H6)3Sn]2S04 
(C 2H 6) sSnO—CO—CH 3 

(C 2H 6) sSnO—CO—CiHu 
(CVHshSnO—CO—C11H23 
(CîHe) aSnO—CO—CeHe 
[ (C 2Hi) iSnO—CO—]îCHi 
[ (C2H6) sSnO—CO—CH=] j 
(C 2 H 6 ) 8 SnO—C 6 H 6 

(C2H5) «SnO—CeHi—NOj (p) 

(C 2H 6) 3Sn-S0 2—CeHi—CH«(p) 

(CîH^sSnNH—SO^CeH 4—CH 3(p) 

( C 2 H 6 ) 3 S n N H — S O 2 — C H 3 

CO 

( C I H O I S I I N ' ' \ ) 6 Η 4 ( ο ) 

CO 

(CtHiJaSnN^ ^CeH^o) 

CO 

Concn. (P.P.M. = Mg. /L. ) Causing 
Complete Inhibition of Growth of Fungi-

Peni- Asper
Botrytis cillum gillus Rhizopus 

allii italicum niger nigricans 
0.2 5 0.5 0.5 
0.5 2 5 2 
0.5 2 1 1 
0.5 1 5 2 
0.2 1 1 1 
0.2 0.2 5 5 
1 2 5 2 
1 5 2 2 
0.2 0.2 5 5 
2 10 5 5 
0.5 5 2 1 
0.5 5 0.5 0.5 
0.5 1 2 1 

0.5 2 2 2 

1 5 2 2 

1 5 2 5 

0.5 5 2 2 

1 10 2 2 

0.2 5 1 2 
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196 ADVANCES IN CHEMISTRY SERIES 

T a b l e I V shows t h a t r e la t i ve ly s l ight var ia t i ons occur i n the f u n g i t o x i c i t y of 
t r i e t h y l salts of a wide range of inorganic a n d organic acids. 

V a r y i n g the three a l k y l groups a t tached to the t i n a t o m , b u t us ing a lways the 
same s a l t — t h e acetate—revealed that the fung i tox i c i ty was l i n k e d w i t h the c h a i n 
l ength of a l k y l groups . T h e f u n g i t o x i c i t y of s y m m e t r i c a l t r i a l k y l t i n acetates, 

Table V. Influence of Varying Group R on Antifungal Properties 
of Compounds R H S n O — C O — C H A (7 7) 

Concn. (P.P.M. = Mg. /L.) Causing Complete 
Compound Inhibition of Growth of Fungi 

Botrytis Pénicillium Aspergillus Rhizopus 
No. Name Formula allii italicum niger nigricans 

1 Trimethyltin 
200 acetate (CH 3 ) 3 SnO—CO—CHs 20 20 200 200 

10 Triethyltin 
(CH 3 ) 3 SnO—CO—CHs 

acetate (C 2H 5) 3 SnO—CO—CHs 1 2 5 2 
25 Tri-n-propyltin 

acetate (C3H7) 3SnO—CO—CH3 0.1 0.1 1 1 
26 Triisopropyltin 

(C3H7) 3SnO—CO—CH3 

0.5 acetate (C3H7) 8 SnO—CO—CHs 0.1 0.1 1 0.5 
28 Tri-n-butyltin 

(C3H7) 8 SnO—CO—CHs 

acetate (C4H9) 3 S n O — C O — C H 3 0.1 0.1 0.5 0.5 
29 Tri-n-pentyltin 

(C4H9) 3 S n O — C O — C H 3 

acetate (C5H11) 3 SnO—CO—CHs 0.2 5 5 10 
30 Tri-w-hexyltin 

(C5H11) 3 SnO—CO—CHs 

acetate (CeHuhSnO—CO—CHe 1 10 20 100 
31 Tri-n-octyltin 

(CeHuhSnO—CO—CHe 

acetate (Cslin) 3 SnO—CO—CHs >100 >100 MOO >100 
32 Tricyclohexyltin 

(Cslin) 3 SnO—CO—CHs 

20 acetate (CeHu) sSnO—CO—CHs 0.5 0.5 5 20 
33 Triphenyltin 

(CeHu) sSnO—CO—CHs 

10 acetate (C 6 H 5 ) 3 SnO—CO—CHs 2 1 0.5 10 
49 Phenylmercuric 

(C 6 H 5 ) 3 SnO—CO—CHs 

bromide CeHôHgBr 0.1 0.1 0.1 2 
50 Phenylmercuric 

acetate C 6 H 6 HgO—CO—CHs 0.5 0.5 0.5 5 

i n w h i c h a l l three a l k y l groups are the same, shows gradat i on t h r o u g h the series, 
being l ow w i t h t r i m e t h y l , m a x i m a l w i t h t r i - n - b u t y l , a n d dec l in ing to a lmost negl igible 
values i n the t r i o c t y l s . T r i c y c l o h e x y l is about as toxic as t r i p e n t y l a n d the t r i p h e n y l 
is of about the same order of t o x i c i t y as t r i e t h y l . F o r compar i son , figures for 
p h e n y l m e r c u r i c b r o m i d e a n d acetate are i n c l u d e d . T h e i r f u n g i t o x i c i t y is about the 
same as t h a t of t r i b u t y l t i n acetate. 

A n o t h e r v a r i a t i o n is shown i n T a b l e V I , i n w h i c h two of the a l k y l s are a lways 
e thy ls a n d the t h i r d ranges f r o m e t h y l to dodecy l . T h e m a x i m a l f u n g i t o x i c i t y is 
possessed b y the d i e t h y l h e x y l t i n acetate. 

Table VI. Antifungal Activity of a Series of Diethylalkyltin Acetates (7 7) 

Compound 
Concn. (P.P.M. = Mg. /L.) Causing Complete 

inhibition of Growth of Fungi 

No. Name 
10 Triethyltin 

acetate 
41 Diethyl-n-

butyltin 
acetate 

42 Diethyl-n-
hexyltin 
acetate 

43 Diethyl-n-
octyltin 
acetate 

44 Diethyl-n-
dodecyltin 
acetate 

Formula 
Botrytis 

allii 
Pénicillium 

italicum 
Aspergillus 

niger 
Rhizopus 
nigricans 

(C 2 H 6 )3SnO—CO—CHs 1 2 5 2 

(C 2H 6) 2 (C4H9) SnO—CO --CHs 0.1 1 0.5 0.5 

(C2H5MCeHi8)SnO—CO- -CHs 0.05 0.5 0.1 0.1 

(C2H5) 2 (CsHn) SnO—CO-- C H s 0.02 0.5 0.1 >5 

(C 2H 5) 2(Ci 2H 25)SnO—CO- - C H s 0.2 5 0.5 50 

F o r c ompar i son , the f u n g i t o x i c i t y of some u n s y m m e t r i c a l t r i a l k y l t i n acetates is 
g iven i n T a b l e V I I . 
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LEWIS AND HEDGES-APPLICATIONS OF ORGANOTIN COMPOUNDS 197 

Table VII. Antifungal Activity of Some Further Unsymmetrical Trialkyltin 

Acetates (??) 

Concn. (P.P.M. = Mg. /L.) Causing Complete 
Compound Inhibition of Growth of Fungi 

Botrytis Pénicillium Aspergillus Rhizopus 
No. Name Formula allii italicum niger nigricans 
45 Dimethyl-n-

butyltin 
acetate (CH 3) 2(C4lI 9)SnO—CO- - C H 3 1 2 5 5 

46 Dimethyl-n-
octyltin 

(CH 3) 2(C4lI 9)SnO—CO-

acetate (CH 3) 2(C 8Hi7)SnO—CO- - C H 3 0.5 0.5 0.2 2 
47 Dimethyl-w-

(CH 3) 2(C 8Hi7)SnO—CO-

dodecyltin 
10 acetate (CHaMCuHaOSnO—CO-- C H 3 0.2 1 0.2 10 

48 Ethyldi-r?-
(CHaMCuHaOSnO—CO-

pentyltin 
0.5 acetate (CiH 5)(C*Hii) 2SnO—CO- - C H 3 0.2 1 1 0.5 

W h e n the s u m t o t a l of the carbon atoms i n the three a l k y l chains ranges f r o m 
10 to 12, the f u n g i t o x i c i t y is at a m a x i m u m . 

Some m i x e d a l i p h a t i c - a r o m a t i c compounds have been made a n d also some a r o 
m a t i c compounds c o n t a i n i n g halogen i n the benzene nucleus . T h e test results are 
s u m m a r i z e d i n T a b l e V I I I . I n t r o d u c t i o n of halogen in to the p h e n y l groups does not 

Table VIII. Antifungal Activity of Some Mixed Aliphatic-Aromatic and of Halogen-

Substituted Aromatic Tin Compounds (??) 

Concn. (P.P.M. = Mg. /L.) Causing Complete 
Compound Inhibition of Growth of Fungi 

Botrytis Pénicillium Aspergillus Rhizopus 
No. Name Formula allii italicum niger nigricans 
36 Diethylphenyltin 

acetate (C 2 H 5 ) 2 (C6H 5 )SnO—CO—CH 3 1 5 2 5 
37 Ethyldiphenyltin 

(C 2 H 5 ) 2 (C6H 5 )SnO—CO—CH 3 

1 acetate (C 2H 6) ( C 6 H 5 ) 2 S n O — C O — C H 3 0.5 1 1 5 
38 n-Octyldi-

(C 2H 6) ( C 6 H 5 ) 2 S n O — C O — C H 3 

phenyltin 
20 acetate (CeHn) (CeHshSnO—CO—CH 3 10 5 5 20 

39 Diethyl-p-
bromophenyltin 

(CeHn) (CeHshSnO—CO—CH 3 

acetate (C2II6) 2 (BrC 6H 4) SnO—CO—CHs 0.2 0.5 1 1 
40 Diethyl-p-

(C2II6) 2 (BrC 6H 4) SnO—CO—CHs 

chlorophenyltin 
1 acetate (C2H5) 2 (ClCelli) SnO—CO—CHs 0.1 1 1 2 

34 Tris-p-chloro-
phenyltin 

>100 acetate (CICeHO sSnO—CO—CHs 20 20 50 >100 

always have the effect of increas ing the f u n g i t o x i c i t y . D i e t h y l - p - c h l o r o p h e n y l t i n is 
somewhat more toxic t h a n d i e t h y l p h e n y l t i n , b u t the t r i s - p - c h l o r o p h e n y l t i n is of 
d i m i n i s h e d a n t i f u n g a l a c t i v i t y . I t is v e r y u n u s u a l to f ind a n example of a b i o c i d a l 
c o m p o u n d i n w h i c h the replacement of p h e n y l groups b y p - c h l o r o p h e n y l groups does 
not lead to a n increase i n b i o c ida l a c t i v i t y . 

Toxicity to M a m m a l s 

T h e t o x i c i t y of the o rganot in compounds has been s tudied b y several invest igators . 
B a r n e s a n d his co l laborators have pub l i shed a n u m b e r of papers deal ing w i t h the 
phys io log i ca l effects p r o d u c e d b y o r g a n o t i n compounds a n d the l e t h a l doses of a large 
n u m b e r of the a l k y l t i n s have been de termined . 

Some of these results are embodied i n T a b l e I X {19). T r i e t h y l t i n h y d r o x i d e 
is the most tox ic whether admin i s te red b y in jec t i on or b y m o u t h . I n t r a p e r i t o n e a l 
in jec t i on of t r i - n - b u t y l t i n acetate shows this m a t e r i a l to be n e a r l y as toxic b y th is 
route . O n the other h a n d , the o r a l L D 5 0 is cons iderab ly greater t h a n for t r i e t h y l t i n 
h y d r o x i d e i n the case of the ra t . L a t e r w o r k suggests t h a t the L D 5 0 for rats f or 
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198 ADVANCES IN CHEMISTRY SERIES 

Table IX. Certainly Lethal Doses (Mg. per Kg. of Body Weight) 
of a Range of Organic Tin Compounds 

Compound 
Trimethyl 
Triethyl 

Tri-n-propyl 
Tri-iso-propyl 
Tri-n-butyl 
Tri-n-hexyl 
Triphenyl 
Diethyl phenyl 

dichloride 
diiodide 

Dibutyl dichloride 
dilaurate 

Monoethyl trichloride 

Rabbit 

Oral 

10 

60 

>40 

I.p. 

10 

Rat Guinea-
pig 

Oral I.p. Oral 
30 16 — 
10 10 5-10 

( L D M 5-7) 
<40 — — 80 — — 50-100 10 20 

>100 — — >150 — 10 
50-100 — — >40 15 — 100 26 — 100 — — — 85 — — 200 — 

t r i b u t y l t i n acetate g iven b y m o u t h is nearer 400 m g . per k g . I n the case of t r i o c t y l t i n 
acetate 400 m g . per k g . was w i t h o u t effect a n d i n t r a p e r i t o n e a l in j e c t i on of 48 m g . per 
k g . was not f a t a l . I t appears , therefore, t h a t the m a m m a l i a n t o x i c i t y fol lows 
the same general course as the funga l t o x i c i t y , decreasing as the c h a i n lengths of the 
a l k y l s a t tached to the t i n a t o m increase. T h e r e is no evidence i n th is w o r k t h a t the 
t i n is concentrated i n a n y p a r t i c u l a r organ but there are usua l l y s t rong effects on the 
c e n t r a l nervous sys tem. I f the animals do not die at once or w i t h i n a v e r y few days 
as a result of the a d m i n i s t r a t i o n of the organot in c o m p o u n d , they m a k e a complete 
recovery a n d the organs show no permanent damage. 

I t is reassuring to note t h a t L u i j t e n a n d v a n der K c r k state (12) : 

O r g a n o t i n compounds are also tox ic t owards h u m a n s , the first s y m p t o m s of po i son 
i n g resembl ing s y m p t o m s of concussion of the b r a i n . D u r i n g our w o r k , ca r r i ed out 
for five years w i t h no other precaut ions t h a n those n o r m a l i n chemica l l a b o r a t o r y 
prac t i ce , o n l y a few iso lated cases of s t e r n u t a t o r y or ves icant ac t i on were noted . 

Biocidal Applications of Trialkyltin Compounds 

T h e a n t i f u n g a l propert ies of the t r i a l k y l t i n compounds have aroused the greatest 
interest , because t h e y are c l ear ly of a v e r y h i g h order , c omparab le w i t h those of 
organomercur ia l s . T h e r e is one obvious advantage possessed b y the organot ins as 
c o m p a r e d w i t h o ther b i o c ida l agents, i n t h a t the most acute t o x i c i t y is speci f ical ly a 
p r o p e r t y of the t i n a t o m o n l y so long as i t is j o ined d i r e c t l y to three c a r b o n atoms, 
a n d so soon as even one of these bonds w i t h carbon has been b r o k e n there is a great 
f a l l i n t o x i c i t y . B y successive breakages of the two r e m a i n i n g c a r b o n bonds the t i n 
is t r a n s f o r m e d i n t o the n o r m a l l y harmless inorganic t i n . T h e r e is , therefore, the 
a t t r a c t i v e poss ib i l i t y t h a t w h e n t r i a l k y l t i n compounds have been used as fungicides, 
the residues become i n the course of t i m e changed in to a harmless m a t e r i a l . 

I n v i e w of the general b i o c i d a l a c t i v i t y of the t r i a l k y l t i n compounds (10), t h e i r 
use so f a r has been res tr i c ted to app l i ca t i ons where there is no r i s k to an imals or 
h u m a n beings. T h e preservat i on of wood is a suitable field of a p p l i c a t i o n because 
there is no r i sk of k i l l i n g l i v i n g m a t t e r other t h a n the fungus. S i m i l a r l y , paper , 
text i les , pa in t s , a n d other n o n l i v i n g mater ia l s are suitable for t r e a t m e n t . I t is a 
different m a t t e r , however , w h e n one considers the contact of t r i a l k y l salts a n d l i v i n g 
m a t t e r w h i c h m u s t no t be k i l l e d . F o r example , p h y t o t o x i c i t y has to be considered. 

A l t h o u g h i n the discussion of the fung i tox i c character of t r i a l k y l t i n compounds a 
considerable n u m b e r of substances were considered, not a l l of these are c o m m e r c i a l l y 
ava i l ab l e f or p r a c t i c a l a p p l i c a t i o n . One d o m i n a t i n g fac tor is t h a t the d i b u t y l t i n salts 
are be ing m a d e c o m m e r c i a l l y on a large scale a n d i t is f a i r l y easy to v a r y the m e t h o d 
of m a n u f a c t u r e so as to produce t r i b u t y l t i n salts also. T h i s is not the case w i t h a n y 
other o rganot in c o m p o u n d a n d i f others are requ i red they have to be made spec ia l ly . 
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LEWIS AND HEDGES—APPLICATIONS OF ORGANOTIN COMPOUNDS 199 

H o w e v e r , w i t h a n increas ing interest i n the a n t i f u n g a l a n d other b i o c i d a l qual i t ies of 
organot in compounds i t is a n t i c i p a t e d t h a t a n u m b e r of t h e m m a y become ava i lab le 
c o m m e r c i a l l y . 

Wood Preservation 

Successful t r i a l s have been made i n the p reserva t i on of var i ous woods against fung i 
a n d against wood -bor ing m a r i n e an imals (1). T r i a l s w i t h different woods have been 
m a d e i n mines i n C o r n w a l l a n d i n C u m b e r l a n d , where the condi t ions favored r a p i d 
des t ruc t i on of the t i m b e r b y funga l g r o w t h . E x p o s u r e s of 2 a n d 3 years have so 
f a r f u l l y conf i rmed the a n t i f u n g a l a c t i o n of the t r i e t h y l t i n h y d r o x i d e w h i c h was used 
to impregnate these t i m b e r s . T h e so lu t i on was of 0 . 5 % s t rength a n d the t imbers 
were i m p r e g n a t e d b y be ing v a c u u m i z e d whi le i m m e r s e d i n the hot s o l u t i o n ; the t a n k 
was then a l l owed to cool d o w n overn ight . T h i s m e t h o d is no t app l i cab le w i t h the 
t r i b u t y l oxide or acetate because of t h e i r l o w so lubi l i t ies , a n d so lvent i m p r e g n a t i o n 
of the t i m b e r is necessary i f e ither of these salts is used. 

W o o d b l o ck tests have been c a r r i e d out i n a n u m b e r of research laborator ies 
w i t h favorab le results . T h e resistance of b o t h t r i e t h y l t i n h y d r o x i d e a n d t r i b u t y l t i n 
acetate to leaching is p a r t i c u l a r l y good. T h e va lue of i m p r e g n a t i o n w i t h t r i e t h y l t i n 
or t r i b u t y l t i n compounds appears to be b e y o n d d ispute , b u t the costs, as c o m p a r e d 
w i t h creosote a n d other wood preservat ives , have not yet been t h o r o u g h l y d e t e r m i n e d . 
P e r h a p s they m a y be used i n c o n j u n c t i o n w i t h other wood preservat ives w h i c h are 
more prone to leaching . 

A n i m p o r t a n t feature i n f a v o r of the o rganot in compounds is t h a t they i m p a r t 
ne i ther color n o r odor to the t rea ted wood . T h e y can , therefore , be used u p o n l i g h t 
co lored woods such as are used for f u r n i t u r e . W o o d t rea ted w i t h o rganot in c o m 
pounds can be p a i n t e d n o r m a l l y a n d there is no r i s k of subsequent d i sco lorat ion . 
T h e organot in compounds do not increase the r i s k of fire. I t is also possible to 
a p p l y t r i b u t y l t i n c o m p o u n d i n a solvent to joists, floors, a n d s k i r t i n g s , etc., i n ex ist ing 
s t ructures e i ther b y b r u s h or b y s p r a y , w i t h a v i e w to p r e v e n t i n g the spread of 
molds a n d d r y rot . I t is no t ye t k n o w n whether t r i b u t y l t i n acetate is effective i n 
p r e v e n t i n g the a t t a c k of the f u r n i t u r e beetle, b u t a p r o g r a m of tests on th i s is be ing 
c a r r i e d out i n B e r l i n b y B e c k e r . O t h e r tests w h i c h are i n progress inc lude i t s r e 
sistance to the whi te ant , b u t again the w o r k has no t ye t been comple ted . M u c h 
appears to depend u p o n the d e p t h of the i m p r e g n a t i o n ob ta ined a n d the concentrat i on 
i n the surface layers . 

Teredo Tests on W o o d . Tests c a r r i e d out b y the T i n R e s e a r c h I n s t i t u t e at 
S h o r e h a m H a r b o u r i n E n g l a n d showed t h a t i m p r e g n a t i o n w i t h t r i e t h y l a n d t r i b u t y l 
salts was as effective as creosote against the teredo w o o d - b o r i n g w o r m . T h e t r i b u t y l 
t i n acetate also reduced gr ibb le a t t a c k to t r i f l i n g a m o u n t s . 

Ropes 

Some tests were c a r r i e d out i n S h o r e h a m H a r b o u r to ascerta in the va lue of 
t r i a l k y l t i n c ompounds for preserv ing ropes. A s c o m p a r e d w i t h u n t r e a t e d ropes a n d 
ropes t reated b y i m p r e g n a t i o n w i t h t w o c o m m e r c i a l preservat ives , the t r i a l k y l t i n 
solut ions were v e r y effective. A l l the ropes w h i c h were i m p r e g n a t e d w i t h t r i a l k y l t i n 
compounds s u r v i v e d the test a n d were w i t h d r a w n w i t h o u t breakage , whereas 13 out 
of 16 of the other ropes b roke e i ther d u r i n g w i t h d r a w a l or at the first s l ight tension 
p u t u p o n t h e m i n the l a b o r a t o r y . 

Wood Pulp 

T r i a l s w h i c h have n o w been go ing o n for over a y e a r a t some paper m i l l s i n 
C a n a d a show t h a t a d ispers ion of t r i e t h y l t i n oxide is a complete p r e v e n t i v e of s l ime 
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200 ADVANCES IN CHEMISTRY SERIES 

f o r m a t i o n d u r i n g the m a n u f a c t u r e of wood p u l p . A m o u n t s of less t h a n 1 p . p . m . of 
the water used are effective i n c o n t r o l l i n g the s l ime. T h e effluent water is free f r o m 
organot in c o m p o u n d i n s ignif icant a m o u n t , a n d the t r i b u t y l t i n oxide r e m a i n i n g i n the 
paper is too s m a l l i n a m o u n t to be a p p r e c i a b l e : D u r i n g ca lender ing a n d exposure to 
heat, l i g h t , a n d a i r there shou ld be a f a i r l y complete b r e a k d o w n of the res idual 
t r i b u t y l t i n c o m p o u n d in to harmless inorganic t i n ; this m a y we l l prove to be a decisive 
advantage for the organot in compounds as c o m p a r e d w i t h other s l imic ides w h i c h 
are i n c o m m o n use at present . 

Paints 

E x c e l l e n t results have been repor ted w i t h s m a l l amounts of t r i b u t y l t i n acetate 
as a fungistat i n p o l y ( v i n y l acetate) pa ints (7, 8). I n tests carr i ed out recent ly i n 
E n g l a n d i n w h i c h a l l the usua l fungis tat i c mater ia l s for pa ints were i n c l u d e d , t r i b u t y l 
t i n h y d r o x i d e was effective at a concentrat ion of 1 p a r t i n 4000 under v e r y b a d 
condit ions i n w h i c h a l l the other fungistats were ineffective even at 16 t imes th is c o n 
cent ra t i on . P r a c t i c a l t r ia l s i n t r o p i c a l a n d s u b t r o p i c a l atmospheres have conf i rmed 
t h a t t r i b u t y l t i n oxide at l ow concentrat ions prevents the g r o w t h of d is f igur ing fung i 
d u r i n g the whole l i fe of the p a i n t . 

Antifouling Compositions 

P r e l i m i n a r y l a b o r a t o r y w o r k i n E n g l a n d showed t h a t t r i e t h y l t i n h y d r o x i d e at 
h i g h d i l u t i o n k i l l e d the l a r v a e of barnacles a n d other organisms concerned w i t h 
m a r i n e f ou l ing . T h i s w o r k was fo l lowed b y several years of tes t ing of p a i n t e d 
wooden panels w h i c h were i m m e r s e d i n sea water i n the T i n Research Ins t i tute ' s ra f t 
i n S h o r e h a m H a r b o u r . T r i e t h y l t i n compounds again showed the i r effectiveness, i n 
t h a t panels t reated w i t h a pa in t c onta in ing t r i e t h y l t i n compounds were ent i re ly free 
f r o m fou l ing organisms or weed for m a n y m o n t h s . T h e safe per iod was fo l lowed b y 
ra ther sudden b r e a k d o w n , associated u n d o u b t e d l y w i t h the h igh rate of leaching 
of these compounds . 

T h e rate of leaching of t r i b u t y l t i n compounds i n sea water is m u c h less a n d the 
t r i b u t y l t i n compounds i n fact preserve the i r a n t i f o u l i n g effect for m u c h longer periods. 
A s is we l l recognized i n this field, the whole p r o b l e m is b o u n d u p w i t h c o m p a t i b i l i t y 
w i t h the p a r t i c u l a r pa in t m e d i u m . A l t h o u g h no c o m m e r c i a l l y acceptable a n t i f o u l i n g 
compos i t i on based o n organot in compounds is yet ava i lab le , the r i g h t k i n d of ac t ion 
is there a n d p r a c t i c a l tests are being cont inued i n co l laborat i on w i t h p a i n t m a n u 
facturers . 

Textiles 

W o o l i m p r e g n a t e d w i t h t r i b u t y l t i n acetate is i m m u n e to a t t a c k b y m o t h a n d 
b y carpet beetle. I t is a complete i m m u n i t y , i n t h a t the grubs do not even begin 
to feed u p o n the t rea ted samples , so there m u s t be a repel lent a c t i on . F o r fabr ics 
w h i c h have to be washed f requent ly i t w i l l be necessary to choose a n o r g a n o t i n c o m 
p o u n d w i t h greater resistance to leaching t h a n is possessed b y the t r i b u t y l t i n acetate. 
I n cases where the fabr ics w i l l come in to contact w i t h the s k i n , i t w i l l first be necessary 
to be satisfied t h a t there is no absorp t i on of the t i n c o m p o u n d t h r o u g h the s k i n . 

J u t e is o f ten exposed to mois t condit ions f a v o r i n g funga l g r o w t h w h i c h rots the 
fiber. Tests w i t h b u r i e d s t r ips of jute i n a t r o p i c a l c l imate showed t h a t there was 
v i r t u a l l y no deter i o ra t i on of t reated jute samples after one m o n t h , b u t the untreated 
contro ls lost a l l t h e i r s t rength i n a few days . 
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LEWIS AND HEDGES-APPLICATIONS OF ORGANOTIN COMPOUNDS 201 

Crop Protection (3, 70) 

T h e un ique propert ies of organot in compounds as b ioc ida l agents m a k e t h e m 
w o r t h y of v e r y serious s t u d y i n agr i cu l ture , a l though there are diff iculties to be over 
come. 

O n the credit side are the a d m i t t e d l y h i g h fung i c ida l ac t ion a n d the t o x i c i t y to 
insect pests. F o r example , the t r i e t h y l t i n a n d t r i b u t y l t i n compounds are tox ic to 
red spider . T h e nonpermanent character of the t o x i c i t y of the organot in compounds 
is of great po tent ia l interest for two reasons. F i r s t , these compounds u l t i m a t e l y 
decompose under the ac t i on of l i ght a n d a i r into harmless inorganic t i n a n d there 
is therefore no danger of the land 's becoming poisoned so t h a t crops e i ther c a n 
not grow or, i f they do, c o n t a i n undesirable amounts of toxic substances. E l e 
m e n t a l t i n appears to be ent i re ly w i t h o u t trace effects u p o n l i v i n g m a t t e r . 
Secondly , i t m a y be possible to develop o rganot in compounds w h i c h are toxic to 
fung i a n d pests w h e n a p p l i e d b u t w h i c h decompose in to inorganic t i n w i t h i n a few 
days a n d leave on ly harmless residues on the crops w h e n harves ted . 

O n the debit side, the ra ther crude t r i a l k y l t i n compounds , w h i c h are the o n l y 
ones so far tested, are toxic to fung i a n d to pests b u t are tox ic also to the p lants w h i c h 
i t is the i r purpose to protect . I t is essential t h a t new types of organot in compounds 
be f ound w h i c h are select ively toxic to the pests a n d not to the p lants . M u c h w o r k 
remains to be done here, b u t the w o r k of v a n der K e r k a n d others has a l ready 
demonstra ted t h a t f u n g i t o x i c i t y a n d p h y t o t o x i c i t y do not a lways r u n p a r a l l e l . I n d i 
cations have been obta ined t h a t h i g h l y fungi tox ic o rganot in compounds m a y possess 
no higher p h y t o t o x i c i t y t h a n cer ta in o r g a n o m e r c u r y compounds n o w i n c o m m o n use 
as seed d is infectants . M o r e o v e r , p h y t o t o x i c i t y can be reduced cons iderably b y proper 
f o r m u l a t i o n . P e r h a p s more p r o m i s i n g s t i l l is the poss ib i l i t y of p r e p a r i n g f u n c t i o n a l l y 
subs t i tu ted organot in compounds . 

Tetraalkyl- and Aryltin Compounds 

T a b l e X (11) shows some of the propert ies of t e t r a a l k y l t i n s , w h i c h are of a d i f 
ferent order of t o x i c i t y f r o m the t r i a l k y l s (21). 

Table X. Melting and Boiling Points of Some Compounds of the 
Typa R4Sn(?7) 

Name of Compound 
Methylstannane 
Di methylstannane 
Tri methylstannane 
Tetramethyltin 
Tetraethyltin 
Tetra-n-propyltin 
Tetra-n-butyltin 
Tetra-n-dodecyltin 

Formula 
C H 3 S n H 3 

(CH 3 ) 2 SnH 2 

(CH 3) 3SnH 
(CH 3) 4Sn 
(C2H5)4Sn 
(C 3H 7) 4Sn 
(C 4H 9) 4Sn 
( C ^ H ^ S n 

M.P. , 
°C. 

-112 

B.P. 

°C. 
0 

35 
59 
78 

175 
/222-225 
\ 116 

145 

Mm. 
760 
760 
760 
760 
760 
760 

13 
10 

T a b l e X I , based on the w o r k of M e y n i e r (2, 15), shows the m a m m a l i a n t o x i c i t y of 
eight t e t r a a l k y l t i n compounds towards mice . T h e first two co lumns are i n t r a 
per i tonea l doses, the next t w o co lumns are in t ravenous doses, co lumns 5 a n d 6 give 
i n t r a m u s c u l a r doses, a n d the last two co lumns are doses b y o r a l a d m i n i s t r a t i o n . T h e 
m a x i m u m t o x i c i t y is associated w i t h the smallest n u m b e r of c a r b o n atoms d i r e c t l y 
a t tached to the t i n . A s the cha in lengths grow, u p to o c t y l , the b i o c ida l a c t i o n shows 
a consistent decline a n d the t e t r a o c t y l , for example , is m a r k e d l y less tox ic t h a n 
t e t r a h e x y l or t e t r a h e p t y l . N o figures are as yet pub l i shed for m i x e d t e t r a a l k y l t i n s 
or t e t r a a r y l t i n s . 
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202 ADVANCES IN CHEMISTRY SERIES 

Table XI. Toxicity of Tetraalkyltin Compounds to Mice (15) 

Maximum Never Fatal Dose, Mmoles/Kg. a 

Alkyl Group Formula I.p.* Ι.ν.· I.m.rf 0. · 
Methyl (CH 8) 4Sn 0.01 0.4 0.2 0.1 
Ethyl (C2H6)4Sn 0.005 0.4 0.1 0.1 
n-Propyl (CsH7)4Sn 0.2 0.2 0.1 0.1 
Isopropyl (C«H7)4Sn 0.05 0.005 0.1 0.1 
n-Butyl (C4H8)4Sn 0.5 0.5 3.0 2.0 
Isobutyl (C4H9)4Sn 0.1 0.01 0.2 0.5 
n-Amyl (C5Hii)4Sn 0.25 0.25 2.0 1.0 
Isoamyl (C 6Hn) 4Sn 0.05 0.05 0.5 0.25 
Hexyl (C f iHi3)4Sn 1.0 1.0 2.0 — 
Heptyl (C7Hi5)4Sn 0.75 2.0 10.0 — 
Octyl (C8Hi7)4Sn 40.0 <4.0 >20.0 >20.0 

β Millemoles per kilogram of body weight. 
6 Intraperitoneal. 
« Intravenous. 
d Intramuscular. 
« Oral. 

I n general , the toxic effects of the t e t r a a l k y l t i n s or t e t r a a r y l t i n s are slower to 
mani fes t themselves t h a n the corresponding t r i - c ompounds a n d i n some cases the 
ac t i on m a y be de layed for 30 days or even longer . W h e n tox ic s y m p t o m s do appear , 
they are ident i ca l i n character to those caused b y t r i a l k y l t i n compounds a n d th is 
fact suggests t h a t there is first a b r e a k d o w n of the t e t r a - c o m p o u n d in to the t r i - f o r m 
a n d t h a t th is is the effective tox ic agent. 

A l m o s t the on ly use of the t e t r a a l k y l t i n a n d t e t r a a r y l t i n compounds has been as a d 
d i t ives to ch lo r ina ted h y d r o c a r b o n s used as coolants for e lectr i ca l t rans formers . 
A m o u n t s of the order of 1 % of these t e t r a - c ompounds are effective i n absorb ing the 
h y d r o c h l o r i c ac id w h i c h tends to be sp l i t off at elevated temperatures a n d w h i c h , i f 
not n e u t r a l i z e d , acts as a n autocata lys t of f u r t h e r decompos i t ion . 

T h e t e t r a a l k y l t i n s are n o t a b l y different f r o m the other categories of organot in 
compounds , i n t h a t a l l the i r four bonds are l i n k e d to carbon atoms i n a n exact ly 
analogous w a y to the carbon a t o m at a t e r t i a r y j u n c t i o n i n a n organic c o m p o u n d : 

R ' " R ' " 
I I 

R " — S n — R " " R " — c — R " " 
I I 

R ' R ' 
A s hydrocarbons , compounds of this t y p e w o u l d no t appear to have o u t s t a n d 

i n g l y in teres t ing features, b u t a t o t a l l y new field of possibi l i t ies has been opened u p 
b y the d iscovery of a m e t h o d b y w h i c h f u n c t i o n a l groups can be i n t r o d u c e d in to one 
or more of the c a r b o n chains a t tached to the t i n a t o m . E v i d e n t l y i t is n o w possible 
to prepare compounds w h i c h are exact analogs of organic compounds of the t e r t i a r y 
t y p e b u t w h i c h have a t i n a t o m instead of a carbon at the b r a n c h i n g po in t . S u c h 
o r g a n o t i n compounds as the f o l l owing have a l r e a d y been made a n d , i n theory , a lmost a n y 
t y p e of func t i ona l group can n o w be i n t r o d u c e d in to o rganot in compounds i n i m i t a t i o n 
of c a r b o n compounds , w i t h the l i m i t a t i o n o n l y t h a t a l l such compounds are essential ly 
of the t e r t i a r y t y p e . T h i s l i m i t a t i o n is due to the fact t h a t i f the t i n a t o m carries one 
or more h y d r o g e n atoms i t is , i n fact , a h y d r i d e a n d consequent ly v e r y react ive to 
a n y source of oxygen i n i ts v i c i n i t y . T h e poss ib i l i t y of stable compounds based o n 
chains of m e t h y l e n i c - t i n un i t s , — S n H 2 — , i n s i m u l a t i o n of o r d i n a r y m e t h y l e n i c groups , 
— C H 2 — , is exc luded i f reducib le substances are present . 

T o s u m u p , there n o w exists the poss ib i l i t y of p r e p a r i n g compounds of the general 
t y p e : 

R ' 

C H 3 — ( C H 2 ) n — S n — ( C H 2 ) n — X 

R " 
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LEWIS AND HEDGES-APPLICATIONS OF ORGANOTIN COMPOUNDS 203 

where X is the functional group, with the proviso that, for stability, R ' and R " shall 
be sufficiently large groups, either alkyl or aryl, to screen the tin atom from oxidation. 
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Organotin Compounds 

H. Ε. HIRSCHLAND and C. K. BANKS 

Metal & Thermit Corp., New York, Ν. Y. 

The valences, syntheses and by-product formations, 
and reactions of organotin compounds are discussed. 
The general physical properties and physiological 
effects of these compounds are described. Commer
cial uses of organotin compounds are given. 

According to the definition of Oilman, an organometallic compound must contain a 
carbon to metal bond. This paper will discuss only those compounds containing a 
carbon to tin bond. Tin can exhibit covalences of two and four {38), as well as com
plex valences of six (IS). Inorganic tin compounds showing all these valences are com
mon: The stannous or bivalent form is represented by the stannous salts, the stannic 
or quadrivalent by tin tetrachloride and similar compounds, and the sexivalent by 
the metal stannates such as sodium stannate. Although organotin compounds of all 
these valences are known, only the quadrivalent ones are common. 

In addition to the multiple valences, tin may be substituted successively with one 
to four organic groups, while the remainder of the valences are filled by electronegative 
groups. The possible structures are (R 2Sn) l / , R 3Sn—SnR 3, RSnX 3 , R 2 S n X 2 , R 3 SnX, 
R 4Sn, and M [ S n R n X 6 _ w ] . Using R = butyl, (R 2Sn) ?, represents dibutyltin which is 
known only in polymeric form; R 3Sn—SnR 3 is hexabutylditin; RSnX 3 , butyltin 
trichloride; R 2 S n X 2 , dibutyltin dichloride; R 3 SnX, tributyltin chloride; and R 4Sn, 
tetrabutyltin. The M 2 [ S n R n S 6 _ w ] structure is not known in any simple form but only 
in the complexes of Harada (14) and in some recent industrial compounds. Both the 
disubstituted tins and the hexasubstituted dit ins are very susceptible to oxidation. 
They have no commercial value and are actually troublesome as by-products in the 
synthesis of quadrivalent compounds. 

Preparation 

Although many synthetic processes are known for the preparation of organotin 
compounds, only three are feasible for commercial production. 

Wurtz. Alkyl and aryl halides, sodium, and tin tetrachloride react to form a 
series of compounds of the formula R w S n X 4 _ n . The reaction can be performed by 
preparing the sodium alkyl or aryl (32, 38) and then adding the tin tetrachloride or 
by simultaneous reaction of all of the reactants (16, 18, 44) · A number of variations 
of the basic reaction have been described. Because the reaction goes through several 
steps, none of which is unique, it is not possible to make pure RSnX 3 , R 2 SnX 2 , or 
RSnX 3 compounds, and frequently it is difficult to obtain complete alkylation to R 4 Sn 
compounds. The basic reaction is useful to obtain a crude product for further syn
thetic manipulation. 
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HIRSCHLAND AND BANKS-ORGANOTIN COMPOUNDS 205 

R C 1 + 2 N a + S n C l 4 -> 2 N a C l + R S n C l 3 

R S n C l a + R C 1 + 2 N a - » 2 N a C l + R 2 S n C l 2 

R2S11CI2 + R C 1 + 2 N a -> 2 N a C l + R3S11CI 

R a S n C l + R C 1 + 2 N a - » 2 N a C l + R 4 S n 

(1) 

(2) 

(3) 

(4) 

B y - p r o d u c t react ions : 

Solvent + R C 1 + N a -> R - solvent + N a C l 

2 R C H 2 C H 2 C 1 + 2 N a -> R C H = C H 2 + R C H 2 C 1 3 + 2 N a C l 

2 R 3 S n C l + 2 N a -> R 3 S n - S n R 3 + 2 N a C l 

R 2 S n C l 2 + 2 N a - » R 2 S n + 2 N a C l 

S n C l 4 + 2 N a -> S n C l 2 + 2 N a C l 

2RC1 + 2 N a - » R - R + 2 N a C l 

(5) 

(6) 

(7) 

(8) 

(9) 

(10) 

I n the synthesis of b u t y l t i n s , the o p t i m u m react ion is obta ined w h e n a s l u r r y of 
finely dispersed s o d i u m i n a h y d r o c a r b o n solvent reacts w i t h b u t y l chlor ide a n d t i n 
te t rach lor ide u n d e r care fu l l y contro l l ed condit ions of t e m p e r a t u r e . T h i s is not as 
s imple as i t sounds because the heat of react ion is considerable a n d the heat t rans fer 
w i t h cool ing m e d i a ava i lab le is not too good. T h e degree of cont ro l shou ld be as close 
as possible : A v a r i a t i o n of o n l y 2 ° C . w i l l result i n a n apprec iab le shi f t i n the a m o u n t 
of b y - p r o d u c t f o rmed . A great deal of w o r k is i n d i c a t e d i n the patent l i t e ra ture on 
cont ro l l ing b y - p r o d u c t f o r m a t i o n b y var ious modi f i cat ions of th is basic react ion . L u i j -
t en a n d v a n der K e r k (38) a n d R a m s d e n a n d G l o s k e y (49) i n d i c a t e d t h a t there are 
less b y - p r o d u c t s when a lower a l k y l t i n is fur ther a l k y l a t e d t h a n when t i n t e t rach lor ide 
is a l k y l a t e d . 

T h i s process depends o n : 

a n d then recyc l ing p a r t of the p r o d u c t . 
T h e basic W u r t z react ion is app l i cab le to almost a l l s imple a l k y l a n d a r y l chlor ides . 

A m o n g its m a n y disadvantages are : degradat ion of solvent t h r o u g h f u r t h e r a l k y l a t i o n 
or a r y l a t i o n ; f o r m a t i o n of h i g h b o i l i n g h y d r o c a r b o n b y - p r o d u c t s ; r equ i red c o n t r o l of 
s o d i u m g r a n u l a t i o n ; f o r m a t i o n of R 2 S n a n d R 6 S n 2 compounds , w h i c h are dif f icult to 
convert to desired products e conomica l l y ; h a z a r d of excess sod ium, because a n y agent 
used to destroy excess s o d i u m tends to also destroy some p r o d u c t ; a n d dif f icult c o n 
t r o l t e m p e r a t u r e . 

G r i g n a r d . T h e use of G r i g n a r d reagents to synthesize o rganot in compounds is 
rather o ld (2, 24, 26, 31, 46). H o w e v e r , the disadvantages inherent i n a s t a n d a r d 
G r i g n a r d react ion have prevented its c o m m e r c i a l u t i l i z a t i o n u n t i l recent modi f i cat ions 
m a d e i t more feasible (47, 48, 52). T h e f u n d a m e n t a l reactions are s i m i l a r to those of 
the W u r t z s y s t e m : 

R S n C l 3 + 3RC1 + 6 N a -> R 4 S n 

R 2 S n C l 2 + 2RC1 + 4 N a -> R 4 S n 

R 4 S n + S n C l 2 -> R S n C l 3 + R 2 S n C l 2 + R 3 S n C l 

(11) 
(12) 

(13) 

R M g C l + S n C l 4 -> R S n C l 3 + M g C l s 

R M g C l + R S n C l 3 -> R 2 S n C l 2 + M g C l 2 

R M g C l + RgSnCl i -> R 3 S n C l + M g C l 2 

R M g C l + R 3 S n C l -> R 4 S n + M g C l 2 

(14) 

(15) 

(16) 

(17) 

B y - p r o d u c t react ions : 

2 R — C H 2 C H 2 C 1 + M g -> R C H = C H 2 + R C H 2 - C H 3 + M g C l -

R C 1 + solvent —> R — solvent + H C 1 

(18) 

(19) 
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206 ADVANCES IN CHEMISTRY SERIES 

T h e G r i g n a r d synthesis has been modi f ied i n several w a y s to effect a m o r e e conomi 
ca l a n d safer reac t i on . One mod i f i ca t i on uses a n iner t so lvent instead of ether once 
the react ion has been s t a r t e d (48). I n th i s case, a l l reactants are present s i m u l 
taneously a n d the react ion m a y not be a t r u e G r i g n a r d b u t m o r e of a W u r t z t y p e , 
where m a g n e s i u m acts as the halogen acceptor i n place of s o d i u m . A n o t h e r v a r i a t i o n 
w h i c h extended the u t i l i t y of the react ion ut i l i zes t e t r a h y d r o f u r a n as the solvent (1$, 
52) for the f o r m a t i o n of a r y l i c a n d v i n y l i c m a g n e s i u m chlor ides a n d t h e i r subsequent 
reac t ion w i t h t i n t e t rach lor ide . P r i o r to th is w o r k , the G r i g n a r d t y p e synthesis was 
l i m i t e d on a c o m m e r c i a l scale to a l k y l t i n s because of the cost or l a c k of r e a c t i v i t y . 

T h e G r i g n a r d synthesis w i t h the recent modi f i cat ions is n o w more flexible t h a n 
the W u r t z synthesis a n d has the advantages of fewer b y - p r o d u c t s a n d higher y ie lds . 
T h e disadvantages are s t i l l a p p r e c i a b l e : r e l a t i v e l y h igher cost of m a g n e s i u m as c o m 
p a r e d to s o d i u m ; h a z a r d of ethers unless a nonethera l mod i f i ca t i on can be dev i sed ; 
a n d f o r m a t i o n of higher b o i l i n g hydrocarbons . 

Direct Reaction. S m i t h a n d R o c h o w (53) a n d others (50, 56) have d e m o n 
s t ra ted t h a t m e t h y l ch lor ide reacts w i t h meta l l i c t i n to y i e l d d i m e t h y l t i n d i ch lor ide . 
T h i s react ion is inf luenced b y cata lysts a n d requires a h i g h t e m p e r a t u r e for r e a c t i o n : 

2 C H 3 C 1 + Sn -> ( C H 3 ) 2 S n C l 2 (20) 

T h e r e appears to be l i t t l e , i f a n y , r e d i s t r i b u t i o n of the m e t h y l g roup d u r i n g the reac 
t i o n . P r a c t i c a l l y , the reac t i on is l i m i t e d to m e t h y l ch lor ide (53). A l t h o u g h o ther 
a l k y l chlorides w i l l react , the t e m p e r a t u r e of react ion is such t h a t most of the p r o d u c t 
is destroyed b y p y r o l y s i s i n the reac t ion zone. A l t h o u g h the react ion is more general 
for a l k y l iodides a n d bromides , these processes are not c o m m e r c i a l l y feasible (3, 10, 
21). 

Miscellaneous Reactions. O t h e r t y p i c a l organometal l i c syntheses have been t r i e d 
b u t none have appeared c o m m e r c i a l l y feasible. A m o n g these are the M e y e r ( a l k a l i , 
a l k y l ch lor ide , a n d the lower valence f o r m of m e t a l ch lor ide ) (36, 45), s o d i u m - m e t a l 
a m a l g a m (30), c a l c i u m a l k y l a t i o n , a l u m i n u m a l k y l a t i o n , a n d Sandemeyer react ion (27). 

Reactions 

Pure Halides. T h e p r e p a r a t i o n of a n y pure o rganot in c o m p o u n d other t h a n a 
t e t r a a l k y l - o r t e t r a a r y l t i n depends either o n compl i ca t ed separat ions of m i x t u r e s of 
p a r t i a l l y a l k y l a t e d compounds , or on r e d i s t r i b u t i o n react ions , or b o t h . T h e most 
u n i v e r s a l react ion of o rganot in compounds is the r e d i s t r i b u t i o n of groups w h e n the 
compounds are heated w i t h t i n t e t rach lor ide (18, 20, 25, 44)· V a r y i n g rat ios of 
reactants can be used, a n d the resu l t ing produc ts t end to c o n f o r m closely to the i d e a l 
i zed equat ions : 

R 4 S n + S n C l 4 -> 2 R 2 S n C l 2 (21) 

2 R 4 S n + S n C l 4 - » 4 R 3 S n C l (22) 

R 4 S n + 3 S n C l 4 -> 4 R S n C l 3 (23) 

A c t u a l l y , the reactions are v e r y complex a n d a l l theore t i ca l ly possible interchanges 
m a y occur, a l t h o u g h some reactions appear to a v o i d f o rb idden states whi l e others 
appear to go d i r e c t l y t h r o u g h the state (38). T h e react ion 

R 4 S n + S n C l 4 -> 2 R 2 S n C l 2 (24) 

does not go b y direct successive a l k y l a t i o n s (12), b u t ra ther 

R 4 S n + S n C l 4 R 3 S n C l + R S n C l 3 (25) 

R 3 S n C l + R S n C l 3 -> 2 R 2 S n C l 2 (26) 

where R is b u t y l . T h e reac t ion 

3 R 4 S n + S n C l 4 4 R 3 S n C l (27) 
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HIRSCHLAND AND BANKS-ORGANOTIN COMPOUNDS 207 

appears to go 
R 4 S n + S n C U -> R3S11CI + RS11CI3 

R a S n C l + RS11CI3 - * 2R2S11CI2 

2 R 4 S n + 2 R 2 S n C l 2 - > 4 R 3 S n C l . 

(28) 

(29) 

(30) 

V i n y l - a n d p h e n y l t i n s do not appear to c o n f o r m to the a l k y l react ions (SI). 
A f t e r r e d i s t r i b u t i o n of groups has been achieved , the m a j o r component can be 

pur i f i ed f r o m m i n o r i m p u r i t i e s b y d i s t i l l a t i o n , r e c r y s t a l l i z a t i o n , or s u b l i m a t i o n . 
H y d r o x i d e s a n d O x i d e s . O r g a n o t i n hal ides h y d r o l y z e i n the presence of a l k a l i 

to hydrox ides a n d oxides (9, 14, 15, 27, 28, 84). A s most o rganot in compounds are 
insoluble i n water , complete h y d r o l y s i s of the hal ide f requency requires a d u a l so lvent 
sys tem, emuls i on react ions, or pro longed reac t ion t imes . 

T h e R 3 S n C l compounds y i e l d b o t h the h y d r o x i d e a n d the oxide der ivat ives . I n some 
cases, such as the m e t h y l a n d e t h y l homologs, drast i c methods are requ i red to d e h y 
drate the h y d r o x i d e to the oxide a n d the reverse h y d r a t i o n occurs spontaneously i n 
the presence of mo i s ture . V a n der K e r k a n d L u i j t e n repor t the f o r m a t i o n of t r i e t h y l t i n 
h y d r o x i d e a n d i ts d e h y d r a t i o n phenomena (22). E . L . W e i n b e r g , M e t a l & T h e r m i t 
C o r p . L a b o r a t o r y , has repeated the h y d r o l y s i s i n a comple te ly aqueous system. I f the 
b u t y l homolog has been iso lated , i ts existence has on ly been m o m e n t a r y a n d d e h y d r a 
t i o n to the oxide is spontaneous. D i l u t e solut ions of the b u t y l c o m p o u n d appear to 
conta in some h y d r o x i d e f o r m i n e q u i l i b r i u m (55). 

T h e R 2 S n C l 2 c ompounds do not f o r m d ihydrox ides b u t appear to dehydrate to 
the oxide. B o n d angles require t h a t such oxides be p o l y m e r i c , a n d the character of 
the p o l y m e r is v a r i a b l e . D i b u t y l t i n oxide is k n o w n i n a toluene soluble f o r m , w h i c h 
m a y be a r i n g t r i m e r , a n d i n a v e r y s l i g h t l y organic -so luble f o r m of l inear p o l y m e r of 
v a r y i n g l ength (19). B y res idua l water measurements , the l ength of p o l y m e r appears 
to v a r y f r o m four to five u n i t s u p to a large n u m b e r w h e n comple te ly d e h y d r a t e d . 

D i a l k y l t i n oxides also react w i t h d i a l k y l t i n ha l ide to f o r m p o l y m e r s w i t h t e r m i n a l 
hal ide groups . 

T h e R S n 0 2 H compounds , or stannoic acids, have not been invest igated as t h o r 
oughly as the other der ivat ives (9). T h e y are near ly n e u t r a l i n react ion b u t w i l l f o r m 
salts w h i c h are s p a r i n g l y soluble i n water w i t h s t rong a lkal ies . 

Salts. Some salts of a l l three m i x e d forms of q u a d r i v a l e n t t i n are k n o w n : R H S n A , 
R 2 S n A 2 , a n d R S n A 3 , where A is a n a c i d a n i o n . T h e m e t h o d of p r e p a r a t i o n is the 
general metathet i c react ion c o m m o n to a l l organometal l i c compounds of th is t y p e : 

C o m m o n salts are the acetates, laurates , stéarates, maleates , a n d benzoates. 
Sulfur Derivatives. L i k e other organometa l l i c compounds , h y d r o g e n sulfide a n d 

m e r c a p t o - s u b s t i t u t e d organic molecules react w i t h o rganot in chlorides or oxides to f o r m 
m e r c a p t o der ivat ives (83, 57, 58) : 

R 3 S n C l + O H - - * R 3 S n O H -> R 3 S n — O S n R 3 

R 2 S n C l 2 + 2 0 H - -> R 2 S n O 

R S n C l 3 + 3 0 H - - » R S n 0 2 H -> R S n O r 

(31) 

(32) 

(33) 

R 2 S n C l 2 + 2 N a A -> R 2 S n A 2 

R 2 S n O + 2 H A -> R 2 S n A 2 

R 2 S n ( O R ' ) 2 + 2 H A -> R 2 S n A 2 

(34) 

(35) 

(36) 

R 2 S n C l 2 + 2 H S R ' -> R 2 S n ( S R , ) 2 

R 2 S n O + 2 H S R ' -> R 2 S n ( S R ' ) 2 

(37) 

(38) 

Miscellaneous Derivatives. Organotin oxides react with aldehyde and ketone to 
yield acetals and ketals (7), They also undergo an unusual reaction with esters to 
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208 ADVANCES IN CHEMISTRY SERIES 

f o r m a n aceta l - type produc t w h i c h w i l l revert to the s imple o rganot in salt of the ac id 
p a r t of the ester a n d the a lcohol u p o n a d d i t i o n of water (4, 17). T h i s offers a n o v e l 
but expensive m e t h o d of h y d r o l y z i n g d i f f i cu l t ly h y d r o l y z a b l e esters. 

Some d i a l k y l t i n salts of organic acids react w i t h m e r c a p t o compounds to f o r m 
complexes where the t i n shows a valence of more t h a n four . A l t h o u g h these c o m 
pounds are un ique , the on ly ones k n o w n are so complex t h a t the exact s t ruc ture is 
dif f icult to determine . 

O t h e r compounds , such as a lkox idcs , are k n o w n a n d are p r e p a r e d i n the classical 
m a n n e r (39). I n a l l sa l t - type der ivat ives , the d i a l k y l organot ins are capable of func 
t i o n i n g i n a p o l y m e r i c m a n n e r to y i e l d compounds of the f o l l owing s t r u c t u r e : 

Halogen Acids and Halogens. I n a d d i t i o n to the meta the t i c reac t ion of organo 
t i n oxides a n d hydrox ides w i t h halogen acids, m a n y organot ins w i l l undergo d e a l k y l a -
t i o n or d e a r y l a t i o n under a v a r i e t y of condit ions (35) : 

T h e m o n o - o r g a n o t i n der ivat ives are resistant to halogen a c i d cleavage, a n d drast i c 
condi t ions are r equ i red to effect a n y react ion . T h e r a d i c a l b o n d s t rength fo l lows the 
expected sequence, w i t h a l k y l s be ing the most stable a n d ary l s be ing the weakest . 

S i m i l a r to the react ion of halogen acids, halogens react w i t h o rganot in compounds 
to cleave organic groups (13, 29, Jfi) : 

T h e halogen reac t ion is f requent ly v igorous even w i t h a n a l k y l t i n c o m p o u n d . T h e 
pre ferent ia l r e m o v a l of groups is i n the same order as for halogen acids. 

Properties 

E x c e p t for the m e t h y l t i n compounds a n d the salts of a few stannoic ac ids , organo
t i n compounds are v i r t u a l l y inso luble i n water . E v e n d i m e t h y l t i n d i ch lor ide , w h i c h 
w i l l f o r m solut ions i n water over a wide range of concentrat ions , tends to separate 
w h e n left u n d i s t u r b e d (1). A 2 0 % so lut ion , a l l owed to s tand w i t h o u t ag i ta t i on i n a 
glass carboy , w i l l separate to the extent t h a t the so lut i on at the t o p of the carboy is 
v i r t u a l l y free of the t i n c o m p o u n d a n d the so lut i on at the b o t t o m is extremely c o n 
centrated . 

M o s t o rganot in compounds are soluble to a considerable extent i n almost a l l 
organic solvents. T h e a l i p h a t i c hydrocarbons t e n d to be the poorest solvents whi le 
alcohols , esters, ketones, a n d aromat i c h y d r o c a r b o n s are general ly excel lent . T h e 
p r i n c i p a l exceptions are those compounds w h i c h have a p o l y m e r i c n a t u r e , such as 
d i b u t y l t i n oxide w h i c h is v i r t u a l l y insoluble i n a l l solvents a n d d i b u t y l t i n maleate w h i c h 
is soluble on ly i n esters a n d h i g h mo lecu lar weight p last ic izers . 

T h e p h y s i c a l propert ies of the o rganot in f a m i l y r u n the g a m u t . I n v o l a t i l i t y , 
t h e y range f r o m the read i l y vo la t i l e t e t r a m e t h y l t i n to the more d i f f i cu l t ly d i s t i l lab le 
h igher a l k y l - a n d a r y l t i n hal ides . E x c e p t for the te traorganot ins , the o rganot in hal ides , 
a n d the o rganot in salts of the lower mo lecu lar weight f a t t y acids, most der ivat ives 
undergo p a r t i a l or t o t a l t h e r m a l decompos i t i on i n mo lecu lar st i l l s at m i c r o n pressures. 

A — O — Sn—Ο 

R 4 S n + H C 1 R 2 S n C l + R H 

R 3 S n A + H C 1 -> R 2 S n A C l + R H 

R 2 S n A 2 + H C 1 -> R S n A 2 C l + R H 

(39) 
(40) 
(41) 

R 4 S n + B r 2 -> R 3 S n B r - f R B r 

R 3 S n A + B r 2 -> R 2 S n A B r + R B r 

R 2 S n A 2 + B r 2 - » R S n A 2 B r + R B r 

(42) 
(43) 
(44) 
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HIRSCHLAND AND BANKS-ORGANOTIN COMPOUNDS 209 

Physiological Effects 

T h e o r g a n o t i n compounds exhib i t a wide s p e c t r u m of t o x i c i t y , w i t h considerable 
v a r i a t i o n f r o m species to species. T e t r a s u b s t i t u t e d organot ins v a r y f r o m t e t r a e t h y l t i n 
(5, 54), w h i c h approaches t e t rae thy l l ead i n t o x i c i t y , to t e t r a b u t y l t i n (6), w h i c h shows 
l i t t l e acute o ra l t o x i c i t y i n rats . S i m i l a r l y , t r i e t h y l t i n chlor ide is ex t remely tox ic (59), 
t r i b u t y l t i n oxide m u c h less (6), a n d the o c t y l homolog s t i l l less (54)· T h e d i s u b s t i -
t u t e d compounds show s i m i l a r v a r i a t i o n s . 

V a r i a t i o n i n species is shown b y d i b u t y l t i n oxide w h i c h has a n L D 5 0 of 100 to 200 
m g . per k g . o r a l l y i n rats (6) a n d a n L D 5 0 of about 2000 m g . per k g . o r a l l y i n chickens 
(23). H u m a n toxic reactions are k n o w n on ly i n the case of d i e t h y l t i n d ioxide , w h i c h 
m a y conta in some t r i e t h y l component a n d is bel ieved responsible for the death of three 
people i n F r a n c e (43). Otherwise , a l t h o u g h considerable object ionable s y m p t o m s 
have been repor ted , no fatal i t ies are k n o w n . T h e most object ionable f o r m of organo 
t i n compounds is the hal ide . T h e phys io log i ca l react ion f r o m the hal ide is not specific 
w i t h the t i n c o m p o u n d , b u t is general w i t h a n y organometal l i c ch lor ide w h i c h can f o r m 
a hydroha logen ac id w i t h water , e i ther s lowly or r a p i d l y . T h e s y m p t o m s are s m a r t i n g , 
b u r n i n g , e r y t h e m a , a n d edema. P r o l o n g e d contact m a y result i n a second or t h i r d 
degree b u r n . T h e course of the react ion is s i m i l a r to the organic arsine d ichlor ides , 
a n h y d r o u s hydrogen chlor ide , a n d h y d r o b r o m i c a c id . Some reactions have been noted 
i n the i n d u s t r i a l use of d i a l k y l t i n salts of acids. G e n e r a l l y these compounds are used 
at f a i r l y h igh temperatures , a n d the s y m p t o m s t end to fo l low the p a t t e r n of the a c i d 
group , such as acetic , l a u r i c , or male ic ac id . T r i b u t y l t i n oxide is a s k i n i r r i t a n t i n its 
o w n r ight , a n d its propert ies are s i m i l a r to a hydroha logen ac id (41). 

Commercial Uses 

T h e first two c o m m e r c i a l uses for organot in compounds were developed at about 
the same t im e d u r i n g the forties a n d i n v o l v e d two classes of compounds . T h e G e n e r a l 
E l e c t r i c C o . f o u n d t h a t t e t r a p h e n y l t i n was we l l su i ted as a scavenger for h y d r o c h l o r i c 
a c id , w h i c h w o u l d result i f a short c i r c u i t occurred i n a t rans fo rmer t h a t used the i r 
P y r a n o l s or ch lo r inated d ipheny l s as coolants (8, 37). T h i s a p p l i c a t i o n of t e t r a p h e n y l 
t i n is s t i l l g rowing . Somewhat earl ier , considerable research on t i n compounds h a d 
been u n d e r t a k e n co inc identa l w i t h the deve lopment of t e t rae thy l l ead for use i n gasoline. 
Research i n the gasoline add i t i ve a n d l u b r i c a t i n g o i l a d d i t i v e field has been a lmost c o n 
t inuous since then . 

T h e other c ommerc ia l deve lopment i n v o l v e d the use of organot in chemicals as 
stabi l izers for p o l y ( v i n y l chlor ide) against degradat ion caused b y heat a n d / o r u l t r a 
v io let l i ght . T h e chemicals first commerc ia l i zed for this use were d i b u t y l t i n d i l aura te , 
d i b u t y l t i n maleate , a n d d i b u t y l t i n oxide (60). T h e c o n s u m p t i o n of organot ins for th is 
use has become subs tant ia l . O t h e r mater ia l s are ava i lab le , i n c l u d i n g a group of organo 
t i n compounds conta in ing su l fur , w h i c h are most useful i n the s tab i l i za t i on of r i g i d 
p o l y ( v i n y l c h l o r i d e ) . 

One of the most spectacular developments i n th is field used d i b u t y l t i n d i laurate as 
a m a j o r ingredient i n anthe lmint i c s for t r e a t i n g p o u l t r y (23). T h i s a p p l i c a t i o n p r o m 
ises to grow f u r t h e r a n d u n d o u b t e d l y w i l l i nvo lve other compounds . 

I n the a p p l i c a t i o n of silicones to texti les a n d paper , such mater ia l s as d i b u t y l t i n 
diacetate a n d d i b u t y l t i n d i -2 -ethylhexoate are being used i n increas ing quant i t ies as 
c u r i n g cata lysts (1). 

M u c h more recent ly , the c o m m e r c i a l i z a t i o n of t r i b u t y l - a n d other t r i a l k y l t i n 
c ompounds was begun. B a s i c research at the T i n Research I n s t i t u t e i n E n g l a n d 
showed these mater ia l s to be of po tent ia l interest as fungicides a n d bacteric ides (38). 
T h i s concept has been developed fur ther , a n d several t r i a l k y l t i n compounds are find
i n g the i r w a y in to c o m m e r c i a l app l i ca t i ons . T h e first a p p l i c a t i o n for t r i b u t y l t i n oxide 
was for the c ont ro l of s l ime i n paper a n d p u l p m i l l s (41)· 
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210 ADVANCES IN CHEMISTRY SERIES 

A list of commercially available organotin chemicals will illustrate best their 
rapid and interesting rise into full scale production: 

Dibutyltin di-2-ethylhexoate 
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Arylsilanes 

AMOS R. ANDERSON, ROBERT W. LERNER, and WILLIAM E. SMITH 
Anderson Chemical Co., Weston, Mich. 

This investigation describes the study and develop
ment of methods of synthesis for the series of phenyl-
biphenylylsilanes, the characterization of these com
pounds, and the production of pilot plant quantities. 
Phenyltribiphenylylsilane, diphenyldibiphenylylsilane, 
triphenylbiphenylylsilane, and tetrabiphenylylsilane 
were produced by a sodium condensation method. 
The compounds have extreme thermal stability and 
several possible commercial applications are pro
posed. 

It is somewhat unusual to find in the organosilicon field, where so much work has 
been carried out in the past 12 years, a class of silanes that have been almost entirely 
neglected. The tetraarylsilanes are such a class. 

In this class tetraphenylsilane is the oldest known compound and of all the 
references pertaining to the tetraarylsilanes only two were found describing other 
compounds than the tetraphenylsilane (28-30). 

The present investigation was undertaken to synthesize, characterize, and study 
the problem of pilot plant production of the complete series of phenylbiphenylylsilanes. 
The initial interest was in the unusual thermal stability of the silicon-aryl carbon bond 
and the low vapor pressure of the completely arylated silanes. 

During this work Spialter, Priest, and Harris published their work on phenyl-
p-biphenylylsilanes (33) which corroborated many of the values found in this investiga
tion. 

In general, all previous tetraarylsilanes have been prepared by the method of 
Polis (26) or some modification thereof. The equation for the preparation of tetra
phenylsilane is typical of this method. 

4C6H5C1 + SiCl 4 + 8Na -> (C6H5)4Si + 8NaCl 
The most notable modification is that of Schumb and Saffer (30), in which the alkyl-
sodium is first prepared, subsequently added to the silicon tetrachloride, thereby 
giving a better distribution of organic groups. The sodium method is applicable to the 
synthesis of silanes which heretofore could be prepared only by the Grignard or 
alkylzinc methods. 

Other possible methods of synthesis, such as the Grignard method, the "direct 
method," and the silane route (2o), have been tried with varying degrees of success. 

Taking into account that the method chosen would be subject to a considerable 
scale-up, it was decided to use the Polis method with modifications and with the 
incorporation of the new sodium dispersion techniques. 

It was found early in the investigation that there were many variables which 
affected the reaction. 
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ANDERSON, LERNER, AND SMITH—ARYLSILANES 213 

Discussion 

V e r y br ie f ly the var iab les w h i c h were f ound to affect the progress of these 
reactions to a m a r k e d degree were : 

A . Sod ium particle size 
B . Solvent 
C . P u r i t y of reactants 
D . A g i t a t i o n 
E . Temperature 

T h e use of s o d i u m dispersions, a l though not va luab le i n l a b o r a t o r y react ions, 
became exceedingly i m p o r t a n t i n scale-up operat ions . 

Because of the necessary scale-up, the selection of solvents became v e r y i m p o r t a n t . 
A n e ther - type solvent has been p r o v e d to be the best for s o d i u m reactions (31), 

w i t h the diethers super ior to the monoethers . B o t h d i e t h y l ether a n d the d i m e t h y l 
ether of ethylene g lyco l were t r i e d exper imenta l l y a n d gave good y ie lds . H o w e v e r , 
because of the flammability a n d the poss ib i l i ty of peroxide f o r m a t i o n , these solvents were 
r u l e d out for large scale operat ions . V M & Ρ h i g h flash n a p h t h a was chosen for 
scaled-up operat ions because of the fo l l owing character is t i cs . 

T h e bo i l ing range is above the melt ing point of sodium. 
I t has a flash point above 50°F. 
T h e products of reaction are soluble at reflux temperatures, but have negligible so lub i l 

i t y at room temperatures. 

I t cou ld therefore be used as a general solvent for a l l phases of the p i l o t p l a n t 
m e t h o d . 

T h e reactions were found to be extremely sensit ive to trace i m p u r i t i e s present i n 
the halogenated b i p h e n y l a n d often complete ly i n h i b i t e d the desired react ion . T h i s 
d i f f i cul ty was overcome to some extent b y the use of h i g h speed shear ing t y p e ag i ta t i on . 

T h e effect of excessively h i g h temperatures was s tud ied a n d f o u n d to lead to the 
c o u p l i n g of the b i p h e n y l molecules. 

B y g i v i n g proper a t t e n t i o n to a l l of these var iab les the fo l l owing general m e t h o d 
was w o r k e d out a n d successfully e m p l o y e d w i t h on ly a few exceptions. S o d i u m is 
dispersed under n i t rogen , i n V M & Ρ h i g h flash n a p h t h a , i n a spec ia l ly designed u n i t . 
I t is then t rans ferred to the react ion ke t t l e , a n d the chlorosi lane a n d b i p h e n y l hal ide , 
d issolved i n h i g h flash n a p h t h a , are added s lowly w i t h efficient ag i ta t i on . H e a t i n g 
under reflux is cont inued to complete the react ion a n d the hot mass is t h e n f i l tered 
t h r o u g h a n i t rogen pressure filter. T h e ary ls i lane is a l lowed to crys ta l l i ze f r o m the 
n a p h t h a , then is filtered a n d d r i e d . F r o m this stage one r e c r y s t a l l i z a t i o n is u s u a l l y 
sufficient to give near ly pure m a t e r i a l . Y i e l d s are of the order of 65 to 8 0 % . B y 
this m e t h o d the complete series of p h e n y l - p - b i p h e n y l y l s i l a n e s of the general f o r m u l a 
g iven below have been p r e p a r e d i n q u a n t i t y . 

A s of th is w r i t i n g several members of the series w i t h o- a n d ra-biphenyl have 
also been p r e p a r e d a n d the synthesis of u n s y m m e t r i c a l silane molecules conta in ing 
p h e n y l o-, m - , a n d p - b i p h e n y l is under w a y . These reactions are s luggish, b u t can 
become v io lent i f excessive amounts of reactants are a l lowed to b u i l d u p . 

Experimental 

I n general , p i l o t p l a n t p r o d u c t i o n fo l lowed l a b o r a t o r y findings. A flow d i a g r a m 
of the p i l o t p l a n t u n i t is represented i n F i g u r e 1. 
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214 ADVANCES IN CHEMISTRY SERIES 

Figure 1. Equipment flow chart for phenylbiphenylylsilanes 

A. Nitrogen cylinder 
B. Sodium dispersator 
C. Charge tanks 
D. Reactor 
E. Condensers 
F. Receiver tanks 
G. Filters 
H. Crystallizing tanks 

/. Solution make-up kettle 
J. Purification kettle 
K. Solvent recovery still 
L. Drying oven 

M. Pulverizer 
N. Solvent storage tank 
O. Solvent pumps 

T h e f o l l owing procedure for the p i l o t p l a n t p r o d u c t i o n of t r i p h e n y l - p - b i p h e n y l y l -
si lane is t y p i c a l of the series. 

T h e reactor sys tem, consist ing of a spec ia l ly designed s o d i u m dispersator , B, 
react ion ket t l e D, a n d f i lter G, was p u r g e d w i t h n i t rogen u n t i l a n Orsat analys is p r o v e d 
i t free of oxygen . S i x gallons of h i g h flash n a p h t h a a n d 11 pounds a n d 4 ounces of 
s o d i u m were charged in to the d ispers ion t a n k . T h e t e m p e r a t u r e was ra ised to 110° 
to 120°C. a n d the s o d i u m dispers ion was ob ta ined b y operat ing the d ispersator head 
at 3500 r . p . m . for 15 to 20 m i n u t e s . 

T h i s d ispers ion was t h e n t rans fe r red b y n i t rogen pressure to the n i t r o g e n p u r g e d , 
p r e v i o u s l y w a r m e d (70°C . ) g lass- l ined P f a u d l e r k e t t l e . T h i s ke t t l e was f i t ted w i t h 
a n a i r condenser, receiver , glass a d d i t i o n t a n k , n i t r o g e n in le t , t h e r m o m e t e r , d ispers ion 
in le t , a n d a n c h o r - t y p e ag i tator . A glass p ipe was also extended n e a r l y to the b o t t o m 
of the ket t l e a n d i t was f i t ted w i t h a r u b b e r suc t i on b u l b for d r a w i n g u p a sample of 
the reac t ion m i x t u r e for observat ion . A f t e r the dispers ion was t rans fe r red , the 
dispers ion po t was r insed w i t h two 1-gallon por t i ons of h i g h f lash n a p h t h a a n d 
trans ferred b y n i t rogen pressure in to the reac t ion ke t t l e . T h e a d d i t i o n of the s o l u 
t i o n of halides i n h i g h flash n a p h t h a was i m m e d i a t e l y begun a n d the i n i t i a t i o n of the 
react ion , after the a d d i t i o n h a d s tar ted , was evidenced b y a r a p i d rise i n t e m p e r a t u r e 
a n d deve lopment of the character i s t i c b lue co lored reac t ion m i x t u r e . T h e a d d i t i o n 
was ad justed to m a i n t a i n the react ion t e m p e r a t u r e at 120° to 130°C. 

A reflux p e r i o d of 4 hours fo l lowed a f ter the a d d i t i o n was completed , a n d d u r i n g 
th is p e r i o d 5 gallons of h i g h flash n a p h t h a was d i s t i l l ed over a n d r e m o v e d . T h e hot 
re f lux ing react ion m i x t u r e was t h e n f i l tered u n d e r n i t rogen pressure. T h e f i l t rate was 
a l l owed to s t a n d 3 to 4 days to crys ta l l i ze the t r i p h e n y l - p - b i p h e n y l y l s i l a n e . T h e l i g h t 
ye l l ow c rys ta l l ine so l id was f i l tered off, washed w i t h 10 gal lons of fresh h i g h f lash 
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ANDERSON, LERNER, AND SMITH—ARYLSILANES 215 

n a p h t h a , a n d d r i e d i n a steam-heated v a c u u m oven. T h e crude y i e l d was 66 pounds , 
7 1 . 5 % of t h e o r y , m e l t i n g po in t 1 5 3 - 6 ° C . One re c rys ta l l i za t i on f r o m h i g h flash n a p h t h a 
gave wh i te c rys ta ls of m e l t i n g p o i n t 157° to 160°C. 

T h e ent ire series of p h e n y l - p - b i p h e n y l y l s i l a n e s was p r e p a r e d b y s i m i l a r procedures 
w i t h results as l i s ted i n T a b l e I . 

Table I. Reaction Conditions 

Product 
(CerhjiSiCeFUCeHe 

(C6H 6 )2Si(CeH4C6H 6 ) 2 

CeH6Si(CeH4CeH5)s 
Si(C 6H4CeH 6)4 

Reaction 
Solvent 
V M & P 
naphtha 

Melting Point 
of Crude, °C. 

153-6 

165-72 
150-63 
264-74 

Crude 
Yield, % 

71 

82 
62 
79 

Solvent 
Recovery 
V M & P 
solvent 

Xylene 

Melting Point 
of Purified, °C. 

157-60 

168-70 
156-58 
278-282 

Purified 
Yield, % 

56 

62 
54 
72 

T o character ize these compounds a n u m b e r of p h y s i c a l constants were de te rmined 
( T a b l e I I ) . 

Table II. Physical Properties of Phenylbiphenylylsilanes 

Ί ri-p-biphcnylyl- Di-p-biphcnylyl- p-Biphenylyl- Tetra-p-biphenylyl-
Physical Properties phenylsilane diphenylsilane triphenylsilane silane 

Melting point, °C. K H S 174 170 159 283 
Boiling point, ° C . e 580 570 512 600 
Flash point, open cup, °C. 380 338 299 400 
Fire point, open cup, °C. 440 392 338 499 
Density 20° C . 1.10 1.14 1.16 1.07 
Surface tension, dynes/cm. 

350° F. 48.63 31.61 42.26 40.67 
450° F . 43.86 28.91 38.47 39.50 

Solubility, grams/100 ml. 20° C. 
Benzene 17.776 36.46 14.10 0.27 
Methyl ethyl ketone 9.396 6.54 3.49 8.20 
Ethyl alcohol 0.238 0.40 0.205 0.049 
n-Heptane 0.052 0.38 0.799 0.096 
Pyridine 2.725 12.91 17.88 16.69 

Viscosity, cps. 
300° F. 

Viscosity, cps. 
300° F. 40 8 370 solid 
450° F . 1 1 12 500 
a For comparison boiling points were included as determined by Spialter (38). 

Practical Applications 

W i t h the d e t e r m i n a t i o n of the p h y s i c a l propert ies complete , w o r k on the 
app l i ca t i ons of these m a t e r i a l s is be ing c a r r i e d out . T h e app l i ca t i ons w i l l depend p r i 
m a r i l y o n the super ior t h e r m a l s t a b i l i t y , l o w v a p o r pressure, a n d excellent resistance to 
be ta r a d i a t i o n of these compounds . A l t h o u g h new design a n d engineering w o r k w o u l d 
be necessary, t h e y m a y we l l p rove adequate as extreme h i g h t e m p e r a t u r e l u b r i c a n t s a n d 
h y d r a u l i c fluids needed f or supersonic a i r c r a f t a n d guided missi les. F o r purposes of 
compar i son , ava i lab le a i r c r a f t h y d r a u l i c systems se ldom reach temperatures i n excess 
of 300°F. , whereas planes a n d guided missiles b e y o n d present pro to types w i l l p r o b a b l y 
exceed the 700°F . range. T h e best of the c o m m e r c i a l l y ava i lab le oils, t oday , w i l l not 
w i t h s t a n d temperatures above 550°F. , whereas the p h e n y l b i p h e n y l y l s i l a n e s have shown 
no decompos i t i on at t emperatures w e l l i n excess of the 700°F. goal . M o r e i m m e d i a t e l y , 
these compounds are be ing inves t igated as grease fillers, p o t t i n g compounds , p last i c 
s tab i l i zers , a n d for m a n y other app l i ca t i ons where t h e r m a l a n d r a d i a t i o n s t a b i l i t y are 
i m p o r t a n t . 
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Alkanolamine Silicate Derivatives 

J. O. KOEHLER and H. LAMPREY 
National Carbon Research Laboratories, Parma, Ohio 

The synthesis and yield of alkanolamine silicates and 
their derivatives are discussed. These compounds 
exhibit unique properties such as dispersion and 
viscosity depression in nonaqueous systems. Tests 
and results are given for the effect of these properties 
on resins, rubbers, and paints. 

M a n y data have been reported on the synthesis and chemical and physical properties 
of various organic silicates. Very little information, however, is available on the 
amino alcohol derivatives of the various silicic acids. Klein and Nienburg (2) 
prepared alkanolamine esters of orthosilicic acid by heating orthosilicic esters with 
monoalkanolamines in the presence of water. They observed that these compounds 
possessed some interesting pharmaceutical properties. A series of di-ieri-butyl diamino-
alkyl silicates was prepared and the properties were recorded by DiGiorgio, Sommer, 
and Whitmore (1), who synthesized these alkanolamine silicates by reaction of 
di-ieri-butyldichlorosilane with various monoalkanolamines. 

The physical and chemical properties of the various alkanolamine silicates were 
studied further by members of this laboratory. One or more of these silicates was 
expected to possess physical and chemical characteristics of commercial importance. 

The alkanolamine esters of orthosilicic acid were prepared by the ester interchange 
method. Tetraethyl orthosilicate was heated with the calculated amount of amino 
alcohol in the presence of a catalyst. Some of the more basic amino alcohols, such 
as triethanolamine, required no catalyst to react with the orthosilicate esters. When 
the alkanolamine and alkyl orthosilicate wTould not react readily, catalytic amounts 
of sodium methoxide were added to initiate the reaction. The over-all reaction is 
represented by the following equation: 

(C2H50)4Si + 4HOC2H4NR2 -> (R2NC2H40)4Si + 4C2H5OH Î (1) 

An alternative method occasionally employed in the preparation of these esters used 
a dialkoxydichlorosilane in place of the alkyl silicate. This reaction is represented by 
the following equation: 

(C2H50)2SiCl2 + 4HOC2H4NR2 -> (C2H5G)2Si(OC2H4NR2)2 + 2H0C2H4NR2HC1 (2) 

In the authors' experience, the ester interchange method is preferable, as it eliminates 
the filtration step required in the alternative procedure, and only half as much amino 
alcohol is needed. 

The yields of both synthetic methods are good, but in the case of alkanolamine 
silicates prepared from the polyhydric alkanolamines, the reaction can continue until 
high polymers are formed (I). 
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218 ADVANCES IN CHEMISTRY SERIES 

OC2H5 

I 

— S i — 0 C 2 H 4 — N — C 2 H 4 — 0 

0C2H5 R 

I 

These compounds are v e r y viscous l i qu ids or solids, i f cross l i n k i n g occurs. A second 
side react ion is possible, w h i c h m a y account for a reduct i on i n y i e l d : T h e i n t r a 
molecu lar react ion in E q u a t i o n 3 can occur. 

Ο — C 2 H 4 — N R 

C 2 H 4 0—Si—0C 2 H 4 + 2C2H50H+ (3) 

R N C 2 H 4 — Ο 

II 

A n a l y t i c a l d a t a indicate t h a t compounds of t y p e I I are f o r m e d d u r i n g the 
react ion of a p o l y h y d r i c a lkano lamine a n d e t h y l orthos i l i cate . 

T o get the m a x i m u m y i e l d of the desired a l k a n o l a m i n e si l icates ( I I I ) 

R OC2H5 R 
I I I 

H0C2H4NC2H40—Si—OC2H4NC2H4OH 

OC2H5 

I I I 

the react ion m u s t be t e r m i n a t e d as soon as the theoret i ca l a m o u n t of e t h y l a l cohol 
is r e m o v e d f r o m the react ion . I n pract i ce , s l i gh t ly m o r e t h a n the theore t i ca l a m o u n t 
of a lcohol is removed . Subsequent analyses ind i cate t h a t these p o l y h y d r i c a l k a n o 
lamine sil icates are a p p r o x i m a t e l y 90 to 9 5 % pure . 

I n T a b l e I , a series of esters p r e p a r e d f r o m var i ous β-alkylamino alcohols a n d 
t e t r a e t h y l orthos i l i cate is l i s ted . 

|OC2H5 H | 0 - r u 

C 2 H 4 0—Si— 0C2H4NR 

R Ν I 
X2H40|H OC_2H5; 

Table I. Properties of Various Alkanolamine Silicates 

Compound 
(C 2 H 6 0) 2 Si (00 2 Η 4 ΝΗ 2 ) 2 

(C 2 H 6 0) 2 Si [OC 2H4NH(C 2H40II)l 2 

(C 2H 6C» 2Si 1 0 C 2 H 4 N ( C 2 H 4 0 H ) 2 ] 2 

(C 2 H 6 0) 2 Si 1 0 C 2 H 4 N H ( C 2 H 6 ) ] 2 

(C 2 H B 0) 2 Si [OC 2H 4N(C 2H5) 2| 2 

(C 2 H 6 0) 2 Si iOC2H4N(C4H9)2|2 
(C 2 H 6 0) 2 Si (OC 2 H 4 N[CH 2 —CHfC 2 H 6 )—C 4 H 9 ] 2 ) 2 

(C 2 H 5 0) 2 Si |OC 2H 4N[CHfCH 3) 2j 2)2 
(C2HBO)2Si COC 2 H 4 NH(C6H 6 jJ 2 

(C 2 H 6 0j 2 Si [OC 2 H 4 N'CHKC 2 H 6 )(C 6 H5)] 2 

(C 2 H 6 0) 2 Si [OC 2 H 4 NH(CH 2 —C 6 H 5 )J 2 

(C4H 90) 2Si [OC 2 H 4 N(C 2 H 4 OH) 2 ] 2 

(C 8H70) 2 Si lOC 2 H 4 NfC 2 H 4 OH) 2 ] 2 

(C 2H 60) Si [OC 2 H 4 N(C 2 H 4 OH) 2 ]3 
Si [OC 2 H 4 N(C 2 H 4 OH) 2 J 4 

(C 2 H 6 0) 2 Si (OCH(CH 3 )CH 2 N[CH(CH 3 )] 2 ) 2 

(C 2 H 6 0) 2 Si [OCH(CH 3 )CH 2 NH 2 ] 

% Calcd. % Found 

ield, % B.P.,°C./Mm. Si Ν Si Ν 
90 96-97/7.0 11.8 11.8 11.40 11.45 
98 —. 8.74 8.74 8.9 8.54 

100 — 6.76 6.76 6.62 6.71 
98 111/2.0 9.53 9.53 9.36 9.42 

100 180/7.0 7.99 7.99 7.91 7.93 
92 139-140/0.8 5.94 5.94 5.91 5.82 

100 — 4.07 4.07 3.98 4.01 
96 135/1.0 6.89 6.89 6.87 6.86 
96 118/0.3 7.18 7.18 7.10 7.15 
95 138/0.2 6.29 6.29 6.28 5.98 

100 135/0.3 6.28 6.28 6.19 6.22 
96 — 8.65 8.65 8.86 8.48 
95 — 6.34 6.34 6.21 6.19 
93 5.42 8.13 5.41 8.07 
94 — 4.52 9.04 4.49 8.97 
95 117-118/1.0 5.61 5.61 5.58 5.42 
98 110-111/6.0 10.51 10.51 10.21 10.32 

A series of quaternary ammonium compounds prepared from dimethyl (triethanol-
amine) silicate and various fatty acids is listed in Table I I . 
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KOEHLER AND LAMPREY—ALKANOLAMINE SILICATE DERIVATIVES 219 

Table II. Diethyldi(triethanolamine) Silicate-N,N-Dicarboxylates 

% Found 
Carboxylic % Calcd. 

Acid Si and Ν Si Ν 
Laurie 3.44 3.41 3.39 
Palmitic 3.02 3.01 2.99 
Stearic 2.85 2.79 2.82 
Oleic 2.86 2.81 2.85 
Ricinoleic 2.77 2.67 2.71 
Linoleic 2.87 2.79 2.86 
Eleostearic 2.87 2.81 2.84 

Synthesis of Compounds 

A l l mater ia l s were shown to be of acceptable p u r i t y before use. T h e t e t r a e t h y l 
orthos i l i cate a n d the v a r i o u s β -amino alcohols were s u p p l i e d b y U n i o n C a r b i d e 
C h e m i c a l s C o . T h e y were checked for p u r i t y b y d i s t i l l i n g t h r o u g h a 30-p late 
O ldershaw c o l u m n a n d were sui table for use w i t h o u t f u r t h e r p u r i f i c a t i o n . T h e f a t t y 
acids were ob ta ined i n the purest state ava i lab le a n d were not pur i f i ed f u r t h e r . 

Diethoxydi(jg-diethylaminoethyl) Silicate. A r o u n d - b o t t o m e d flask (5 l i t e r s ) , 
f i t ted w i t h a S t a r k a n d D e a n t r a p (Ace Glass , Inc . , V i n e l a n d , N . J . ) a n d a reflux c o n 
denser equ ipped w i t h a c a l c i u m chlor ide d r y i n g tube , was used. I n i ,his were p laced 
238.9 grams (2.04 moles) of β-diethylaminoethanol a n d 212.5 grams (5.02 moles) of 
t e t r a e t h y l or thos i l i cate . A few b o i l i n g chips were added , a n d the m i x t u r e was heated 
u n t i l e t h y l a l coho l ceased to be evo lved . T h e flask a n d i t s contents were cooled to 
r o o m t e m p e r a t u r e a n d t h e n a t tached to a v a c u u m d i s t i l l a t i o n sys tem. T h e res idual 
e t h y l a l coho l was removed u n d e r v a c u u m at r o o m t e m p e r a t u r e . T h e crude ester was 
pur i f i ed b y v a c u u m d i s t i l l a t i o n . A colorless f r a c t i o n of the pure ester bo i l ing at 160° 
to 162°C. at 7 m m . under a n i t rogen atmosphere was obta ined . T h i s : rac t ion weighed 
340 grams ( 9 5 % of the theoret i ca l a m o u n t ) . 

Diethyldi( jg-aminoethyl) Silicate. A three -necked flask (1 l i t e r ) , f i t ted w i t h a 
T r u b o r e s t i r re r , a d r o p p i n g funne l , a n d a reflux condenser e q u i p p e d w i t h a c a l c i u m 
chlor ide d r y i n g tube , was used. I n i t were p laced 189 grams (1 mc le ) of d i e t h o x y -
dichloros i lane a n d 300 moles of d r y benzene. T h e flask was i m m e r s e d i n an ice b a t h , 
a n d the contents were cooled to 5 ° C . T h e s t i r r e r was s tar ted , a n d 305 grams (5 
moles) of monoethano lamine were added d r o p wise at such a rate t h a t the t emperature 
d i d not rise above 2 0 ° C . W h e n the last of the amino a lcohol was added , the ice b a t h 
was replaced b y a heat ing m a n t l e , a n d the flask was heated to the re l u x t e m p e r a t u r e 
of benzene for 1 h o u r to complete the react ion . T h e flask was cooled i n d the contents 
were f i l tered to remove the monoethano lamine h y d r o c h l o r i d e f o rmed d u r i n g the 
react ion . T h e f i l ter cake was washed twice w i t h two 100-ml . por t ions of benzene, a n d 
the washings were added to the f i l t rate . T h e f i l trate was v a c u u m s t r i p p e d to remove 
the benzene a n d excess monoethano lamine . T h e crude ester was v a c u u m d i s t i l l ed 
under a n i t rogen atmosphere for pur i f i ca t i on . T h e pure ester bo i l ing at 96° to 9 7 ° C . 
at 7 m m . weighed 214 grams ( 9 0 % of the theoret i ca l a m o u n t ) . 

Viscosity Characteristics in Nonaqueous Systems 

T h e a l k a n o l a m i n e sil icates a n d the i r q u a t e r n a r y der ivat ives w i t h the f a t t y acids 
exh ib i t v iscos i ty -depressant propert ies i n nonaqueous systems. The.se character ist i cs 
are exempl i f ied by the effects on the v iscos i ty of suspensions of c a r b o n i n kerosine 
a n d of resins (Tables I I I a n d I V ) . 

Table III. Viscosity of 1 to 1 Carbon-Kerosine Mixti re a 

Containing Various Alkanolamine Silicates 

Required to Extrude 10 Cc. of 
Mixture through Rheometer 

Silicate Concn., % 
Time, sec. Pressure, p.s.i.g. 

Blank — 545.0 2 
(C 2 H 6 0) 2 Si [OC 2 H 4 N(C 2 H 4 OH) 2 ] 2 · 2HOCnH 33 1 2.5 0 
(C4H 90) 2Si [OC 2 H 4 N (C2H40H) 2 ]2 · 2 H O C n H 3 5 1 3.9 0 
(C 2 H 6 0) 2 Si [ O C 2 H 4 N i C 2 H 5 ) 2 ] 2 · 2HOCnH 3 5 1 10.5 0 
(C 2 H 6 0) 2 Si [ O C H ( C H 3 ) C H 2 N C H ( C H 3 ) 2 ] 2 · 2 Η 0 2 Ο Η π Η 3 3 1 5.6 0 

«Carbon was Thermax, 0.25 to 0.5 micron (Thermatonic Carbon Co., New York, Ν. Y.). 
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220 ADVANCES IN CHEMISTRY SERIES 

Table IV. Effect of Alkanolamine Silicates on Resin Viscosities 

Viscosity at 27° C , Centipoises 

Resin Type No additive 1% A« 1% B*> 
Epoxy 8000 6000 6000 
Phenolic 800 500 560 
Styrene 340 300 260 
Styrene acrylate 7540 4500 3900 
α A is diethyldi(triethanolamine) silicate. 
6 Β is dibutyldi(triethanolaminej silicate. 

Effects in Resins. Besides the viscosity effects cited above, these silicate materials 
affect the flow characteristics of resins. Both the extrudability and injection molding 
characteristics are improved by the addition of the silicates. The data obtained 
from these tests are shown in Tables V and VI and Figure 1. Two filled resins, one a 
vinyl and the other a phenolic, were tested by the following procedure. 

The vinyl resin was ground (through 10 mesh) with a Wiley rotary knife mill 
(Arthur H. Thomas Co.). Samples were prepared by adding 0.5 gram of each additive 
to separate 50-gram portions of the milled resin, followed by mixing with a mortar and 
pestle. Additional mixing occurred when the test specimens were injection molded at 
325°F. to make preformed slugs % inch in diameter and 1 inch in length for use in 
the flow measuring apparatus. 

The phenolic resin samples were prepared by adding 0.5 gram of each silicate to 
separate 50-gram portions of the resin, followed by mixing with a mortar and pestle. 
Test specimens % inch in diameter and 1 inch in length were preformed at room 
temperature and a pressure of 10,000 p.s.i. 

The apparatus for the flow tests is a constant force, vertical-orifice machine 
consisting essentially of the orifice, block, charge chamber, ram, and pressure system. 
A split cone containing a vertical orifice % inch in diameter and 2*4 inches in length 
is clamped into a steam-heated block. Within the block, below the orifice and con
centric with it, is the charge chamber which is % inch in diameter and 2 inches in 
length. The ram is so arranged that it applies pressure to the charge chamber from 
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KOEHLER AND LAMPREY—ALKANOLAMINE SILICATE DERIVATIVES 221 

the b o t t o m , f o r c ing the m a t e r i a l u p in to the orifice. V a r i a b l e pressure is a p p l i e d to 
the r a m b y a m e c h a n i c a l sys tem. H e a t is s u p p l i e d b y steam passing t h r o u g h a r e d u c 
i n g v a l v e a n d i n t o the b lock . T h e t e m p e r a t u r e is contro l l ed b y regu la t ing the s team 
pressure. 

T h e v i n y l res in specimens at r o o m t e m p e r a t u r e were inserted i n a hot charge 
chamber a t 300°F. a n d tested i m m e d i a t e l y . A pressure of 1400 p.s . i . was a p p l i e d a n d 
the t i m e r was s tar ted . T h e t i m e requ i red for the ex t rus i on of the res in to the t o p of 
the die (2^4 inches i n length) a n d for % i n c h i n t e r v a l s thereafter was recorded 
( F i g u r e 1 ) . 

T h e phenol ic resin specimens at r o o m t e m p e r a t u r e were inserted i n the hot charge 
chamber a t 275°F . a n d tested i m m e d i a t e l y . A pressure of 1400 p .s . i . was a p p l i e d a n d 
the t i m e r was s tar ted . 

A f t e r 2 m i n u t e s , the l e n g t h of the e x t r u d e d res in was measured . A t the end of 
th i s t i m e the res in w i t h i n the charge was cured to a so l id mass ( T a b l e V ) . 

Table V. Length of Phenolic Resin Extruded 

Additive, 1% Mean Length, Inches 
Blank 2.34 
Diethyldi(triethanolamine) silicate 2.59 
Diethyldi (triethanolamine) silicate-iV-oleate 2.64 
Diethyldi (triethanolamine) silicate-iV.iV-dioleate 2.82 

T h r e e resins po lys tyrene , E t h o c e l ( D o w ) , a n d V i n y l i t e U G - 1 8 0 0 (Bakélite Co . ) 
were tested to determine the effect of the a l k a n o l a m i n e s i l icate on t h e i r in j e c t i on m o l d i n g 
character is t i cs . A V a n D o r n in j e c t i on m o l d i n g mach ine ( T h e V a n D o r n I r o n W o r k s 
C o . , C l e v e l a n d , Ohio ) a n d a s t a n d a r d die were e m p l o y e d i n test ing these resins. T h e 
temperature of the m u d c y l i n d e r was he ld constant a n d the pressure on the r a m head 
was v a r i e d . T h e results are shown i n T a b l e V I . 

Table VI. Effect of Diethyldi(triethanolamine) Sil icate-N,N-Dioleate 
on Injection Molding Characteristics of Resins 

Pressure Required to Fill 
Resin Concn. of Silicate, % Molding Temp., °F. Mold in 1 Min. , P.S.I.G. 

Polystyrene 0 375 500 
1 375 400 

Ethocel 0 375 525 
1 375 400 

Vinylite 0 325 600 
1 325 475 

Ef fe c t s i n R u b b e r . T h e a l k a n o l a m i n e si l icate exh ib i t a p r o n o u n c e d effect o n the 
c o m p o u n d i n g a n d c u r i n g of rubber . Tests were m a d e o n r u b b e r stocks c o n t a i n i n g 
the composi t ions g i v e n i n T a b l e V I I . 

Table VII. Composition of Test Rubber Stocks 

Ingredient Blank* Control Experimental 
Smoked sheet 100 100 100 
M . P. C . channel black 500 50 50 
Stearic acid — 4 — 
Alkanolamine silicate — — 4 
° Parts by weight. 

T h e si l icates a n d s m o k e d sheets of n a t u r a l r u b b e r were m i x e d i n a B a n b u r y 
m i x e r ( F a r r e l - B i r m i n g h a m C o . , A n s o n i a , C o n n . ) for 6 hours at 145°F. T h e n hal f of 
the channe l b l a c k was added to the rubber -d i spersant m i x t u r e a n d m i x i n g was c o n 
t i n u e d for 2 hours . T h e rest of the channel b la ck was added a n d m i x i n g was 
cont inued 4 hours longer. T h e stock was d u m p e d at the end of the 1 2 - h o u r m i x i n g 
cycle . T h e stock d u m p i n g t e m p e r a t u r e a n d the t o t a l power c o n s u m p t i o n d u r i n g the 
m i x i n g operat i on are t a b u l a t e d i n T a b l e V I I I . 

F r o m the B a n b u r y m i x i n g d a t a , a l l the stock conta in ing the sil icates consume less 
power t h a n the b l a n k . T w o of the stocks, N o s . 3 a n d 5, show v e r y l o w power c o n 
sumpt ions , m u c h lower t h a n stearic a c id , w h i c h m a y ind icate h i g h l u b r i c i t y a n d good 
t u b i n g qual i t ies . 
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222 ADVANCES IN CHEMISTRY SERIES 

Table VIII. Banbury Mixing, Surface, and Extrusion Data 

Stock Length 
Dumping 

Temp., 
°F. 

Power Weight Extruded 
Stock 

Dumping 
Temp., 

°F. 
Consumed, Surface Stock Extruded, Stock 

Dumping 
Temp., 

°F. 
Consumed, Surface Stock Extruded, 

No. Additive 

Dumping 
Temp., 

°F. Watt/Hr. Bloom Tack G. Feet Inches 
1 Blank 260 676 None Slight 450 14 15 
2 Control (stearic acid) 256 550 Considerable None 448 13 6 
3 Diethyldi (triethanolamine) 

silicate-iV, iV-dioleate 259 492 None Slight 453 15 1 
4 Diethyldi (triethanolamine) 

Slight 

14 silicate^-iV, iV-distearate 256 524 Slight None 449 14 1 
5 Dibutyldi (triethanolamine) 

Slight 

Considerable silicate-iV, iV-dioleate 260 501 None Considerable 456 14 5 
6 Diethyldi (triethanolamine) 

silicate-iV-oleate 259 588 None Considerable 435 13 9 
7 Diethyldi (triethanolamine) 

V. slight silicate 258 — None V. slight 446 14 0 

T h e B a n b u r y m i x e d stocks were sheeted off the l a b o r a t o r y m i l l a f ter a 3 -minute 
b l e n d i n g p e r i o d a n d observed af ter 48 hours ( T a b l e V I I I ) . A l l stocks h a d good 
general appearance , except N o . 2 w h i c h was poor , a n d good v i s u a l q u a l i t y of d ispers ion . 
O n l y stock 4 showed a n y surface b l o o m . Stocks 3 a n d 7 exh ib i t ed the most desirable 
t a c k . 

W h e n the sheets were off the m i l l 48 hours , the stocks were r e w a r m e d o n the 
l a b o r a t o r y m i l l a n d e x t r u d e d t h r o u g h a G a r v e y die ( G . R . G a r v e y & Sons, H a m -
m o n t o n , N . J . ) . T h e tube t e m p e r a t u r e was 1 8 0 ° C , the screw speed was 45 r . p . m . , 
a n d the t im e of extrus ion was 1 m i n u t e . T h e extrus ion d a t a are t a b u l a t e d i n T a b l e 
V I I I . A l l stocks were more effective t h a n stearic a c id as a l u b r i c a n t , as i n d i c a t e d b y 
the greater l e n g t h e x t r u d e d . S t o c k 3 was cons iderab ly more effective t h a n stearic a c i d 
as a die l u b r i c a n t . 

M o o n e y p l a s t i c i t y tests i n d i c a t e d t h a t none of the si l icates h a d a n y softening a c t i o n 
o n r u b b e r a n d t h a t the sil icates are essential ly l u b r i c a n t s a n d no t plast i c izers f o r 
r u b b e r . 

T h e f irst three stocks, the b l a n k , stearic a c i d , a n d stock 3, were cured to compare 
the p h y s i c a l propert ies of the stocks. T h e e x p e r i m e n t a l stocks were t a k e n a n d m i x e d 
w i t h the ingredients i n T a b l e I X . 

Table IX. Ingredients for Cured Rubber Stocks 

Ingredient 
Experimental material 
Zinc oxide 
B L E " 
Pine tar oil 
Sulfur 
Mercaptobenzothiazole 

Parts by Weight 
154.00 

5.00 
1.00 
3.00 
3.00 
0.75 

α Antioxidant for rubber (Naugatuck Chem
ical Division of TJ. S. Rubber Co., Naugatuck, 
Conn.). 

T h e stocks were cured at 274°F. for v a r y i n g lengths of t i m e . T h e p h y s i c a l propert ies 
measured d u r i n g th is test are t a b u l a t e d i n T a b l e X . 

Table X. Physical Properties of Cured Rubber Stocks 

Time of Modulus 
Cure, Tensile, % % Shore Stock 

Stock Min. 300% 500% P.S.I. Elong. Set Hardness Gravity T-50* 
Blank 20 795 2050 3775 695 34 56 1.131 + 13.1 
Control (stearic acid) 30 1080 2630 4180 670 44 60 1.131 +6.7 

45 1330 2050 4450 655 49 64 -0 .4 
60 1530 3330 4450 625 51 65 -5 .3 
90 1810 3650 4490 585 50 68 -12.5 

No. 3 20 1180 2850 4490 665 50 64 1.138 + 1.0 
30 1390 3090 4470 650 55 67 -3 .3 
45 1550 3340 4480 625 55 70 -8 .8 
60 1620 3370 4320 605 56 70 -12.3 
90 1700 3420 4290 595 54 70 -14.2 

° Temperature at which a specimen of rubber first becomes taut between the clamps. 
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KOEHLER AND LAMPREY—ALKANOLAMINE SILICATE DERIVATIVES 223 

T h e d a t a i n T a b l e X show t h a t s i l icate 3 has greater a c t i v a t i o n t h a n stearic a c id 
a n d develops equa l ly as good m a x i m u m p h y s i c a l propert ies . S i l i cate 3 is m u c h faster 
i n c u r i n g t h a n the b l a n k . W i t h as m u c h a c t i v a t i o n as is shown b y th is s i l icate , the 
overcured phys i ca ls have he ld u p wel l w i t h no apprec iab le increase i n m o d u l u s or 
reduc t i on i n u l t i m a t e e longat ion . 

Dispersant Characteristics 

I n nonaqueous systems, the a l k a n o l a m i n e sil icates a n d the i r der ivat ives exh ib i t 
d ispersant effects. T h i s effect is shown best b y the i r ac t ion on the g r i n d i n g propert ies 
of var i ous p igments i n p a i n t vehicles. 

P r o c e d u r e . D a t a ob ta ined w i t h t w o p igments i l lus t ra te the behav ior of these 
si l icates i n pa in ts as d i spersants : a n easy g r i n d i n g t i t a n i u m dioxide p igment , T i t a n o x -
R A , m a n u f a c t u r e d b y T i t a n i u m P i g m e n t s C o r p . ; a n d a more d i f f i cu l t ly dispersible 
organic p igment , P y r a z a l o n e R e d , m a n u f a c t u r e d b y D u P o n t . F o r the p a i n t vehic le 
i n these tests, the authors used a modi f i ed a l k y d res in , X A - C 9 9 , m a n u f a c t u r e d b y the 
S h e r w i n - W i l l i a m s C o . 

T h e m e c h a n i c a l m i x e r e m p l o y e d i n the d ispers ion tests was the Szegvar i A t t r i t o r 
N o . 01 ( U n i o n Process C o . , A k r o n 8, O h i o ) . T h i s i n s t r u m e n t is essential ly a n acceler
a ted b a l l m i l l e m p l o y i n g % - i n c h steel b a l l bearings as the g r i n d i n g elements. T h e A t 
t r i t o r was charged w i t h 200 to 300 m l . of the p igment vehic le m i x t u r e , c onta in ing 1 % 
b y weight of the d ispersant . T h e m i x i n g was s tar ted a n d at 10 -minute i n t e r v a l s a s m a l l 
sample was t a k e n f r o m the d ispers ion . T h i s s m a l l sample was p laced o n a H e g m a n gage 
(Prec i s i on G a g e & T o o l C o . , D a y t o n , Ohio ) a n d the fineness of g r i n d was de termined . 

R e s u l t s . T h e fineness values ob ta ined are p l o t t e d against the t i m e of sample 
g r i n d i n g . A curve is obta ined for each p a i n t compos i t i on . These e x p e r i m e n t a l d a t a 
are shown i n F i g u r e s 2 a n d 3 ; each curve represents the average of several tests on a 
given p a i n t compos i t i on . 
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Figure 2. Grinding rate of Titanox-RA in an alkyd resin in the 
presence of alkanolamine silicates 

F i g u r e 2 represents the d a t a obta ined b y dispers ing t i t a n i u m dioxide ( T i t a n o x - R A ) 
i n a n a l k y d res in ( X A - C 9 9 ) . T h e charge added to the A t t r i t o r conta ined 150 grams 
of T i t a n o x - R A , 147 grams of a l k y d res in ( X A - C 9 9 ) , a n d 3 grams of d ispersant . T h e 
dispersants d i e t h o x y d i ( t r i e t h a n o l a m i n e ) s i l i ca te -A f ,N -d i o l ea te , d i e t h o x y d i ( / 3 - d i e t h y l -
a m i n o e t h y l ) s i l i ca te -A f ,N-d io l ea te , a n d d i b u t o x y d i ( t r i e thano lamine ) s i l i cate -JV ; J /V-
dioleate are effective f or th is p igment -veh i c l e c ompos i t i on . N o t o n l y d i d the sil icates 
g ive better dispersions, as i n d i c a t e d b y the H e g m a n gage results , b u t they also d i s 
persed the t i t a n i u m dioxide m o r e r a p i d l y i n the vehic le . 
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224 ADVANCES IN CHEMISTRY SERIES 

T h e b l a n k , a test sample c onta in ing no d ispersant , r e q u i r e d 30 m i n u t e s of g r i n d i n g 
i n the A t t r i t o r to reach a fineness of 6.5. T h e s i l i cate , added to the extent of 1 p a r t 
per 100 par t s of m i x b y weight , reduced the g r i n d i n g t i m e to 23 m i n u t e s . T h i s 
r e d u c t i o n of 7 minutes represents a 2 3 % decrease i n the o v e r - a l l g r i n d i n g t i m e . 
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Figure 3. Grinding rate of Pyrazolone Red-Titan-
ox-RA in an alkyd resin in the presence of 

alkanolamine silicates 

T h e d a t a i n F i g u r e 3 show the change i n fineness w i t h g r i n d i n g t i m e of pa in ts 
c o n t a i n i n g 1 0 % of the p igment as P y r a z a l o n e R e d . T h e p a i n t tested conta ined 108 
grams of T i t a n o x - R A , 12 grams of P y r a z a l o n e R e d , 177 grams of a l k y d res in , a n d 3 
grams of d ispersant . 

T h e d ispersant d i e t h o x y d i ( t r i e t h a n o l a m i n e ) sil icate—A^iV-dioleate is v e r y effective 
i n d ispers ing the p igment m i x t u r e i n i ts vehic le . A f t e r 65 minutes , the b l a n k reached 
a fineness of 6.5, whi l e the p a i n t c o n t a i n i n g the si l icate gave a fineness of 7 a t the 
end of the same g r i n d i n g p e r i o d . T h e p a i n t sample c o n t a i n i n g the a d d i t i v e a t t a i n e d 
a fineness of 6.5 i n 43 minutes , whereas the b l a n k took 65 minutes to reach th is sample 
fineness. T h i s difference of 22 minutes represents a 3 4 % decrease i n the g r i n d i n g t i m e . 
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Alkyl Methoxysilane Water Repellents 

HEADLEE LAMPREY and JAMES O. KOEHLER 
National Carbon Research Laboratories, Parma, Ohio 

A new class of textile water repellents, of the non
durable type, is described. These compounds are 
long-chain alkyl methoxysilanes, a representative ex
ample being distearyl methoxysilane. Besides giving 
superior repellency performance, these compounds 
require no elevated temperature curing on the fiber 
and they give a superior hand to the fabric. Com
parative performance data cover spray ratings, rain 
tests, permeability measurements, durability deter
minations, and practical service tests. Special atten
tion is given to the application of these new materials 
to dry-cleaned cloth, which may contain traces of 
dry-cleaning soaps and detergents. 

A series of improved water-repellent compounds has been developed which are suit
able for use on textiles, paper, wood, leather, and other materials. They are silane 
derivatives of the general classes (CH 3 0) 2 SiR2 and CH 3 OSiHR 2 where R is a long-
chain alkyl group containing 12 to 18 carbon atoms or more. A preferred compound 
of the group is distearyl methoxysilane, ( C l s H 3 7 ) 2 S i H O C H 3 , or a dimer or trimer 
thereof. 

While other methods are available for making this compound on a commercial 
scale, a convenient method for making it in the laboratory is through the Grignard 
synthesis. The four steps in this synthesis are (1) conversion of stearyl alcohol to 
stearyl bromide or chloride, (2) reaction of the latter with magnesium to form the 
Grignard reagent, (3) reaction of the Grignard reaction with trichlorosilane, and (4) 
replacement of chlorine by methoxy. The equations are: 

C 1 8 H 3 7 OH + IIBr -> Ci 8H 3 7Br + H 2 0 (1) 
dry 

C 1 8H 3 7Br + Mg > C 1 8H 3 7MgBr (2) 
ether 

2C1 8H3 7MgBr + SiHCl 3 -+ (C 1 8H 3 7),HSiCl + MgCl 2 (3) 

(C 1 8H 3 7) 2HSiCl + CH 3OH (C 1 8H 3 7) 2HSiOCH 3 + HC1 (4) 

The product is a white, waxy solid melting in the range between 165° and 170°C. 
It is insoluble in water, but readily soluble in such organic solvents as naphtha, 
petroleum ether, benzene, perchloroethylene, and carbon tetrachloride. 
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226 ADVANCES IN CHEMISTRY SERIES 

Formulas 

F o r m u l a s for solutions used to i m p a r t water repel lency to c l o th a r e : 

D i s t e a r y l methoxysilane 
A l u m i n u m isopropoxide 
Stoddard Solvent 

I , % 
30 

3 
67 

Π , % 
5.0 
0.5 

94.5 

F o r m u l a I is a concentrate or master so lut ion w h i c h , when d i l u t e d w i t h five 
vo lumes of S t o d d a r d So lvent , gives F o r m u l a I I . T h e l a t t e r is the w o r k i n g so lut i on 
used i n most of the tests repor ted below. T h e a l u m i n u m isopropox ide i n these 
f o rmulas serves to fix the s i l i con c o m p o u n d more firmly to the fabr i c be ing t rea ted . 
I t m a y be replaced , i f desired, b y other compounds such as b u t y l t i tanate or t e t r a b u t y l 
o r thoz i r conate . A l u m i n u m soaps do not appear to w o r k as we l l i n th is c a p a c i t y . 

Ins tead of d isso lv ing the s i l i con c o m p o u n d i n an organic so lvent , as i n F o r m u l a I I , 
one m a y emuls i fy i t i n water , us ing a n e m u l s i f y i n g agent such as a m m o n i u m or 
m o r p h o l i n e oleate, or cety l d i m e t h y l b c n z y l a m m o n i u m chlor ide . 

Test Methods 

T h e q u a l i t y of fabr ics t reated w i t h water - repe l lent finishes is de termined b y s u b 
j ec t ing t h e m to s t a n d a r d repel lency tests, fastness tests, a n a i r p e r m e a b i l i t y test, a n d 
p r a c t i c a l d r y - c l e a n i n g tests. O u t of a long l i s t of possible tests the f o l l owing six (1) 
were chosen for use i n exper imenta l w o r k : 

Method 1. Exploratory "Spray Rating" Test (for Repellency Evaluation) . 
T h e test spec imen, a 7 X 7 i n c h square piece of t reated fabr i c , is fastened securely i n 
the 6 - inch m e t a l hoop, a n d the hoop p laced w i t h the fabr i c face u p p e r m o s t on the base 
s t a n d . T h e flow of water d o w n the fabr i c m u s t coincide w i t h the w a r p wise d i rec t i on 
of the sample—i .e . , the r ibs of the fabr i c m u s t be d iagonal to the flow of the water 
r u n n i n g off the sample . T h e n 250 m l . of w a t e r of t e m p e r a t u r e 80° ± 1°F. is p o u r e d 
in to the funne l a n d a l lowed to s p r a y on the f abr i c . T h e d u r a t i o n of the s p r a y is about 
25 to 30 seconds. 

A t the c o m p l e t i o n of the s p r a y i n g p e r i o d the hoop is he ld b y one edge, a n d the 
opposite edge t a p p e d against a so l id object . T h e hoop is ro ta ted 180° a n d t a p p e d 
once more to shake off loosely he ld water drop lets . 

A f t e r t a p p i n g , the spot ted or wet ted p a t t e r n is c o m p a r e d w i t h s tandards . T h e 
fabr i c is assigned the r a t i n g of the s t a n d a r d to w h i c h i t most n e a r l y corresponds. 

Method 2 . Rain Test (for Repellency Evaluation) . T h e s t a n d a r d d r o p pene
t r a t i o n a p p a r a t u s employed i n the r a i n test is s i m i l a r to t h a t shown i n (1). I n the 
procedure an 8 X 9 i n c h test spec imen is p laced i n the sample holder ; t h e n the sample 
holder w i t h the fabr i c is p laced on the 45° sample s u p p o r t i n the p a t h of the f a l l i n g 
drops a n d a t i m i n g device is c o n c u r r e n t l y s tar ted . T h e water passes t h r o u g h the 
fabr i c , a n d is dra ined into a graduated c y l i n d e r where i t is measured . T h e t i m e r e 
q u i r e d to collect 10 m l . of water i n th is m a n n e r is a re la t ive measure of the resistance 
of a g iven spec imen to the passage of fa l l ing drops . 

A second w a y of d e t e r m i n i n g the resistance of the fabr i c to fa l l ing drops i n th is 
m e t h o d is to determine the a m o u n t of water pass ing t h r o u g h the fabr i c d u r i n g 20 
minutes . T h i s l a t t e r procedure is the one e m p l o y e d most often i n our tests. 

Method 3. Wash Test (for Fastness Evaluation) . A s m a l l " d i a p e r w a s h e r " is 
filled w i t h water at 160°F. T h e wash so lut ion contains 0 . 2 5 % soap, 0 . 1 % s o d i u m 
b icarbonate , a n d a l i t t l e softening agent—for example , 0 . 1 % Versene . T h e test fabr i c 
is p laced i n the washer w i t h enough other f abr i c to m a k e u p the l o a d recommended b y 
the m a n u f a c t u r e r (about 2 pounds of c l o t h ) . 

T h e c l o th is washed for 15 minutes , fo l lowed b y three 5 -minute rinses. T h e fabr i c 
is d r i e d i n a n oven at 140°F. a n d i r oned . I t is a l l owed to s t a n d overn ight , a n d on the 
f o l l owing d a y the fabr i c is p u t t h r o u g h the s p r a y r a t i n g test. 

Method 4. Solvent Extraction Test (for Fastness Evaluation) . In a 1-pint 
bottle are p laced 200 ml . of clean S t o d d a r d Solvent and a test piece of fabric 7 inches 
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LAMPREY AND KOEHLER—ALKYL METHOXYSILANE WATER REPELLENTS 227 

square. T h e bott le is capped a n d shaken for 30 minutes on a s h a k i n g mach ine . T h e 
c l o t h is removed , centr i fuged to remove excess l i q u i d , a n d dr i ed i n a n oven at 140°F. 
T h e fabr i c is i r oned a n d p laced on a r a c k to age for 24 hours . A f t e r th is per i od of 
t i m e a s p r a y r a t i n g test is r u n on the test f a b r i c . 

Method 5. A i r Permeability Test. A f t e r the inner c y l i n d e r has been raised to 
the p r o p e r height , the sample piece of fabr i c is c l a m p e d securely between the orifice 
plates . T h e i n n e r c y l i n d e r is released a n d the t ime requ i red for 300 m l . of a i r to pass 
t h r o u g h the c l o t h is a measure of the a i r p e r m e a b i l i t y of the fabr i c . 

Method 6. Practical Dry-Cleaning Tests. C o n f i r m a t o r y p r a c t i c a l tests were 
made b y c o m m e r c i a l d r y cleaners. 

Discussion 

T h e r e is considerable need i n the text i le i n d u s t r y t o d a y for mater ia l s , e i ther d u r a 
ble or n o n d u r a b l e , w h i c h can be a p p l i e d to c l o t h to render i t water repel lent . These 
mater ia l s , besides be ing effective water repel lents , shou ld be easy to a p p l y , a n d i n e x p e n 
sive, a n d shou ld not decrease the a i r p e r m e a b i l i t y or i m p a i r the h a n d of the c l o t h . 
I n general , the n o n d u r a b l e repel lents are so ld e i ther as naphtha - so lub le concentrates to 
d r y cleaners, or as water -emuls i f iab le pastes to text i le m i l l s . A few are so ld i n the 
f o r m of d i lute n a p h t h a solut ions i n pressure cans, w i t h F r e o n as the p r o p e l l a n t , for use 
i n the home. 

T h e naphtha - so lub le pastes are composed of a m i x t u r e of a w a x a n d a n a p h t h a -
soluble a l u m i n u m salt such as a l u m i n u m stéarate. T h e water -emuls i f iab le pastes are 
aqueous dispersions c o n t a i n i n g a l u m i n u m acetate or formate , e m u l s i f y i n g agents, a n d 
pro tec t ive col lo ids i n the cont inuous phase a n d a b l e n d of waxes i n the dispersed phase. 
Some sil icone oils are also so ld for use i n n a p h t h a solut ions or water emuls ions . 

N o n d u r a b l e water repel lents are a p p l i e d to the fabr i c b y t w o general procedures : 
(1) T h e paste emulsi f ied i n water is a p p l i e d b y p a d d i n g a n d is d r i e d at a t e m p e r a t u r e 
a r o u n d 250°F. i n order to decompose the a l u m i n u m s a l t ; general ly a deposit of 2 or 
3 % ac t ive solids is sufficient to give sat i s fac tory results . (2) T h e naphtha -so lub le 
pastes are d i l u t e d w i t h so lvent to o b t a i n the desired t r e a t i n g so lut i on . T h e fabr i c is 
i m m e r s e d i n the t r e a t i n g so lut ion w i t h ag i ta t i on for a short per i od , r emoved , a n d cured 
at 140°F. or lower . O n new fabr ics 2 or 3 % act ive ingredients are sufficient for 
desirable results . 

T h e naphtha -so lub le w a t e r repel lents are e m p l o y e d p r i m a r i l y b y the d r y c leaner, 
a n d the d r y cleaner se ldom treats n e w fabr i c w i t h t h e m . U s u a l l y a dry - c l eaned 
garment contains a m i n u t e f i l m of soap or detergent on the surface. Because these are 
w e t t i n g agents, a n d act i n oppos i t i on to the water repel lent , a large a m o u n t of w a x 
m u s t be p u t on the fabr i c t o overcome the i r effect. O f t e n 5 to 1 0 % solids m u s t be 
a p p l i e d to the fabr i c to o b t a i n even f a i r results , a n d 15 to 1 7 % solids to o b t a i n des i ra 
ble results . Because of such l i m i t i n g condi t ions as t e m p e r a t u r e , costs, a n d equ ipment , 
the d r y cleaner cannot use durab le repel lents . A l s o , he cannot e m p l o y water - emuls i on 
t y p e of nondurab le repel lents for fear t h a t excessive shr inkage of garments m i g h t occur 
d u r i n g the t r e a t i n g process. T h e o n l y produc ts ava i lab le to the d r y cleaner are often 
the naphtha - so lub le n o n d u r a b l e pastes. 

T h e mater ia l s s tud ied i n th i s inves t iga t i on are si lane der ivat ives or l o w order s i l i 
cones. Because they c o n t a i n l ong a l k y l h y d r o c a r b o n chains t h e y are, i n a sense, a 
h y b r i d of a w a x a n d a si l icone, b o t h of w h i c h are k n o w n to have h y d r o p h o b i c or w a t e r -
repel lent propert ies . B y c o m b i n i n g t h e m i n the same molecule i t was hoped to p r o 
duce substances more repel lent t h a n either parent substance, a n d cheaper t h a n the pure 
sil icones. B y h a v i n g easi ly h y d r o l y z a b l e hydrogen or m e t h o x y groups on the s i l i con 
nucleus, i t was hoped to achieve c u r i n g of the water repel lent on the fabr i c at r o o m 
t e m p e r a t u r e . M a n y classes of silane der ivat ives were synthes ized a n d tested , i n the 
quest for mater ia l s w h i c h w o u l d p r o v e effective w h e n used i n l o w concentrat ions . 
A l k y l chains c onta in ing more t h a n 12 c a r b o n atoms were f o u n d to be necessary, pre fer -
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228 ADVANCES IN CHEMISTRY SERIES 

a b l y 16 to 18. T w o such a l k y l groups w o r k e d bet ter t h a n one or three . B r a n c h i n g 
or u n s a t u r a t i o n i n th i s c a r b o n c h a i n was deleterious. 

Results 

Exploratory Spray Rating Tests. T h e effect on several types of c l o t h of d i s t e a r y l 
methoxys i lane repel lent , i n c o m p a r i s o n w i t h var i ous text i le water - repe l l ent c o m p o s i 
t ions used c o m m e r c i a l l y b y the d r y - c l e a n i n g i n d u s t r y , is shown i n T a b l e I . These 

Table I. Spray Rating Tests on Commercial Water-Repellent Compositions 

Raincoat Formula6 Charged 
Khaki System6 

Oxford Khaki Khaki Brown Rayon Rayon Khaki 
Repellents Concn.° (New) Oxford poplin poplin wool gabardine Poplin 

A 1 :9 90 70 80 100 80 90 0 
Β 1 : 3 100 90 90 100 80 90 80 
C 1 :8 90 50 70 100 70 80 0 
D 1 : 10 50 0 0 100 80 80 0 
Ε 1 :8 90 70 70 90 70 50 0 
F 100% 50 0 0 70 50 50 0 
G 1 :7 70 70 70 100 90 90 0 
H 1:5 90 70 70 100 80 100 0 

Formula II 100 100 100 100 100 100 90 
β Recommended by manufacturer. 
6 See text. 

results have o n l y q u a l i t a t i v e signif icance. T h e t r e a t i n g solut ions were p r e p a r e d b y the 
methods prescr ibed b y the m a n u f a c t u r e r s . T h e fabr ics were added to the t r e a t i n g s o l u 
t ions a t the rate of 30 pounds of fabr i c per 100 pounds of so lut ion a n d were i m m e r s e d 
for 5 minutes . T h e fabr i c was removed a n d extrac ted u n t i l the weight increase was 
15 to 2 0 % of the weight of the f a b r i c ; th is r equ i red about 12 seconds. A f t e r e x t r a c 
t i o n the fabr i c was t u m b l e d for 30 minutes a t 140°F. T h e fabr i c was pressed a n d 
h u n g i n a n atmosphere k e p t at 70°F . a n d 6 5 % re lat ive h u m i d i t y for 24 hours before 
test ing . 

I n th is easy test, rat ings of 90 or 100 are to be considered good, 80 is f a i r , a n d 70 
or be low is poor . T a b l e I shows t h a t m a n y repel lents p e r f o r m reasonably we l l on new 
c l o t h . T h e y w o r k bet ter o n some types of c l o t h t h a n on others a n d t h e y are general ly 
less effective on c l o t h w h i c h has been dry - c l eaned a n d w h i c h contains res idual traces of 
d r y - c l e a n i n g soaps. Di f f erent d r y - c l e a n i n g methods leave b e h i n d different a m o u n t s or 
types of such soaps. N o one c o m m e r c i a l repel lent is sat i s fac tory o n a l l types of c l o th . 
F o r m u l a I I has g iven u n i f o r m l y excellent results i n this t es t ; 100 rat ings are obta ined 
w i t h such v a r i e d types of fabr i c as c o t t o n s h i r t i n g 3.65, c o t t o n p o p l i n 5.90, w i n d -
resistant co t ton p o p l i n 6.75, I n d i a n H e a d co t ton 4.85, w ind - res i s tant c o t t o n O x f o r d 
9.00, D y n e l 8.08, l inen 3.30, l i n e n 6.50, n y l o n 3.20, r a y o n 4.55, rayon -gabard ine 6.75, 
60 to 40 r a y o n woo l 10.90, s i lk 1.98, a n d pants fabr i c woo l 6.64. T h e n u m b e r s above 
refer to weights of fabr i c i n ounces per r u n n i n g y a r d of y a r d - w i d e m a t e r i a l . 

T h e s t a n d a r d methods used for d r y - c l e a n i n g the fabr ics m e r i t some descr ip t i on . 
I n the ra incoat f o r m u l a , a n emuls ion consist ing of 1 p a r t of C y c l o Soap ( d r y - c l e a n i n g 
soap s u p p l i e d b y R . R . Street a n d C o . ) , 1 p a r t of S t o d d a r d So lvent , a n d 1 p a r t of 
w a t e r was added at the rate of 3 ounces for each p o u n d of fabr i c , a n d 1 gal lon of 
S t o d d a r d So lvent . T h e n B u c k e y e p a i n t remover ( m a n u f a c t u r e d b y D a v i e s Y o u n g 
Soap Co . ) is added at the rate of 0.6 ounce per p o u n d of fabr i c to be cleaned. T h e 
fabr i c is added , a n d the l o a d is r u n for 20 minutes , a f ter w h i c h the so lvent is d r a i n e d 
f r o m the mach ine . T h e mach ine is f i l led w i t h fresh so lvent a n d the l o a d r insed for 
20 minutes . T h e fabr i c is ex t rac ted a n d is t u m b l e d at 140°F. for 30 m i n u t e s to remove 
the last traces of solvent . 

I n the charged sys tem, the washer c o n t a i n i n g S t o d d a r d So lvent is charged w i t h 
0 . 7 5 % b y v o l u m e of a synthet i c detergent (886 sold b y R , R . Street a n d C o . ) . T h e 
fabr i c is added a t the rate of 1 p o u n d of fabr i c per p o u n d of so lvent , a n d t h e n 1 ounce 
of water per p o u n d of fabr i c is added . T h e mach ine is r u n for 30 m i n u t e s , e m p l o y i n g 
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LAMPREY AND KOEHLER—ALKYL METHOXYSILANE WATER REPELLENTS 229 

constant f i l t r a t i o n . A t the end of the filtration cycle the washer is d r a i n e d a n d ref i l led 
w i t h fresh so lvent . T h e l o a d is r insed for 10 minutes a n d extrac ted . A f t e r ex t rac t i on 
the fabr i c is t u m b l e d at 140°F. for 30 m i n u t e s . 

R a i n Tes t s . A more dif f icult test for a water repel lent to pass is the r a i n test. 
H e r e w a t e r drop le ts f a l l onto the t reated c l o t h f r o m a height of 3 to 10 feet, depending 
o n the t y p e of c l o t h used, a n d the a m o u n t of water is measured w h i c h passes t h r o u g h 
the c l o t h i n a g i v e n l ength of t i m e . M a n y repel lents exh ib i t good s p r a y rat ings , b u t 
show u p v e r y p o o r l y i n the r a i n test. F i g u r e s 1 a n d 2 show the results obta ined w i t h 

Time,Minutes 
Figure 1. Rain test 

Fabric. 60 to 40 rayon-wool 
Head of water. 5 feet 

Fabric. 7-ounce, cotton Oxford (dry cleaned) 
Head of water. 5 feet 
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230 ADVANCES IN CHEMISTRY SERIES 

a new 60 to 40 r a y o n - w o o l a n d a dry - c l eaned co t ton O x f o r d (7 ounce) fabr i c , b o t h 
u n d e r a 5-foot head of water . A s i d e f r o m F o r m u l a I I , the products tested are p r o b 
a b l y the largest se l l ing n o n d u r a b l e repel lents used b y the d r y - c l e a n i n g i n d u s t r y . 

A i r Permeability Tests. I t is not dif f icult to t reat fabr i c so t h a t i t sheds water , 
even i n a r a i n test a p p a r a t u s , i f the pores i n the fabr i c are clogged. I n e v a l u a t i n g 
water - repe l l ent composi t ions , i t is , therefore , i m p o r t a n t to measure t he i r a i r p e r m e a b i l 
i t y a f ter the water - repe l l ency t r e a t m e n t has been a p p l i e d to the c l o t h . T h e results of 
tests on cot ton O x f o r d c l o t h are shown i n T a b l e I I . N o n e of the produc t s clogs the 

Table II. Air Permeability of 7-Ounce 
Khaki Oxford Fabric 

Repellent Time to Pass Reduction, 
Used 300 M l . of Air, Sec. % 
None 26 — 

A 26 0 
Β 28 8 
C 29 12 
Ε 29 12 
J 54 107 
Κ 31 20 

Formula I I 28 8 

pores excessively except p r o d u c t J , a n d poss ib ly p r o d u c t K . O t h e r types of c l o t h give 
s i m i l a r results i n th i s test . 

Fastness Tests. T h e d u r a b i l i t y of repe l l ent - t reated fabr i c samples was tested b y 
sub jec t ing t h e m to w a s h tests descr ibed i n M e t h o d 3. A t t e m p t s were m a d e to remove 
the water - repe l l ent f i lms b y wash ing w i t h S t o d d a r d So lvent as w e l l as w i t h soap a n d 
water . S p r a y rat ings were de te rmined o n the fabr i c samples b o t h before a n d after the 
washings. 

Table 

Repellent 
Treatment 

Β 
Formula II 

Zelan 

Effect of Washing and Dry Cleaning 
of Treated Fabrics 

Spray Rating Values 

Treated cloth 
100 
100 
100 

After wash 
50 
50 

100 

After dry cleaning 
70 
70 

100 

Z e l a n is a w a t e r repel lent of the d u r a b l e t y p e ; F o r m u l a I I is a repel lent of the 
nondurab le t y p e . 

Practical Dry-Cleaner Tests. I n order to get experience w i t h c o m m e r c i a l pract i ce , 
samples of repel lent t reatments f r o m var i ous d r y - c l e a n i n g establ ishments i n the C l e v e 
l a n d , O h i o , area were secured. R a y o n gabardine fabr i c was obta ined , w h i c h , as shown 
i n T a b l e I , c o l u m n 8, is a n easy m a t e r i a l to m a k e water repel lent . Severa l y a r d lengths 
of th i s c l o t h were sent to each of several cleaners w i t h ins t ruc t i ons to c lean a n d t rea t 

Table IV. Commercial Treatments in the Cleveland A r e a 

Water-
Repellent 
Product 
Tested 

Formula I I 
A 
Β 
C 
G 

Cloth Cleaned 
and Treated 
by Authors 
(Raincoat 
Formula) 

100 
90 
90 
80 
90 

Cloth Cleaned 
and Treated 

by Local 
Dry Cleaners* 

80, 100 
80, 80 
90. 0 

Cleaned by Outside Cleaner, 
Treated by Authors 

Charged 
system 

100 
80 
90 
80 
70 

Raincoat 
formula 

100 
90 
90 
80 
90 

α Results from two different cleaners. 

t h e m as descr ibed i n T a b l e I V . ( O n l y those cleaners p a r t i c i p a t e d who disclosed the 
p a r t i c u l a r water - repe l l ent p r o d u c t s used.) O n receipt of the t rea ted c loths , s p r a y r a t -
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LAMPREY AND KOEHLER—ALKYL METHOXYSILANE WATER REPELLENTS 231 

i n g tests were m a d e . C o l u m n 3 shows t h a t the water - repe l l ent t r e a t m e n t being so ld b y 
some d r y cleaners is no t v e r y effective, p a r t i c u l a r l y w h e n i t is remembered t h a t th i s is 
a n easy fabr i c to t reat . T h e zero result i n c o l u m n 3 suggests t h a t the cleaner c leaned 
the c l o t h , b u t d i d not give i t the water - repe l l ent t r e a t m e n t . 

F u r t h e r p r a c t i c a l a p p l i c a t i o n tests have been m a d e b y arrangements w i t h a d r y 
cleaner, to t reat 5 0 - p o u n d batches of var i ous fabr ics after c leaning t h e m b y either the 
ra incoat f o r m u l a or the more w i d e l y used charged sys tem. T h e w a t e r repel lency of 
these mater ia l s was t h e n tested i n the l a b o r a t o r y . T h e repel lency values have been 
u n i f o r m l y h igher t h a n those g i v e n b y c o m m e r c i a l n o n d u r a b l e repel lents , a n d the h a n d 
of the t rea ted fabr i c was good. 

Preparation of Distearyl Methoxysilane 

I n a 12- l i ter flask, f i t ted w i t h a s t i r r e r , a gas in le t tube w h i c h reaches n e a r l y to 
the b o t t o m of the f lask, a n d a ref lux condenser, is p laced 5000 grams (18.5 moles) of 
oc tadecy l a l coho l . A thermometer is suspended inside the condenser so t h a t the b u l b 
is below the surface of the a l coho l . T h e a l coho l is heated to 1 0 0 ° C , a n d d r y h y d r o g e n 
b r o m i d e is passed i n at 100° to 120°C. u n t i l no more a b s o r p t i o n occurs (about 2 
h o u r s ) . T h e crude oc tadecy l b r o m i d e p r o d u c t is t rans fe r red to a separatory funne l , 
separated f r o m the aqueous h y d r o b r o m i c ac id f o rmed d u r i n g the reac t ion , a n d shaken 
w i t h one t h i r d i ts v o l u m e of concentrated su l fur i c a c i d to remove the unreac ted a l coho l . 
T h e lower a c i d l a y e r is d r a w n off a n d d iscarded . T h e res idual b r o m i d e is m i x e d w i t h 
a n equa l v o l u m e of 9 0 % m e t h a n o l a n d aqueous a m m o n i a is added w i t h i n t e r m i t t e n t 
s h a k i n g u n t i l the so lut ion is a lka l ine to p h e n o l p h t h a l e i n . T h e lower b r o m i d e l a y e r is 
d r a w n off a n d washed once w i t h 9 0 % m e t h a n o l . I t is t h e n d r i e d w i t h c a l c i u m chlor ide , 
f i l tered, a n d d i s t i l l e d . T h e y i e l d of the oc tadecy l b rom ide p r o d u c t , b o i l i n g at 213° to 
216°C . / 14 m m . m e r c u r y , is 5360 grams ( 8 7 % of t h e o r y ) . 

I n a 5- l i ter , 3-necked flask f i t ted w i t h a s t i r re r , s eparatory f u n n e l , a n d a condenser 
equ ipped w i t h a c a l c i u m chlor ide tube , is p laced 100 grams of m a g n e s i u m t u r n i n g s . A 
s m a l l c r y s t a l of iodine a n d about 100 m l . of a n h y d r o u s ether are added . T h e n 100 m l . 
of a m i x t u r e of 1330 g rams (4 moles) of n -o c tadecy l b r o m i d e a n d 2 l i t e rs of d r y ether 
is added . L o c a l i z e d heat ing m a y be a p p l i e d to s tar t the react ion , i f desired, a n d af ter 
i t has s tar ted , the rest of the bromide -e ther m i x t u r e is added over a p e r i o d of 1 to 2 
hours , as de termined b y the rate of ref lux. A f t e r complete a d d i t i o n , the m i x t u r e is 
ref luxed for another hour to ensure c o m p l e t i o n of the reac t i on . F i n a l l y , i t is d i l u t e d 
w i t h a n a d d i t i o n a l 2 l i ters of a n h y d r o u s ether for use i n the next step. 

I n a 6- l i ter , 3-necked flask equ ipped w i t h a d r o p p i n g funne l , mercury - sea l ed s t i r r e r , 
a n d a reflux condenser e q u i p p e d w i t h a c a l c i u m chlor ide tube , are p laced 67.7 grams 
(0.5 mole ) of t r i ch loros i lane a n d 2 l i ters of d r y benzene. S t i r r i n g is commenced . 
T h r o u g h the d r o p p i n g funne l is added 312.5 grams (1 mole ) of n -oc tadecy l m a g n e s i u m 
dissolved i n a l i t e r of e ther—i .e . , the p r o d u c t f r o m the foregoing p a r a g r a p h . T h i s a d d i 
t i o n is m a d e over a p e r i o d of 2 hours , a t a t e m p e r a t u r e below 3 0 ° C . T h e contents of 
the flask are s t i r r e d for a n a d d i t i o n a l h o u r to complete the react ion . T h e n 48 grams 
(1.5 moles) of m e t h a n o l is added d r o p wise so as not to let the t e m p e r a t u r e rise above 
3 0 ° C , w h i c h requires a n a d d i t i o n a l 2 hours . T h e n the flask is heated to 70° to 8 0 ° C , 
whi le a s t r e a m of d r y n i t rogen is passed over the surface . H e a t i n g a n d s t i r r i n g are 
c ont inued u n t i l evo lu t i on of h y d r o g e n chlor ide ceases; th is requires about 6 hours . 
T h e contents of the flask are t h e n cooled a n d f i l tered. T h e f i lter cake is washed twice 
w i t h two 5 0 - m l . por t i ons of d r y benzene. T h e f i l t rate is f rac t i onated at atmospher i c 
pressure to remove the benzene, m e t h a n o l , a n d res idual ether. A n o i l y f r a c t i o n w h i c h 
d is t i l l s at 160° to 2 2 5 ° C . / 3 m m . is removed a n d d iscarded . T h e p r o d u c t , a n a m b e r -
co lored l i q u i d a t e levated temperatures , is p o u r e d i n t o a flask, s toppered , a n d a l l owed 
to cool . A t r o o m t e m p e r a t u r e i t is a whi te so l id m e l t i n g at 65-67°C. 

Found on Analysis, % Calculated for (ΟηΆι&ϊΟ)χ,% 
Carbon 
Hydrogen 
Silicon 

77.3 
13.5 
5.8 

78.4 
13.5 
5.1 

T h e mo le cu lar weight b y e b u l l i o m e t r y was 1120, so t h a t , i n the f o r m u l a 
( C 3 e H 7 4 S i O ) a . , the va lue of χ is 2.0, i n d i c a t i n g s l ight p o l y m e r i z a t i o n . 
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Redistribution of Organochlorosilanes 

B. A. BLUESTEIN and H. R. McENTEE 
Silicone Products Department, General Electric Co., Watertord, Ν. Y. 

The chemical groups bonded to silicon can be caused 
to redistribute to form new substituted silane species. 
Prior work, describing such reactions of inorgano-, 
organo-, and mixed silanes, is reviewed. Some of 
these redistributions can be of interest for the im
portant commercial methods of manufacturing or
ganochlorosilanes. The specific example of the 
methylchlorosilanes is discussed in this connection. 
Laboratory and pilot plant data obtained using a 
new catalyst, sodium chloroaluminate, for this reac
tion are presented. The advantages, preparation, 
activity, and life of the sodium chloroaluminate 
catalyst are also discussed. 

M o s t organometallic compounds (of polyvalent metals) and many inorganic com
pounds undergo redistribution reactions—that is, the groups bonded to the central 
metal atom are capable of interchanging with substituents on another metal atom. 
Symbolically, this may be represented by 

R — M + R ' — M ' <=> R — M ' + R ' — M (1) 

This transfer or redistribution can occur between compounds containing metals of the 
same or of different species. Calingaert (3) has described a specific type of "redis
tribution reaction." Such reactions are characterized by zero heats of reaction and 
equilibrium constants which vary little with temperature and which are essentially 
determined by entropy changes. Only a limited number of organic reactions are 
known to fulfill these conditions. 

The redistribution of groups attached to silicon is a very general phenomenon. 
Only a few types of these redistributions have been demonstrated to fall into Calin-
gaert's classification. Most substituted silane redistributions appear to be equilibrium 
reactions, but usually the equilibrium is displaced and is not determined by entropy 
considerations alone. Interchanges are known to occur among organic, inorganic, and 
hydrogen groups bonded to silicon and the extant literature is discussed from this 
point of view. It is not the purpose of this paper to discuss silane redistributions 
involving other metal compounds (such as the Grignard or organozinc alkylations of 
chlorosilanes). The application of the redistribution of organochlorosilanes to their 
commercial synthesis will be described later. 

Inorganic Redistributions 

Although the halides of silicon have been known for many decades, it is only in 
recent years that a few studies have been undertaken with respect to their redistri-
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234 ADVANCES IN CHEMISTRY SERIES 

bution chemistry. Forbes and Anderson (29) and Besson (15) have shown that mixed 
halogenosilanes can be made to undergo disproportionation at elevated temperatures. 
Thus, in the absence of catalysts : 

I S i C l 3 -> I S i C l . + I 2 S i C l 2 + IaSiCl + I 4 S i + C l 4 S i (2) 

The products formed in this reaction were in the correct statistical ratios to fall within 
the scope of the Calingaert redistribution reaction. A similar situation was found to 
prevail with the chloroisocyanates of silicon (1). However, chlorothiocyanates of 
silicon behaved differently (2, 80) in that the reaction 

600°C 
C l 3 S i ( N C S ) >' S i C U + S i ( N C S ) 4 (3) 

has an equilibrium constant of only about 0.1. This reaction was also found to pro
ceed slowly at room temperature. 

Halogenosilanes also undergo interchanges with alkoxy silanes. Thus triethoxy-
chlorosilane and ethoxytrichlorosilane disproportionate readily at 100°C. (49). How
ever, diethoxydichlorosilane is not changed under these conditions. Ethyl silicate and 
silicon tetrachloride redistribute (23) to form all possible chloroethoxysilanes. Dif
ferent results are reported (23) with fluoroethoxysilanes in that triethoxyfluorosilane 
seems stable whereas the others disproportionate at room temperature. The easy 
disproportionation of diethoxydifluorosilane was not noted by Peppard, Brown, and 
Johnson (89), who were able to isolate this compound. Some of the results de
scribed above are beclouded by the fact that acids act as catalysts for these redistri
butions and that the side reaction 

= S i - — Ο — C 2 Η 5 + = S i — C l -> = S i — O S i = + C 2 H 5 C 1 (4) 

is reported to occur (49). These types of redistributions have also been demon
strated to occur where the alkoxychlorosilanes have organic or hydrogen groups 
bonded to the silicon (3, 35). It was concluded that such organo groups increase 
the stability of the corresponding alkoxychlorosilanes. 

Very little has been done on the interchange of alkoxy groups bonded to silicon. 
It has been found that different alkyl silicates can react with each other to form all 
possible combinations of silicates (40, 4%)· These alkoxy redistributions are cata
lyzed by both aluminum chloride and aluminum ethoxide. 

The redistribution of hydrogen and halogen atoms attached to silicon is among 
the most facile to effect. Trifluorosilane disproportionates even at liquid nitrogen 
temperature (17) and the other fluorohydrogensilanes are also readily redistributed 
(24). No added catalyst was found necessary to redistribute diiodosilane (25). 
However, catalytic techniques are necessary for hydrogen-chlorine interchanges. Alu
minum chloride (26, 48, 51), organic nitriles (9), and dialkylcyanamides with (11) 
or without (10) metal halide promoters have been used successfully. All of these 
catalysts have also been used where organic groups are bonded to the silicon. The 
reactions involved in this type of redistribution do not lead to a statistical distribu
tion of all the possible products. Alkoxy groups are similar to halogens in their 
ability to interchange with hydrogen atoms in silanes. Basic types of catalysts such 
as sodium metal (31) and alkali metal alkoxides (4, 7, 34) have been generally used, 
although metal halides are also applicable (26, 27). All the work done has been on 
the disproportionation type of reaction and no attempts have been made to establish 
the existence of an equilibrium state. 

Organic Redistributions 

The reactions discussed heretofore have not been concerned with the transfer of 
organic groups from one silicon compound to another where such transfers involve 
carbon-silicon bonds. That such rearrangements can occur was demonstrated in 1874 
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BLUESTEIN AND McENTEE—REDISTRIBUTION OF ORGANOCHLOROSILANES 235 

b y L a d e n b u r g (37). H e showed t h a t the a l k y l a t i o n of pheny l t r i ch lo ros i l ane resul ted 
i n a d i p h e n y l s i l i c o n c o m p o u n d 

C 6 H 6 S i C l 3 + Z n ( C 2 H 5 ) 2 -> C 6 H 5 S i ( C 2 H 5 ) 3 + ( C 6 H 5 ) 2 S i ( C 2 H 5 ) 2 + S i ( C 2 H 5 ) 4 (5) 

A s i m i l a r t y p e of phenomenon was also observed (22) w h e n i n the course of some 
hydrogénation studies at 300°C . rearrangements of s i l i con-bonded organic groups were 
f o u n d to occur . 

2 C 2 H 5 S i ( C H 3 ) 3 - * ( C 2 H 6 ) 2 S i ( C H 3 ) 2 + S i ( C H 3 ) 4 (6) 

These i n c i d e n t a l observat ions were the forerunners of the w o r k done b y C a l i n g a e r t 
a n d coworkers (19, 20, 83), concerning the r e d i s t r i b u t i o n reac t ion of organosi lanes. 
T h e y s tud ied the spécifie reac t ion of te t raethy ls i lane a n d t e t r a p r o p y l s i l a n e c a t a l y z e d 
b y a l u m i n u m chlor ide a t 1 8 0 ° C , a n d showed the f o r m a t i o n of the s ta t i s t i ca l l y c a l c u 
la ted amounts of a l l the possible e t h y l p r o p y l s i l a n e s . Others , w o r k i n g w i t h th is reac 
t i o n (32), have obta ined no evidence for the i s omer i za t i on of the p r o p y l groups d u r i n g 
t h e i r t rans fer . 

T h e o rganohydrogen silane red i s t r ibut i ons inves t iga ted to date have a l l i n v o l v e d 
p h e n y l groups . T h u s phenyls i lane red is tr ibutes a t r o o m t e m p e r a t u r e , w i t h a l u m i n u m 
chlor ide , to give good y ie lds of te t rapheny ls i lane a n d si lane (4?)-

4 C 6 H 6 S i H 3 - » ( C 6 H 5 ) 4 S i + 3 S i H 4 (7) 

P h e n y l m e t h y l s i l a n e , ( C 6 H 5 ) ( C H 3 ) S i H 2 , a n d phenylch loros i lane , C 6 H 5 C l S i H 2 , u n d e r 
the same condit ions y i e l d produc ts w h i c h ind i cate t h a t the p h e n y l , h y d r o g e n , a n d 
m e t h y l or chloro groups a l l shi f t a r o u n d d u r i n g the r e d i s t r i b u t i o n . U n d e r somewhat 
modi f i ed e x p e r i m e n t a l condit ions , however , pheny ld i ch loros i lane is repor ted (SO) to 
y i e l d o n l y d ichloros i lane a n d d ipheny ld i ch loros i lane : 

2 C 6 H 5 H S i C l 2 -> ( C 6 H 5 ) 2 S i C l 2 + H 2 S i C l 2 (8) 

t h a t is , the chloro groups do not red i s t r ibute at a l l . B e n k e s e r a n d F o s t e r (18, 14) 
have shown t h a t w i t h a s o d i u m - p o t a s s i u m a l l oy as a cata lys t a l l the p h e n y l h y d r o g e n 
silanes can be converted to t e t r a p h e n y l s i lane. U n d e r these a lka l ine condi t ions m e t h y l 
groups d i d not red i s t r ibute . P h e n y l p o t a s s i u m was, therefore , pos tu la ted to be a n 
intermed ia te i n th is t y p e of r e d i s t r i b u t i o n : 

( C 6 H 5 ) 2 S i H 2 + Κ —> C 6 H 5 K + ( C 6 H 6 ) H 2 S i K (9) 

( C 6 H 5 ) 2 S i H 2 + C e H 6 K -> ( C 6 H 5 ) 3 S i H (10) 

( C 6 H 5 ) 3 S i H + C 6 H 5 K - * ( C 6 H 5 ) 4 S i (11) 

T h e last m a j o r t y p e of r e d i s t r i b u t i o n is t h a t between organos i l i con a n d c h l o r o -
or a l k o x y l s i l i c o n . A l k o x y groups have been shown to interchange w i t h a r y l a n d 
a l k e n y l groups w i t h s o d i u m ethoxide catalys is (5, 6, 8). U n d e r these m i l d ref lux c o n 
d i t ions , the sa tura ted a l k y l groups do not shi f t . 

T h e phenylchloros i lanes have been f o u n d to d i spropor t i onate s l owly w i t h basic 
ca ta lys ts (14, 36) to f o r m te t rapheny l s i l ane . T h e reverse reac t i on a p p a r e n t l y also 
proceeds. A l t h o u g h i t was ear l ier s tated (41) t h a t t e t rapheny l s i l ane d i d no t react 
w i t h s i l i con te t rach lor ide a t 3 0 0 ° C , a subsequent patent (28) showed the f o r m a t i o n 
of phenylch loros i lanes f r o m these react ants . 

M o s t of the p r e v i o u s l y discussed r e d i s t r i b u t i o n react ions are of academic interest 
o n l y . T h e methy l ch lo ros i l ane red i s t r ibut i ons , however , appear of c o m m e r c i a l i m p o r 
tance. T h i s s i t u a t i o n preva i l s f or several reasons. F i r s t , the methy lch loros i lanes 
are the largest g roup of chemicals used i n the p r e p a r a t i o n of sil icones f or c o m m e r c i a l 
e x p l o i t a t i o n . Secondly , t w o of the c o m m e r c i a l l y ava i lab le methods of m a n u f a c t u r i n g 
m e t h y l c h l o r o s i l a n e s — ( 1 ) the d irect process of m e t h y l ch lor ide w i t h s i l i con a n d (2) the 
G r i g n a r d process of m e t h y l ch lor ide w i t h m a g n e s i u m a n d s i l i con te t rach lor ide (43)— 
result i n complex m i x t u r e s of all the possible methy l ch loros i lanes 
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236 ADVANCES IN CHEMISTRY SERIES 

C H 3 C I + S i ( C u ) 
\ 

CH3S1CI3 + ( C H 3 ) 2 S i C l 2 + ( C H 3 ) 3 S i C l (12) 
/* 

C H 3 C I + M g + S i C l 4 

Because these species are no t used i n the same rat ios i n w h i c h they are p r o d u c e d , 
methods of i n t e r c o n v e r t i n g or r e d i s t r i b u t i n g these b y - p r o d u c t s shou ld be of economic 
i m p o r t a n c e . 

T h e r e d i s t r i b u t i o n of methy lch loros i lanes was first r epor ted b y Sauer a n d H a d s e l l 
i n 1948 (46). T h e y showed t h a t the react ions proceeded a t 250° to 450°C . u n d e r 
the influence of a l u m i n u m chlor ide . T h e red i s t r ibut i ons were a l l e q u i l i b r i u m react ions, 
b u t dev ia ted f r o m the r a n d o m n a t u r e s t i p u l a t e d b y C a l i n g a e r t ' s react ions . I t was 
also f o u n d possible to m e t h y l a t e p h e n y l - a n d ethylchloros i lanes us ing the m e t h y l c h l o 
rosi lanes. Z e m a n y a n d P r i c e (52) have s tud ied the k inet i cs a n d t h e r m o d y n a m i c s of 
the react ion . T h e y obta ined the e q u i l i b r i u m constants for the react ions : 

# 3 5 0 = 75 (13) 

K 3 5 0 = 40 (14) 

(15) 

was too slow to be measured b y t h e i r techniques . T h e red i s t r ibut i ons were a l l h o m o 
geneous a n d gaseous. T h e rates v a r i e d l i n e a r l y w i t h the a l u m i n u m chlor ide concen
t r a t i o n a n d were first order i n chlorosi lanes. T h e a l u m i n u m chlor ide was shown to 
be complexed w i t h the chlorosi lanes. T h e react ion m e c h a n i s m pos tu la ted was first a 
r a p i d c o m p l e x i n g of a l u m i n u m chlor ide w i t h the chloros i lane, resu l t ing i n a weakened 
s i l i con-chlor ine b o n d . Second, the react ion of the complex w i t h another chlorosi lane 
molecule to exchange a t e t rach lo roa luminate e n t i t y for a m e t h y l o r pre fe rab ly for a 
chloro group . These methy l ch loros i lane red i s t r ibut i ons were subsequent ly described 
i n the patent l i t e r a t u r e . B o t h a l u m i n u m chlor ide , condensed phase (12, 44, 4$), a n d 
s o d i u m ch lo roa luminate , v a p o r phase (16), systems have been descr ibed. 

Redistribution Catalyst and Equipment 

T h e a p p l i c a b i l i t y of s o d i u m ch lo roa luminate to the r e d i s t r i b u t i o n of the m e t h y l 
chlorosi lanes has been s tud ied i n this l a b o r a t o r y . B o t h l a b o r a t o r y a n d p i l o t p l a n t 
d a t a have been obta ined a n d the per t inent detai ls thereof are descr ibed below. A l 
t h o u g h a l u m i n u m chlor ide funct ions as a cata lys t for th is purpose , i t has cer ta in 
inherent d isadvantages . Because the methy l ch loros i lane red i s t r ibut i ons us ing a l u m i 
n u m chlor ide are re la t i ve ly s low, large v o l u m e or h igh pressure reactors a n d / o r large 
concentrat ions of a l u m i n u m chlor ide are needed for a reasonable rate of p r o d u c t i o n . 
These condit ions are compl i ca ted b y the v o l a t i l i t y a n d ease of s u b l i m a t i o n of the 
a l u m i n u m chlor ide w h i c h create h a n d l i n g a n d recyc l ing prob lems . A r e l a t i v e l y n o n 
vo la t i l e , more efficient ca ta lys t w o u l d enable the use of a cont inuous process at r e l a 
t i v e l y l o w or even atmospher i c pressure. P r e l i m i n a r y exper iments showed t h a t so
d i u m c h l o r o a l u m i n a t e is such a ca ta lys t . 

S o d i u m c h l o r o a l u m i n a t e is a so l id w h i c h mel ts at 185°C. a n d is s tated (21) t o 
b o i l a t about 8 0 0 ° C . I t s v a p o r p r e s s u r e - t e m p e r a t u r e re lat ionships (38) ind i ca te t h a t 
some s l ight decompos i t i on m a y occur at v e r y h i g h temperatures . S o d i u m c h l o r o a l u 
m i n a t e c a n be p r e p a r e d b y heat ing s o d i u m chlor ide w i t h a l u m i n u m chlor ide u n t i l a 
clear m e l t is ob ta ined . F o r use as a r e d i s t r i b u t i o n ca ta lys t , the s o d i u m c h l o r o a l u m i 
nate funct ions best w h e n deposi ted o n a n i n e r t ca ta lys t s u p p o r t . I t has been f o u n d 
t h a t large amounts of the s o d i u m c h l o r o a l u m i n a t e can be adsorbed b y such carr iers as 
porous c lay , A l u n d u m , a n d s i l i ca . D e s p i t e the l ow m e l t i n g p o i n t of the complex sal t , 
no ca ta lys t runoff has been observed even at 500°C . T h e c a t a l y s t - c a r r i e r c o m b i n a t i o n 

S i ( C H 3 ) 4 + ( C H 3 ) 2 S i C l 2 <=> ( C H 3 ) 3 S i C l 

( C H 3 ) 3 S i C l + C H 3 S i C l 3 <=• ( C H 3 ) 2 S i C l 2 

T h e react ion : 
( C H 8 ) 2 S i C l 2 + S i C l 4 <=± CH3S1CI3 
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BLUESTEIN AND McENTEE—REDISTRIBUTION OF ORGANOCHLOROSILANES 237 

can be made by soaking the carrier in molten sodium chloroaluminate. A better 
technique, used for all the experiments described below is: (1) soak the carrier (^ - inch 
porous Alundum spheres supplied by the Norton Co., Worcester, Mass.) in a sodium 
chloride solution for several hours, (2) thoroughly dry the drained carrier at about 
200°C, and (3) heat the carrier-sodium chloride with the appropriate molar equivalent 
of aluminum chloride at 250° to 475°C. in a closed vessel (the redistribution reactor 
may be used for this). This method results in a more uniform coating of sodium 
chloroaluminate on the carrier than does the soaking technique. 

The effectiveness of sodium chloroaluminate as a redistribution catalyst was 
studied in several types of reactors. The earlier laboratory studies were done in a 
2-inch glass tube, 2 feet long, heated by a Nichrome ribbon, and equipped with a 
dropping funnel, gas inlet, safety trap, condensing system, and thermocouple well 
extending into the center of the reactor. Larger scale experiments were done in a 
4-inch-diameter, 3-foot-long steel reactor, similarly equipped. 

A small scale pilot plant was set up for evaluating continuous operations. A dia
gram of the pilot plant is shown in Figure 1. The electrically heated reactor was 

Figure 1. Pilot plant equipment 

A. Superheater TIC 
β. 6-point recorder 
C. Superheater Limitrol 
D. Reactor Limitrol 
E. Reactor TIC 
F. Reactor PRC 

G. Superheater Variac 
H. Reactor Variac 

constructed of carbon molybdenum steel and was 4 inches in inside diameter and 5.8 
feet long. The vaporizer-superheater was constructed of four consecutive passes of 
steel pipe, 4 feet long, enclosed in an electrically heated and insulated jacket. T f * 
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238 ADVANCES IN CHEMISTRY SERIES 

first pass of the heater was m a d e of 1-inch p ipe a n d was flanged a t b o t h ends to 
give access for c leaning . T h e fo l l owing three passes were % - i n c h p ipe . T h e t e m p e r a 
tures of b o t h the reactor a n d vapor i zer - superheater were contro l l ed b y use of V a r i a c s 
a n d on-off t e m p e r a t u r e - i n d i c a t i n g contro l lers . A pressure recorder contro l ler a n d 
d i a p h r a g m - t y p e c o n t r o l v a l v e was used f or regu la t ing the pressure of the sys tem. 
T e m p e r a t u r e s were measured at the center of the reactor a n d at the out let of the 
vapor i zer - superheater . T e m p e r a t u r e L i m i t r o l s were used as safety devices on b o t h 
the reactor a n d the vapor i zer - superheater to prevent overheat ing . T h e reactants were 
fed us ing a v a r i a b l e s troke r e c i p r o c a t i n g p u m p a n d feed rate was measured us ing a 
ro tameter . 

T h e operat i on of th is p i l o t p l a n t was c a r r i e d out as fol lows. T h e organoch loro -
silane feed was p u m p e d t h r o u g h the vapor i zer - superheater at a contro l l ed rate . T h e 
superheated feed t h e n passed i n t o the reactor t h r o u g h a d i p tube l ead ing to the b o t t o m 
of the cata lys t bed , t h e n u p t h r o u g h the bed , out of the reactor , a n d t h r o u g h the c o n 
denser to the receiver . Pressure was cont ro l l ed b y the pressure c o n t r o l v a l v e i n the 
vent l ine f r o m the condenser. T o m a i n t a i n reactor pressure a s m a l l s t r eam of n i t r o 
gen was b led i n t o the vent l ine just u p s t r e a m of the pressure c o n t r o l v a l v e . I n 
p u t t i n g the sys tem in to opera t i on the reactor was p u r g e d for several minutes w i t h 
d r y n i t rogen . T h e n i t rogen was t h e n d isp laced b y feeding reactants for a short t im e 
at a tmospher i c pressure. T h e sys tem was then brought to operat ing pressure. 

T h e methy l ch lo ros i lane composi t ions of b o t h the feed a n d the p r o d u c t were q u a n 
t i t a t i v e l y de te rmined us ing mass s p e c t r o g r a p h s techniques . These results were 
checked occas ional ly b y q u a n t i t a t i v e d i s t i l la t i ons . T h e var i ous methy l ch loros i lanes 
used were mater ia l s p r o d u c e d b y the Si l icone P r o d u c t s D e p a r t m e n t , G e n e r a l E l e c t r i c C o . 

Results of Laboratory Studies 

T h e first series of exper iments ( f o l l owing those of a n e x p l o r a t o r y nature ) was 
c a r r i e d out i n the 2 - inch glass reactor i n order to observe the effect of a m o u n t of 
cata lys t i n c o n v e r t i n g equ imo lar t r i m e t h y l c h l o r o s i l a n e a n d m e t h y l t r i c h l o r o s i l a n e to 
d imethy ld i ch l o ros i l ane . S i m u l t a n e o u s l y , t e m p e r a t u r e a n d residence t i m e effects were 
s tud ied . T h e results obta ined for v a r y i n g ca ta lys t amounts (49 to 108 grams of so
d i u m c h l o r o a l u m i n a t e per 1000 grams of A l u n d u m carr ier ) ; t emperatures (400° , 440° , 
4 7 0 ° C ) ; a n d residence t imes (0.6, 1.2 m i n u t e s , ca l cu la ted as the ra t i o of free space 
i n reactor to the gas ve l o c i ty ) are g iven i n T a b l e I . 

T h e averages (over a l l e x p e r i m e n t a l condi t ions except 470°C. ) for the per cent 
d imethy ld i ch l o ros i l ane f o rmed w i t h each b a t c h of ca ta lys t are p l o t t e d i n F i g u r e 2. 

Table 1. Weight Per Cent Dimethyldichlorosilane Formed 
under Various Conditions 

(Values determined b y mass spectrometer assuming that only 
methylchlorosi lanes are present i n crude product) 

Temperature, °C. 

400 440 470 

Residence Time, Min. 

NaAlCU, G. 0.6 1.2 0.6 1.2 Means 0.6 1.2 Means 

98 62 68 71 66.7 — — — 
63 —. 46 48 54 48.5 — — — 49 12 15 49 48 31.0 — — — 86 25 40 54 67 46.5 — — — 98 45 53 55 69 55.5 — — — 49 20 22 49 56 36.7 — — — 93 20 45 37 57 39.7 — — — 92 23 41 50 53 41.8 55 63 47.5 
98 45 53 54 63 53.7 67 71 58.8 
98 47 61 54 69 57.7 62 66 59.8 
92 39 36 45 58 44.5 54 65 49.5 

108 36 44 48 55 45.7 49 67 49.8 

M e a n s 35 43.5 50.9 60 57.4 66.4 
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Figure 2. Effect of catalyst concentration 

Although there is an appreciable scatter of the data, the calculation of the correlation 
coefficient indicates a linear relationship of the data plotted. 

The effect of temperature on the rate of the redistribution is shown in Figure 3. 
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Figure 3. Effect of temperature at various 
residence times 
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240 ADVANCES IN CHEMISTRY SERIES 

B o t h the residence t ime a n d t e m p e r a t u r e have a m a r k e d effect on the extent to w h i c h 
the e q u i l i b r i u m values (of Z e m a n y a n d P r i c e ) are a p p r o a c h e d . A n a l y s e s of the r e 
d i s t r i b u t i o n produc t s i n d i c a t e d t h a t the m e t h y l t r i c h l o r o s i l a n e - t r i m e t h y l c h l o r o s i l a n e 
ra t i o was equa l to t h a t of the feed. T h e var ious temperatures used affected b o t h 
silanes s i m i l a r l y . 

T h e effects of scal ing u p the chlorosi lane r e d i s t r i b u t i o n process were invest igated 
i n the 4 - inch steel reactor . B y a suitable , s ta t i s t i ca l l y designed exper iment i t was 
possible to s t u d y the effects of t e m p e r a t u r e (400° , 430° , 4 6 0 ° C ) , residence t ime (0.5, 
1.0, 1.5 m i n u t e s ) , m o l a r ra t i o of t r i m e t h y l c h l o r o s i l a n e to m e t h y l t r i c h l o r o s i l a n e i n the 
feed (0.5, 1.0, 1.5), a n d ca ta lys t l i f e . T h e e x p e r i m e n t a l design used was a 3 3 f a c t o r i a l 
confounded in to three b locks (18). T h e e x p e r i m e n t a l condi t ions a n d results are 
g i v e n i n T a b l e I I . 

Table II. Redistribution Conditions and Results 
for Confounded 3 X 3 X 3 Factorial 

(Cata lyst bed of 658 grams of N a A l C U impregnated on 8600 grams 
of 1/4-inch A l u n d u m spheres) 

Blocks 
I 

Feed Feed Residence (CH 3 ) 2 SiCl 2 Using 3% 
Temp., 

°C. 
(CH 3) 3SiCl Rate, Time, Yield, in Prod., AlCla in Feed Temp., 

°C. CHsSiCh M l . / H r . Min. % % (CH 3) 2SiCl 2 , % 
400 0.54 917 0.5 96 9.9 — — 

1.04 297 1.5 99 33.1 — — 1.56 489 1.0 98 24.6 — — 430 0.54 484 1.0 95 31.6 — — 1.04 914 0.5 90 35.8 — — 1.56 293 1.5 82 62.0 — — 460 0.54 312 1.5 90 40.5 — — 1.04 449 1.0 91 56.2 — — 1.56 880 0.5 98 50.4 — — 

Trip. Run 
with No More 
AlCls in Feed 
(CH 3) 2SiCl 2 , % 

III 

400 

430 

460 

400 

430 

460 

0.54 
1.04 
1.56 
0.54 
1.04 
1.56 
0.54 
1.04 
1.56 

0.54 
1.04 
1.56 
0.54 
1.04 
1.56 
0.54 
1.04 
1.56 

312 
440 
880 
965 
290 
438 
492 
912 
289 

482 
918 
288 
295 
471 
885 
980 
292 
437 

1.5 
1.0 
0.5 
0.5 
1.5 
1.0 
1.0 
0.5 
1.5 

1.0 
0.5 
1.5 
1.5 
1.0 
0.5 
0.5 
1.5 
1.0 

92 
97 
94 
97 
97 
97 
96 
97 
94 

95 
98 
96 
96 
97 
98 
94 
94 
98 

18.9 
21.1 
20.7 
15.2 
49.0 
39.7 
35.1 
39.5 
60.0 

12.6 
10.4 
48.8 
25.0 
30.7 
30.5 
19.7 
55.3 
55.6 

17.9 
16.2 
37.2 
41.5 
40.3 
29.7 
38.1 
M.9 
52.0 

32.3 
25.4 
45.1 
48.8 
42.8 
33.4 
49.1 
64.8 
63.0 

A n analys is of var iance of the per cent d imethy ld i ch l o ros i l ane f o r m e d showed t h a t 
a l l the m a i n factors were v e r y h i g h l y s igni f icant . T h e t e m p e r a t u r e , residence t i m e , 
a n d feed ra t i o a l l inf luenced the extent of the r e d i s t r i b u t i o n . T h e b lock differences 
were also s igni f i cant ly dif ferent, i n d i c a t i n g a lower extent of reac t ion w i t h each suc 
cessive b lock . T h e effective a m o u n t of ca ta lys t was the o n l y probab le difference 
reflected b y these b locks . T h e cause of th is ca ta lys t po isoning has not been e l u c i 
d a t e d , a l t h o u g h exper iments descr ibed be low have shown t h a t the cata lys t can be 
regenerated. 

T h e effect on the rate of the r e d i s t r i b u t i o n of the silane ra t i o i n the feed is v e r y 
in teres t ing a n d is shown i n F i g u r e 4. T r i m e t h y l c h l o r o s i l a n e is more effective t h a n 
m e t h y l t r i c h l o r o s i l a n e i n increas ing the rate . T h i s c ou ld m e a n t h a t the t r i m e t h y l c h l o 
rosi lane is more r e a d i l y adsorbed a n d a c t i v a t e d b y the ca ta lys t c a r r i e r o r t h a t the 
m e t h y l t r i c h l o r o s i l a n e is too s t rong ly complexed b y the cata lys t to be v e r y react ive . 
T h e extent of react ion , us ing the repor ted range i n feed components , seems t o be 
m u c h larger t h a n is accountable for on a p u r e l y mass ac t i on effect of m e t h y l groups . 

I n th is exper iment , as i n a l l those described us ing s o d i u m ch lo roa luminate cata lys t 
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BLUESTEIN AND McENTEE—REDISTRIBUTION OF ORGANOCHLOROSILANES 241 

alone, none of the processing var iab les s tud ied h a d a n y measurable effect on the y i e l d 
of recovered p r o d u c t or on the ra t i o of m e t h y l t r i c h l o r o s i l a n e to t r i m e t h y l c h l o r o s i l a n e 
i n the p r o d u c t . T h e amounts of undes irable b y - p r o d u c t s thus appear to be v e r y 
s m a l l . 

T h e a p p a r e n t ca ta lys t po isoning observed above c o u l d be due to (a) loss of so
d i u m c h l o r o a l u m i n a t e b y v o l a t i l i z a t i o n or s o l u t i o n ; (b) s low decompos i t i on of the 
complex to a l u m i n u m chlor ide w h i c h is lost b y v o l a t i l i z a t i o n ; or (c) decrease of ac t ive 
ca ta lys t surface b y p l u g g i n g of the carr i e r pores or b y coat ing of the carr i e r w i t h a 
nonvo la t i l e decompos i t ion p r o d u c t . T o evaluate some of these possibi l i t ies a s t u d y 
was m a d e of the a d d i t i o n of a l u m i n u m chlor ide to a silane feed for passage over 
p a r t i a l l y spent s o d i u m ch lo roa luminate r e d i s t r i b u t i o n ca ta lys t . T h e last b l o ck of 
nine exper iments of the 3 3 design was repeated r a n d o m l y us ing a feed w i t h 3 % a l u 
m i n u m chlor ide i n each silane b l e n d . A t h i r d r e p e t i t i o n of th i s same set of e x p e r i 
m e n t a l condi t ions was r u n , us ing the same ca ta lys t b a t c h , b u t w i t h e l i m i n a t i o n of the 
a l u m i n u m chlor ide f r o m the feed. T h e results of these exper iments are i n c l u d e d as 
the last two co lumns of T a b l e I I . 

I t is a p p a r e n t f r o m the results t h a t the extent of the r e d i s t r i b u t i o n reac t ion was 
greater when a l u m i n u m chlor ide was used a n d a p p a r e n t l y c ont inued to i m p r o v e w h e n 
the final b l o ck of exper iments was r u n . These conclusions were subs tant ia ted b y the 
use of S tudent ' s t test. These p r e l i m i n a r y results o n the regenerat ion of the p a r t i a l l y 
spent s o d i u m ch lo roa luminate ca ta lys t were conf i rmed a n d expanded i n the cont inuous 
p i l o t reactor w o r k . 

Pilot Plant Results 

P i l o t p l a n t studies were u n d e r t a k e n to determine the effects on the r e d i s t r i b u t i o n 
of pressure, cont inuous operat i on , a n d ca ta lys t l i fe . M e t h o d s for ca ta lys t regenerat ion 
a n d a l ternate carr iers for the s o d i u m ch lo roa luminate were also invest igated . T w o 
series of s ta t i s t i ca l l y designed exper iments were c a r r i e d out m a i n l y to s t u d y the effect 
of pressure. T h e p i l o t reactor ( F i g u r e 1) was used for these runs . T h e cata lys t bed 
for each series consisted of 22 pounds of A l u n d u m spheres i m p r e g n a t e d w i t h about 
980 grams of s o d i u m c h l o r o a l u m i n a t e sandwiched between 7 - p o u n d layers of u n t r e a t e d 
A l u n d u m spheres. C o n d i t i o n s a n d results for these exper iments are g i v e n i n T a b l e s 

Pu
bl

is
he

d 
on

 J
an

ua
ry

 1
, 1

95
9 

on
 h

ttp
://

pu
bs

.a
cs

.o
rg

 | 
do

i: 
10

.1
02

1/
ba

-1
95

9-
00

23
.c

h0
22



242 ADVANCES IN CHEMISTRY SERIES 

Table III. Effect of Pressure on Redistribution 
(Confounded 3 X 3 X 3 factorial) 

Pressure, Temp., Residence Time, % (CHi^SiCls 
Block* P.S.I.G. °C. Min. in Product 

I 60 425 1 45 
100 425 2 63 

15 425 1.5 50 
15 475 1 51 

100 475 1.5 47 
60 475 2 48 
60 450 1.5 19 
15 450 2 26 

100 450 1 13 

II 100 450 1.5 21 
15 450 1 20 
60 450 2 23 

100 475 2 24 
15 475 1.5 25 
60 475 1 13 
15 425 2 14 

100 425 1 5 
60 425 1.5 7 

III 100 425 1.5 6 
60 425 2 11 
15 425 1 11 
15 450 1.5 20 
60 450 1 12 

100 450 2 14 
100 475 1 13 

15 475 2 25 
60 475 1.5 15 

° Data listed in random order used. 

Table IV. Effect of High Temperature and Pressure 

Pressure, Temp., Rssidence T i m 3 , % (CEshSiCh 
Block" P.S.I.G. °C. Min. in Product 

I 180 475 5 74 
15 475 2 72 
15 550 5 68 

180 550 2 56 
15 550 2 58 
15 475 5 35 

180 550 5 51 
180 475 2 15 
180 550 5 23 

15 475 5 21 
15 550 2 32 

180 475 2 11 
180 550 2 20 

15 550 5 45 
180 475 5 12 

15 475 2 14 
1 Data listed in random order used. 

I l l a n d I V . A n a l y s e s of var iance of the d a t a showed t h a t i n b o t h cases the loss i n 
cata lys t a c t i v i t y w i t h t ime was v e r y h i g h l y s igni f icant . T h e t e m p e r a t u r e effect was 
more pronounced i n the 425° to 475°C . t h a n i n the 475° to 550°C . series. T h e d i f 
ferences i n the a m o u n t of d imethy ld i ch lo ros i l ane were more s igni f icant i n the 1- to 
2 -minute residence t ime range t h a n i n the 2- to 5 -minute case. H i g h e r pressure d u r 
i n g the r e d i s t r i b u t i o n tended to give lesser amounts of p r o d u c t . 

Table V. Characteristics and Performance of Catalyst Carriers 

Composition Alundum Silica Silica-alumina 
Form Spheres Pellets Pellets 
Nominal size, inch 1/4 1/4 3/16 
Bulk density, lb./cu. ft. 75 60 44 
Specific surface» sq. meters/g. 0.057 2.4 400 
Catalyst absorption, 

lb. NaAlCU/cu. ft. carrier 6.5 22 18 
Catalyst life, days to 60% 

(CHOsSiClj in product* 0.56 3.2 21 
a N2 absorption. 
» 470°C., 100 P.S.I.G., and 5-min. residence time. 
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BLUESTEIN AND McENTEE—REDISTRIBUTION OF ORGANOCHLOROSILANES 243 

I n a d d i t i o n to the A l u n d u m spheres used as car r i e r i n the above exper iments , 
several o ther iner t carr iers were surveyed . T a b l e V presents the propert ies of these 
carr iers , a n d the results ob ta ined for the specif ied opera t ing condi t ions . T h e results 
of th is s u r v e y i n d i c a t e d t h a t h igher surface area resul ted i n a slower decrease i n 
c a t a l y t i c a c t i v i t y for a g iven a m o u n t of exposure. H o w e v e r , the decrease i n a c t i v i t y 
was s t i l l sufficient to w a r r a n t the inves t i ga t i on of methods for regenerat ing a n d sus
t a i n i n g c a t a l y t i c a c t i v i t y . T h e results of such invest igat ions us ing the A l u n d u m c a r 
r ier are presented below. 

T h e need for a means of regenerat ing the s o d i u m ch lo roa luminate was f o u n d to 
be somewhat fu l f i l l ed b y u s i n g free a l u m i n u m chlor ide i n t e r m i t t e n t l y . W h e n a n 
e q u i m o l a r methy l t r i ch loros i lane - t r imethy l ch lor c . s i l ane m i x t u r e was passed over a fresh 
s o d i u m ch lo roa luminate bed i n the p i l o t reactor (using condit ions of 4 7 0 ° C , 180 
p.s.i .g. , a n d 5 -minute residence t ime) the concentrat i on of d imethy ld i ch lo ros i l ane i n 
the p r o d u c t d r o p p e d to about 3 0 % after 50 hours of operat i on . D o u b l i n g the r e s i 
dence t ime at this stage i m p r o v e d the rate of react ion somewhat , b u t on ly for a short 
whi le . W h e n a n a m o u n t of a l u m i n u m chlor ide equ iva lent to t h a t i n the ca ta lys t bed 
was dissolved i n the chlorosi lane feed, there resulted a r a p i d a t t a i n m e n t of e q u i l i b r i u m 
amounts of p r o d u c t . These results are shown i n F i g u r e 5. T h e regenerated catalyse 

71 1—I 1 — I — I — I — Γ 

I I 
Ο 5 40 15 2 0 25 30 35 4 0 4 5 

HOURS OF OPERATION 
Figure 5. Effect of regenerate η with aluminum chloride 

bed began to lose i ts a c t i v i t y aga in af ter the a i u m i n u m chlor ide i n t r o d u c t i o n was c o m 
p le ted . T h e loss i n a c t i v i t y o c curred a t a l inear rate of a p p r o x i m a t e l y 0 . 9 % less d i 
methy ld i ch lo ros i l ane per h o u r of operat i on . T h i s regenerat ion process c o u l d be r e 
peated p e r i o d i c a l l y w i t h s i m i l a r results . 

T h e o v e r - a l l rate of p r o d u c t i o n of d imethy ld i ch l o ros i l ane c o u l d be i m p r o v e d even 
more b y the cont inuous a d d i t i o n of a l u m i n u n : ch lor ide to the feed s t r e a m . T h i s was 
demonst ra ted b y opera t ing the reactor at 4 7 0 ° C , 100 p.s. i .g. pressure, a n d residence 
t imes of 2.5 a n d 5.0 m i n u t e s . A l u m i n u m chlor ide concentrat ions rang ing f r o m 0.3 
to 1.5 weight % of the m e t h y l t r i c h l o r o s i l a n e - t r i m e t h y l c h l o r o s i l a n e feed s t r e a m were 
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244 ADVANCES IN CHEMISTRY SERIES 

inves t igated . T h e results are shown, i n the order ob ta ined w i t h a single b a t c h of 
ca ta lys t , i n T a b l e V I a n d are s u m m a r i z e d i n F i g u r e 6. A b o u t 1 % of a l u m i n u m 

Table VI. Effect of A d d e d Aluminum Chloride on Catalyst Efficiency 

Residence Aids (CH 3 ) 2 SiCl 2 Total 
Time, in Feed, in Product, Operating 
Min. Wt. % Wt. % Hours 
5.0 1.5 69 148 
2.5 1.5 60 26 
5.0 1.0 67 55 
2.5 1.0 42 16 
5.0 1.23 70 42 
5.0 0.61 65 90 
2.5 0.61 40 15 
5.0 0.31 43 36 
2.5 0.31 30 9 
5.0 0.85 65 30 

ch lor ide disso lved i n the feed s t ream appears to be o p t i m u m for the r e d i s t r i b u t i o n 
us ing s o d i u m ch lo roa luminate . L a r g e r amounts of the added hal ide t end to promote 
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Figure 6. Effect of aluminum chloride promotion 

the f o r m a t i o n of excessive amounts of undes irable b y - p r o d u c t s . T h e t o t a l hours of 
susta ined operat i on i n this exper iment were i n excess of 500. 

T h e c o n t r i b u t i o n of the s o d i u m ch lo roa luminate to the react ion was demonstrated 
b y c a r r y i n g out the r e d i s t r i b u t i o n i n the absence of th is complex . W i t h 1 weight % 
a l u m i n u m chlor ide i n the silane feed o n l y 4 2 % d imethy ld i ch l o ros i l ane resu l ted w h e n 
e i ther a n e m p t y reactor or a reactor filled w i t h the iner t carr i e r was operated at 
4 7 0 ° C , 100 p.s.i .g. , a n d 5 -minute residence t i m e . T h i s is to be c o m p a r e d w i t h a 
6 8 % y i e l d us ing s o d i u m ch lo roa luminate on the carr i e r . 

Conclusions 

T h e deve lopment w o r k presented demonstrates the c o m m e r c i a l f eas ib i l i ty of a 
process for the r e d i s t r i b u t i o n of methy l ch loros i lanes where in s o d i u m ch lo roa luminate 
i m p r e g n a t e d o n a n iner t car r i e r is used as cata lys t . T o susta in cata lys t l i fe s m a l l 
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BLUESTEIN AND McENTEE—REDISTRIBUTION OF ORGANOCHLOROSILANES 245 
amounts of aluminum chloride, included in the feed, were necessary. Operation with 
this catalytic system was found advantageous over the reaction catalyzed only by 
aluminum chloride. Because of the greater rate of catalysis the redistribution reac
tion can be carried out using relatively low pressures, and many of the difficulties 
inherent in the handling of gross amounts of aluminum chloride can be avoided. 
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Direct Process for Preparation 

of Arylhalosilanes 

A. J. BARRY, J. W. GILKEY, and D. E. HOOK 
Dow Corning Corp., Midland, Mich. 

A practical method for the synthesis of arylhalosilanes 
is afforded by the high-pressure reaction of aromatic 
hydrocarbons with hydrogen containing halosilanes, 
as represented by: 

C 6 H 6 + HSiCl 3 --> PhSiCl3 + H2 

This reaction proceeds under autogenous pressure at 
about 400°C. without a catalyst, or as low as 
230°C. in the presence of a catalyst of the Friedel-
Crafts type. The threshold temperature is further 
lowered, markedly, by organosubstitution of the halo-
silane and, to lesser degree, by substitution on the 
aromatic ring. As an example, in the reaction of 
methyldichlorosilane with benzene to produce methyl-
phenyldichlorosilane, the threshold temperature is 
130°C. These processes yield interesting by-prod
ucts resulting from polyarylation of the silane as well 
as polysilylation of the aromatic nucleus. The syn
thetic method is described here in some detail and a 
possible siliconium ion reaction mechanism is consid
ered in an effort to explain the nature of the products 
and by-products. 

The industrially important field of organopolysiloxane chemistry was founded upon 
the Grignard process in the early 1940's. That process was versatile and afforded a 
ready route to the required organochlorosilane intermediates, but the raw materials 
were costly and the large amounts of solvent required made for a process of low vol
ume efficiency. It was apparent that further growth of the infant industry would be 
materially facilitated by the development of direct methods for synthesis of inter
mediates. 

The search for direct synthetic methods was rewarded by two major break
throughs. The first, a result of work done simultaneously at General Electric Co. and 
The Dow Chemical Co., rested upon the reaction of methyl and phenyl halides with 
silicon metal at 300°C. to produce the corresponding organochlorosilanes (2, 8-12), 
the methyl compounds more efficiently than the phenyl. 

The other direct process which has become commercially important for its wide 
versatility and good efficiency was the result of work initiated at The Dow Chemical 
Co., in November 1944, and continued at the Dow Corning Corp. This work em
braced high pressure reactions of hydrogen containing halosilanes and organohalosilanes 
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BARRY, GILKEY, AND HOOK—PREPARATION OF ARYLHALOSILANES 247 

of the types H S i X 3 , R H S i X 2 , R 2 H S i X , w i t h u n s a t u r a t e d h y d r o c a r b o n s a n d benzenoid 
compounds . A l k y l c h l o r o s i l a n e s so synthes ized were repor ted i n one c o m m u n i c a t i o n 
(3) a n d i n a series of patents (S), the first o" w h i c h wTere a p p l i e d for J u n e 6, 1946. 
T h e p r e p a r a t i o n of ary l ch loros i lanes b y th is m e t h o d was the subject of several patents 
(1, 4) > the f irst of w h i c h were a p p l i e d for J u n e 6, 1946. T h i s paper describes the 
f u n d a m e n t a l observat ions t h a t character ize th is in teres t ing m e t h o d of synthesis . 

Thermal Reactions in Vapor Phase 

T h e reac t i on of benzene a n d t r i ch loros i lane was first t r i e d as a vapor -phase reac 
t i o n at h i g h temperatures . W h e n m i x t u r e s of the t w o v a p o r s were passed t h r o u g h a 
3 - inch χ 10-foot i r o n tube at a tmospher i c pressure u n d e r v a r i e d condi t ions of t e m 
perature a n d contact t i m e , w i t h a n d w i t h o u t a v a r i e t y of cata lysts , o n l y v e r y s m a l l 
a m o u n t s of pheny l t r i ch l o ros i l ane were ob ta ined . F o r example , a m i x t u r e of 6.6 
gram-moles of t r i ch loros i lane a n d 13.5 gram-moles of benzene was p u t t h r o u g h the 
t u b e p a c k e d w i t h porous p late a n d the condensed effluent r e t u r n e d to a s t r i p s t i l l f r o m 
w h i c h the recovered reactants were recyc led t h r o u g h the tube . A f t e r 43 hours a t 
ca . 6 0 0 ° C , w h e n 9 8 % of the t r i ch lo ros i l ane h a d been consumed, o n l y 0.52 g r a m - m o l e 
of pheny l t r i ch l o ros i l ane was obta ined , w i t h a large a m o u n t of b y - p r o d u c t s i l i con t e t r a 
ch lor ide a n d considerable b r o w n , t a r r y s t i l l residue. O v e r ha l f the benzene was recov 
ered unchanged . T h u s , the f irst a p p r o a c h to the p r o b l e m was r a t h e r d iscourag ing . 

Thermal Reactions at High Pressures 

Preparation of Phenyltrihalosilanes. Be nzene-Trichlorosilane System. A u t o 
c lave react ions at m o d e r a t e l y h i g h t emperatures a n d pressures af forded a more success
f u l a p p r o a c h to the synthes is of ary lch loros i lanes b y the t y p e r e a c t i o n : 

C 6 H 6 + HSiCla -> PhSiCla + H 2 

W h e n m i x t u r e s of 18 gram-moles each of benzene a n d t r i ch loros i lane were heated u n d e r 
autogenous pressures i n a r o t a t i n g 14.4- l i ter stoel b o m b , apprec iab le y ie lds of p h e n y l 
t r i ch loros i lane a n d pheny ld i ch lo ros i lane were ol stained a t temperatures i n the order of 
400°C . T h e pressures ranged sys temat i ca l l y f r o m about 1300 p.s . i . a t 350°C . to about 
1900 p.s . i . a t 500°C . T h e deta i led d a t a for several t y p i c a l runs are s u m m a r i z e d i n 
T a b l e I a n d represented i n F i g u r e 1, where y ie lds of the desired p h e n y l t r i c h l o r o s i l a n e 

Table I. Reaction of Trichlo*osilane with Benzene 

Charge. 1402 grams (18 moles) CeHe 
2460 grams (18.16 moles) HSiCh 

14.4-liter autoclave 
16-hr. reaction time 

Av. Still 
CeHiSiCU, Residue, Temp., 

°C. 
Charge, HSiCh, SiCU, CeHe, CeHsSiHCh, CeHiSiCU, Residue, 

Run 
Temp., 

°C. Grams Grams Grams Grams Grams Grams Grams 
PB—117 350 3688 1380 245 985 69 340 90 

181 353 3763 1917 249 1324 0 48 26 
116 375 3754 648 400 758 97 735 380 
180 378 3772 1698 309 1152 48 293 55 
142 378 3649 1634 278 1333 0 80 51 
115 400 3793 514 498 815 150 968 382 
179 403 3804 1060 648 1139 127 533 33 
156 408 3687 1139 553 1309 37 188 34 
114 425 3690 454 681 974 115 788 176 
178 430 3643 713 617 922 206 999 120 
177 454 3635 423 826 909 120 1075 144 
99 465 3690 194 1218 1233 0 831 171 

F C B — 78 505 3558 144 786 900 0 1038 570 

are p l o t t e d as a f u n c t i o n of t e m p e r a t u r e . T h e thresho ld t e m p e r a t u r e f or the reac t i on 
is about 340°C . a n d the y i e l d increases genera l ly w i t h t e m p e r a t u r e u p to a l i m i t . 
H o w e v e r , there is so m u c h scatter i n the recorded d a t a , a n d a d d i t i o n a l d a t a n o t t a b u 
l a t e d b u t i n c l u d e d i n the p l o t , t h a t a v a l i d l inear re la t i onsh ip m a y n o t be p r e s u m e d . 
T h e most s igni f icant , ye t a d m i t t e d l y generous, curve t h a t m i g h t be d r a w n to show y i e l d 

American Chemical Sonify 
Library 
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248 ADVANCES IN CHEMISTRY SERIES 

PHENYLTRICHLOROSILANE YIELD 
VS. 

REACTION TEMPERATURE 
1400 , , 1 1 

vs. t e m p e r a t u r e w o u l d enve lop the d a t a as s h o w n b y the h e a v y l ine of F i g u r e 1. F r o m 
th i s , i t appears t h a t the pheny l t r i ch l o ros i l ane y i e l d approaches a l i m i t of 1075 grams at 
about 450°C . ( r u n 177) . T h i s amounts t o 5.08 gram-moles or 3 3 . 8 % theoret i ca l (based 
o n consumed reagent ) . 

Some a d j u s t m e n t shou ld be m a d e for the b y - p r o d u c t pheny ld i ch loros i lane , because 
th i s c o m p o u n d , a cademica l ly , represents s i l y l a t i o n of the benzene a n d can be converted 
to a useful p r o d u c t , b y r a t h e r s imple means . I f th is b y - p r o d u c t be so i n c l u d e d i n the 
y i e l d p l o t , the d o t t e d c u r v e of F i g u r e 1 is ob ta ined . F r o m th i s the o p t i m u m t e m p e r a 
t u r e for the reac t i on appears to be 430°C . R e f e r r i n g to the table , the per t inent r u n 
( N o . 178) shows a y i e l d of 4.72 gram-moles of pheny l t r i ch l o ros i l ane , w h i c h is 3 6 . 4 % 
of theore t i ca l , based o n consumed t r i ch loros i lane . A l l o w i n g for the 1.16 gram-moles 
of b y - p r o d u c t pheny ld i ch loros i lane , the t o t a l s i l y l a t i o n y i e l d becomes 4 5 . 3 % t h e o 
r e t i c a l . 

T h e l o w y ie lds are reflected i n the large amounts of b y - p r o d u c t s i l i con t e t r a c h l o 
r ide character i s t i c of th i s series. I t is f o r m e d b y t h e r m a l rearrangement of t r i c h l o 
rosi lane (13): 

4 H S i C l 3 -> 3 S i C l 4 + 2 H 2 + S i 

A c c o r d i n g l y , the 3.63 gram-moles of s i l i con t e t rach lor ide of r u n 178 is equiva lent t o 
4.84 gram-moles of the i n i t i a l t r i ch loros i lane . T h u s , more of th is reagent was consumed 
i n the side react ion t h a n was conver ted in to the desired p r o d u c t , i n n e a r l y a l l runs . 

W i t h regard to mater ia l s balance i n r u n 178, the pheny l t r i ch l o ros i l ane a n d p h e n y l 
d ichloros i lane account for 5.88 gram-moles or 9 5 . 6 % of the 6.15 gram-moles of benzene 
consumed. These t w o produc ts a n d the s i l i con te t rach lor ide account for 10.72 g r a m -
moles or 8 3 . 2 % of the 12.89 gram-moles of t r i ch loros i lane consumed. These values 
m i g h t be benefited b y some correc t i on for the difference between b o m b l o a d a n d s t i l l 
charge, b u t because the d i screpancy cannot be a l l a t t r i b u t e d to m e c h a n i c a l losses, such 
correc t i on cannot be p r o p e r l y assayed. 

S m a l l a m o u n t s of d ipheny ld i ch loros i lane were iso lated f r o m the h igher b o i l i n g 
residues f r o m these exper iments . W h i l e sufficient for good c h a r a c t e r i z a t i o n , the 
a m o u n t s obta ined were too s m a l l to affect the mater ia l s balance s ign i f i cant ly . 
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BARRY, GILKEY, AND HOOK—PREPARATION OF ARYLHALOSILANES 249 

Benzene-Tribromosilane System. T h e analogous reac t ion of t r i b r o m o s i l a n e w i t h 
benzene was demonstra ted b y a u t o c l a v i n g a m i x t u r e of 3 gram-moles of each for 16 
hours a t 490° to 510°C . D i s t i l l a t i o n of the p r o d u c t af forded 202 grams of p h e n y l -
t r i b romos i lane (0.6 g r a m - m o l e ) , the p r i n c i p a l 3ut of w h i c h bo i l ed at 9 4 - 9 ° C . a n d 2.3 
to 2.9 m m . A l i t t l e b i p h e n y l was p r o d u c e d ; m d , because of i t s close b o i l i n g p o i n t , 
c o n t a m i n a t e d the d i s t i l l ed p r o d u c t . T h e a n a l y t i c a l d a t a s h o w n i n T a b l e I X are c o m 
p a r e d w i t h the theoret i ca l ca l cu lated o n the hi;,sis of 6 % such c o n t a m i n a t i o n . 

Chlorobenzene-Trichlorosilane System. I n the hope t h a t chlorobenzene w o u l d 
react w i t h t r i ch loros i lane u n d e r less r igorous condi t ions t h a n benzene a n d consequent ly 
af ford a more efficient synthesis of pheny l t r i ch l o ros i l ane , a series of exper iments was 
r u n i n w h i c h 12 gram-moles of chlorobenzene a n d 24 gram-moles of t r i ch loros i lane were 
b o m b e d for 16 hours at v a r i e d temperatures a n d autogenous pressures. T h e d a t a are 

PHENYLTRICHLOROSILANE YIELD 
VS. 

REACTION TEMPERATURE 
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Figure 2 . Thermal reaction of trichlorosilane with chlorobenzene 

s u m m a r i z e d i n T a b l e I I a n d represented i n 1he y i e l d - t e m p e r a t u r e p l o t of F i g u r e 2 ; 
390°C . appears to be the o p t i m u m react ion t e m p e r a t u r e . A t 300°C . essential ly no 
pheny l t r i ch loros i lane was f o r m e d i n 16 hours ; the o n l y s igni f icant react ion o c c u r r i n g 
there was the reduc t i on of chlorobenzene b y tr i ch loros i lane to give benzene. A b o v e 
400°C . the y i e l d of pheny l t r i ch lo ros i lane d r o p p e d off s h a r p l y a n d the f o r m a t i o n of 
benzene increased m a r k e d l y , as shown i n the lower curve . R u n 135 at 387°C . p r o v e d 
the most efficient of the series. I t s 7.89 g r a m - m o l e y i e l d of p h e n y l t r i c h l o r o s i l a n e r e p 
resents 3 8 . 1 % of the 20.7 gram-moles of t r i ch loros i lane consumed a n d 6 5 . 8 % of the 12 
gram-moles of chlorobenzene c h a r g e d ; 2.7 gram-moles (22 .5%) of the l a t t e r was r e 
duced to benzene. 1 

I t m i g h t be conc luded f r o m the v i e w p o i n t of s l i g h t l y lower thresho ld a n d lower 
o p t i m u m temperatures , t h a t the chlorobenzene is m o r e susceptible to react ion t h a n 
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250 ADVANCES IN CHEMISTRY SERIES 

Table II. Reaction of Trichlorosilane with Chlorobenzene 

Charge. 1352 grams (12 moles) CeHsCl 14.4-liter autoclave 
3257 grams (24 moles) HSiCls 

Av. Still 

Run 
Temp., 

°C. 
Charge, HSiCls, SiCU, CeHe, C6H6C1, CeHeSiCh, Residue, 

Run 
Temp., 

°C. Grams Grams Grams Grams Grams Grams Grams 
16-hour runs 

FCB—236 300 4416 2060 301 264 1098 0 93 
P B —133 325 4403 1054 1174 174 513 1027 140 

102 355 4443 437 1985 30 112 1624 68 
103 375 4518 236 1872 163 0 1696 128 
135 387 4352 454 1778 212 0 1668 84 
104 400 4554 291 1936 228 0 1745 86 
134 416 4594 365 1861 336 0 1394 180 
105 425 4473 349 1982 339 0 1565 85 
136 445 4475 587 1817 504 0 1053 206 

6-hour run 
244 408 4452 

2-hour 
285 

run 
2001 176 39 1721 190 

165 423 4244 422 1740 197 89 1693 68 

benzene. T h e process s t i l l is not more efficient w i t h respect t o the economica l ly c r i t i 
ca l r e a g e n t — t r i c h l o r o s i l a n e — i n a s m u c h as more s i l i con t e t rach lor ide t h a n the desired 
p r o d u c t is f o r m e d . T h i s is inherent i n the react ion because, for every molecule of 
t r i ch loros i lane represented i n s i l y l a t i o n , one more is consumed b y the h y d r o g e n c h l o 
r ide f o r m e d . T h e i d e a l reac t i on i s : 

P h C l + 2 H S i C l 3 - > P h S i C l 3 + S i C l 4 + H 2 

I t is ac companied b y rearrangement of t r i ch loros i lane as a side react ion w h i c h also 
generates s i l i con t e t rach lor ide . 

T w o series of r u n s of 6- a n d 2-hour d u r a t i o n over the t e m p e r a t u r e range of 325° 
to 450° C . i n d i c a t e d incomple te react ion be low 370°C . T h e 6-hour runs a p p r o a c h e d 
complete c o n s u m p t i o n of reagents a n d peak y ie lds at about 4 1 0 ° C , the 2-hour runs at 
about 420°C . T h e peak r u n i n each case is i n c l u d e d i n the tab le . T h e y ie lds a n d 
efficiencies are close to those c i ted above for the 16-hour runs . V a r y i n g the mole ra t i o 
of t r i chloros i lane-chlorobenzene f r o m 2 :1 to 1:2 showed no effect u p o n y i e l d or effi
c iency based u p o n the t r i ch loros i lane . 

I n these runs , b y - p r o d u c t pheny ld i ch loros i lane was p r o d u c e d i n v a r i a b l e amounts , 
b u t m a r k e d l y less t h a n i n the benzene react ions. A composite of the d i s t i l l a t i o n res i 
dues of a dozen runs at 400°C . was subjected to a f u r t h e r f r a c t i o n a l d i s t i l l a t i o n , f r o m 
w h i c h s m a l l amounts of b i s ( t r i ch l o ros i l y l ) benzene ( 11 .4% of t a i l s ) , d i p h e n y l d i c h l o -
rosi lane ( 3 9 . 4 % ) , a n d b i p h e n y l t r i c h l o r o s i l a n e (15 .3%) were iso lated a n d ident i f ied 
( T a b l e I X ) . A trace of ch lo ropheny l t r i ch l o ros i l ane was i n d i c a t e d . 

Preparation of Tolyltrichlorosilane. T o l y l t r i c h l o r o s i l a n e was p r e p a r e d i n the same 
m a n n e r as pheny l t r i ch l o ros i l ane . N i n e g r a m - m o l e s each of toluene a n d t r i ch loros i lane 
were heated i n a 14.4- l iter steel b o m b for 16 hours at 420° to 4 4 0 ° C . E i g h t y - t w o per 
cent of the l o a d weight was recovered a n d f rac t i onated . T h i s af forded 0.75 g r a m -
mole of t o ly l t r i ch l o ros i l ane ( 8 . 3 % t h e o r e t i c a l ) . A l s o iso lated was 0.64 g r a m - m o l e of 
pheny l t r i ch l o ros i l ane . 

I n other prepara t i ons of th i s c o m p o u n d , halotoluenes were e m p l o y e d to take a d 
vantage of the somewhat l ower t emperatures t h a t charac ter i zed the chlorobenzene 
react ions. T h u s , i n T a b l e I I I are shown three runs of 12 to 13 hours ' d u r a t i o n at 
370° to 380°C . i n a 2.4- l i ter steel b o m b charged w i t h 6 gram-moles of t r i ch loros i lane 
a n d 3 gram-moles of the i n d i c a t e d haloto luene . I n r u n 283, us ing chloroto luene, the 
3 8 . 5 % y i e l d (based o n tr i ch loros i lane consumed) is commensurate w i t h the analogous 
pheny l t r i ch l o ros i l ane preparat i ons . R e d u c t i o n of a r y l ha l ide was less t h a n i n the 
chlorobenzene react ion (0.53 g r a m - m o l e of to luene f o u n d ) . 

T h e react ions w i t h the bromoto luenes were interes t ing , i n t h a t two compounds 
were p r o d u c e d i n each r u n ; the mole ra t i o of t o l y l t r i ch l o ros i l ane to t o l y l b r o m o d i c h l o -
ros i lane i n each case is v e r y n e a r l y 2.0. T h i s fits the p r o b a b i l i t y c a l c u l a t i o n f or a 
r a n d o m d i s t r i b u t i o n of halogen i n a system c o n t a i n i n g s ix atoms of ch lor ine to one of 
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BARRY, GILKEY, AND HOOK-PREPARATION OF ARYLHALOSILANES 251 

-283 p-Chlorotoluene 12 375 1173 148 457 41 

328 o-Bromotoluene 13 374 1272 131 375 17 

335 7>-Bromotoluene 12 369 1248 131 373 18 

288 Chloroethylbenzene 12 375 1210 124 405 42 

289 Cumylchloride 12 375 1253 191 374 29 

358 2-Chlorobiphenyl 16 373 1316 185 479 26 

360 4-Chlorobiphenyl 14 374 1168 102 435 23 

Table III. Reaction of Trichloroiilane with Aryl Halides 

Charge. 3 moles aryl halide 2.4-liter autoclave 
6 moles HSiCh 
Reaction Av. Still 

Time, Temp., Charge, HSiCh, SiCU, Residue, Other Wt., 
Run Aryl Halide Hr. °C. Grams Grams Grams Grams Compounds Grams 

Chlorotoluene 51 
Toluene 49 
Tolyl SiCU 425 
BrSiCls 292 
BrzSiCh + toluene 275 
Tolyl SiCU 81 
Tolyl SiBrCh 51 
BrSiCh 235 
Br 2 SiCh + toluene 275 
Tolyl SiCU 107 
Tolyl SiBrCh 64 
Chloroethylbenzene 132 
Ethylbenzene 70 
Ethylphenyl SiCls 409 
Cumylchloride 100 
Cumene 55 
Cumyl SiCle 432 
Biphenyl 319 
w-Biphenyl-SiCls 176 
p-Biphenyl-SiCh 84 
Biphenyl 329 
ra-Biphenyl-SiCh 131 
p-Biphenyl-SiCh 57 

b r o m i n e . T h e p -bromoto luene showed a higher y i e l d t h a n the or tho i somer (14.3 a n d 
10 .4%, r e s p e c t i v e l y ) , b u t b o t h are far less efficient t h a n the chloroto luene reac t i on . 
T h e l o w y ie lds are reflected i n large amounts c f b y - p r o d u c t te trachloros i lane , b r o m o -
tr i ch loros i lane (bo i l ing p o i n t 8 0 ° C ) , d ib romoc i ch lo ros i l ane (bo i l ing p o i n t 1 0 4 . 5 ° C ) , 
a n d to luene. I n each r u n , over 2 moles of the l a t t e r were f o r m e d b y the easy r e d u c 
t i o n of the bromoto luene b y tr i ch loros i lane . 

Preparation of Other Aryltrichlorosilanes. T h e a d a p t a t i o n of th i s process t o the 
synthesis of subs t i tu ted ary l ch loros i lanes i n general is i l l u s t r a t e d b y the last f our e x a m 
ples of T a b l e I I I . These runs were of 12 to 13 hours ' d u r a t i o n at 368° to 380°C . o n 
a b o m b charge of 3 gram-moles of a r y l ha l ide a n d 6 gram-moles of t r i ch loros i lane . 

T h e e t h y l p h e n y l t r i c h l o r o s i l a n e p r e p a r a t i o n ( r u n 288) i n v o l v e d the use of a m i x 
t u r e of isomers of chloroethylbenzene . P r o d u c e cuts , d i s t i l l i n g over the range of 129° 
to 132°C. a t 30 m m . , a m o u n t e d to 1.71 gram-moles ( 3 4 . 3 % on t r i c h l o r o s i l a n e ) . T h e 
m a j o r a m o u n t , about 1 mole , was i so lated over a n a r r o w range, 130-30 .5°C. at 30 m m . 
U l t i m a t e analys is agreed w e l l w i t h t h e o r y as shown i n T a b l e I X ; because of i t s r e l a 
t i v e l y l o w b o i l i n g p o i n t , the c o m p o u n d is be l ieved to be the m e t a d e r i v a t i v e . T h e 
higher b o i l i n g p r o d u c t p r e s u m a b l y c o n t a i n i n g :he p a r a isomer was not w e l l reso lved, 
b u t i t , too , showed the expected u l t i m a t e analys is . 

T h e c u m y l t r i c h l o r o s i l a n e was m a d e f r o m a m i x t u r e of chlorocumene isomers . 
A b o u t 6 0 % of the 1.7 gram-mole p r o d u c t d i s t i l l ed over the n a r r o w range shown i n 
T a b l e I X . T h i s cut , a p p a r e n t l y the m e t a d e r i v a t i v e , a n d other cuts u p to 144°C. a t 
31 m m . , p r e s u m a b l y c o n t a i n i n g the p a r a i s o m B r , showed analyses i n excellent agree
m e n t w i t h theore t i ca l . A s was the case w i t h chloroto luene, b o t h chlorocumene a n d 
chloroethylbenzene showed less r e d u c t i o n t h a n chlorobenzene i n reactions at c o m 
parab le t emperatures . 

B i p h e n y l y l t r i c h l o r o s i l a n e s were p r e p a r e d HORN the O- a n d p - c h l o r o b i p h e n y l s as 
s h o w n i n the last two runs of T a b l e I I I . T h e two isomers gave i d e n t i c a l p roduc ts , 
a n d i n n e a r l y the same rat ios . T h e 2 - c h l o r o b i p h e n y l r u n gave a l i t t l e bet ter y i e l d 
t h a n the 4 - c h l o r o b i p h e n y l , b u t b o t h gave less t h a n 2 0 % theore t i ca l based o n t r i c h l o r o 
si lane. E a c h showed about 2.1 gram-moles o:c b i p h e n y l f r o m r e d u c t i o n of the a r y l 
ha l ide . T h e t w o b i p h e n y l y l t r i c h l o r o s i l a n e isomers were i so lated as s h a r p cuts i n f r a c 
t i o n a l d i s t i l l a t i o n . B o t h showed a n a l y t i c a l d a t a i n good agreement w i t h theoret i ca l , 
a n d a p p r o p r i a t e i n f r a r e d absorpt ions for the isomer i n d i c a t e d . T h e des ignat ion of 
the p a r a i somer is f u r t h e r s u p p o r t e d b y i t s h ig ' i e r b o i l i n g p o i n t a n d c rys ta l l ine n a t u r e . 

Preparation of Phenylmethyldichlorosilane. Benzene-Methyldichlorosilane Sys-
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252 ADVANCES IN CHEMISTRY SERIES 

tern. T h a t th is general synthet i c m e t h o d is app l i cab le to the react ion of m e t h y l d i -
chlorosi lane w i t h a r y l c ompounds is i l l u s t r a t e d b y the f o l l owing s t u d y . 

T h r e e gram-moles each of benzene a n d methy ld i ch loros i lane were heated together 
i n a 2.4- l i ter b o m b at 470° to 530°C . for 8 hours . D i s t i l l a t i o n of the m a t e r i a l afforded 
a cut of 110 grams bo i l ing i n the range of 102° to 103°C. at 30 m m . whi l e 2.2 g r a m -
moles of benzene a n d 0.32 gram-mo le of methy ld i ch l o ros i l an e were recovered. C o n 
s idered as m e t h y l p h e n y l d i c h l o r o s i l a n e , th i s cut represents a y i e l d of about 2 1 % theo 
re t i ca l (based on methy ld i ch lo ros i lane consumed) . T h e h i g h dens i ty (1.19) a n d ch lo 
r ine content (39 .3%) of the p r o d u c t c o m p a r e d w i t h the theoret i ca l (1.18 a n d 3 7 . 2 % , 
respect ive ly ) for th is c o m p o u n d , i n d i c a t e d t h a t the m e t h y l p h e n y l d i c h l o r o s i l a n e was 
c o n t a m i n a t e d w i t h a s m a l l a m o u n t of pheny l t r i ch lo ros i l ane whose b o i l i n g po in t is too 
close to afford a clean separat ion . 

A s i m i l a r exper iment at 329° to 347°C . y i e lded no p r o d u c t . A series of four runs 
was made at a v a r i e t y of closely contro l l ed temperatures to determine the o p t i m u m . 
These runs e m p l o y e d 18 gram-moles each of benzene a n d methy ld i ch l o ros i l ane i n a 
14.4- l iter steel b o m b . T h e y were he ld a t a p a r t i c u l a r t e m p e r a t u r e for 16 hours . T h e 
d a t a are s u m m a r i z e d i n T a b l e I V , f r o m w h i c h i t is a p p a r e n t t h a t a m a x i m u m y i e l d of 

Av. 
Temp., 

°C. 

Still 
Charge, 
Grams 

HSiCls, 
Grams 

CHsSiHCh, 
Grams 

SiCU, CH 3 SiCl 3 , 
Grams Grams 

C 6 H 6 , 
Grams 

CeHeSiHCh, 
Grams 

CeH 5 (CH 3 )-
S iCl 2 , a 

Grams 
Residue, 

Grams 
355 
380 
405 
428 

3271 
3244 
3636 
2976 

149 
208 
162 
124 

526 
325 
286 
177 

126 357 
0 506 

79 630 
74 416 

517 
691 
369 
780 

133 
237 
509 
200 

551 
550 
602 
562 

362 
364 
634 
541 

C 6 H 6 C1 + CH3S1HCI2 

Table IV. Reactions with Methyldichlorosilane 

Celle + C H 3 S i H C l 2 

Charge. 1402 grams (18 moles) CeHe 14.4-liter autoclave 
2046 grams (17.78 moles) CHsSiHCh 16-hr. reaction time 

Av. Still 
Temp., Charge 

Run 
PB—121 

120 
119 
118 

Charge. 2031 grams (18.1 moles) CeH 6 Cl 14.4-liter autoclave 
4055 grams (35.3 moles) C H 3 S i H C h 16-hr. reaction time 

CeH 6Cl 
Grams 

PB—128 355 5989 37 901 2330 524 1527a 107 289 
° Contaminated with CeHeSiCh. 

1010 grams of m e t h y l p h e n y l d i c h l o r o s i l a n e ( 3 3 . 2 % theoret ica l ) is obta ined i n the range 
of 400° to 410°C . T h e p r o d u c t y ie lds i n th is system are general ly equ iva lent or 
s l i g h t l y in fe r i o r to those of the benzene- tr i ch loros i lane sys tem ( compare w i t h F i g u r e 1) 
a n d fo l low the same t r e n d w i t h t e m p e r a t u r e . T h e p r o d u c t cut was c o n t a m i n a t e d 
w i t h pheny l t r i ch l o ros i l ane , a n d considerable pheny ld i ch loros i lane was iso lated . T h e 
l a t t e r was p r o b a b l y f o rmed f r o m dichloros i lane ar i s ing f r o m the t h e r m a l rearrange 
m e n t of the m e t h y l d i c h l o r o s i l a n e . T h i s rearrangement is reflected also i n signif icant 
quant i t ies of t r i ch loros i lane , s i l i con te t rach lor ide , a n d m e t h y l t r i c h l o r o s i l a n e iso lated i n 
the d i s t i l l a t i ons . Excess ive amounts of h i g h bo i l ing residues remained af ter i so la t ion 
of the p r o d u c t cuts . T h e y average about sevenfold the a m o u n t of residue i n c i d e n t a l 
to the p r e p a r a t i o n of pheny l t r i ch l o ros i l ane i n the benzene- tr i ch loros i lane sys tem. 

Chlorobenzene-Methyldichlorosilane System. I n a n or i en ta t i on exper iment , a 
m i x t u r e of 4 gram-moles of methy ld i ch l o ros i l ane w i t h 2 of chlorobenzene was heated 
i n a 2.4- l i ter b o m b for 16 hours at 445° to 460°C . D i s t i l l a t i o n of the b o m b p r o d u c t 
afforded a cut of 116 grams b o i l i n g at 114 -15°C . at 50 m m . , w h i c h showed a specific 
g r a v i t y ( 2 0 ° C . / 2 0 ° C . ) of 1.200 a n d a ch lor ine analys is of 3 9 . 5 % , b o t h too h i g h for 
pure m e t h y l p h e n y l d i c h l o r o s i l a n e . B y ca l cu la t i on , the chlor ine va lue i n d i c a t e d the 
presence of 15.7 mole % pheny l t r i ch l o ros i l ane to be present . T h i s is conf i rmed b y 
mole v o l u m e ca lculat ions f r o m w h i c h a specific g r a v i t y of 1.204, i n agreement w i t h 
t h a t f ound , is c o m p u t e d for a m i x t u r e of 84.3 mole % m e t h y l p h e n y l d i c h l o r o s i l a n e 
w i t h 15.7 m o l e % pheny l t r i ch l o ros i l ane . T h e p r o d u c t y i e l d was o n l y about 1 6 % 
theoret i ca l based o n consumed methy ld i ch l o ros i l ane . T h e l o w y i e l d was reflected 
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BARRY, GILKEY, AND HOOK-PREPARATION OF ARYLHALOSI LANES 253 

i n b y - p r o d u c t s , 2.04 gram-moles of m e t h y l t r i c h l o r o s i l a n e a n d 0.12 gram-mo le of 
d imethy ld i ch l o ros i l ane f r o m t h e r m a l r e d i s t r i b u t i o n react ion of methy ld i ch l o ros i l ane . 
Of the 2 moles of chlorobenzene charged , 1.3 moles was reduced to benzene. 

I n one large r i m , 35.3 gram-moles of me1 hy ld i ch loros i lane a n d 18.1 gram-moles 
of chlorobenzene were heated together i n a 14.4-l iter steel b o m b for 16 hours at 350° 
to 360°C . T h e d a t a are presented at the b o t t o m of T a b l e I V . T h e p r o d u c t (8.0 
moles) corresponds to a y i e l d of 2 9 . 7 % based u p o n consumed si lane. O n l y a trace 
of t r i ch loros i lane was p r o d u c e d , b u t 3 7 % of the chlorobenzene charged (or 4 3 % 
of the 15.5 gram-moles consumed) was reduced to benzene. I t appears t h a t m e t h y l 
d i ch loros i lane is a more p o w e r f u l r educ ing age i t t h a n t r i ch loros i lane ( compare T a b l e 
Π ) . 

Catalyzed Reactions 

Preparation of Phenyltrichlorosilane. T h e p r e p a r a t i o n of ary lchloros i lanes f r o m 
h y d r o g e n - c o n t a i n i n g chlorosi lanes a n d the a p p r o p r i a t e benzenoid compounds was 
successful , b u t accompanied b y a n u m b e r oi disadvantages . T e m p e r a t u r e s i n the 
order of 400°C . were r equ i red . O p e r a t i n g pressures were consequent ly h i g h ( r a n g 
i n g u p to 2000 p.s . i . ) . T h e y ie lds of desirec. p r o d u c t were o n l y f a i r , b y - p r o d u c t s 
were excessive, p a r t i c u l a r l y those coming f r o m t h e r m a l des t ruc t i on of the s t a r t i n g 
ch lorohydros i lane . T h e efficiencies were correspond ing ly l o w . 

Benzene-Trichlorosilane-MX 3 System. Τ 3 i m p r o v e u p o n the process, c a t a l y z e d 
systems were inves t igated . T h e i n i t i a l w o r k embraced cata lysts of the F r i e d e l - C r a f t s 
t y p e . A c c o r d i n g l y , a series of exper iments was r u n w i t h a v a r i e t y of cata lysts , each 
over a range of temperatures . A l l other var iab les were he ld constant . T h e reactants 
charged to the 14.4- l iter steel b o m b compr i sed 1402 grams of benzene a n d 2440 
grams of t r i ch loros i lane (18 gram-moles each) . C a t a l y s t a m o u n t was h e l d i n the 
order of 1 to 2 % of t o t a l charge (safely above a de termined m i n i m u m r e q u i r e m e n t ) . 
R e a c t i o n t i m e was 16 hours . T h e d a t a p e i t i n e n t to this s t u d y are c o m p i l e d i n 
T a b l e V . T h e temperatures of i n d i v i d u a l r u i s were h e l d genera l ly w i t h i n ± 8 ° C . 
of the recorded figure. T h e pressures were autogenous, the m a x i m u m being recorded 
i n each case. T h e repor ted results are based u p o n care fu l f r a c t i o n a l d i s t i l l a t i ons 
us ing a c o l u m n of 20 theoret i ca l p la te r a t i i g . D i s c u s s i o n of the results w i l l be 
fac i l i ta ted b y reference to F i g u r e 3, w h i c h delineates the s ignif icant observat ions . 

Aluminum Chloride Catalyst. T h e use of a l u m i n u m chlor ide p r o m o t e d the r e 
ac t i on of benzene w i t h t r i ch loros i lane at lower temperatures t h a n were operable w i t h 
out i t . W h e r e a s the u n c a t a l y z e d reac t ion showed o n l y a trace of p r o d u c t at 3 4 5 ° C , 
the use of a l u m i n u m chlor ide afforded a n a p p a r e n t m a x i m u m of n e a r l y 4.5 g r a m -
moles at th is t e m p e r a t u r e . A signif icant but d i m i n i s h i n g y i e l d was real ized as the 
t e m p e r a t u r e was d r o p p e d to 305°C. D e s p i t e o p e r a b i l i t y at lower t e m p e r a t u r e a n d 
consequent ly l ower pressure, the u l t i m a t e y ie lds of th is ca ta lyzed sys tem were no t 
i m p r o v e d over the u n c a t a l y z e d , nor was the b y - p r o d u c t s i l i con t e t rach lor ide suppressed. 
L a r g e d i s t i l l a t i o n residues appeared a n d considerable decompos i t ion occurred d u r i n g 
the d i s t i l l a t i o n , a t t r i b u t a b l e to cleavage c a t a l y z e d b y a l u m i n u m chlor ide a n d i t s 
complexes i n the pot residues. A p r e l i m i n a r y flash d i s t i l l a t i o n f r o m the a l u m i n u m 
chlor ide afforded some re l ie f ; so d i d separation of the a l u m i n u m chlor ide as a eutect ic 
w i t h s o d i u m chlor ide . H o w e v e r , ne i ther offered a comple te ly c lean so lut i on to the 
p r o b l e m . 

Boron Fluoride Catalyst. T h e preceding observat ions suggested a search f or 
a more vo la t i l e ca ta lys t or one whose complexes w o u l d be less destruct ive d u r i n g 
d i s t i l l a t i o n . T h e d a t a on b o r o n fluoride catalys is p r o v e d v e r y p r o m i s i n g . One m i n o r , 
b u t p r a c t i c a l l y i m p o r t a n t , d i f f i cu l ty appearec . W h i l e excellent y ie lds of p h e n y l t r i 
chlorosi lane were obta ined , p r o d u c t i so la t ion was c om pl i ca t ed b y the presence of 
phenyld ich loro f luoros i lane a n d pheny lch lorod i f luoros i lane . F o r cons iderat ion of p r o d 
uc t y ie lds , the mole equ iva lent weights of thase compounds ca l cu lated as p h e n y l t r i -
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BARRY, GILKEY, AND HOOK—PREPARATION OF ARYLHALOSILANES 255 

REACTION TEMPERATURE, *C. 

Figure 3. Catalyzed reaction of trichlorosilane with benzene 

chlorosi lane were i n c l u d e d i n the recorded p r o d u c t . Because the d a t a on catalys is 
w i t h b o r o n f luoride were ind i s t ingu ishab le f r o m those on b o r o n chlor ide a n d because 
the l a t t e r m u s t have been f o r m e d even i n the present sys tem b y r a n d o m hal ide 
rearrangement , th i s sys tem is discussed i n con junc t i on w i t h the b o r o n ch lor ide ex
per iments to fo l low. 

B o r o n C h l o r i d e C a t a l y s t . T h e d a t a of T a b l e V a n d t h e i r p lots i n F i g u r e 3 show 
b o r o n ch lor ide (or b o r o n fluoride) t o be outs tand ing i n catalys is of the reac t i on of 
benzene w i t h t r i ch loros i lane . T h e thresho ld t e m p e r a t u r e for the reac t i on is l owered 
to 240°C . T h e y i e l d curve for the b o r o n h a l i d e - c a t a l y z e d runs shows a m a x i m u m 
i n the range of 265° to 2 8 0 ° C . T h e y ie lds of p h e n y l t r i c h l o r o s i l a n e are s igni f i cant ly 
better t h a n those obta ined w i t h o u t ca ta lys t or w i t h a l u m i n u m ch lor ide . F u r t h e r m o r e , 
p r o d u c t i o n of s i l i con t e t rach lor ide is suppressed, as is ev ident b y s t u d y i n g the p l o t of 
p h e n y l t r i c h l o r o s i l a n e - s i l i c o n te t rach lor ide weight rat ios . A t o p t i m u m temperatures , 
these l ie c o m f o r t a b l y close t o 4.0 for b o r o n chlor ide catalys is as opposed to 1.8 w i t h 
a l u m i n u m chlor ide or less t h a n 1.5 w i t h o u t ca ta lys t . I n contrast to the isolable y ie lds 
of pheny ld i ch loros i lane no ted i n the u n c a t a l y z e d exper iments , the b o r o n h a l i d e - c a t a 
l y z e d r u n s showed o n l y a l i t t l e of th is b y - p r o d u c t . I t was detected i n the b o m b 
p r o d u c t v i a i n f r a r e d spectroscopy. 

B y reference to T a b l e V , i t is seen t h a t the b o r o n h a l i d e - c a t a l y z e d r u n s are 
charac ter i zed b y higher d i s t i l l a t i o n residues, about three fo ld the a m o u n t s observed 
i n u n c a t a l y z e d opera t i on . H o w e v e r , these residues c o n t a i n useful b y - p r o d u c t s a n d 
th e i r s i l y l a t i o n values shou ld be i n c l u d e d i n a n y assay of the reac t i on efficacy. F o r 
example , w h e n the d i s t i l l a t i o n residue of s ix runs (288, 296 -7 , 3 0 4 - 5 , 312) were 
c ombined to afford enough s t i l l l o a d for a f u r t h e r care fu l f ra c t i ona l d i s t i l l a t i o n , the 
fo l l owing were i s o la ted : pheny l t r i ch lo ros i l ane ( 8 . 9 % of s t i l l l o a d ) ; d i p h e n y l d i c h l o r o -
si lane ( 1 4 . 0 % ) ; hexachlorodis i ly lbenzene ( 1 4 . 9 % ) ; pheny lpentach lorod i s i l y lbenzene 
( 9 . 3 % ) ; remainder , a b lack t a r incapable of f u r t h e r reso lut ion . Ident i f i ca t i on of 
these compounds , two of t h e m iso lated as b o t h l i q u i d a n d c rys ta l l ine isomers, a n d t h e i r 
charac ter i zat ions w i l l be f o u n d i n T a b l e I X . 

T h e b o r o n - c a t a l y z e d s y s t e m is m a r k e d l y super ior to the u n c a t a l y z e d . F o r c o m 
par i son , e v a l u a t i o n of the best b o r o n - c a t a l y z e d r u n (312) is s u m m a r i z e d i n the f o l 
l o w i n g tab le . 
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256 ADVANCES IN CHEMISTRY SERIES 

Boron-Catalyzed Reaction 

Actual Potential 
Phenyltrichlorosilane yield, % 

Trichlorosilane basis 49.8 58.0 
Benzene basis 69.6 87.0 

Silylation yield, % 
Trichlorosilane basis 56.6 65.8 
Benzene basis 79.2 98.7 

Silicon balance, gram-atoms 14.38 17.21 
Phenyl balance, gram-moles 15.56 17.60 

T h e a c t u a l results i n the first c o l u m n represent p r o d u c t s iso lated f r o m the s t i l l 
l oad . T h e po tent ia l results are based u p o n a correct ion of the d i s t i l l a t i o n data to 
account for m e c h a n i c a l losses, p a r t i c u l a r l y i n d ischarg ing the b o m b . T h e p h e n y l t r i 
chlorosi lane y ie lds are based u p o n reagents c o n s u m e d ; the s i l y l a t i o n y ie lds relate 
the n u m b e r of S i — C bonds establ ished ( in produc t a n d ident i f ied b y - p r o d u c t s ) t o 
the mole-reagent c o n s u m p t i o n ; the s i l i con balance is a t o t a l g r a m - a t o m count i n a l l 
ident i f iable compounds , r emember ing t h a t each gram-mole of s i l i con t e t rach lor ide 
represents 1.33 g r a m - a t o m s of s i l i c o n ; the p h e n y l balance counts a l l p h e n y l groups 
ident i f iable . 

Because i n these systems lower temperatures were r equ i red t h a n i n the u n c a t a l y z e d 
systems, the operat ing pressures were lower . T h e y v a r i e d cons istent ly w i t h t e m p e r a 
t u r e f r o m about 400 p.s . i . a t 225°C . to 1500 p.s . i . a t 400°C . 

Preparation of Aryltrichlorosilanes. Toluene-Trichlorosilane-Boron Chloride 
System. C o m p a r e d w i t h benzene, the general ly greater r e a c t i v i t y of toluene u n d e r 
o n i u m i on a t t a c k made i t a po int of interest i n the synthesis of ary l t r i ch loros i lanes . 
A c c o r d i n g l y , the react ion of toluene w i t h t r i ch loros i lane w7as s tud ied i n exact ly the 
same m a n n e r as for benzene. T h e per t inent data are condensed i n T a b l e V I a n d 
the s ignif icant t rends p l o t t e d i n the two curves of F i g u r e 4. 

Table VI. Catalyzed Reaction of Trichlorosilane with Toluene 

Charge. 1656 grams (18 moles) C6ÏI5CH3 14.4-liter autoclave 
2440 grams (18 moles) HSiCla 16-hr. reaction time 
B C h : 1.0-1.3% of charge 

Av. Still 
C H 3 C 6 H 4 S i C l 3 , Residue, Temp., 

°C. 
Charge, HSiCh, SiCU, MeSiCh, C 6 H 6 , C 6 H 6 C H 3 , C6H 6SiCl 3, C H 3 C 6 H 4 S i C l 3 , Residue, 

Run 
Temp., 

°C. Grams Grams Grams Grams Grams Grams Grams Grams Grams 
PB—361 222 3880 2251 0 0 0 1384 0 0 180 

343 242 3799 966 232 0 0 843 0 1475 232 
344 261 3869 438 420 0 0 689 0 1772 443 
345 286 3999 587 505 39 28 648 33 1534 578 
301 300 3870 433 459 28 35 776 80 1376 590 
346 312 3986 374 565 89 34 714 104 1330 686 
347 351 3915 279 638 157 52 701 135 1147 776 

T h e t h r e s h o l d t e m p e r a t u r e for the react ion l ies between 222° a n d 2 4 2 ° C , 
some 2 0 ° C . lower t h a n for the benzene react ions. T h e y i e l d of t o l y l t r i ch l o ros i l ane 
approaches a m a x i m u m near 2 6 0 ° C , also l ower t h a n for benzene react ions . A t 
higher temperatures , the y ie lds become progress ive ly lower because of the t h e r m a l r e 
arrangement of t r i ch loros i lane , reflected i n progress ive ly greater amounts of s i l i con 
te t rach lor ide . A t temperatures above 2 8 5 ° C , pheny l t r i ch lo ros i lane , benzene, a n d 
m e t h y l t r i c h l o r o s i l a n e m a k e the i r appearance , poss ib ly as scission produc ts of a n i n t e r 
mediate o r t h o - a d d u c t discussed i n the theoret i ca l section be low. 

T h e m a x i m u m y i e l d of t o ly l t r i ch l o ros i l ane i n this series a m o u n t e d to 7.86 g r a m -
moles o r 5 3 . 2 % theoret i ca l , based u p o n unrecovered t r i ch loros i lane . H o w e v e r , the 
highest p r o d u c t - s i l i c o n te t rach lor ide rat io is observed i n r u n 343, nearest the thresho ld 
t e m p e r a t u r e . H e r e the react ion was far short of c omple t i on i n the 16-hour react ion 
t i m e a t 2 4 2 ° C , b u t i t p r o v e d the most efficient of the series since the 6.54 gram-mo le 
y i e l d represents 6 0 . 4 % theore t i ca l based u p o n consumed t r i ch loros i lane . 

Mesitylene-Trichlorosilane-Boron Chloride System. I t was interes t ing t o 
s t u d y th is reac t i on , i n a s m u c h as scission of a n o r t h o - a d d u c t ( ^ - e l i m i n a t i o n ) affords a 
reasonable e x p l a n a t i o n for f o r m a t i o n of some p h e n y l c ompounds i n the toluene runs 
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BARRY. GILKEY, AND HOOK-PREPARATION OF ARYLHALOSILANES 257 

above. W i t h mesi ty lene the a t t a c k i n g group can o n l y go or tho to a m e t h y l g roup 
on the benzene r i n g . A m i x t u r e of 2.08 gram-moles of mes i ty lene a n d 4.0 gram-moles 
of t r i ch loros i lane was b o m b e d w i t h 0.08 g r a m - m o l e of b o r o n t r i c h l o r i d e i n a 2.4- l i ter 
un i t , for 15 hours at 308° to 3 1 6 ° C . W h i l e the t e m p e r a t u r e was acc identa l ly h igher 
t h a n in tended , the react ion was sluggish a n d on ly 0.34 g ram-mo le of m e s i t y l t r i c h l o r o -
silane was obta ined b y f rac t i ona l d i s t i l l a t i o n . I t was iso lated as a cut at 142-2 .5°C. 
at 30 m m . a n d was ident i f ied b y proper a n a l y t i c a l d a t a as shown i n T a b l e I X . I t 
is s ignif icant t h a t 0.34 gram-mole of xylene was recovered i n l o w - b o i l i n g forecuts . 
A n 8 6 - g r a m cut bo i l ing over the range of 127° to 134°C. at 30 m m . was ident i f ied as 
x y l y l t r i c h l o r o s i l a n e . M o s t s igni f i cant ly , 0.42 gram-mole of m e t h y l t r i c h l o r o s i l a n e was 
f ound . I t is to be expected i n the event of or tho e l i m i n a t i o n , w h i c h m u s t be the 
reason for the observed xy lene a n d its d e r i v a t i v e ; the a m o u n t is large c o m p a r e d w i t h 
toluene runs , as expected, because mesi ty lene offers o n l y or tho sites for react ion . 

Biphenyl-Trichlorosilane-Boron Chloride System. B i p h e n y l y l t r i c h l o r o s i l a n e 
was made b y heat ing a m i x t u r e of 18 gram-moles each of b i p h e n y l a n d t r i ch loros i lane 
conta in ing 0.5 gram-mole of b o r o n t r i c h l o r i d e i n a 14.4- l iter b o m b for 16 hours at 
265° to 270°C . T h e b o m b was i n c o m p l e t e l y d ischarged, b u t 4648 grams of p r o d u c t 
gave on d i s t i l l a t i o n 2.21 gram-moles of m - b i p h e n y l y l t r i c h l o r o s i l a n e a n d 3.97 gram-moles 
of the c rys ta l l ine p a r a isomer (6.18 g r a m - m o l e t o t a l ) . A l l o w i n g for 2.16 gram-moles 
of recovered t r i ch loros i lane , the y i e l d is ca l cu lated to be conservat ive ly 3 9 . 0 % t h e o r e t i 
ca l . 

Phenyltriehlorosilane-Trichlorosilane-Boron Chloride System. P h e n y l t r i c h l o r o -
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BARRY, GILKEY, AND HOOK-PREPARATION OF ARYLHALOSILANES 259 

si lane (3810 g r a m s ) , t r i ch loros i lane (2440 g r a m s ) , a n d b o r o n chlor ide (64 grams) were 
bombed at 290° to 310°C . for 16 hours . T h e 5917 grams of m a t e r i a l d ischarged 
f r o m the reactor conta ined unreac ted t r i ch loros i lane (940 g r a m s ) , pheny l t r i ch lo ros i lane 
(1354 g r a m s ) , b y - p r o d u c t benzene (57 g r a m s ) , a n d te trachloros i lane (1132 g r a m s ) . 

I n a d d i t i o n , the fo l l owing c ompounds bo i l ing above pheny l t r i ch lo ros i lane were 
iso lated : 

F i v e h u n d r e d a n d t w e n t y grams of higher bo i l ing m a t e r i a l r emained as s*Ul 
residue. T h e first f our of the compounds were f o u n d i n the s t i l l residues of b o r o n 
c h l o r i d e - c a t a l y z e d benzene- tr i ch loros i lane reac t ion produc ts . T h e last was p r o b a b l y 
there also, b u t i n a m o u n t too s m a l l f or i so la t i on . T h e f our new compounds are 
charac ter i zed i n T a b l e I X . 

Preparation of Arylmethyldichlorosilanes. T h a t the m e t h o d just descr ibed for 
the s i l y l a t i o n of benzenoid compounds b y tr i ch loros i lane m a y be extended more 
general ly to other ch lorohydros i lanes , was establ ished b y the f o l l owing w o r k . P r o 
cedures were i d e n t i c a l w i t h those of the foregoing exper iments e m p l o y i n g boron 
ch lor ide as a cata lys t . 

Benzene-Methyldichlorosilane-Boron Chloride System. A series of runs was 
made i n the 14.4- l iter b o m b us ing 18 gram-moles each of benzene a n d m e t h y l d i c h l o r o 
silane w i t h 1.0 to 1.5% b o r o n chlor ide on t o t a l l o a d weight . T h e runs were of 16 
hours ' d u r a t i o n a n d covered a wide range of react ion temperatures . Pressures ranged 
f r o m 150 p.s . i . a t 150°C. to 1300 p.s . i . a t 300°C . T a b l e V I I summar izes the d a t a 
essential for discussion. R e a c t i o n of methy ld i ch lo ros i l ane w i t h benzene commences at 
a m u c h lower t empera ture (145° to 151°C.) t h a n the corresponding t r i ch loros i lane 
react ion w i t h e i ther benzene or toluene, b u t the thresho ld is m u c h less s h a r p l y defined 
(see F i g u r e 5 ) . W i t h increase i n t e m p e r a t u r e , the y i e l d of m e t h y l p h e n y l d i c h l o r o s i l a n e 
increases to a m a x i m u m at about 203 ° C , then fal ls off at higher t emperatures as 
r e d i s t r i b u t i o n reactions between the desired p r o d u c t a n d the i n i t i a l m e t h y l d i c h l o r o 
silane y i e l d progress ive ly more t r i ch loros i lane , pheny l t r i ch lo ros i lane , m e t h y l t r i c h l o r o 
si lane, a n d d imethy ld i ch l o ros i l ane . E x t r a o r d i n a r i l y h i g h residues were observed at 
temperatures above 240°C . T h e best a t t e m p t at p l o t t i n g a p r o d u c t - b y - p r o d u c t ra t i o 
w o u l d relate the s u m of the two phenyls i lanes ( bo th useful s i l y a t i o n products ) to 
the s u m of the two methy ls i lanes . A s p l o t t e d against t e m p e r a t u r e i n F i g u r e 5, the 
curve seems to peak at about 2 0 3 ° C , where the m a x i m u m y i e l d also occurs. T h e 
5.60 gram-mole p r o d u c t represents a y i e l d of 4 4 . 3 % theoret i ca l w h e n al lowance is 
made for recovery of 615 grams (5.35 gram-moles ) of methy ld i ch l o ros i l ane . 

Toluene-Methyldichlorosilane^Boron Chloride System. T h e reac t i on of toluene 
w i t h m et h y ld i ch l o ros i l ane was a lmost i d e n t i c a l i n charac ter to the foregoing benzene 
react ion . T h e essential d a t a are condensed i n T a b l e V I I I , a n d p l o t t e d i n F i g u r e 5 
a long w i t h corresponding d a t a o n the benzene reac t i on . T h e t w o sets of d a t a are 
h a r d l y d is t inguishable . T h e thresho ld t e m p e r a t u r e lies i n the range of 1 5 0 ° C , b u t 
is not s h a r p l y defined. T h e y i e l d rises w i t h t e m p e r a t u r e to a m a x i m u m of 4.9 g r a m -
moles i n the v i c i n i t y of 2 0 6 ° C . H o w e v e r , the best p r o d u c t - b y - p r o d u c t r a t i o appears 
i n the v i c i n i t y of 186°C. a n d , indeed , the react ion efficiency was best at th i s t e m p e r a 
ture ( r u n 383 ) . H e r e , the t o l y l m e t h y l d i c h l o r o s i l a n e y i e l d was 4.26 g r a m - m o l e s ; a l l o w 
i n g for 901 grams (7.84 gram-moles ) of recovered methy ld i ch lo ros i l ane , the y i e l d is 
ca l cu la ted to be 4 1 . 9 % theoret i ca l . I f the useful t o l y l t r i ch l o ros i l ane be i n c l u d e d i n 
the p r o d u c t , the s i l y l a t i o n y i e l d becomes 4 5 . 4 % theore t i ca l . These figures are c o n 
servat ive i n the face of some 4 % h a n d l i n g losses. 

G r a m s 
(C 6 H 5 ) 2 SiCl 2 

m-Cl.,SiC 6H 4SiCl 3 

p-Cl 3 SiC 6 H 4 SiCl ? 

CeHôSiC^Ce^SiCls 
C l 3 S i C 6 H 4 S i C l 2 C 6 H 4 S i C l 3 

80 
476 
141 
356 

73 
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260 ADVANCES IN CHEMISTRY SERIES 

4 

BENZENE REACTION · 

TOLUENE R E A C T I O N © 

1200 

140 200 250 300 
REACTION TEMPERATURE eG. 

Figure 5. Catalyzed reaction of methyldichlorosilane with benzene and toluene 

N e w C o m p o u n d s 

M a n y of the products synthes ized b y this d irect process are we l l k n o w n i n the 
field of organosi l i con c h e m i s t r y . M a n y others repor ted here are less c o m m o n or 

Table IX. New Compounds 
Analyses 

Boiling 
Point, Found, % Theoretical, % 

°C./30 Mm. 20° 
Found, % 

°C./30 Mm. 
Halide Compound Pressure Sp.Gr.~2Ô° C Si Halide C Si Halide 

w-CHaCeHiSiCh/ 118 1.279 37.4 12.8 47.0 37.2 12.4 47.2 
TO-CHiCeH4SiCli» 116-119 12.6 47.4 37.2 12.4 47.2 
w-CHaCeHiSiCls* 116-119 l'.288 37.6 12.6 49.0 37.2 12.4 47.2 
m - C H u C e H i S i B r C l a ' 131-134 10.4 39.7» 31.1 10.4 39.4« 
m-CHaCeKUSiBrW 131-134 32.0 10.6 40.8e 31.1 10.4 39.4° 
m-CH 3 C6H4(CH 3 )S iCl 2 117-118 1.158 45.9 13.7 35.4 46.8 13.7 34.6 
m - C 2 H 6 C 6 H 4 S i C l 3 130-130.5 1.245 40.7 11.8 44.9 40.1 11.7 44.4 
w-(CH 3 )2CHC6H 4 SiCle 135-136 1.228 42.8 10.7 42.4 42.6 11.0 42.0 
2,4,6-fCH 3)3C6H2SiCli 142-142.5 1.217 42.2 10.6 41.2 42.6 11.0 42.0 
CeftSiBn 94-99* 25.7 7.5 66.0 24.5C 7.7" 66.1c 

C 6 H 6 S i C l F 2 130-135d 

36.4* C 6 H 6 S i C l 2 F 163-166<* 36.3* 36.9 14.4 36.4* 
m-CeHsCer^SiCV 203 1.307 9.9 37.1 50.1 9.7 37.1 
m-CeH 6 C6H4SiCl 3 ' 203-203.5 1.306 10.1 37.2 50.1 9.7 37.1 
p-CeHiCeHiSiCla* 209-211.5 Crystalline 10.1 37.4 50.1 9.7 37.1 
p - C 6 H 6 C 6 H 4 S i C l 8 i 209-209.5 Crystalline 10.3 37.1 50.1 9.7 37.1 
m-Cl 3 SiC6H 4 SiCl3 161-161.5 1.497 21.6 16.2 62.5 20.8 16.5 61.8 
p-Cl 3 SiC6H 4 SiCl 3 168 Crystalline 21.2 16.6 64.2 20.8 16.5 61.8 
CeH 6 SiCl 2 C 6 H4SiCl3 225-226.5 1.386 38.3 14.8 46.2 37.2 14.5 46.0 
ChSiCe^SiChCe^SiCla 211-212* 1.49 28.7 16.4 54.0 27.7 16.1 54.6 

° Halide computed as chloride. 
b Boiling point at 2.3-2.9-mm. pressure. 
c Theoretical analysis with 6% biphenyl contamination. 
d Boiling point at atm. pressure. 
* Boiling point at 5-mm. pressure. 
f Derived from p-chlorotoluene. 
» Derived from o-bromotoluene. 

h Derived from p-bromotoluene. 
* Derived from 2-chlorobiphenyl. 
> Derived from 4-chlorobiphenyl. 
* % chlorine. 
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BARRY, GILKEY, AND HOOK-PREPARATION OF ARYLHALOSILANES 261 

ent i re ly new. F o r the sake of b r e v i t y a n d organ izat i on of the discussion i t seemed 
wise to gather a l l the new compounds in to one table for charac ter i za t i on a n d s u p p o r t 
of s t ruc ture . A c c o r d i n g l y , T a b l e I X shows the compounds i so lated , the i r p h y s i c a l 
propert ies , a n d u l t i m a t e chemica l analyses c o m p a r e d w i t h the theoret i ca l va lues . 
F o r i somer ident i f i ca t i on , i n f r a r e d absorp t i on spec tra were ob ta ined o n several of 
the l i s ted compounds a n d c o m p a r e d w i t h the curves of C l a r k , G o r d o n , Y o u n g , a n d 
H u n t e r (6), who studied several species of r i n g - s u b s t i t u t e d phenyls i lanes . T h e y 
showed t h a t isomer d i s t i n c t i o n cou ld be v iewed i n the 5- to 6 - m i c r o n region, b u t was 
p a r t i c u l a r l y resolvable at longer wave lengths where o r tho , m e t a , a n d p a r a isomers 
were d is t inguished b y absorp t i on bands at 13 to 13.5, 12.5 to 13, a n d 12 to 12.5 
microns , respect ive ly . I n th is m a n n e r , the whole sample of t o ly l t r i ch l o ros i l ane ob 
ta ined b y the b o r o n - c a t a l y z e d synthesis was shown to be a n equal m i x t u r e of m e t a a n d 
p a r a isomers w i t h a trace of or tho poss ib ly present. T h e l ow bo i l ing p l a t e a u i n the 
table is u n d o u b t e d l y the ra-tolyltriehlorosilane. 

F o r the b ipheny ly l t r i ch l o ros i l anes a n d the bis ( t r i ch l o ros i l y l ) benzenes, w h i c h were 
s h a r p l y cut i n the i r d i s t i l l a t i o n , the l i q u i d f ract ions i n b o t h cases were p u r e m e t a 
isomers whi le the c rys ta l l ine compounds were pure p a r a isomers. 

Theoretical Considerations 

A n ionic m e c h a n i s m m i g h t best e x p l a i n the f o r m a t i o n of the p r o d u c t s f o u n d i n 
th is w o r k . T h i s w o u l d first en ta i l t h e r m a l d issoc iat ion of t r i ch loros i lane , f o r ex 
ample , to give s i l i c o n i u m ions capable of a d d i t i o n to the a romat i c nucleus as i n d i c a t e d : 

(1) 

(2) 

SiCl3 + C6H6 >- P s i C l 3 (3) 

I n c lassical m a n n e r , the i m p o s i t i o n of the an ion u p o n the l a t t e r , e l i m i n a t i o n of a 
n e u t r a l molecule , a n d r e d i s t r i b u t i o n of electrons on the r i n g shou ld afford the observed 
products : 

SiC13 

(4) 

S i m i l a r d i spos i t i on of the ions of (2) w o u l d afford the observed pheny ld i ch loros i lane ; 
the b y - p r o d u c t hydrogen chlor ide i n th is case w o u l d be consumed b y tr i ch loros i lane 
to give hydrogen a n d s i l i con te t rach lor ide observed i n the react ions or, b y crossover of 

+ 
ions m 1 a n d 2, the C I - m a y have been scavenged b y a C l 3 S i l e a v i n g the h y d r a n i o n 
to complete i t s task i n the m a n n e r of 4. I n the t h e r m a l runs the mole y ie lds of 
pheny l t r i ch loros i lane a n d pheny ld i ch loros i lane are i n the average rat io of 5.0 to 1, 
respec t ive ly ; correspondence m a y be presumed for the source s i l i c o n i u m ions. I n -

+ +. 
terest ingly , mass spectroscopy shows t r i ch loros i lane to cleave in to S i C l 3 a n d H S i C l 2 

f ragments i n a n abundance rat io of 4.93 to 1, respec t ive ly . 
T h e ca ta lyzed react ions repor ted i n this w r ork were observed t o require less 
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262 ADVANCES IN CHEMISTRY SERIES 

drast i c t h e r m a l condi t ions t h a n those w i t h o u t ca ta lys t . T h i s is compat ib l e w i t h 
c lassical theory on the basis t h a t b o r o n ch lor ide , for example , m a y coordinate w i t h 
the anions of E q u a t i o n s 1 a n d 2 to f o r m somewhat more stable c omplex ions , 
( C 1 : B C 1 3 ) ~ a n d ( H : B C 1 3 ) ~ , respect ive ly , thus p u l l i n g 1 a n d 2 t o the r i g h t a n d i n 
creasing the p r o b a b i l i t y of a d d u c t 3. M e t h y l s u b s t i t u t i o n i n the chlorosi lane shou ld 
also be conduc ive t o w a r d th is end because of increased pos i t ive charge o n the s i l i con . 
T h e lower temperatures r equ i red for react ion of methy ld i ch lo ros i l ane s u p p o r t th i s 
v i e w . I n th i s m e c h a n i s m there is no need to presume a n y great i o n separat ion . 

T h e c lassical i n t e r p r e t a t i o n ou t l ined above accounts sat i s fac tor i ly for the m a i n 
produc ts obta ined . H o w e v e r , i t does not pred i c t some of the b y - p r o d u c t s observed 
n o r e x p l a i n the absence of other compounds ant i c ipated—e.g . , or tho isomers . Some 
mod i f i ca t i on seems necessary, a n d the f o l l owing concept is offered for cons iderat ion . 
Ins tead of a b s t r a c t i n g a p r o t o n as pos tu la ted above, the an ion m i g h t a p p r o a c h the 
c a r b o n i u m site of E q u a t i o n 3 to give a n e u t r a l molecule . T h e resu l tant conjugated 
cyc lohexadiene d e r i v a t i v e w o u l d be h i g h l y unstable a n d , seeking resonance s t a b i l i t y , 
w o u l d i m m e d i a t e l y undergo or tho e l i m i n a t i o n , y i e l d i n g the observed produc ts of r e 
generat ing the s t a r t i n g m a t e r i a l s : 

(5) 

L J 

T h e a c t u a l existence of a cyclohexadiene d e r i v a t i v e is no t abso lute ly essential 
to th i s i n t e r p r e t a t i o n , b u t a tendency t o w a r d such a n in termed ia te state m a y be 
presumed o n the basis of a concerted i n t e r a c t i o n i n v o l v i n g : 

T h e k n o w n electrophil ic character of the central s i l i con a tom. 
Po lar i za t i on of the aromatic nucleus w i t h a n attract ion of its induced par t ia l negative 
charge toward the s i l i con. 
Coord inat i on of boron halide w i t h potent ia l anion f rom the s i l icon and wi thdrawal of i t 
sufficiently to permit impos i t ion of the anion, simple or complex, upon the carbonium site 
of the aromatic r ing . 

T h e sequence is i l l u s t r a t e d w i t h h y d r a n i o n m i g r a t i o n i n E q u a t i o n 5. P o t e n t i a l 
h o m o p o l a r b o n d i n g of H — C , t e n d i n g t o w a r d the pos tu la ted cyc lohexadiene i n t e r 
mediate , is cons iderab ly more tenable t h a n analogous t r e a t m e n t of a ch lor ine a n i o n . 
T h e heteropo lar charac ter of the p o t e n t i a l C l — C b o n d w o u l d be more l i k e l y to 
encourage beta-c leavage of the s i l y l g roup f r o m the c a r b o n i u m i o n as has been 
descr ibed i n the case of β-haloalkylsilanes (14)- I t is s igni f icant t h a t i n the present 
w o r k no h a l o a r y l s i l i con compounds have been detected among the b y products 
f r o m the react ions of a r y l h y d r o c a r b o n s w i t h ha lohydros i lanes . 

T h e concept of m e c h a n i s m out l ined above is h e l p f u l i n exp la in ing m a n y ob 
servat ions r e la t ing to th is w o r k , a m o n g t h e m the m a t t e r of isomers ob ta ined . I n 
c o m m o n w i t h a l l syntheses i n w h i c h d i s u b s t i t u t e d benzenes were ob ta ined , the re 
act ions of toluene w i t h ha lohydros i lanes showed l i t t l e or no i n d i c a t i o n of or tho c o m 
pounds . T h i s is r e m a r k a b l e i n the face of h i g h y ie lds of o -n i troto luene f r o m the 
n i t r a t i o n ( n i t r o n i u m a t t a c k ) of toluene ( 7 ) . Ster i c factors , a t t r i b u t a b l e to the large 
size of the s i l y l g roup , can offer o n l y a p a r t i a l e x p l a n a t i o n . Indeed , wh i l e the m a j o r 
a t t a c k was m e t a a n d p a r a , o r t h o - a d d u c t i o n m u s t have occurred to e x p l a i n the b y 
produc ts observed i n the t o l y l t r i c h l o r o s i l a n e preparat i ons , p a r t i c u l a r l y where forced 
b y h igher t emperatures . I f we examine the possible or tho adduc t of to luene a n d 
t r i ch loros i lane i n the convenience of R e a c t i o n 5, the h y p o t h e t i c a l in termed ia te w o u l d 
have 4 modes of scission to regain benzenoid s t a b i l i t y . 
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BARRY, G1LKEY, AND HOOK—PREPARATION OF ARYLHALOSILANES 263 

SiCl3 

HSiCl3 + Toluene 
H2 + o-Tolyl SiCU 

(6) 

CH4 + Phenyl SiCl3 

MeSiCl, + Benzene 
T h e first l ine of scission w o u l d mere ly regenerate the s t a r t i n g m a t e r i a l s . T h e second 
w o u l d y i e l d hydrogen , i n c o m m o n w i t h scission of other adducts , a n d o - t o l y l t r i c h l o r o -
silane w h i c h was i n d i c a t e d on ly i n trace a m o u n t too s m a l l for i d e n t i f i c a t i o n ; the re 
m a i n i n g two modes of cleavage shou ld y i e l d methane , f ound i n the vent gases f r o m 
the b o m b , a n d the other three b y - p r o d u c t s i n d i c a t e d , a l l of w h i c h were ident i f ied 
among the forecuts i n p r o d u c t d i s t i l l a t i o n . 

T h e react ion w i t h mesi ty lene was p a r t i c u l a r l y i l l u m i n a t i n g , for here the t r i c h l o r o -
s i l i c o n i u m i o n cou ld a t tack on ly posit ions ortho to a m e t h y l g r o u p . M e s i t y l t r i c h l o r o -
silane was obta ined as repor ted , b u t was exceeded b y the m o l a r amounts of m e t h y l t r i 
chlorosi lane a n d xylene p lus x y l y l t r i c h l o r o s i l a n e , as m i g h t be expected b y reasoning 
analogous to t h a t for the toluene react ion above. 

S i m i l a r considerat ions can be a p p l i e d to exp la in the absence of or tho isomers 
among the p o l y s u b s t i t u t i o n compounds produced i n the p r e p a r a t i o n of p h e n y l t r i 
chloros i lane b y the b o r o n c h l o r i d e - c a t a l y z e d reac t ion of t r i ch loros i lane a n d benzene: 

P h S i C l 3 5 ^ 1 ' C l 3 S i C 6 H 4 S i C l 3 

H S i C l 3 + C 6 H 6 (7) 

P h S i C l 2 P h 2 S i C l 2 P h S i C l 2 C 6 H 4 S i C l 3 

I 
H 

C l e a n cuts of m- a n d p -b i s ( t r i c h l o r o s i l y l ) benzenes a n d the i r m o n o p h e n y l der ivat ives 
were obta ined i n copious quant i t i es , b u t no ortho isomer was detected. F r o m a t 
tempts to b u i l d such a s t ruc ture w i t h scaled a tomic models , a n or tho isomer seems 
a lmost imposs ib le . A n a p p r o a c h to the h y p o t h e t i c a l o r tho adduc t of t r i ch loros i lane 
to pheny l t r i ch l o ros i l ane cou ld be real ized on ly w i t h the b u l k y t r i c h l o r o s i l y l groups 
i n the t rans - con f igurat i on . C leavage of th i s i n either of the t w o l i k e l y w a y s — c i s — 
cou ld y i e l d o n l y t r i ch loros i lane a n d pheny l t r i ch l o ros i l ane . T h a t no hexachlorodis i lane 
has been detected i n these exper iments b o t h s u p p o r t s the t rans conf igurat ion a n d 
argues against t r a n s e l i m i n a t i o n . 

A n interest ing case for the or tho e l i m i n a t i o n concept resides i n the reac t i on of 
tr i ch loros i lane w i t h pheny l t r i ch lo ros i lane . H e r e the m a j o r p r o d u c t , b is ( t r i c h l o r o s i l y l ) -
benzene, is of n o w obvious o r i g i n ; the b y - p r o d u c t s , d ipheny ld i ch lo ros i lane , p h e n y l -
( t r i c h l o r o s i l y l p h e n y l ) d ichloros i lane , a n d bis ( t r i c h l o r o s i l y l p h e n y l ) d ichloros i lane a r r i v e 
b y more devious route . P h e n y l d i c h l o r o s i l a n e , the k e y to a most l i k e l y e x p l a n a t i o n , 
m a y be f o r m e d b y r e d i s t r i b u t i o n (exchange between h y d r a n i o n f r o m t r i ch loros i lane 
a n d ch lor ide i on f r o m p h e n y l t r i c h l o r o s i l a n e ) . I f the pheny ld i ch loros i lane n o w reacts 
w i t h pheny l t r i ch lo ros i l ane i n the m e t a or p a r a posit ions as i n R e a c t i o n 4 or 5, the 
observed p h e n y l ( t r i c h l o r o s i l y l p h e n y l ) d ichloros i lane isomers should resul t . B u t , i f the 
at tack be or tho , the theory of R e a c t i o n 6 can be a p p l i e d here w i t h the l i m i t a t i o n 
t h a t the s i l y l groups on adjacent carbons be of t r a n s - c o n f i g u r a t i o n : 

Cl 3Si^.H c i 

Ph 
PhSiCl. + PhHSiCl. 

(8) 
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264 ADVANCES IN CHEMISTRY SERIES 

The first elimination shown would merely regenerate the initial compounds; the 
second accounts nicely for the diphenyldichlorosilane observed. If the same sequence 
of reactions occur starting with bis (trichlorosilyl) benzene instead of phenyltrichloro
silane, bis(trichlorosilylphenyl)dichlorosilane should emerge as was found. Thus, these 
theoretical considerations adequately account for all products observed in this system. 

The proposed reaction mechanism will be considered further in two papers deal
ing with the reaction of chlorohydrosilanes with naphthalene and aryl halides. 
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Formation of Alkyl and Aryl 

Titanium-Carbon Bond Compounds 

DANIEL F. HERMAN 

Research Laboratory, National Lead Co., New York, Ν. Y. 

The first compound synthesized and isolated, contain
ing a titanium-carbon bond was phenyltitanium tri-
isopropoxide. Much information was accumulated 
related to the preparation and properties of organo-
titanium compounds of the type RnTiX4-n, where R 
could be alkyl or aryl groups and X could be alkoxy 
groups or halogen. The organotitanium compounds 
can exist at various valence levels. Compounds of 
the type R nTiX m can exist when the sum of n and m is 
2 or 3. These materials, although more stable than 
quadrivalent organotitanium compounds, exhibit 
some thermal instability and act as catalysts 
for polymerization. Reduction of titanium com
pounds by organometallic reagents takes place 
through the intermediate formation of an organo
titanium compound. Reduction proceeds only to 
the extent of giving a mixture of bi- and trivalent 
compounds even in the presence of excess Grignard 
reagent. Reaction of the lower valent titanium com
pounds with the solvent may account for this. 

A l k y l and aryl organometallic compounds containing direct carbon to titanium bonds 
are discussed. These carbon-metal bonds are of at least partial covalent character. 
New work is described which further elucidates the nature of the organotitanium com
pounds formed on reaction of organometallic reagents with titanium esters or chlorides 
at varying molar ratios. Conclusions or proposed structures are based upon diagnostic 
tests and chemical analyses similar to those by Herman and Nelson (8). 

Although most of the compounds described are diffcult to handle and even more 
difficult to isolate in purified state, they are increasingly important as catalysts in 
heterogeneous polymerization. This field has grown rapidly since Ziegler's announce
ment (18) of the low pressure polymerization of ethylene by means of catalysts formed 
by the interaction of organometallic reagents, such as org a no aluminum compounds, 
with various derivatives of titanium. 

The initial attempt to prepare a stable and isolatable organotitanium compound 
was made in 1861 by Cahours (3). Many further attempts were also unsuccessful (1, 
2, 4, 7, 10-14, 16)· Under some circumstances, organotitanium products of a transi
tory nature may have been formed in solution, especially in the reactions of titanium 
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266 ADVANCES IN CHEMISTRY SERIES 

salts w i t h var ious organometal l i c reagents (7, 13). A successful synthesis was repor ted 
i n 1952 a n d 1953 b y H e r m a n a n d N e l s o n (8). T h e i so la t i on of p h e n y l t i t a n i u m t r i -
i sopropoxide was descr ibed, a n d compounds of the t y p e R n T i X 4 _ w were discussed. 
S u m m e r s a n d U l o t h (17) descr ibed a n u n u s u a l series of compounds of the class 
( C 5 H 5 ) 2 T i R 2 , where R is p h e n y l , p - t o l y l , a n d p - d i m e t h y l a m i n o p h e n y l . These m a 
terials possessed a n u n u s u a l s t a b i l i t y t owards h y d r o l y s i s w h e n c o m p a r e d to the s imp le r 
o r g a n o t i t a n i u m compounds . T h i s is a t t r i b u t e d to the s a n d w i c h s t ruc ture of the t w o 
cyc lopentadiene r ings . F r i e d l a n d e r a n d O i t a (6) descr ibed the react ion p r o d u c t s of 
a l k y l l i t h i u m compounds a n d t i t a n i u m te t rach lor ide at v a r y i n g m o l a r rat ios a n d 
obta ined evidence p o i n t i n g towards t rans ient t i t a n i u m - c a r b o n bonds. D i a g n o s t i c 
methods e m p l o y e d were s i m i l a r to those described p r e v i o u s l y (8). These mater ia l s 
were act ive cata lysts for the p o l y m e r i z a t i o n of ethylene . 

P r e v i o u s a t t e m p t s to f o r m R n T i X 4 _ w c ompounds were unsuccessful , because the 
condit ions selected for react ion were too str ingent . There fore , the i n i t i a l react ion 
s tud ied was one i n v o l v i n g equ imo lar quant i t ies of p h e n y l m a g n e s i u m b r o m i d e a n d 
b u t y l t i tanate i n ether at about 8 ° C . E v i d e n c e ind i ca ted t h a t a p h e n y l - t i t a n i u m 
b o n d of moderate s t a b i l i t y h a d been f o rmed in situ. T h e so lut ion gave a s lowly de
ve lop ing but e v e n t u a l l y s t rong color test w i t h M i c h l e r ' s ketone. Because G r i g n a r d 
reagents exhib i t a v e r y r a p i d pos i t ive test, i t was assumed t h a t p h e n y l m a g n e s i u m 
b r o m i d e was no longer present a n d t h a t a new organometa l l i c c ompound—i .e . , an 
o r g a n o t i t a n i u m c o m p o u n d of lesser a c t i v i t y — h a d been f o r m e d . S u b s t a n t i a t i n g th i s , 
carbonat i on of a p h e n y l m a g n e s i u m b r o m i d e y i e l d e d 70 to 9 0 % benzoic a c id , a n d 
carbonat i on of the G r i g n a r d - t i t a n a t e react ion m i x t u r e y i e lded on ly 0 to 2 % benzoic 
a c id . H i g h y ie lds of benzoic a c i d w o u l d be expected i f there was no react ion of the 
G r i g n a r d reagent. O x i d a t i o n of the react ion m i x t u r e resul ted i n 20 to 2 5 % y ie lds of 
pheno l a long w i t h some b i p h e n y l a n d benzene. These results are i d e n t i c a l to w h a t 
is o r d i n a r i l y obta ined on o x i d a t i o n of p h e n y l m a g n e s i u m bromide . A s the G r i g n a r d 
reagent is no longer present, these ox ida t i on products m u s t be a t t r i b u t e d to a new 
t y p e of organometal l i c c o m p o u n d . T h e authors conc luded t h a t th is c o m p o u n d was 
a p h e n y l t i t a n i u m c o m p o u n d f o rmed accord ing to E q u a t i o n 1. 

C 6 H 5 M g B r + ( C 4 H 9 0 ) 4 T i -> C 6 H 5 T i ( O C 4 H 9 ) 3 + C 4 H 9 O M g B r (1) 

T h e ox idat i on a n d h y d r o l y s i s react ions are s h o w n i n E q u a t i o n s 2 a n d 3. 

C 6 H 5 T i ( O C 4 H 9 ) 3 + i 0 2 -> C 6 H 5 O T i ( O C 4 H 9 ) 3 (2a) 

C 6 H 5 O T i ( O C 4 H 9 ) 3 + H 2 0 -> C 6 H 5 O H + T i 0 2 hydrate + 3 C 4 H 9 O H (2b) 

C 6 H 5 T i ( O C 4 H 9 ) 3 + H 2 0 -> C 6 H 6 + T i 0 2 hydrate + 3 C 4 H 7 O H (3) 

E q u a t i o n 2 has been substant ia ted b y i n f r a r e d evidence. 
I n the G r i g n a r d r e a g e n t - b u t y l t i tanate react ion m i x t u r e , reduced t i t a n i u m c o m 

pounds are f o r m e d g r a d u a l l y on storage at r o o m t e m p e r a t u r e a n d iner t atmosphere 
( F i g u r e 1 ) . 

T h i s decompos i t ion w i l l be discussed la ter , b u t two po ints shou ld be emphas ized 
here. (1) T h e r e is essential ly no f o r m a t i o n of reduced t i t a n i u m i m m e d i a t e l y after c o m 
p l e t i n g the a d d i t i o n of G r i g n a r d reagent to the t i t a n a t e . (2) A t th is po in t , the G r i g n a r d 
reagent h a d reacted complete ly to f o r m o r g a n o t i t a n i u m compounds . There fore , the 
ensuing f o r m a t i o n of lower va lent t i t a n i u m compounds is not a t t r i b u t e d to a direct r e 
d u c i n g ac t i on of the G r i g n a r d reagent b u t to a h o m o l y t i c cleavage of the c a r b o n - m e t a l 
b o n d , as i n E q u a t i o n 4. 

C 6 H 5 T i ^ - » C 6 H 5 · — T i · (4) 
\ / 

T h e f o r m a t i o n of free p h e n y l radica ls a n d lower va lent t i t a n i u m compounds c o n t a i n 
i n g o d d electrons is pos tu la ted . T h e decompos i t ion is be l ieved to be u n i m o l e c u l a r 
ra ther t h a n b imo le cu lar , because i n b imo lecu lar coup l ing react ions b i p h e n y l is ob ta ined 
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Figure 1. Decomposition rates of phenylmagnesium bro
mide and butyltitanate 

1 to 1 to 4 to 1 molar ratios 

i n h i g h y ie lds (5). I n the present instance, t y p i c a l decompos i t ion products are 33 
to 3 4 % benzene, 25 to 3 7 % b i p h e n y l , a n d u p to 1 5 % of higher a r o m a t i c hydrocarbons . 
T h e most s t r i k i n g evidence for such a t h e r m a l cleavage of the t i t a n i u m - c a r b o n b o n d is 
the a b i l i t y of the react ion fragments to cata lyze the p o l y m e r i z a t i o n of v i n y l monomers . 

T h e a c t u a l i so la t ion of a p h e n y l t i t a n i u m c o m p o u n d f r o m these react ion m i x t u r e s 
was achieved b y the react ion of p h e n y l l i t h i u m w i t h i s o p r o p y l t i tanate at 8° to 15°C. 
A t rans ient orange color was produced w h i c h was fo l lowed b y the depos i t ion of w e l l -
f o r m e d whi te crysta ls a n a l y z i n g as C 6 H 5 T i ( O C 3 H 7 ) 3 - L i O C 3 H 7 - L i B r - ( C 2 H 5 ) 2 0 . 
P h e n y l t i t a n i u m t r i i sopropox ide was iso lated f r o m this complex b y react ion w i t h t i 
t a n i u m te t rach lor ide or a l u m i n u m chlor ide . I t was obta ined as a whi te c rys ta l l ine 
substance, m e l t i n g po in t 88° to 9 0 ° C , w h i c h was stable on storage at 10°C. R a p i d 
decompos i t ion to t i tanous products took place on heat ing at 100° to 120°C. T h e 
p r o d u c t exh ib i ted a l l of the reactions prev i ous ly descr ibed i n the in situ f o r m a t i o n of 
p h e n y l t i t a n i u m compounds . There fore , the diagnostic methods p r e v i o u s l y descr ibed 
are rel iable , a n d th is a p p r o a c h m a y be used w i t h reasonable confidence i n d e m o n s t r a t 
ing the existence of o r g a n o t i t a n i u m bonds i n react ion m i x t u r e s of organometa l l i c 
reagents w i t h t i t a n i u m der ivat ives . 

T h e stabi l i t ies of t i t a n i u m - c a r b o n bonds i n compounds of the general f o r m 
R n T i X 4 _ n were s tud ied . R groups were v a r i e d f r o m a l k y l to a r y l , a t t e m p t s were made 
to l i n k more t h a n one R group to the t i t a n i u m a t o m , a n d X was v a r i e d f r o m a lkox ide 
to hal ide . T h e general conc lus ion was t h a t t i t a n i u m - c a r b o n bonds of v a r i a b l e s t a b i l i t y 
existed i n a l l cases. W i t h v a r i a t i o n i n the R group , s t a b i l i t y increased : b u t y l < m e t h y l 
< a ce ty l eny l < p - a n i s y l < p h e n y l < 2 - n a p h t h y l < i n d e n y l . T h e i n d e n y l g r o u p is a 
special case, be ing a congener of cyc lopentadiene w h i c h forms compounds of u n u s u a l 
s t a b i l i t y w i t h the t r a n s i t i o n elements. T h e effect of changes i n the X group on the 
s t a b i l i t y of the p h e n y l t i t a n i u m b o n d was as fo l lows : b u t o x y ~ i s o b u t o x y p r o p o x y ^ 
i s o p r o p o x y > m e t h o x y , ch lor ide > fluoride. S t u d y of changes i n η showed t h a t 
greatest s t a b i l i t y was obta ined w h e n η = 1. S t a b i l i t y fe l l off s h a r p l y w h e n η = 2, 
a n d q u a d r i v a l e n t compounds were v i r t u a l l y nonexistent w i t h more t h a n two R groups 
b o u n d to the t i t a n i u m a t o m . H o w e v e r , l ower va l ent compounds of t i t a n i u m w h i c h 
s t i l l conta ined c a r b o n - m e t a l bonds were i n d i c a t e d . 
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268 ADVANCES IN CHEMISTRY SERIES 

T o establ ish more f i r m l y the i d e n t i t y of the organic der ivat ives of reduced t i t a n i u m 
a n d to examine t h e i r ca ta ly t i c a c t i v i t y , p h e n y l m a g n e s i u m b r o m i d e was added to b u t y l 
t i tanate a n d t i t a n i u m te t rach lor ide at 1 to 1 to 4 to 1 m o l a r rat ios . D e c o m p o s i t i o n 
rates are shown i n F i g u r e 1, a n d a s u m m a r y of the d a t a ob ta ined at the 4 to 1 m o l a r 
rat ios is g i v e n i n T a b l e I . I n the react ions of p h e n y l m a g n e s i u m b r o m i d e a n d b u t y l 

Table I. Reaction of 4 Moles of Phenylmagnesium Bromide with 1 Mole of 
Butyl Titanate and 1 Mole of Titanium Tetrachloride 

(% dis tr ibut ion of phenyl groups after storage) 
Reaction I, Butyl Titanate 

2-Hr. Storage 20-Hr. Storage 

Bound Bound Reaction II, 
Free in solid Free in solid Titanium 

in with in with Tetrachloride, 
ether Ti , Mg, ether Ti , Mg, 20-Hr. Storage, 
soin. Br, Bu Total soin. Br, Bu Total Total Recovery 

10.5 10.5 2.0 2.0 2.4 
17.6 16.0 33.6 23.2 11.2 34.4 23.5 
19.5 7.0 26.5 24.3« 7.5 31.8« 50.0 
— 13.9 13.9 —. 14.7 14.7 

36.9 84.5 33.4 82.7« 75.9 

Phenyl recovered as 
Unreacted Grignard 
Benzene 
Bi phenyl 
Other aromatics 

Total recovery 
« 2 % higher values obtained in a duplicate run. 

t i tanate at 1 to 1 a n d 2 to 1 m o l a r rat ios , b o t h monopheny l—e .g . , C 6 H 5 T i X 3 — a n d 
d i p h e n y l — e . g . , ( C 6 H 5 ) 2 T i X 2 — t i t a n i u m species of q u a d r i v a l e n t t i t a n i u m were f o rmed 
(#). A t higher rat ios of reactants , the reactions are compl i ca ted i n t h a t decompos i t i on 
of the q u a d r i v a l e n t o r g a n o t i t a n i u m c o m p o u n d leads to the f o r m a t i o n of reduced 
t i t a n i u m compounds w h i c h m a y be a r y la t ed . E q u a t i o n s 5 to 8 are pos tu la ted . 

T l R M g X + T1X4 -> R n T l X 4 _ n (5) 

R n T i X 4 _ n - » R n - l T i X 4 _ n + R · (6) 

R n _ i T i X 4 _ n + R M g X -> R n T i X 3 _ n (7) 

R · —> organic by-products (8) 

T o establ ish the v a l i d i t y of these equations, the fo l l owing factors must be d e t e r m i n e d : 
completeness of u t i l i z a t i o n of the G r i g n a r d reagent, extent of reduc t i on of the organo
t i t a n i u m compounds , i d e n t i t y of the p u r e l y organic products of decompos i t ion , a n d 
i d e n t i t y of the t i t a n i u m products of the decompos i t ion , p a r t i c u l a r l y these reduced t i 
t a n i u m products w h i c h are s t i l l organometal l i c i n n a t u r e . F i n a l l y , i t was necessary 
to relate the var ious identi f iable products to the i n d i v i d u a l equations shown . 

D iagnos t i c exper iments were car r i ed out . T h e p r o d u c t was carbonated to de
termine the extent of G r i g n a r d reagent reacted . T h e u n b o u n d p u r e l y organic m a 
t e r i a l was separated b y f i l t r a t i o n f r o m the so l id organometal l i c produc ts before a n y 
h y d r o l y s i s or o x i d a t i o n was a l lowed to take place. T h e o r g a n o t i t a n i u m p r o d u c t was 
h y d r o l y z e d subsequent to the r e m o v a l of the u n b o u n d organic m a t e r i a l . T h e organic 
m a t e r i a l so l iberated was iso lated a n d re lated to the i n i t i a l presence of o r g a n o t i t a n i u m 
compounds . O x i d a t i o n fo l lowed b y hydro lys i s was also used s i m i l a r l y ( E q u a t i o n s 2 
a n d 3 ) . 

T h e values l i s ted i n T a b l e I are the per cents of the p h e n y l groups o r i g i n a l l y 
charged as G r i g n a r d reagent w h i c h are iso lated i n the forms ind i ca ted . A t o t a l recovery 
of 1 0 0 % w o u l d ind icate a complete account ing for a l l the G r i g n a r d reagent. A c t u a l l y 
recoveries range f r o m 82 to 8 4 % , w h i c h is ent i re ly sat i s fac tory i n v i e w of the n u m b e r 
of steps i n v o l v e d a n d the di f f i cul ty of h a n d l i n g these mater ia l s . I n a reac t i on m i x t u r e 
( R e a c t i o n I ) w h i c h was a n a l y z e d 2 hours after c omple t i on of the a d d i t i o n of the 
G r i g n a r d reagent, carbonat i on showed t h a t 88 to 9 0 % of the G r i g n a r d h a d been 
u t i l i z e d . F u r t h e r storage for a t o t a l of 20 hours showed t h a t th is u t i l i z a t i o n increased 
to 9 8 % . T h e react ion is therefore v e r y r a p i d a n d essent ia l ly complete . A n y organo-
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HERMAN—TITANIUM-CARBON BOND COMPOUNDS 269 

metal l i c m a t e r i a l f ound at this po int must be o r g a n o t i t a n i u m i n n a t u r e . A n a l y s i s of 
the valence levels of the t i t a n i u m products shows t h a t complete reduct ion to the 
t i tanous state has t a k e n place w i t h i n the 2 -hour per i od . T h e t e r m t i tanous inc ludes 
b o t h b i - a n d t r i v a l e n t t i t a n i u m . I n the 20-hour react ion , such a reduced p r o d u c t 
conta ined 8 8 % t r i v a l e n t a n d 1 2 % b i v a l e n t t i t a n i u m compounds . A s s u m i n g t h a t 
each equiva lent of G r i g n a r d reagent is capable of reduc ing the valence l eve l of t i t a n i u m 
b y one u n i t , 1.12 equivalents of G r i g n a r d reagent shou ld be i n v o l v e d i n reduc t i on 
out of the 4 moles consumed. There fore , s l i g h t l y more t h a n one equiva lent of 
p h e n y l shou ld be iso lated as aromat i c h y d r o c a r b o n s , a n d between t w o a n d three 
equivalents shou ld be b o u n d to t i t a n i u m i n the t i tanous state as a n organometal l i c 
c o m p o u n d . H o w e v e r , i n R e a c t i o n I a t o t a l of 3 7 . 1 % of the p h e n y l equiva lents ( 17 .6% 
benzene, 1 9 . 5 % b i p h e n y l ) were iso lated f r o m the f i l tered ether solut ions . T h i s va lue 
increases to 4 7 . 5 % on storage for 20 hours . E q u a t i n g th is l a t t e r q u a n t i t y to a r e 
d u c t i o n react ion means t h a t a lmost 2 moles of reagent have been consumed. T h e r e 
fore, the t i t a n i u m should be reduced comple te ly to the b i v a l e n t state. A s th i s was 
not the case, i t appears t h a t p a r t of the G r i g n a r d reagent is destroyed c a t a l y t i c a l l y b y 
the t i t a n i u m compounds . T h i s effect is even more s t r i k i n g w h e n t i t a n i u m te trach lor ide 
( R e a c t i o n I I ) is used i n place of b u t y l t i tanate . 

T h e so l id p o r t i o n of the p r o d u c t conta ined over 9 0 % of the t i t a n i u m a n d m a g 
nes ium used i n the react ion . Because th is h a d been separated a l ready f r o m the ether 
so lut ion a n d washed, a l l free benzene a n d b i p h e n y l f o r m e d d u r i n g reduc t i on shou ld 
have been removed . A n y a d d i t i o n a l organic m a t e r i a l f o rmed on h y d r o l y s i s m u s t be 
a t t r i b u t e d to the presence of o r g a n o t i t a n i u m compounds i n the t i tanous state . A n a l y 
sis of R e a c t i o n I after 2 hours shows t h a t 36.9 mole % of the p h e n y l equivalents used 
were b o u n d to the t i t a n i u m . T h i s m a t e r i a l was i so lated as 16 .0% benzene, 7 .0% 
b i p h e n y l , a n d 13 .9% h i g h bo i l ing a r o m a t i c residue. A n a l y s i s of the 20-hour r u n 
showed t h a t 33.4 mole % of the p h e n y l equivalents used were b o u n d to the t i t a n i u m . 

I n the 2 -hour r u n a n average of 1.49 p h e n y l groups were b o u n d to each t i t a n i u m 
a t o m . T h i s drops to 1.3 p h e n y l groups per t i t a n i u m o n storage for 20 hours . F r o m 
these figures a n d f r o m the analys is of the valence levels of t i t a n i u m , the f o l l owing 
compounds are i n d i c a t e d : C 6 H 5 T i X 2 , ( C 6 H 5 ) 2 T i X , a n d ( C 6 H 5 ) T i X . T h e decrease of 
b o u n d p h e n y l groups on storage indicates a slow b r e a k d o w n of these compounds . B y 
increas ing the storage t i m e f r o m 2 to 20 hours , the as yet unreac ted p o r t i o n of the 
G r i g n a r d reagent is consumed a n d gives a n a p p r o x i m a t e l y equ iva lent amount of 
b i p h e n y l w i t h o u t a n y a p p a r e n t change i n the valence levels of the t i t a n i u m . A 
discrepancy has been shown between the extent of r e d u c t i o n of the t i t a n i u m a n d the 
a m o u n t of organic m a t e r i a l obta ined w h i c h can be equated to reduc t i on . A l l of th i s 
indicates ca ta ly t i c des t ruc t i on of the G r i g n a r d reagent b y the t i t a n i u m compounds , 
w h i c h takes place after the t i t a n i u m has been reduced to lower valence levels. T h i s 
m a y be exp la ined b y p i c t u r i n g t h a t i n a n organic system the t i t a n i u m is not reduced 
below a valence l eve l of between two a n d t h r e e ; once th is leve l is reached, the t i t a n i u m 
is reox id ized b y react ion w i t h the solvent . C o n t i n u e d react ion of the ox id ized m a t e r i a l 
w i t h G r i g n a r d reagent is then possible. 

T h e f o l l owing types of reactions are p o s t u l a t e d : 

E q u a t i o n s 10 a n d 11 are h y p o t h e t i c a l reactions showing o x i d a t i o n of the b i v a l e n t 
t i t a n i u m compounds b y either d i e t h y l ether or a h y d r o c a r b o n so lvent . E q u a t i o n s 12 

R T i X 2 —> R - + T i X 2 

T i X 2 + C2H5OC2H5 -> T i X 2 O C 2 H 5 + C 2 H 5 -

T i X 2 + H R - » T i X 2 H + R . 

T i X 2 O C 2 H 5 + C 6 H 5 M g B r -> C 6 H 5 T i X 2 + C 2 H 5 O M g B r 

(9) 

(10) 
(11) 
(12) 

(13) 
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a n d 13 i l lus t ra te the cont inued reac t ion w i t h the G r i g n a r d reagent. T h e produc t s 
f o r m e d go b a c k i n t o the cycle w h i c h s tarts w i t h E q u a t i o n 9. S u c h a scheme is 
s i m i l a r to t h a t used b y K h a r a s c h (9) to e x p l a i n the a p p a r e n t ca ta ly t i c decompos i t i on 
of p h e n y l m a g n e s i u m b r o m i d e b y cobalt ch lor ide i n the presence of bromobenzene . 
I n th is case, a cobalt subhal ide , C o X , is assumed to be a carr ier for a c h a i n react ion . 
C o X is cons tant ly regenerated to C o X 2 b y e x t r a c t i n g the b r o m i n e of bromobenzene . 
E x t r a c t i o n of a hydrogen b y b i v a l e n t t i t a n i u m is w e l l k n o w n i n the case of ox ida t i on 
b y water . F u r t h e r s u p p o r t for the e x t r a c t i o n of h y d r o g e n b y reduced m e t a l c o m 
pounds is the f o r m a t i o n of n i c k e l h y d r i d e i n the react ion of p h e n y l m a g n e s i u m b r o m i d e , 
n i c k e l ch lor ide , a n d hydrogen {15). 

I n f r a r e d techniques can be used as a diagnost ic test for the presence of the p h e n y l 
g roup l i n k e d to t i t a n i u m . A series of bands at 3.2, 9.3, 10.7, 12.1, 13.8, a n d 14.3 m i c r o n s 
is f o u n d i n p h e n y l t i t a n i u m t r i i sopropox ide , w h i c h d isappear on ox ida t i on . T h e o x i d a 
t i o n p r o d u c t is shown to be p h e n o x y t i t a n i u m t r i i s opropox ide b y c o m p a r i s o n w i t h the 
spectra of a k n o w n sample . T h e var ious bands are bel ieved to be character is t i c of 
strains imposed on the p h e n y l r i n g i n be ing b o u n d to t i t a n i u m rather t h a n of the 
t i t a n i u m - c a r b o n b o n d itself . C o m p a r i s o n w i t h the a b s o r p t i o n spectra of " s a n d w i c h " 
c y c l o p e n t a d i e n y l t i t a n i u m compounds suggests a t y p e of delocal ized bond ing . T h i s 
w o r k w i l l be descr ibed i n deta i l i n another p u b l i c a t i o n . 

M o s t q u a n t i t a t i v e d a t a concerning the compounds of class R n T i X m have been 
obta ined i n the react ion of p h e n y l G r i g n a r d w i t h b u t y l t i tanate or t i t a n i u m t e t r a 
ch lor ide . T h i s reagent was selected because of its ease i n h a n d l i n g a n d the ease 
w i t h w h i c h products cou ld be ident i f ied . I n w o r k i n g w i t h other G r i g n a r d reagents 
a n d o r g a n o a l u m i n u m a n d l i t h i u m compounds , s i m i l a r react ions are i n d i c a t e d q u a l i t a 
t i v e l y . A notable difference was the u n u s u a l s t a b i l i t y i n reactions w i t h o r g a n o l i t h i u m 
compounds . T h i s p r o b a b l y results f r o m complex ing ac t i on , w h i c h was first noted b y 
H e r m a n a n d N e l s o n (8) a n d la ter repor ted b y F r i e d l a n d e r a n d O i t a {6) i n reactions 
w i t h a l k y l l i t h i u m compounds . 

Organometa l l i c reagents w h i c h are considered a l k y l a t i n g or a r y l a t i n g agents shou ld 
f o r m compounds of the class R n T i X m w h e n reacted w i t h t i t a n i u m esters or hal ides . 
T h e react ions occur at r o o m t e m p e r a t u r e a n d are v e r y r a p i d . W i t h the except ion of 
s tab i l i za t i on b y complex ing ac t i on , s t a b i l i t y of the R - T i compounds i n the q u a d r i v a l e n t 
state fa l ls off r a p i d l y w i t h increases i n n. H o w e v e r , s t a b i l i t y is cons iderab ly greater 
for the b i - a n d t r i v a l e n t compounds . I n reactions of organometal l i c reagents at u p 
to a 4 to 1 m o l a r r a t i o , c ompounds of the R T i X 2 , R 2 T i X , a n d R T i X types are i n d i 
cated . T h e lower va lent t i t a n i u m compounds appear to be free r a d i c a l i n n a t u r e a n d 
b y v i r t u e of a n o d d electron are capable of react ing w i t h the so lvent . C o m p l e t e 
r e d u c t i o n to the b i v a l e n t state is not real ized under the condit ions examined . T i 
t a n i u m is reduced b y a scission of the c a r b o n - m e t a l b o n d to y i e l d free R radica ls a n d 
general ly insoluble h i g h l y react ive t i t a n i u m compounds of l ower valence . 

C o m p o u n d s of the class R w T i X w act as cata lysts for the p o l y m e r i z a t i o n of styrene 
butadiene , ethylene propy lene , a n d others. Since Ziegler 's announcement {18) i n 
1954 of the l o w pressure p o l y m e r i z a t i o n of ethylene, m a n y laborator ies have been 
s t u d y i n g cata lysts consist ing of m i x t u r e s of var i ous organometal l i c reagents w i t h t i 
t a n i u m halides or esters. O r g a n o t i t a n i u m compounds of the t y p e described are 
pos tu la ted as p l a y i n g a d o m i n a n t role i n this t y p e of p o l y m e r i z a t i o n . 

T h e character is t i c reactions of R - T i bonds, such as h o m o l y t i c scission a n d the 
c h a i n react ion shifts i n valence l eve l , m a y be responsible for the i n i t i a t i o n of p o l y 
m e r i z a t i o n . 
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Chemistry and Uses of Titanium 

Organic Compounds 

JOHN H. HASLAM 

Pigments Department, Ε. I. du Pont de Nemours & Co., Inc., Wilmington, Del. 

Tetraortho esters of titanium are produced by the 
reaction of titanium tetrachloride, alcohol, and am
monia. The physical and chemical properties of the 
n-alkyl and branched-chain titanates are discussed 
among others in the light of the coordination behavior 
of titanium. The esters are chemically reactive, un
dergoing hydrolysis, alcoholysis, acidolysis, and ester 
exchange reactions readily. Titanium chelates and 
acylates can be prepared from titanium esters. The 
chelates are much less reactive than the esters, but 
usually undergo the same reactions at higher tem
peratures. The acylates are polymers of low molecu
lar weight. The uses of alkyl titanates in the paint, 
bonding, catalysis, and water repellency fields are 
stressed with emphasis on the distinct property which 
renders them acceptable. 

The first titanium organic compound produced was the ethyl ester prepared in 1875 
by Demarcay (14) from titanium tetrachloride and sodium ethylate. There is some 
question as to whether tetraethyl titanate was obtained, but there seems little doubt 
that a condensed ester, at least, was prepared. In 1892 Levy (39) published an exten
sive paper describing the synthesis and properties of tetraphenyl titanate and other 
aryl titanates and also described attempts to produce titanium alkyls by reaction of 
titanium tetrachloride or titanium metal with zinc, aluminum, and mercury alkyls. 

In 1924 Bischoff and Adkins (3) described the synthesis of tetraisopropyl titanate 
and tetra-n-butyl titanate. Little industrial attention was given titanium organics 
until 1947, when Kraitzer, McTaggart, and Winter (35) described a high temperature 
paint produced from tetrabutyl titanate and aluminum flake. 

At about this time titanium tetrachloride began to be produced in large quantities 
incidental to titanium metal and titanium dioxide pigment manufacture. This large 
volume supply of titanium tetrachloride provided the impetus for industrial research 
on titanium organics and for the last 10 years an increasing amount of research has 
been devoted to titanium organics of a variety of types. These efforts have not led 
as yet to any large scale uses, but have developed a number of small industrial appli
cations in a wide variety of fields. 

272 
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T i t a n i u m Esters 

T h e p h y s i c a l a n d chemica l propert ies of t i t a n i u m esters are inf luenced to a large 
extent b y the fact that t i t a n i u m has a m a x i m u m coord inat i on n u m b e r of 6, two more 
t h a n its m a x i m u m valence. T h e s t ruc ture of a te t raor tho ester : 

i l lustrates the oc tahedra l s t ruc ture the ester is capable of assuming , i f i t has a c o o r d i 
n a t i o n n u m b e r of 6. T h e two po tent ia l secondary bonds f o r m i f a n e lec tron-donat ing 
a t o m such as oxygen or n i t rogen is ava i lab le . 

T h u s , esters w h i c h have unshie lded oxygen atoms are large ly associated (9, 10, 12) 
a n d show unexpected ly h i g h bo i l ing po ints , densities, viscosities, a n d re fract ive indices . 
T h e f o r m a t i o n of intermediate complexes w i t h var ious mater ia l s such as water , a l cohol , 
organic esters, a n d acids u n d o u b t e d l y is the m e c h a n i s m b y w h i c h t i t a n i u m esters r e a d 
i l y undergo react ion w i t h these compounds . T h e c o m p a t i b i l i t y of t i t a n i u m esters w i t h 
such a wide v a r i e t y of po lar solvents is due to association w i t h these solvents a n d the 
surface a c t i v i t y exh ib i ted b y t i t a n i u m esters is caused b y t h e i r a t t r a c t i o n to p o l a r s u r 
faces. 

T h e fact t h a t the m a x i m u m coord inat i on n u m b e r of t i t a n i u m is higher t h a n i ts 
valence does not m a k e i t unique among metals . T h i s s i t u a t i o n exists w i t h most 
m e t a l s ; bu t a c o m b i n a t i o n of a m a x i m u m coord inat i on n u m b e r of 6 a n d of steric 
effects due to the re la t ive ly s m a l l size of the t i t a n i u m a t o m w i t h four groups s u r r o u n d 
i n g i t (due to its valence) does prov ide a cer ta in uniqueness. 

Z i r c o n i u m esters w i t h a valence of 4 a n d m a x i m u m coord inat i on n u m b e r of 8 a n d 
a l u m i n u m esters w i t h a valence of 3 a n d m a x i m u m coord inat i on n u m b e r of 6 f o r m 
secondary bonds m u c h more extensively a n d tenaciously t h a n do t i t a n i u m esters, thus 
h a v i n g not i ceab ly different p h y s i c a l a n d chemica l propert ies . S i l i c o n does not usua l l y 
coordinate h igher t h a n its valence (except w i t h fluorine) a n d s i l i con esters are therefore 
m u c h less react ive chemica l ly t h a n t i t a n i u m esters a n d have v e r y different p h y s i c a l 
propert ies . T h e propert ies of t i t a n i u m esters l ie between those of a l u m i n u m a n d z i r 
c o n i u m esters on one h a n d a n d s i l i con on the other . 

Production of Titanium Esters. T i t a n i u m esters are p r e p a r e d f r o m t i t a n i u m t e t r a 
chlor ide , a lcohol , a n d a base. T h e react ion of t i t a n i u m tetrach lor ide w i t h a lcohol alon? 
w i l l not proceed b e y o n d the replacement of two chlor ine atoms. 

T h e a d d i t i o n of ac id acceptors such as sod ium alcoholate , a m m o n i a , or amines 
results i n the f o r m a t i o n of the tetraester . I n d u s t r i a l l y , the Ne l l es process (40) u t i l i z 
ing a m m o n i a is used. 

T h e react ion is exothermic a n d external cool ing is necessary. U s u a l l y the react ion is 
carr ied out i n a h y d r o c a r b o n solvent f r o m w h i c h the insoluble a m m o n i u m chlor ide 
is r emoved b y f i l t r a t i o n . T h e solvent is d i s t i l l ed off a n d the res idual t i t a n i u m ester is 
v a c u u m d is t i l l ed . 

V a r i a t i o n s of this process have been patented i n w h i c h the react ion is car r i ed out 
i n l i q u i d a m m o n i a (28) or solvents such as f o r m a m i d e (29). I n these cases the a m 
m o n i u m chlor ide is soluble i n the solvent , b u t the t i t a n i u m ester separates as a d is t inct 
layer . 

A l c o h o l s such as i e r i - b u t a n o l or a l l y l a lcohol w h i c h react r ead i l y w i t h h y d r o c h l o r i c 
a c i d to produce the a l k y l ch lor ide a n d water do not give t i t a n i u m esters b y this process, 
because the water f o rmed hydro lyzes the p r o d u c t . T i t a n i u m esters of such alcohols are 

T i C l 4 + 2ROH -> TiCl 2 (OR) 2 + 2HC1 (1) 

T i C l 4 + 4 R O H + 4 N H 3 -> Ti(OR) 4 + 4NH 4C1 (2 
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best produced b y first s a t u r a t i n g the t i t a n i u m te trach lor ide w i t h a m m o n i a to o b t a i n 
the complex a n d react ing th is w i t h the alcohol 

T i C l 4 + 8 N H 3 -

T i C l 4 - 8 N H 3 + 4 R O H -

T i C l 4 - 8 N H 3 

T i ( O R ) 4 + 4 N H 4 C 1 + 4 N H 3 

(3) 

(4) 

Physical Properties. T h e p h y s i c a l propert ies of a few t i t a n i u m esters are shown 
i n T a b l e I . 

Table I. Physical Properties of Titanium Esters 

B.P. 
Ti(OR) 4 M.P. , Vise, at 25° Soly. in 
Where R Is: ° C . °C. Mm. d26 Cps. Benzene 
Me 210 243 52 — Insol. 
Et >25 145 8.5 1.1066 — 00 
i-Pr 20 58 1 0.9550 2.29 — tert-3u — 62-3 1 0.8841 3.48 — 
sec-Bu — 90-2 1 0.9258 1.99 — 
i-Bu — 141 1 — — Sol. 
n-Bu < -40 134-6 1 0.9951 72.03 
2-Et hex < -25 194 0.25 0.9310 147.9 — Stearyl 64 — — — — Sol. 

M e t h v l t i tanate is a h i g h m e l t i n g so l id , insoluble i n most solvents, propert ies w h i c h 
are due to the h i g h degree of associat ion of this ester. E t h y l t i tanate is u s u a l l y seen as 
a l i q u i d supercooled below its t rue m e l t i n g po in t (11). T h e effect of the t e r t i a r y a n d 
secondary a l k y l groups i n shie ld ing the oxygen a n d thereby p r e v e n t i n g associat ion is 
v e r y noticeable i n the b u t y l esters. T h e bo i l ing po ints , densities, a n d viscosities of 
tert-butyl a n d s e c - b u t y l t i tanates are v e r y m u c h lower t h a n those of η-butyl t i tanate 
i n w h i c h the η-butyl group does not shie ld the oxygen a n d therefore permi t s associat ion. 

A r y l t i tanates a n d t i tanates w i t h a v i n y l s t ruc ture (24) are orange or red . A l l 
t i t a n i u m compounds absorb i n the near u l t r a v i o l e t a n d absorp t i on spectra of a r y l t i t a n 
ates show t h a t th is has been shi f ted into the v is ib le region i n these compounds . T h i s 
shi f t m a y be due to " b a c k c o o r d i n a t i o n , , to produce the fo l l owing s tructures : 

ι 
-Ti 

I 
: 0 - C = C \ -Ti 

I 
: 0 - C 

I f this T i ±Z 0 b o n d exists, i t p r o b a b l y does so because of the s tab i l i z ing effects of 
resonance w i t h the benzene r i n g or the v i n y l double b o n d . B e n z y l t i tanate a n d a l l y l 
t i tanate i n w h i c h resonance of th is t y p e w o u l d no t take place are colorless. 

M i x e d t i t a n i u m esters can be p r e p a r e d , b u t cannot u s u a l l y be iso lated because ester 
exchange takes place v e r y r e a d i l y . 

2 T i ( O R ) 2 ( O R , ) 2 ^ T i ( O R ) 4 + T i ( O R r ) 4 (5) 

•i.e., T i ( O R ) n U n d o u b t e d l y a m i x e d ester is a m i x t u r e of a l l possible combinations-
(OR')é_n where η is 0 to 4. 

Hydrolysis. T i t a n i u m esters h y d r o l y z e r a p i d l y w i t h water f r o m any source. 
The m e c h a n i s m p r o b a b l y invo lves the f o r m a t i o n of a n in termed ia te complex (6) as 
shown in R e a c t i o n 6. 

Ti(0R)4 + H20 

HOH 
R Q r - f - 7OR 

Ti Ti(0R)30H + ROH (6) 

RO* - O R 

T h e h y d r o x y ester i m m e d i a t e l y reacts w i t h a n ad jo in ing molecule to produce a c o n 
densed ester. W i t h η-butyl t i tanate a p p r o x i m a t e l y 1 % moles of water c a n react , r e 
p l a c i n g three of the four n - b u t o x y groups before a n insoluble p r o d u c t is obta ined . 
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HASLAM—TITAN IUM ORGANIC COMPOUNDS 275 

Condensed esters of v a r y i n g degrees f r o m h e x a a l k o x y d i t i tanates , [ ( R O ) 3 T i ] 2 0 , to 
d i a l k o x y po ly t i tanates , [ — T i ( O R ) 2 0 — ] . r , can be obta ined b y the caut ious a d d i t i o n of 
the requ i red a m o u n t of water . A n easier m e t h o d of p r e p a r i n g the same compounds 
invo lves the use of acetic a c id i n place of water ( R e a c t i o n 12) . 

Condensed t i t a n i u m esters have been f ound (8) to d i spropor t i onate at e levated 
temperatures to give t e t raor tho esters a n d more h i g h l y condensed s t ructures . 

I f v e r y t h i n f i lms of t e t r a i s o p r o p y l t i tanate (or other l ower t i tanates ) are a p p l i e d 
to a surface a n d a l lowed to be h y d r o l y z e d b y atmospher i c mo is ture , a clear, adherent 
f i l m can be made (27). T h i s f i l m , i f o n l y a i r d r i e d , contains a s m a l l a m o u n t of 
res idual i s o p r o p o x y groups . I t adheres w e l l to po lar surfaces such as cellulose, glass, 
meta ls , etc., a n d at the same t ime is itsel f o rganophi l i c . I t has been f o u n d useful i n 
p r o m o t i n g adhesion between d i ss imi lar mater ia l s a n d is n o w i n use i n the p r o d u c t i o n 
of ce l l ophane-po lyethy lene , M y l a r - p o l y e t h y l e n e , a n d a l u m i n u m - p o l y e t h y l e n e laminates . 

O p t i m u m adhesion is u s u a l l y obta ined b y the a d d i t i o n of a s m a l l a m o u n t of another 
m a t e r i a l , i dent i ca l w i t h or s i m i l a r to the n o n p o l a r component of the l a m i n a t e . T h u s , 
w i t h po lye thy lene laminates a smal l a m o u n t of po lyethy lene or t e t r a s t e a r y l t i tanate 
added to the i s o p r o p y l t i tanate gives bet ter adhesion t h a n i s o p r o p y l t i tanate alone. 
C o m m e r c i a l l y a 2 to 5 % so lut ion of i s o p r o p y l t i tanate a n d s teary l t i tanate (4 to 1 b y 
weight) i n a vo lat i l e so lvent such as hexane is a p p l i e d cont inuous ly to the cel lophane 
(or M y l a r or a l u m i n u m ) . T h e solvent is evapora ted a n d the ester r a p i d l y h y d r o l y z e d 
i n a h i g h h u m i d i t y oven . T h e po lye thy lene is then a p p l i e d b y ext rus ion . 

A s i m i l a r process has been patented for b o n d i n g silicones to var i ous mater ia l s (S3). 
H i g h t e m p e r a t u r e pa ints , us ing b u t y l t i tanate as the vehic le , also depend on 

h y d r o l y s i s of the t i t a n a t e b y atmospher i c mo is ture to produce a n inorganic p a i n t . 
T h e smal l a m o u n t of res idual b u t o x y groups burns off w i t h o u t h a r m to the f i l m . W h e n 
p igmented w i t h a l u m i n u m , a n inorganic p a i n t is produced w h i c h w i l l w i t h s t a n d t e m 
peratures u p to 1200°F. Z i n c p igmented undercoat ings w i t h a n a l u m i n u m p i g m e n t e d 
t o p coat give good corros ion pro tec t i on for steel at temperatures u p to the m e l t i n g 
po int of z inc . Condensed b u t y l t i tanate ( d i b u t y l p o l y t i t a n a t e ) gives bet ter f i lms a n d 
is easier to a p p l y t h a n t e t r a b u t y l t i tanate (43, 47). 

These pa ints give adequate pro tec t i on to steel a n d w i t h s t a n d cont inued o r i n t e r 
m i t t e n t h i g h temperatures a n d t emperature shock extremely we l l . T h e y are b r i t t l e , 
however , a n d cou ld be used o n l y i n app l i ca t i ons where th is p r o p e r t y is not h a r m f u l . 
N o large c o m m e r c i a l use has developed, b u t the pa in ts seem to be super ior to other 
coatings i n some app l i ca t i ons a n d m a y e v e n t u a l l y ga in wider acceptance. 

A l c o h o l y s i s . A l c o h o l y s i s of t i t a n i u m esters proceeds r a p i d l y at r o o m t e m p e r a t u r e 
b y a m e c h a n i s m analogous to t h a t of h y d r o l y s i s ( R e a c t i o n 6 ) . I t is easy to produce 
higher esters f r o m t e t r a i s o p r o p y l t i tanate b y a d d i n g the s to i ch iometr i c q u a n t i t y of 
higher a lcohol a n d d i s t i l l i n g off an equiva lent a m o u n t of i s o p r o p y l a l cohol . 

W i t h h y d r o x y l - c o n t a i n i n g po lymers such as nitroce l lulose , epoxy resins, a n d 
a l k y d s , t i t a n i u m esters react v e r y r a p i d l y to produce c ross - l inked inso luble p o l y m e r s . 
T h i s has been patented (21) a n d is a means of ob ta in ing v e r y fast, d r y pa ints o r 
i n k s . I n th is case the p a i n t or i n k is a p p l i e d a n d fo l lowed i m m e d i a t e l y w i t h a coat ing 
of t i t a n i u m ester. D r y i n g t imes of a f r a c t i o n of a second can be obta ined . 

A one-coat sys tem also is being advocated (15). W i t h cellulose acetate b u t y r a t e 
a n d t e t r a i s o p r o p y l t i t anate , p r i o r ge lat ion can be avo ided b y the use of a n a lcohol as 
a solvent . T h e a lcohol , b y mass ac t i on , prevents cross l i n k i n g u n t i l the lacquer is 
a p p l i e d a n d the a lcohol evapora ted . C o a t i n g s of i m p r o v e d solvent resistance a n d 
heat resistance are obta ined . 

A c i d o l y s i s . T i t a n i u m esters react r ead i ly w i t h organic acids accord ing to R e a c 
t ions 8 a n d 9. 

T i ( O i s o P r ) 4 + 4 R O H ^± T i ( O R ) 4 + 4 i s o P r O H (7) 

T i ( O R ) 4 + R ' C 0 2 H -> T i ( O R ) 3 0 2 C R ' + R O H 
T i ( O R ) 4 + 2 R , C 0 2 H - » T i ( O R ) 2 ( 0 2 C R ' ) 2 + 2 R O H 

(8) 
(9) 
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276 ADVANCES IN CHEMISTRY SERIES 

T h e replacement of more t h a n two a l k o x y groups becomes increas ing ly di f f icult . 
T h e t r i a l k o x y t i t a n i u m acylates a n d the d i a l k o x y t i t a n i u m d iacy lates are not 

stable , decomposing s lowly at r o o m t e m p e r a t u r e a n d r a p i d l y at 7 5 ° C . to produce a n 
organic ester a n d a condensed ester or a po ly ( a l k o x y t i t a n y l a c y l a t e ) . 

T i ( O R ) 3 0 2 C R ' 

T i ( O R ) 2 ( 0 2 C R ' ) 2 

Γ O R " 
I 

- T i O — 
I 

O R 
0 2 C R ' " 
I 

- T i O — 

O R 

+ R ' C 0 2 R 

+ R , C 0 2 R 

(10) 

(11) 

These reactions us ing acetic a c id prov ide a convenient m e t h o d for p r o d u c i n g c o n 
densed esters. 

O R 

T i ( O R ) 4 + H O A c — T i O — 
I 

O R 

+ R O A c + R O H (12) 

Reaction with A c i d Chlorides. A c i d chlor ides react w i t h t i t a n i u m esters to p r o 
duce c h l o r o t i t a n i u m esters (32). 

T i ( O R ) 4 + 2 R ' C O C l -> T i ( O R ) 2 C l 2 + 2 R ' C 0 2 R (13) 

C h l o r o t i t a n i u m esters are best produced , however , b y the react ion of s to i ch iometr i c 
quant i t ies of t i t a n i u m te t rach lor ide w i t h t i t a n i u m esters (7, 41). 

T i ( O R ) 4 + T i C l 4 - » 2 T i C l 2 ( O R ) 2 (14) 

C h l o r o t i t a n i u m esters decompose s lowly at e levated temperatures to produce a l k y l 
chlorides a n d condensed s t ructures . 

O R 

T i C l 2 ( O R ) 2 — T i O -
I 

CI 

+ R C 1 (15) 

Reaction with A c i d Anhydrides. T i t a n i u m esters react r a p i d l y w i t h a c i d a n 
hydr ides accord ing to Reac t i ons 16 a n d 17. 

T i ( O R ) 4 + A c 2 0 -> T i ( O R ) 3 O A c + R O A c 

Ο 

T i ( O R ) 4 + Ο -> T i ( O R ) 3 0 2 C / X 

Ο 

(16) 

(17) 

R O a C N / ' 

F u r t h e r react ion m a y take place analogously to Reac t i ons 10 a n d 11. 
Reaction with Organic Esters. W i t h organic esters, t i t a n i u m esters undergo 

ester exchange react ions r a p i d l y at elevated temperatures . 

T i ( O R ) 4 + 4 R ' C 0 2 R " ^± T i ( O R " ) 4 + 4 R ' C 0 2 R (18) 

Reaction with Silicones and Silicols. S i l i co ls react l i k e alcohols w i t h t i t a n i u m 
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esters. T h u s , i s o p r o p y l t i t a n a t e a n d four moles of t r i p h e n y l s i lano l give t e t r a k i s -
( t r i p h e n y l s i l y l ) t i tanate . W i t h si lanediols , copo lymers can be p r o d u c e d {20). 

+ 2 R O H (19) 

T i t a n i u m esters i n ca ta ly t i c amounts are effective c u r i n g agents for some sil icone 
resins {34). L o w temperature c u r i n g for sil icone text i le water repel lents can be a c 
compl i shed b y t i t a n i u m ester cata lysts {19). 

T i t a n i u m esters are used w i t h silicones as water repel lents for leather {13). I n 
this case no chemica l react ion seems to be i n v o l v e d a n d the ac t i on of the t i t a n i u m 
ester m a y be one of surface a c t i v i t y to p r o v i d e better we t t ing of the leather fibers. 

Catalysis by Titanium Esters. T i t a n i u m esters are excellent ester exchange 
cata lysts for reactions b o t h between an organic ester a n d a n alcohol a n d between t w o 
organic esters. 

Ti(OR) 4 

R , C 0 2 R + R ' O H % R ' C 0 2 R " + R O H (20) 

Ti(OR) 4 

R ' C 0 2 R + R " C 0 2 R " ' % R ' C 0 2 R " ' + R " C 0 2 R (21) 

T a b l e I I gives the c o m p a r a t i v e rates of e thanol p r o d u c t i o n i n the react ion of 
e t h y l benzoate w i t h b u t a n o l a n d var i ous cata lysts . 

Table II. Reaction of Ethyl Benzoate with Butanol 

Rate of E t O H 
Catalyst Used Concn., % Removal, C c . / H r . 
Tetraisopropyl titanate 5 >280 
Aluminum triisopropoxide 5 70 
Sodium ethylate 5 50 
Tetraethyl silicate 5 10 
Tetrabutyl zirconate 5 0 
Tributyl borate 5 0 

T i t a n i u m esters are en joy ing increas ing c o m m e r c i a l use as cata lysts i n ester ex
change react ions. 

A l d o l condensations are effected b y t i t a n i u m esters {26). A so lut i on of t e t r a 
i s o p r o p y l t i tanate i n acetone, a l l owed to s tand for several days at r o o m t e m p e r a t u r e , 
w i l l show deposits of c rys ta ls of the t i tanate of diacetone a lcohol . A t higher t e m 
peratures , the react ion goes more r a p i d l y to produce diacetone a l coho l , t r iacetone d i -
a lcohol , a n d / o r m e s i t y l oxide. 

T i t a n i u m esters cata lyze M e e r w e i n - P o n n d o r f reactions, b u t do not seem to be as 
effective as a l u m i n u m esters. H o w e v e r , benzaldehyde a n d i s o p r o p y l t i tanate g ive 
near q u a n t i t a t i v e y ie lds of dibenzalacetone. T h e f o r m a t i o n of th is c o m p o u n d m u s t 
invo lve first a M e e r w e i n - P o n n d o r f reac t i on to produce acetone, fo l lowed b y a n a ldo l 
condensat ion of th is w i t h benzaldehyde a n d d e h y d r a t i o n to dibenzalacetone. 

Pyrolysis of Titanium Esters. T i t a n i u m esters p y r o l y z e at t emperatures of a r o u n d 
350°C. a n d higher . T h e p r i m a r y decompos i t ion products w i t h i s o p r o p y l t i tanate seem 
to be propy lene , i s o p r o p y l a lcohol , a n d t i t a n i u m dioxide . 

I f the p y r o l y s i s is c a r r i e d out b y i m p i n g i n g a n a i r s t ream (or ni trogen) c o n 
t a i n i n g a l ow concentrat i on of t e t r a i s o p r o p y l t i tanate v a p o r on a hot surface (500° to 
6 0 0 ° C ) , a clear t i t a n i u m dioxide f i lm can be deposited. S u c h films are cons iderably 
harder t h a n those produced b y hydro lys i s of t i t a n i u m esters a n d conta in no res idual 
organic m a t t e r . 

T i t a n i u m dioxide f i lms produced b y p y r o l y s i s of t i t a n i u m esters show promise as 
scratch-res is tant coatings on glass containers . 

O R P h 

T i ( O R ) 4 + P h 2 S i ( O H ) 2 - — T i O S i O -
I I 

O R P h 
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Titanium Chelates 

T i t a n i u m chelates f o rmed i n aqueous systems such as t i t a n i u m oxalate , t i t a n i u m 
glyco late (86), a n d g l y c e r y l t i tanate (4) have been k n o w n for a n u m b e r of years . T h e y 
have not f o u n d c o m m e r c i a l use. 

M o r e recent ly a t t e n t i o n has t u r n e d to chelates f o r m e d i n nonaqueous systems. 
T h e heat of f o r m a t i o n of dichelates f r o m t e t r a i s o p r o p y l t i tanate seems to be between 
15 a n d 20 k c a l . T h e i r f o r m a t i o n takes place read i ly therefore, a n d the i r synthesis u s u 
a l l y invo lves m e r e l y m i x i n g 2 moles of l i g a n d w i t h 1 mole of t i t a n i u m tetraester . 

I n these cases the l igands c o n t a i n h y d r o x y l groups w h i c h b y alcoholys is replace two 
a l k o x y groups of the t i t a n i u m ester. A n e lec t ron -donat ing group is o n the second or 
t h i r d c a r b o n f r o m t h a t to w h i c h the a lcohol g roup is a t tached , so t h a t a f ive - or s ix -
m e m b e r e d r i n g m a y be f o r m e d w i t h the t i t a n i u m a t o m . S t r o n g chelates are f o r m e d 
b y glycols such as 2-ethylhexane-1 ,3 -d io l (5), b y diketones (17) such as acetylacetone, 
b y h y d r o x y acids such as lac t i c , c i t r i c , a n d t a r t a r i c , b y ketoesters such as acetoacetic 
ester, a n d b y a m i n o alcohols such as d ie thano lamine a n d t r i e t h a n o l a m i n e . 

W i t h glycols , a lcoholysis of b o t h h y d r o x y groups to produce p o l y m e r s is a c o m 
p e t i t i v e react ion to chelate f o r m a t i o n . W i t h most glycols p o l y m e r f o r m a t i o n is suff i 
c ient to produce i n s o l u b i l i t y . W i t h 2 -ethylhexane-1 ,3 -d io l (octylene g lyco l ) l i n k i n g 
together of t i t a n i u m atoms does take place (42) b u t not to a sufficient extent to p r o 
duce i n s o l u b i l i t y . 

T i t a n i u m acetylacetonate , p r e p a r e d f r o m i s o p r o p y l t i tanate , is a n orange-red 
c o m p o u n d of good s t a b i l i t y w h i c h hydro lyzes accord ing to R e a c t i o n 22. 

T i A c a c 2 ( O R ) 2 + 2 H 2 0 -> T i A c a c 2 ( O H ) 2 + 2 R O H (22) 

O n a i r d r y i n g , the d i h y d r o x y c o m p o u n d dehydrates a n d becomes inso luble . 

T i A c a c 2 ( O I I ) 2 -> [ — T i A c a c 2 0 — ] x + I I 2 0 (23) 

T i t a n i u m lactate is a whi te so l id , easi ly soluble i n water , w h i c h forms s t rong ly 
ac idic solutions stable even at pro longed b o i l i n g . T h e name t i t a n i u m lactate is a 
misnomer , because the c o m p o u n d is not a salt of lact i c a c id . 

I I ^ C H C H 3 

θ/- 1 — O H 
\ 0 

CHXH II 
3 ^ C — 0 

T h e ionic s t ruc ture accounts for i ts a c i d i t y i n so lut ion . T h e dr i ed c o m p o u n d m a y 
be somewhat p o l y m e r i z e d due to d e h y d r a t i o n . 

T r i e t h a n o l a m i n e t i tanate l i k e octylene g lyco l t i tanate is not a definite c o m p o u n d ; 
because of the m u l t i p l i c i t y of h y d r o x y l groups , a ce r ta in a m o u n t of l i n k i n g together of 
t i t a n i u m atoms exists. T r i e t h a n o l a m i n e t i tanate is soluble i n the m o r e p o l a r solvents 
such as alcohol a n d water . I t s water solutions are s t rong ly a l k a l i n e a n d h y d r o l y z e 
s l owly at r o o m t e m p e r a t u r e . These solutions can be s tab i l i zed b y reduc ing the p H 
to a p p r o x i m a t e l y 8 w i t h carbon dioxide , phosphor i c a c id , or var i ous organic acids . 

I n general , t i t a n i u m chelates are m u c h less react ive t h a n t i t a n i u m esters, b u t 
usua l l y undergo the same reactions at higher t emperatures . M o s t p o l y m e r s conta in ing 
h y d r o x y l groups are cross - l inked i m m e d i a t e l y b y t i t a n i u m esters so t h a t w i t h these 
p o l y m e r s two-coat app l i ca t i ons m u s t be used. W i t h t i t a n i u m chelates, however , 
m i x e d solut ions of res in a n d chelate can be p r e p a r e d w h i c h have indef ini te l i fe , b u t 
w h i c h o n b a k i n g (or i n some cases a i r d r y i n g ) react to produce cross l i n k i n g . 

H i r t a n d B r u x e l l e s (31) have descr ibed a sys tem w i t h n i troce l lu lose a n d t i t a n i u m 

2 [ H ] + 
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HASLAM—TITANIUM ORGANIC COMPOUNDS 279 

acetylacetonate w h i c h produces on a i r d r y i n g a cross - l inked f i lm of i m p r o v e d p r o p e r 
ties. Oc ty lene g lyco l t i tanate w i l l react s i m i l a r l y a n d has the advantage of l i ghter 
color t h a n the t i t a n i u m acetylacetonate . 

A l k a n o l a m i n e t i tanates have been patented as c r o s s - l i n k i n g agents for epoxy 
resins (2). V a r i o u s l igands added to r e s i n - t i t a n i u m ester composi t ions have been 
f o u n d to prevent p r i o r ge lat ion of the so lut i on . E t h y l lac tate a n d ethylene g l y c o l 
m o n o e t h y l ether have been described as effective w i t h cellulosics (1). 

T i t a n i u m lac tate a n d p o l y ( v i n y l a lcohol ) f o r m stable m i x e d aqueous so lut ions . 
A f t e r a p p l i c a t i o n a short bake at 80° to 100°C. produces a f i l m w h i c h a l t h o u g h softened 
b y water is no longer soluble i n water . 

S i m i l a r app l i ca t i ons have been descr ibed w i t h phenol i c resins, epoxy resins, a l k y d s , 
a n d cellulosics (16, 44) > 

Octy lene g l y c o l t i t a n a t e is a n effective surface ac t ive agent i n organic systems a n d 
is used w i t h paraf f in w a x i n text i le water repel lants (18). I t gives m o r e complete w e t 
t i n g of the fibers i n the w a x so lut ion a n d therefore i m p r o v e d water repel lency . 

Titanium Acylates 

Preparation and Structure. T i t a n i u m tetraacy lates can be p r e p a r e d , b u t undergo 
slow decompos i t i on at r o o m t e m p e r a t u r e to give the a c i d a n h y d r i d e a n d p o l y ( t i t a n y l 
d i a c y l a t e s ) . 

T i C l 4 + 4 N a 0 2 C R -> T i ( 0 2 C R ) 4 + 4 N a C l (24) 

0 2 C R " 

T i ( 0 2 C R ) 4 — T i O — 

. <32CR 

+ ( R C O ) 2 0 (25) 

P o l y ( h y d r o x y t i t a n y l acylates) can be p r e p a r e d f r o m aqueous t i t a n y l ch lor ide 
so lut ions (87). 

0 2 C R -

T i O C l 2 + R C 0 2 H + H 2 0 - T i O -

AH 
+ 2HC1 (26) 

P o l y ( a l k o x y t i t a n y l acylates) can be p r e p a r e d f r o m t i t a n i u m esters (23, 88). 
0 2 C R ' _ 

or 

T i ( O R ) 4 + 2 R ' C 0 2 H -> 
Δ 

T i ( O R ) 4 + R ' C 0 2 H + H 2 0 

— T i O — 

I 
O R 

• 0 2 C R ' " 

I 
— T i O — 

I 
O R 

+ R , C 0 2 R + 2 R O H 

+ 3 R O H 

(27) 

(28) 

A l l of these p o l y ( t i t a n y l acy la tes ) , of l o w mo lecu lar weight , are p r o b a b l y m o s t l y 
cyc l i c s t ruc tures . A l t h o u g h cryoscopic determinat ions o f ten show no measurable de 
pression i n the freezing p o i n t of the solvent , th is is due to associat ion (as i n the case 
of esters) r a t h e r t h a n to a h i g h degree of p o l y m e r i z a t i o n . L i q u i d compounds of th i s 
t y p e such as p o l y ( i s o p r o p o x y t i t a n y l oleate) are not v e r y viscous. A l l of the p o l y ( t i 
t a n y l acylates) are v e r y soluble i n hydrocarbons a n d other n o n p o l a r solvents to give 
nonviscous solut ions even at 5 0 % or at higher concentrat i ons ; therefore the degree of 
p o l y m e r i z a t i o n m u s t be l o w . 

Reactions. P o l y ( a l k o x y t i t a n y l acylates) are r e a d i l y h y d r o l y z e d to p o l y ( h y d r o x y -
t i t a n y l acylates) b y contact w i t h water at r o o m t e m p e r a t u r e . 
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Γ 0 2 C R H - 0 2 C R ' _ 

J 
— T i O — + H 2 0 - > — T i O — + R O H 

j 
O R X O H ζ 

(29) 

W h e n the aeylate group is b u t y r i c or larger , f u r t h e r h y d r o l y s i s resu l t ing i n the r e 
m o v a l of the aeylate group takes place v e r y s lowly or not at a l l w i t h water alone. 
H o w e v e r , aqueous s o d i u m h y d r o x i d e so lut ions r a p i d l y a n d comple te ly h y d r o l y z e a l l 
t i t a n i u m acylates . 

T h e p o l y ( a l k o x y t i t a n y l acylates) easi ly undergo alcoholysis to replace the a l k o x y 
g r o u p . 

0 2 C R H Γ 0 2 C R ' _ 

- T i O -
I 

O R 

+ R " O H : - T i O -
I 

O R " 

+ R O H (30) 

P o l y ( t i t a n y l d iacylates) also r ead i l y undergo acidolysis (25) 

• 0 2 C R • 
I 

— T i O — 
I 

0 2 C R 

+ 2 R ' C 0 2 H ^± 

0 2 C R ' " 
I 

- T i O — 
I 

0 2 C R ' 

+ 2 R C 0 2 H (31) 

U s e s . P o l y ( t i t a n y l acylates) are excellent surface act ive agents a n d have been 
examined as g r i n d i n g aids i n p igment m a n u f a c t u r e a n d as dispersants for p igments i n 
pa ints , i n k s , a n d plast ics . P o l y ( i s o p r o p o x y t i t a n y l stéarate) has shown promise as a 
water repel lent for m a s o n r y . 

A c y l a t e s made f r o m d r y i n g o i l acids such as soybean or l inseed acids a i r d r y , b u t 
the f i lms produced are not of good q u a l i t y . T h e y have been i n c o r p o r a t e d in to c o n 
v e n t i o n a l p a i n t coatings to give better w e t t i n g a n d adhesion. 

Organotitanium Compounds 

L e v y (39) descr ibed a t t empts to m a k e e t h y l t i t a n i u m i n 1892 a n d since t h e n 
m a n y other exper iments have been made . A l l of these ear ly efforts resul ted i n a 
r e d u c t i o n i n the valence of t i t a n i u m , a n d b i p h e n y l was iso lated i n w o r k i n v o l v i n g m e t a l -
l o p h e n y l compounds . I t became a p p a r e n t t h a t q u a d r i v a l e n t t i t a n i u m compounds 
conta in ing T i — C bonds were f o rmed , b u t t h a t they i m m e d i a t e l y decomposed to give 
l ower va lent t i t a n i u m a n d a n organic r a d i c a l . 

I n 1952 H e r m a n a n d N e l s o n (30) descr ibed the synthesis of t r i i s o p r o p o x y p h e n y l 
t i t a n i u m , a c o m p o u n d stable enough to be iso lated . T h e i r efforts to produce other 
a l k y l a n d a r y l t i t a n i u m isopropoxides l ed t h e m to the conc lus ion t h a t the s t a b i l i t y of 
the c o m p o u n d increased w i t h the e lec t ronegat iv i ty of the organo group . N o a l k y l t i 
t a n i u m compounds were f o u n d stable enough to isolate. 

R e c e n t l y , the reac t ion products of t i t a n i u m te t rach lor ide a n d m e t a l a l k y l s have 
come in to prominence as cata lysts for the p r e p a r a t i o n of l inear po lye thy lene (48). 
These cata lysts do not differ m a t e r i a l l y f r o m the reduced t i t a n i u m compounds w h i c h 
have resulted f r o m the m a n y efforts to synthesize o r g a n o t i t a n i u m compounds over the 
years . T h e " n e w " cata lysts have not been def inite ly ident i f ied , b u t m a y be a l k y l 
t i t a n i u m compounds where the valence of t i t a n i u m is 2 or 3. 

T i t a n i u m forms stable " s a n d w i c h " compounds w i t h c y c l o p e n t a d i e n y l groups . 
D i c y c l o p e n t a d i e n y l t i t a n i u m d i ch lor ide (46) is a stable, red c rys ta l l ine c o m p o u n d of 
ionic character . I t is iner t to water a n d can be rec rys ta l l i z ed f r o m i t . 

D i c y c l o p e n t a d i e n y l t i t a n i u m d i p h e n y l ( a n d other d i c y c l o p e n t a d i e n y l t i t a n i u m 
d iary l s ) have been produced (45) f r o m d i c y c l o p e n t a d i e n y l t i t a n i u m d i ch lor ide a n d 
p h e n y l l i t h i u m , b u t the s t a b i l i t y of th is c o m p o u n d is cons iderab ly less t h a n t h a t of 
the d i ch lor ide . 
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Properties and Uses of Organic Titanates 

H. H. BEACHAM 
Titanium Division, National Lead Co., South Amboy, N. J. 

Alkyl titanates obtained from titanium tetrachloride 
can undergo the following reactions among a variety 
of other chemical reactions: ester exchange, hydrol
ysis or pyrolysis to polymers, and coordination with 
atoms possessing unshared electron pairs. The 
chelates can be tailor-made to specific purposes; the 
most widely known are those of the amino alcohols, 
polyols, and hydroxy acids. 

From its position in the periodic table, titanium might be expected to exhibit a close 
similarity to the better known "organic" elements of group IV, such as carbon and 
silicon as well as germanium, tin, and lead. However, this expected similarity must 
be modified with the recognition that titanium, zirconium, hafnium, and thorium are 
also in the subgroup of group IV—that is, they are transition elements. An examina
tion of the electronic configuration (Table I) shows that the 4-valence electrons of 

Table I. Electronic Configuration of Group IV Elements 
Principal quantum number 1 2 3 4 
Serial quantum number s s ρ s ρ d s 

C 2 2 2 
Si 2 2 6 2 2 
Ti 2 2 6 2 6 2 2 
Ge 2 2 6 2 6 10 2 

carbon, silicon, germanium, tin, and lead are all found in the same principal quantum 
level, while those of the transition elements are divided between two principal quantum 
levels, in the case of titanium, the 3d and the 4s levels. 

The 2s, 2p and the 3s, 3p electronic levels of carbon and silicon, respectively, 
are known to yield compounds having tetrahedral structures. However, the 3d, 4s 
electron distribution of titanium could not be expected to have such a structure. The 
consequences of this difference in electron configuration are readily found when one 
compares the chemical and physical properties of compounds of the elements of the 
two subgroups of group IV. Such comparisons have recently been the subject of 
extensive studies as reviewed by Wardlaw (9). 

A comparison of the boiling points of the metal chlorides of elements of group IV 
is sufficient to show the consequences of the different electronic configurations (Table 
Π) · 

A similar series of properties is found for the alkoxides of the metals. The fact 
that the boiling points of the chlorides and alkoxides of the titanium subgroup of 
group IV are considerably higher than might be expected is attributable to the much 
stronger intermolecular bonding forces in these compounds than in the compounds of 
other members of this group. The exact molecular structure of the titanium alkoxides 
is not known and therefore is given no further consideration here. 

282 
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BEACHAM—ORGANIC TITANATES 283 

Table II. Boiling Points of Group IV Chlorides 

Element Boiling Point, °C. 

C 76.8 
Si 57.6 

T i 136.4 
Ge 83.1 

Zr 300 (subl.) 
Sn 114.1 

F o r present purposes a n octahedron , as shown, is sufficient, because i n the presence 
of a n y atoms conta in ing unshared pa i rs of electrons, such a s t r u c t u r e seems reason
able for t i t a n i u m compounds . 

rirr 
I n cases where s t rong in termo lecu lar a t t rac t i ons are f o u n d a m o n g t i t a n i u m 

c o m p o u n d molecules, th is s t ruc ture represents c oord inat i on of the l i g a n d atoms of one 
molecule w i t h the t i t a n i u m a t o m of a second molecule a n d th is can be repeated t h r o u g h 
s t i l l more mo lecu lar un i t s , l ead ing to a sort of coord inate ly bonded p o l y m e r . 

One p r i n c i p l e of t i t a n i u m c h e m i s t r y seems to s tand o u t — n a m e l y , the d r i v i n g force 
of q u a d r i v a l e n t t i t a n i u m reactions tends to increase the coord inat i on n u m b e r to 6. 
T h a t is, molecules c onta in ing f our fo ld coord inated t i t a n i u m atoms are i n h e r e n t l y v e r y 
react ive , wh i l e those conta in ing s ix fo ld coord inated atoms are r e l a t i v e l y stable as 
exempl i f ied b y the v e r y iner t rut i l e s t ruc ture . 

T h e s imple t i t a n i u m alcoholates are examples of f our f o ld coord inated t i t a n i u m 
compounds , a l t h o u g h even here s trong in termo lecu lar a t t rac t i ons are f o u n d i n some 
cases, thus p e r m i t t i n g the t i t a n i u m atoms to satis fy the i r c oord inat i on requirements . 

Reactions of Organic Titanates 

G e n e r a l R e a c t i o n s . T h e alcoholates are i n general v e r y react ive , undergo ing i n 
terchange w i t h a lmost a l l molecules c o n t a i n i n g ac t ive h y d r o g e n atoms such as a l co 
hols, phenols , acids, a n d enolizable substances. 

( R O ) 4 T i + H x t=± ( R O ) 3 T i X + R O H 

( R O ) 4 T i + H O H ^± ( R O ) 3 T i O H + R O H 

( R O ) 4 T i + H O R ' ^± ( R O ) 3 T i O R ' + R O H 

Ο Ο 
Il II 

( R O ) 4 T i + H O C R ' ^± ( R O ) 3 T i O C — R ' + R O H 
T h e react ions, however , are reversible , the e q u i l i b r i u m po in t be ing de termined 

b y the concentrat ion of the react ants a n d the re lat ive r e a c t i v i t y of the t w o t i t a n i u m 
compounds . T h e m e c h a n i s m of the reactions can be pos tu la ted as i n v o l v i n g a 
coord inat i on - type in termediate : 

HOR 

T h e l a b i l i t y of the h y d r o g e n a t o m a n d the ac idic n a t u r e of the complex are d e m o n 
s t ra ted b y the a b i l i t y of these compounds to f o r m salts w i t h s t rong a lkal ies , as f irst 
p o i n t e d out b y M e e r w e i n a n d B e r s i n (6). 

T i ( O R ) 4 · H O R + M O R ' -> M + T i ( O R ) 5 - + H O R ' 
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284 ADVANCES IN CHEMISTRY SERIES 

These were la ter u t i l i z e d as ester exchange cata lysts i n the p r e p a r a t i o n of polyester 
resins as descr ibed i n patents b y C a l d w e l l a n d W e l l m a n (2, 3). 

I n O r g a n i c M e d i a . One of the best s tud ied react ions of the t i t a n i u m esters, 
l ead ing to a more comple te ly coord inated state, is the reac t ion w i t h macromolecules , 
p a r t i c u l a r l y the cellulosics (1, 4, 5,7). I n the case of the cellulosics, such as e t h y l c e l l u -
lose, esters, a n d ni troce l lu lose , the h i g h concentrat i on of oxygen atoms i n these molecules 
p e r m i t s the t i t a n i u m ester molecule to a t t a c h itself v e r y s t rong ly to t w o or poss ib ly 
more ne ighbor ing cellulosic chains , resu l t ing i n a cross - l ink ing ac t i on a n d lead ing to 
gelat ion . 

I n th is ge lat ion , the cross l i n k i n g of h y d r o x y l groups i n the cellulosics appears to 
be of p r i m e i m p o r t a n c e , b u t other cross l i n k s a p p a r e n t l y also are f o rmed , a n d these 
are p r o b a b l y of a coord inat i on n a t u r e . D i s t i n g u i s h i n g between the two types of cross 
l i n k s is di f f icult , because e i ther can l ead to a gel state. 

S t u d y of solut ions capable of convers ion to fi lms has been most useful i n showing 
the i m p o r t a n c e of h y d r o x y l groups i n the cel lulosic as re lated to the i r a b i l i t y to react 
w i t h a s imple a l k y l t i tanate to f o r m stable c ross - l inked produc ts . 

n - C e l l u l o s i c — O H + T i ( O R ) 4 τ± (RO)Ti (O—cel lu los ic ) 4 _„ + n - R O H 

I n convent iona l so lvent systems the e q u i l i b r i u m of th is react ion is we l l to the r i gh t , 
w i t h the resu l tant f o r m a t i o n of a cross - l inked gel s t ruc ture , the s t a b i l i t y of th is gel 
p r o b a b l y being a t t r i b u t a b l e to a coord inated state of the t i t a n i u m atoms as 

where the cova lent ly bonded oxygens are s u p p l i e d b y h y d r o x y l or poss ib ly a few 
c a r b o x y l groups, whi le the coord inate ly bonded oxygens are s u p p l i e d b y a n y of the 
oxygens i n the cel lulosic , i n c l u d i n g the oxygen atoms f ound i n the ether l inkages of the 
cellulose c h a i n . 

Control of Cross Linking 

I n Presence of A l c o h o l s . T h e first such m e t h o d consists of us ing a suff ic iently 
h i g h concentrat i on of a n a lcohol i n the solvent sys tem. T h i s takes advantage of the 
r e v e r s i b i l i t y of the react ion of a n a l k y l t i tanate w i t h a cel lulosic . I t also p e r m i t s 
choice of a wide v a r i e t y of alcohols , each t y p e of a lcohol e x h i b i t i n g a c e r t a i n p o t e n t i a l 
for i n h i b i t i n g gel f o r m a t i o n . 

I n a sys tem conta in ing a l coho l , a l k y l t i t a n a t e , a n d cel lulosic a character i s t i c curve 
is u s u a l l y obta ined as the rat io of a l k y l t i t a n a t e to cel lulosic is v a r i e d . F i g u r e 1 
shows a t y p i c a l curve obta ined on b l e n d i n g b u t y l t i tanate w i t h a m e d i u m v iscos i ty 
h i g h l y e t h y l a t e d ethylcel lulose (Hercu les T y p e T - 5 0 ) at 1 0 % concentrat i on i n b e n -
zene-butano l systems. T h e curve i n general is l ower as the a m o u n t of a l coho l is i n 
creased. I t is most s ignif icant t h a t the l ower concentrat ions of the t i tanate produce 
the h igher viscosit ies . T h i s is a t t r i b u t a b l e to the re lat ive concentrat ions of the a l k y l 
t i t a n a t e to the free h y d r o x y l groups of the cel lulosic . A t l ow t i tanate concentrat ions 
each t i tanate molecule is free to react w i t h more t h a n one cellulosic h y d r o x y l , u s u a l l y 
on ne ighbor ing chains , thereby f o r m i n g a cross l i n k . W h e n there is one t i tanate m o l e 
cule for each cel lulosic h y d r o x y l , the pre ferred s t ruc ture is one i n w h i c h o n l y one 
a l k o x y l g r o u p of the a l k y l t i t a n a t e is rep laced b y a cellulosic h y d r o x y l . 

N o t a l l alcohols exh ib i t c omparab le effectiveness i n suppress ing ge lat ion . T a b l e 
I I I l ists the results ob ta ined w i t h a few c o m m o n alcohols. 

F r o m a s t u d y of a large n u m b e r of alcohols a n d a l coho l - l ike mater ia l s t w o general 
rules can be expressed regard ing the t e n a c i t y w i t h w h i c h alcohols combine w i t h 
t i t a n i u m i n a t i t a n a t e ester. 
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BEACHAM-ORGANIC TITANATES 285 

50 

10 % Ε Τ H Y LC E LLULOSE (TYPE T-50) IN 

0 10 20 30 40 50 60 70 
PER CENT BUTYL TITANATE 

80 90 100 

Figure 1. Effect of solvent on viscosity of 
butyl titanate-ethylcellulose blends 

T h e h igher the mo lecu lar weight of the a lcohol , the more stable the corresponding 
ester. 

P r i m a r y alcohols f o r m more stable esters t h a n secondary alcohols , w h i c h i n t u r n 
combine more s t rong ly t h a n t e r t i a r y alcohols . 

B o t h effects are d i r e c t l y a t t r i b u t a b l e to shie ld ing or the ease w i t h w h i c h the 
t i tanate ester molecules can associate w i t h one another or w i t h other l igands to f o r m 
a f u l l y coord inated state of higher s t a b i l i t y . T h e last two solvents i n the tab le , the 
lactate ester a n d Cel loso lve , are of p a r t i c u l a r interest , because they ind icate a n effect 
w h i c h is not connected e i ther w i t h size or degree of b r a n c h i n g , b u t ra ther w i t h the 
a b i l i t y to f o r m complexes p r o b a b l y of a weak chelate n a t u r e . 

I n P r e s e n c e o f C h e l a t i n g A g e n t s . T h e second general m e t h o d of suppress ing gel 
f o r m a t i o n i n a t i tanate-ce l lu los ic sys tem is b y f o r m a t i o n of t rue coord inat i on c o m 
pounds of a t i tanate ester. 

A t y p i c a l , ye t v e r y s imple system of th is t y p e is shown i n F i g u r e 2. H e r e a d d i -

Table III. Effect of Cosolvent on Viscosity of a 
50 to 50 Butyl Titanate-Ethylcellulose Blend a 

Alcohol Viscosity, Cps. 
Methanol Gel 
Ethanol Gel 
2-Propanol p-gel 
1- Butanol 275 
2- Me-propanol 300 
2-Butanol 370 
2-Me-2-butanol 400 
Ethyl lactate 225 
Ethylene glycol monoethyl ether 250 

a Ethylcellulose (50 cps., 48.3% ethoxyl va
riety) at 10% concentration in 80 to 20 xylene-
alcohol. 
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286 ADVANCES IN CHEMISTRY SERIES 

Ο ETHYLCELLULOSE 4- BUTYL TITANATE 

Δ ETHYLCELLULOSE + BUTYL TITANATE Η 
5 % TRIETHYLAMINE 

Ο 10 20 30 40 50 60 
PER CENT BUTYL TITANATE 

Figure 2 . Effect of triethylamine on viscosity 
of butyl titanate-ethylcellulose blends 

t i o n of a n amine c o m p o u n d to the sys tem permi t s f o r m a t i o n of a n amine complex 
w i t h the t i t a n i u m ester w h i c h thereby b locks the ester exchange reac t i on w i t h the 
cel lulosic h y d r o x y l s ( F i g u r e 3 ) . 

R0r 

RO* 

Ti 

7 0R 

+ HOR'-
V 0 R 

RO, 

RO' 

HOR 

Ti 

7 0 R 

OR 

RQr 

Ti 

RO 

7 0 R 

OR 

HOR 

RO/ 

RO* 

7 0R 

+ RNH0 

'OR 

RNH, 

RO/- 7 OR 

Ti 
R0<-

I 
Y 0 R 

Figure 3. Ester interchange mechanism and blocking effect 
of amines 

A m i n o alcohols , p a r t i c u l a r l y of the d ie thano lamine a n d t r i e t h a n o l a m i n e t y p e , have 
a n even greater effect, due to the i r a b i l i t y to f o r m chelates. T h i s effect is no t l i m i t e d 
to the amine complexes ; β-diketones also are effective w i t h cellulose acetate, as shown 
i n F i g u r e 4. A more deta i led s t u d y of the re la t ive effects of alcohols a n d β-diketones 
as stabi l izers for these systems has recent ly been pub l i shed b y H e r t a n d B r u x e l l e s (S). 
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BEACHAM—ORGANIC TITANATES 287 

100 
t 10% CELLULOSE ACETATE IN 

ETHYL LACTATE 

10% CELLULOSE ACETATE IN 90·' 10 ETHYL 
LACTATE-ETHYL ACETOACETATE 

20 L 
10 L 

0 10 20 30 40 50 60 70 
PER CENT BUTYL TITANATE 

80 90 100 

Figure 4. Effect of complexing solvents on viscosity of 
butyl titanate-cellulose acetate blends 

T h u s , t w o p r a c t i c a l types of organic so lvent sys tem are a v a i l a b l e f or the s t u d y 
of a l k y l t i tanate -ce l lu los i c sys tems : those c onta in ing alcohols a n d those c o n t a i n i n g 
che lat ing agents. B a s e d on these studies a t t e m p t s were made to detect s i m i l a r reac 
t ions i n aqueous systems. 

I n A q u e o u s M e d i a . A l k y l t i tanates cou ld not be used i n the presence of water , 
b u t a n u m b e r of chelates of t i t a n i u m are suff ic iently stable for aqueous studies, p a r 
t i c u l a r l y those of the a m i n o alcohols , t r i e t h a n o l a m i n e , as w e l l as those of h y d r o x y 
acids such as lactate , t a r t r a t e , c i t ra te , a n d gluconate . F o r these studies the a m i n o 
a l coho l chelate was p r e p a r e d b y s i m p l y a d d i n g 2 moles of t r i e t h a n o l a m i n e to 1 mole 
of i s o p r o p y l t i t a n a t e . T h e chelates of h y d r o x y acids were p r e p a r e d b y add ing 2 moles 
of the s o d i u m salt of the corresponding acids to aqueous solut ions of t i t a n i u m t e t r a 
ch lor ide . F o r c o m p a r i s o n some unche la ted salts , such as t i t a n y l sul fate , t i t a n i u m 
te t rach lor ide , a n d t i t a n i u m dichlor ide -d iacetate were inc luded . 

T i t a n i u m d ich lor ide -d iacetate was p r e p a r e d b y the v a p o r phase reac t ion of t i 
t a n i u m te t rach lor ide a n d acetic ac id as descr ibed b y W a d i n g t o n (8). T h i s is a w a t e r -
soluble t i t a n i u m salt of the nonche lated t y p e , w h i c h i n aqueous so lu t i on exhib i ts es
sent ia l ly the a c t i v i t y of t i t a n i u m te t rach lor ide , b u t does not h y d r o l y z e at a n ex t reme ly 
r a p i d rate . 

W i t h C e l l u l o s e . U s i n g the above water -so luble t i t a n i u m compounds , v i scos i ty 
studies were carr i ed out on aqueous solutions of a wide v a r i e t y of water -d ispers ib le 
cellulosics i n c l u d i n g var ious starches, methylce l lu lose , hydroxye thy l ce l lu l ose , a n d 
carboxymethy l ce l lu lose . H o w e v e r , i n none of these homogeneous aqueous systems 
was there conclusive evidence of t i t a n i u m c o m p o u n d i n t e r a c t i o n w i t h the cel lulosic . 

P r e v i o u s experience w i t h t i t a n i u m dich lor ide -d iacetate t reatments of cellulose a n d 
regenerated cellulose h a d g i v e n evidence of a c r o s s - l i n k i n g a c t i o n b y the t i t a n i u m 
c o m p o u n d , as i n d i c a t e d b y the fa i lure of the t reated cellulose to dissolve i n the u s u a l 
so lvents , such as c u p r a m m o n i u m a n d xanthate . I n these t reatments the a c i d t i t a n i u m 
so lut ion was a p p l i e d to the fabr i c w h i c h was p a r t i a l l y d r i e d to set the t r e a t m e n t , 
n e u t r a l i z e d , a n d f ina l l y d r i e d . 

A s i m i l a r t y p e of t r e a t m e n t was g iven to viscose r a y o n y a r n us ing a series of 
water -so luble t i t a n i u m compounds . T h e solutions at the equ iva lency of 100 grams per 
l i t e r of t i t a n i u m dioxide were a p p l i e d to skeins of b r i g h t viscose y a r n , the excess so lut ion 
was centr i fuged , a n d the y a r n was a l lowed to d r y u n t i l a p p r o x i m a t e l y hal f of the 
water h a d evapora ted . T h e fibers were t h e n neutra l i zed i n s o d i u m carbonate so lut ion 
a n d d r i e d . 

E v i d e n c e f or a c r o s s - l i n k i n g a c t i o n b y the t i t a n i u m compounds was f o u n d i n the 
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288 ADVANCES IN CHEMISTRY SERIES 

reduced water - r e tent i on values i n the t reated r a y o n y a r n . T h e y a r n samples were 
weighed, d r i e d , immersed i n water , centr i fuged to remove excess water , a n d t h e n 
reweighed ( T a b l e I V ) . 

Table IV. Viscose Rayon Yarn Treatment 

Titanium Compound, 
100 Grams T1O2/Liter Water Retention, % Ash, % 

Control (no treatment) 80 0.1 
Triethanolamine titanate 75 0.7 
Titanyl sulfate 63 2.7 
Titanium citrate 61 3.8 
Titanium tartrate 57 3.9 
Titanium dichloride-diacetate 51 9.8 
Titanium tetrachloride 48 10.4 

T h e degree of the react ion of t i t a n i u m w i t h cellulose i n aqueous so lut i on , as i n 
organic solut ions, is de termined b y the extent of coord inat i on i n the t i t a n i u m c o m 
p o u n d . T h e most react ive compounds as i n d i c a t e d b y b o t h the ash content a n d the 
water re tent ion are the uncoord inated ones, the t i t a n i u m te t rach lor ide , a n d the 
t i t a n i u m d ich lor ide -d iacetate . T i t a n y l sul fate shows a m u c h lower degree of reac 
t i v i t y t h a n t i t a n i u m te t rach lor ide a n d i t a p p a r e n t l y resembles more closely the 
chelated t i t a n i u m c i t rate a n d t a r t r a t e . 

W i t h P r o t e i n s . T h e r e are also ind icat ions that t i t a n i u m compounds can react 
w i t h prote ins . A s w i t h cellulose, i t has not been possible to character ize the nature 
of the react ion as prec ise ly as i n the case of the organic soluble cellulosics. V i s c o s i t y 
studies of water -so luble p r o t e i n - t i t a n i u m c o m p o u n d systems have fa i led to y i e l d c o n 
c lusive results . Neverthe less , prote ins t reated w i t h t i t a n i u m compounds i n general 
exh ib i t a m a r k e d l y lessened s o l u b i l i t y a n d also a greater chemica l resistance. 

b 

Figure 5. Micrographs of wool fibers 

a. Untreated 
b. Chlorinated in absence of titanate 
c. Presence of titanate 
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ΒEACHAM—ORGANIC TITANATES 289 

Figure 5 illustrates this protective action in the case of wool treated with chlorine. 
Fiber a is from a sample of an untreated wool jersey. Fiber b is from a fabric sample 
which was treated with a 3% aqueous solution of sodium hypochlorite at pH 4 for 
60 seconds, rinsed in water, and treated with 1% sodium bisulfite. 

Fiber c is from a sample which was treated with an aqueous solution of triethanol-
amine titanate (10 grams of Ti0 2 per liter) dried, then subjected to the same hypo
chlorite and bisulfite treatment as in the case of the central fiber. 

The extent of the damage to the fibers can best be judged from a comparison of 
the two chlorinated fibers. The central fiber, £>, has been completely denuded of scales. 
Fiber c under the same conditions shows only an attack at the edges of the scales. 

The mechanism of the titanium reactions with fiber and the points of attachment 
remains rather obscure. It seems most probable that the titanium attaches itself 
first and most strongly to hydroxyl or carboxyl groups of the protein fiber. However, 
there are probably an insufficient number of such groups to account for the attach
ment of the nearly 1% titanium as titanium dioxide found in the treated fiber. It 
is postulated that most of the titanium is coordinately bonded to the protein, probably 
through amine or amide groups and by so bonding to the protein a blockage is set up 
which prevents oxidative and hydrolytic agents from attacking the protein chains. 

Summary 
Given the right conditions, titanium can attach itself to almost any high molecu

lar weight polymer containing atoms such as oxygen and nitrogen with unshared pairs 
of electrons. The first point of attachment appears to be the polar groups containing 
active hydrogen, such as hydroxyl or carboxyl groups, but strong bonds probably 
can also be formed in which the attachment is primarily by coordination. 
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Preparation of Tetraalkyllead Compounds 

from Lead or Its Alloys 

HYMIN SHAPIRO 
Research Laboratories, Ethyl Corp., Detroit, Mich. 

Lead is commonly alkylated by one of two basic 
methods: the reaction of sodium-lead alloy with an 
alkyl halide, or the reaction of a lead salt with an 
active organometallic compound. The first method 
is used for the commercial production of tetraethyl-
lead, a high-tonnage chemical used as an antiknock 
agent. For this reason, the Ethyl Corp. has con
ducted research for many years on reactions based 
on this method. Several modifications of the basic 
method are outlined for the first time. Descriptions 
are given of the reaction of active metallic lead with 
alkyl halides, sulfates, and phosphates both in the 
presence and absence of organometallic compounds 
or added metals. Descriptions are also presented 
of the reactions of various binary and ternary alloys 
of lead with alkyl halides and sulfates. Factors of 
practical interest in these reactions are discussed. 

Heavy metals such as lead are most commonly alkylated by one of two basic methods 
(SI): 

In Lowig's method (32), an alkyl halide reacts with an alloy of a heavy metal and 
an alkali metal, forming the halide of the alkali metal and the alkyl compound of the 
heavy metal. 

4NaPb + 4RC1 -> R4Pb + 4NaCl + 3Pb (1) 

In Buckton's method (4, 36), the halide of a heavy metal reacts with an alkyl com
pound of a more electropositive metal. 

2PbCl2 + 2R2Zn -> R 4Pb + 2ZnCl2 + Pb (2) 
2PbCl2 + 4RMgCl -> R 4Pb + 4MgCl 2 + Pb (3) 

Numerous other ways of synthesis have been employed, such as free radical 
methods, electrolytic reduction reactions, liquid ammonia preparations, and procedures 
involving quadrivalent lead salts. However, the second method, as modified by Pfeiffer 
to use the Grignard reagent, has provided both the most practical means of synthesis 
of organometallic compounds in the laboratory and a means of studying the chemical 
reactivity of the metals in question. Lowig's method, utilizing monosodium-lead alloy 
(26), is still used today for the commercial production of tetraethyllead. The sim-
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SH API RO—TETRAALKYLLEAD COMPOUNDS 291 

p l i c i t y a n d h i g h y i e l d of th i s m e t h o d p e r m i t p r o d u c t i o n at a cost l o w enough to a l l ow 
the economica l use of t e t r a e t h y l l e a d as a n a n t i k n o c k agent o n a v e r y large scale. 

Lowig's m e t h o d has been s tud ied extensive ly , because of i t s c o m m e r c i a l i m p o r 
tance . A n u m b e r of modi f i cat ions of th is basic m e t h o d are i n d i c a t e d i n the patent 
l i t e r a t u r e . T h i s p a p e r gives for the first t ime a comprehens ive account of these 
methods . V o l u m i n o u s e x p e r i m e n t a l detai ls are unnecessary for this purpose , b u t m a y 
be g iven i n fu ture pub l i ca t i ons . 

Reactions of Metallic Lead 

L e a d with A lky l Halides. Because the cost of s o d i u m is a n i m p o r t a n t economic 
fac tor i n the p r o d u c t i o n of t e t r a e t h y l l e a d b y the c onvent i ona l process, a care fu l s t u d y 
was m a d e of the d i rec t r eac t i on of l ead m e t a l w i t h a l k y l hal ides , us ing l ead i tsel f as 
the reduc ing or a l k y l a t i n g m e t a l , as i n E q u a t i o n 4. 

3 P b + 4 R X -> R 4 P b + 2 P b X 2 (4) 

F o r ac t ive meta ls such as l i t h i u m , m a g n e s i u m , a l u m i n u m , a n d z inc , th is t y p e of reac 
t i o n w i t h a l k y l hal ides is we l l k n o w n . 

M + R X — > [ R M X ] —» R M - h M X (5) 

H o w e v e r , the direct a l k y l a t i o n of h e a v y meta ls , l i k e l ead , is no t c o m m o n l y regarded 
as possible. S u c h a react ion for l ead was f irst a t t e m p t e d w i t h e t h y l iodide b y C a h o u r s 
(5) i n 1853, b u t he repor ted o n l y the q u a l i t a t i v e f o r m a t i o n of a s m a l l a m o u n t of organo -
l ead c o m p o u n d , w h i c h he d i d not a t t e m p t to i d e n t i f y . 

I n recent w o r k , l ead m e t a l has reacted under a v a r i e t y of condit ions w i t h several 
a l k y l hal ides , to f o r m t e t r a a l k y l l e a d compounds i n good y i e l d . C o m m e r c i a l l y c o m 
m i n u t e d l ead powders a n d flakes, b u t p r e f e r a b l y l ead f o r m e d as a residue i n other 
organolead react ions (as i n E q u a t i o n 1 ) , was f o u n d sui tab le for a l k y l a t i o n . I t was 
s h o w n t h a t the m e t a l m u s t present a large , c lean surface, free of c o m b i n e d or adsorbed 
i m p u r i t i e s , such as a i r or mo i s ture . S u c h act ive l ead gave good y ie lds w i t h m e t h y l 
b r o m i d e , m e t h y l iodide , a n d e t h y l iodide , b u t d i d not react s igni f i cant ly under u n c a t a -
l y z e d condi t ions w i t h m e t h y l ch lor ide , e t h y l ch lor ide , a n d e t h y l b r o m i d e . T h e p r e 
ferred cata lysts f or these react ions were s h o w n to be iodine a n d iod ine - conta in ing 
compounds (85), used i n the a m o u n t of about 1 a t o m % of the l ead . T h e r e a c t i v i t y 
of the a l k y l halides tested decreased i n the o r d e r : M e l > E t I > M e B r > M e C I > 
E t B r > E t C l . G o o d rates of react ion were ob ta ined at 100° to 130°C. I n the react ion 
of e t h y l ch lor ide w i t h l ead residue p r e p a r e d accord ing to E q u a t i o n 1, t e t r a e t h y l l e a d 
y ie lds of about 6 5 % , based on E q u a t i o n 4, were ob ta ined i n 5 hours at 130°C. , us ing 
1.3 a t o m % iodine as ca ta lys t . W h e n c o m m e r c i a l l ead flakes reacted w i t h e t h y l 
ch lor ide , the m a x i m u m y i e l d was of the order of 3 0 % ; w i t h e t h y l iod ide , the y i e l d i n 
creased to 5 0 % . 

N o t o n l y is i t possible to prepare t e t r a m e t h y l - a n d t e t r a e t h y l l e a d i n th is w a y , 
b u t m i x e d a l k y Head compounds can be p r e p a r e d i n a r a n d o m e q u i l i b r i u m m i x t u r e (7) 
f r o m m i x t u r e s of m e t h y l a n d e t h y l chlor ides . I t is also possible to combine the reac 
t ions of sod ium- lead a l l oy a n d l ead m e t a l in to a consecutive two-s tep process, as i n 
E q u a t i o n s 1 a n d 4, b y ra i s ing the t e m p e r a t u r e after the react ion of the a l loy , w i t h o u t 
separat ing the p r o d u c t of th is react ion . T h e o v e r - a l l process is t h e n represented b y 
E q u a t i o n 6 : 

2 N a P b + 4 E t C l -> E t 4 P b + 2 N a C l + P b C l 2 (6) 

L e a d with Other Alkylating Agents. L e a d m e t a l , ob ta ined as i n E q u a t i o n 1, 
has also reacted i n smal l -scale equ ipment w i t h a l k y l sul fates a n d a l k y l phosphates (27), 
for 20 hours , t o give y ie lds of t e t r a m e t h y l - or t e t r a e t h y l l e a d of 20 to 6 5 % , at 110° to 
125°C. F o r the cata lys t , 3 a t o m % lead iodide was desirable , a l t h o u g h th is was no t 
requ i red for the p r e p a r a t i o n of t e t r a m e t h y l l e a d . T h e y ie lds were based o n the e q u a 
t ions : 
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292 ADVANCES IN CHEMISTRY SERIES 

3 P b + 2 R 2 S 0 4 -> R 4 P b + 2 P b S 0 4 (7) 

9 P b + 4 R 3 P 0 4 - » 3 R 4 P b + 2 P b 3 ( P 0 4 ) , (8) 

L e a d with A l k y l Halides and Reducing Metal . A n extended inves t iga t i on was 
made of the a l k y l a t i o n of lead m e t a l w i t h a l k y l hal ide i n the presence of a reduc ing 
m e t a l such as m a g n e s i u m . T h i s react ion is interes t ing f r o m a c o m m e r c i a l s t a n d p o i n t , 
i n c on junc t i on w i t h the s o d i u m - l e a d - e t h y l ch lor ide react ion . I t prov ides a possible 
means of increas ing the y i e l d of t e t r a e t h y l l e a d per charge i n p l a n t autoclaves (10). 
T h e react ion can be r u n either separate ly or c o n c u r r e n t l y w i t h the reac t ion of E q u a 
t i o n 1, accord ing to the f o l l owing , ideal ized equat ions : 

P b + 4RC1 + 2 M g -> R 4 P b + 2 M g C l 2 (9) 

4 N a P b + 16RC1 + 6 M g - » 4 R 4 P b + 4 N a C l + 6 M g C l 2 (10) 

T h e ac t ive l ead m a y be p r e p a r e d for react ion b y v a r i o u s means, as i n R e a c t i o n 4, a n d 
the m a g n e s i u m is conven ient ly s u p p l i e d i n the f o r m of ch ips . A b o u t 10 to 2 0 % of 
a n a l i p h a t i c ether such as d i e t h y l ether, based on the e t h y l chlor ide present , is used as 
cata lys t . A s a result , the G r i g n a r d reagent is f o rmed i n s i t u f r o m the m a g n e s i u m . I n 
2 to 4 hours at the o p t i m u m t e m p e r a t u r e of 7 0 ° C , us ing a n excess of e t h y l ch lor ide , 
t e t r a e t h y l l e a d y ie lds of about 7 5 % were obta ined i n smal l -scale e q u i p m e n t . 

O t h e r cata lysts , such as t e r t i a r y amines or a l k y l a m m o n i u m iodides, m a y be e m 
p l o y e d , a long w i t h o ther reduc ing metals such as l i t h i u m (but not s o d i u m ) , to give 
somewhat poorer y ie lds . O t h e r a l k y l halides ( m e t h y l a n d p r o p y l chlor ides , bromides , 
a n d iodides) m a y be used as the a l k y l a t i n g agents for the lead m e t a l , b u t pre ferab ly not 
i n a concurrent reac t ion w i t h sod ium- lead a l l oy . 

T h e f o r m a t i o n of t e t r a a l k y l l e a d is accompanied i n v a r i a b l y b y the f o r m a t i o n of 
h e x a a l k y l d i l e a d , w h i c h decomposes s l owly to f o r m a d d i t i o n a l t e t r a a l k y l l e a d a n d lead 
m e t a l . T h e h e x a a l k y l d i l e a d r e m a i n i n g i n the p r o d u c t m a y be conver ted to t e t r a a l k y l 
l ead b y subsequent t h e r m a l decompos i t ion , or b y t r e a t m e n t w i t h cata lysts , such as 
F i l t r o l (34), a l k y l bromides or iodides (28), or a c t i v a t e d c a r b o n (23A), a c cord ing t o : 

2 R 6 P b 2 ^ 3 R 4 P b + P b (11) 

L e a d with A lky l Halides and Organometallic Compounds. I n the t y p e of reac 
t i o n described above, p r e f o r m e d G r i g n a r d reagent m a y be used i n l i eu of the m a g 
n e s i u m chips (13). W i t h react ions us ing chlor ides , the react ion m a y be r u n i n a 
single stage w i t h a sod ium- lead react ion , i f desired. T h e equat ion for th is p r e p a r a t i o n 
of t e t r a e t h y l e a d i s : 

4 N a P b + l O E t C l + 6 E t M g C l -> 4 E t 4 P b + 6 M g C l 2 + 4 N a C l (12) 

I n s t u d y i n g th is react ion , i t was shown t h a t ether is desirable , b u t not necessary, 
as a cata lys t ( a l though a cata lys t of th is t y p e is v i t a l for the react ion w i t h m a g n e s i u m 
m e t a l ) . T h e reac t ion was c a r r i e d out effectively w i t h e t h y l m a g n e s i u m iodide p r e 
p a r e d i n benzene i n the absence of ether. H e x a e t h y l d i l e a d was not f o r m e d u n d e r these 
n o n c a t a l y z e d condi t ions . 

O t h e r organometa l l i c compounds , such as e t h y l l i t h i u m , d i e t h y l z i n c , d i e t h y l c a d -
m i u m , a n d e t h y l c a d m i u m iodide , were effective e t h y l a t i n g agents i n react ions analogous 
to E q u a t i o n 12. A t 7 0 ° C . i n small -scale equ ipment , y ie lds were over 9 0 % w i t h the 
l i t h i u m reagent a n d e t h y l ch lor ide , b u t the z inc a n d c a d m i u m compounds gave good 
y ie lds o n l y w h e n e t h y l iodide was e m p l o y e d as the a l k y l a t i n g agent (14-16). T h e 
same t y p e of reac t ion was effected us ing " s o d i u m - n a p h t h a l e n e c o m p l e x " as the reduc ing 
agent (43). G o o d y ie lds of t e t r a a l k y l l e a d were obta ined b y th is m e t h o d w h e n e ther -
or a m i n e - t y p e ca ta lys t was present , a l t h o u g h free s o d i u m m e t a l a n d a l k y l s o d i u m c o m 
pounds d i d not y i e l d a n y organolead p r o d u c t . 

O t h e r k i n d s of a l k y l a t i o n react ions r epor ted i n the l i t e r a t u r e m a y be re lated to 
the a l k y l a t i o n of m e t a l l i c l ead w i t h a l k y l halides a n d organometa l l i c c ompounds . 
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SH API RO—TETRAALKYLLEAD COMPOUNDS 293 

G i l m a n (23) describes a n elegant l a b o r a t o r y m e t h o d for the p r e p a r a t i o n of t e t r a a l k y l 
l ead compounds f r o m lead chlor ide . 

P b C l 2 + 3 R L i + R I -> R 4 P b + 2LÎC1 + L i l (13) 

R e t r o s p e c t i v e l y , this react ion m a y be classified as the direct a l k y l a t i o n of a m e t a l as 
descr ibed above. T h e a u t h o r has tested i t e x p e r i m e n t a l l y , a n d f o u n d t h a t i n the reac 
t i o n of l ead chlor ide w i t h m e t h y l G r i g n a r d reagent, the G i l m a n react ion can be c a r r i e d 
out e i ther b y his procedure , or i n a two-s tep synthes i s ; the first step be ing a classical 
G r i g n a r d a l k y l a t i o n , ac cord ing to Pfei f fer a n d T r u s k i e r (36) : 

2 P b C l 2 + 4 M e M g C l -> M e 4 P b + 4 M g C l 2 + P b (14) 

a n d the second, a n a l k y l a t i o n of the separated meta l l i c l ead , i n accordance w i t h the 
discussion a b o v e : 

P b + 2 M e C l + 2 M e M g C l -> M e 4 P b + 2 M g C l 2 (15) 

T a b l e I summarizes representat ive y i e l d d a t a on the p r i n c i p a l reactions of l ead 
m e t a l descr ibed above. 

Table I. Representative Yields of R 4 Pb from Metallic Lead 

Catalyst, 
Lead Source0 Alkyl Halide Other Reactant Atom % Based on Pb R 4 Pb Yield, % 

A EtCl — II2 65 
Β EtCl — lh 30 
A M e l or EtI — 1I2 70 
Β EtI — 1I2 50 
A Et 2 S0 4 — 3PbI2 55 

Me 2 S0 4 — 3PbI 2 65 
E t 3 P 0 4 — 3PbI 2 20 
EtCl Mg 10Et2O» 75 
EtCl EtMgCl 10Et2O» 75 
EtCl EtLi — 90 
EtCl Na(CioH8) 35C6H5N(CH3)2, 

80CH3OCH2CH2OCH3«> 20 
EtI NafCioHs) 20C 6 H 6 N(CH 3 ) 2 , 

95CH 3 OCH 2 CH 2 OCH 3 * 70 
a Lead source A is metallic lead product of reaction of NaPb with EtCl . R 4 Pb yield figure is based on reac

tion of metallic lead in subsequent R X reaction, and does not include NaPb-EtCl product. Lead source Β is com
mercial Metalead paste. 

b % based on E t C l . 
« % based on EtI. 

Reactions of Lead Alloys 

T h e c o m m e r c i a l success of sod ium- lead for the p r o d u c t i o n of t e t r a e t h y l l e a d has 
led to the inves t iga t i on of numerous other al loys for th is purpose . These composi t ions 
have compr i sed e i ther b i n a r y or t e r n a r y a l loys of lead . T h e b i n a r y a l loys have c o n 
sisted of other composi t ions w i t h s o d i u m or have conta ined other G r o u p I or G r o u p I I 
meta ls . 

D i m a g n e s i u m - L e a d A l l o y . One of the most interest ing al loys exp lored is the c o m 
pos i t i on d imagnes ium- lead . T h i s a l l oy is a w e l l - k n o w n ionic c o m p o u n d of the f luor i te 
lat t i ce s t ruc ture (24)· G o o d y ie lds of a l k y l l e a d compounds were obta ined f r o m the 
a l l oy accord ing t o : 

M g 2 P b + 4 R X -> R 4 P b + 2 M g X 2 (16) 

T h e react ion m a y be carr i ed out w i t h an a l k y l iodide , i n w h i c h case a cata lys t is 
not requ i red (41) or pre ferab ly , i t m a y be r u n w i t h a n a l k y l b r o m i d e or chlor ide 
(39, 40). W h e n the a l k y l a t i n g agent was e t h y l ch lor ide , o p t i m u m yie lds of 85 to 9 0 % 
were obta ined i n 2 hours at 120°C., i n s m a l l bombs , us ing 5 equiva lents of e t h y l c h l o 
r ide a n d a cata lys t c o m b i n a t i o n of 5 % ether a n d 8 5 % e t h y l iodide , based on a l l oy 
weight . T h i s react ion is s h a r p l y d i f ferent iated f r o m the react ion of lead m e t a l w i t h 
a n a l k y l hal ide a n d magnes ium, because no h e x a a l k y l d i l e a d is p r o d u c e d as a b y 
p r o d u c t . 
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294 ADVANCES IN CHEMISTRY SERIES 

T h e a l k y l ch lor ide reac t i on was s h o w n to be operable w i t h a v a r i e t y of cata lysts , 
p r i m a r y a l i p h a t i c ethers a n d a l k y l iodides be ing most useful . T e t r a a l k y l l e a d c o m 
pounds f r o m m e t h y l to i s o p r o p y l a n d η-butyl were p r e p a r e d b y this means. T h e 
react ion of d imagnes ium- l ead w i t h e ther - ca ta lyzed a l k y l iodide ( in the absence of a l k y l 
ch lor ide ) appears to be a s imple p r e p a r a t i v e m e t h o d for use i n the l a b o r a t o r y , once 
the a l l o y is ava i lab le . 

Ternary L e a d Alloys. T h e p r e p a r a t i o n of t e t r a e t h y l l e a d f r o m v a r i o u s t e r n a r y 
a l loys c o n t a i n i n g s o d i u m a n d l ead has been a t t e m p t e d since 1850. A t t h a t t i m e , 
Lôwig c l a i m e d to have p r e p a r e d t e t r a e t h y l l e a d b y the react ion of e t h y l iodide w i t h 
s o d i u m a n d l ead a m a l g a m a t e d w i t h excess m e r c u r y . Since t h e n , the react ion has 
been a t t e m p t e d w i t h sod ium- lead a l loys c o n t a i n i n g s m a l l amounts of l i t h i u m , po tas 
s i u m , m a g n e s i u m , z inc , t i n , copper , a n d s i l v e r . A p p r e c i a b l e add i t i ons of m a g n e s i u m , 
po tass ium, a n d zinc have been invest igated recent ly . 

Some of the most in teres t ing e x p e r i m e n t a l w o r k on the a l k y l a t i o n of l ead i n t e r n a r y 
a l loys has been conducted o n systems c o n t a i n i n g lead , s o d i u m , a n d m a g n e s i u m . T h i s 
t e r n a r y m e t a l sys tem is exceedingly complex (17, 18), a n d therefore has not been f u l l y 
invest igated . T h e a l loys t h a t a l k y l a t e best are located on the sod ium- lead -magnes ium 
cross sect ion {11, 12), w h i c h contains a per i tect i c c o m p o u n d of compos i t i on N a M g P b . 
T h e best of s u c h a l loys , reacted w i t h ether ca ta lys t a n d excess e t h y l ch lor ide at 8 5 ° C , 
gave t e t r a e t h y l l e a d y ie lds of about 7 5 % , based o n the c o m b i n a t i o n of r e d u c i n g meta ls 
present . T h e reac t i on resembled the a l k y l a t i o n of meta l l i c l ead i n the presence of 
m a g n e s i u m m e t a l , because hexaethy ld i l ead was f o r m e d as a b y - p r o d u c t . 

T h e replacement of m a g n e s i u m i n a t e r n a r y a l l oy b y po tass ium is interest ing 
(44)- A t e r n a r y a l l o y c onta in ing equ iatomic p r o p o r t i o n s of l ead a n d a l k a l i meta ls , i n 
w h i c h 15 a t o m % of the a l k a l i m e t a l is p o t a s s i u m , is capable of g i v i n g y ie lds of t e t r a 
e t h y l l e a d of over 9 5 % , based on b o t h reduc ing meta ls . T h i s compares f a v o r a b l y w i t h 
the u s u a l y i e l d of about 8 5 % f r o m s o d i u m - l e a d a l l o y i n the c onvent i ona l reac t i on . T h e 
p o t a s s i u m no t o n l y reacts , b u t also increases the u t i l i z a t i o n of s o d i u m . T h e reac t i on 
is modi f i ed i n t h a t the f o r m a t i o n of b y - p r o d u c t hydrocarbons b y W u r t z - t y p e c oup l ing 
react ions is a lmost e l i m i n a t e d . 

S u c h reactions were u s u a l l y r u n at 80° to 100°C. w i t h excess e t h y l ch lor ide . A 
ketone cata lys t (0.2 weight % acetone based o n a l l oy weight ) is v i t a l t o o b t a i n good 
y ie lds a t n o r m a l , opera t ing temperatures . T h u s , the reac t i on is different i n m e c h a 
n i s m f r o m the convent i ona l s o d i u m - l e a d - e t h y l ch lor ide react ion . 

Nonasodium-Tetralead Alloy. T h e cost of recyc l ing lead m e t a l i n the c o m m e r c i a l 
s o d i u m - l e a d - e t h y l chlor ide process has aroused interest i n the use of s o d i u m - r i c h a l loys 
for m a n y years . M o s t of the sod ium- lead a l loys , however , are ra ther unreac t ive w i t h 
e t h y l ch lor ide . T h e s o d i u m - r i c h a l loys between sod ium- lead a n d pentasod ium-d i l ead 
are progress ive ly less react ive u n t i l at the compos i t i on of p e n t a s o d i u m - d i l e a d reac t ion 
p r a c t i c a l l y ceases. H o w e v e r , i f the a l k y l a t i n g agent is e t h y l b r o m i d e or pre f e rab ly 
e t h y l iodide , good y ie lds m a y be obta ined f r o m higher s o d i u m al loys i n the presence of 
amines or h y d r o x y l compounds , such as p y r i d i n e or water (6). T h i s type of so-cal led 
h y d r o u s react ion was used c o m m e r c i a l l y for a short t im e i n the 1920's. However, the 
economics of such processes are un favorab le as c o m p a r e d w i t h the present s o d i u m - l e a d -
e t h y l ch lor ide process. There fore , the a n h y d r o u s react ions of s o d i u m - r i c h al loys w i t h 
e t h y l ch lor ide were re invest igated recent ly . 

A t h e r m a l analys is of the sod ium- lead phase d i a g r a m demonst ra ted the existence 
of a h i ther to unrecognized open m a x i m u m c o m p o u n d at the compos i t i on n o n a s o d i u m -
te t ra l ead (30). C o m p o s i t i o n s at or below th i s exact l eve l of s o d i u m content were 
react ive w i t h e t h y l ch lor ide , p r o v i d e d t h a t a cata lys t such as a n ester, a ldehyde , o r 
ketone , was present (2). Y i e l d s of a p p r o x i m a t e l y 7 0 % o n s o d i u m were ob ta ined i n 
about 2 hours at 100°C. w h e n about 0 . 5 % (on weight of a l l oy ) of acetone or e t h y l 
acetate cata lys t was used. A b o v e the s o d i u m percentage conta ined i n n o n a s o d i u m -
te t ra lead , the a l loys became a b r u p t l y unreac t ive w i t h e t h y l ch lor ide , even when c a t a 
l y s t was present . 
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SHAPIRO—TETRAALKYLLEAD COMPOUNDS 295 

Binary L e a d Alloys with Calcium, Potassium, and Li thium. I n a d d i t i o n to 
s o d i u m a n d m a g n e s i u m , b i n a r y al loys of l ead w i t h c a l c i u m (29), po tass ium, a n d l i t h i u m 
were invest igated w i t h i n the past several years . T h e composi t ions l i t h i u m - l e a d a n d 
ca l c ium- lead were react ive w i t h e t h y l ch lor ide , whi le the a l l oy po tass ium- lead gave 
y ie lds of less t h a n 2 0 % o n potass ium u n d e r the best condi t ions tested. T h e a l l oy 
l i t h i u m - l e a d is v e r y expensive for c o m m e r c i a l use. U n c a t a l y z e d , the a l l oy c a l c i u m - l e a d 
gave y ie lds of 8 0 % at 7 0 ° C , accord ing t o : 

2 C a P b + 4 E t C l 2 C a C l 2 + E t 4 P b + P b (17) 

I t is n o t e w o r t h y t h a t the compos i t i on d i c a l c i u m - l e a d , w h i c h is a wel l -def ined i n t e r -
meta l l i c c o m p o u n d , reacted p o o r l y . 

Monosodium-Lead Al loy Reaction with E t h y l Chloride. M u c h of the research 
o n the s o d i u m - l e a d - e t h y l ch lor ide reac t ion i n recent years has dealt w i t h i t s acce lera 
t i o n or r e t a r d a t i o n . I n the discussion of lead m e t a l react ions, i t was p o i n t e d out t h a t 
the surface of the lead m u s t be free of c o m b i n e d or adsorbed i m p u r i t i e s . T h i s is 
equa l ly t r u e for the a l l oy react ions, because here also there is a heterogeneous reac t ion 
between so l id m e t a l a n d l i q u i d or gaseous a l k y l ha l ide . T h e react ion ve l o c i ty is there 
fore v e r y susceptible to surface effects. 

T h e convent i ona l s o d i u m - l e a d - e t h y l chlor ide react ion is sensit ive to ce r ta in i m 
pur i t i es i n the e t h y l ch lor ide . A s l i t t l e as 0 .0025% acetylene exerts a p o w e r f u l r e t a r d 
i n g effect. T h i s r e t a r d a t i o n , or po isoning as i t is c o m m o n l y k n o w n , has become so 
severe i n some a l l oy reactions as to result i n a coat ing on the steel wal l s of the reac t i on 
vessel w h i c h renders the vessel inoperable . T h i s w a l l - r e t a i n e d poison is not a lways 
r e m o v e d b y s c r u b b i n g or so lvent a c t i on , a n d sometimes i t is necessary to e t ch the 
steel w i t h a c i d to restore i ts useful c o n d i t i o n . 

I n e x p e r i m e n t a t i o n designed to increase the p r o d u c t i o n of t e t rae t h y l l ead , i t has 
been discovered t h a t the rate of the s o d i u m - l e a d - e t h y l ch lor ide reac t ion m a y be i n 
creased s ign i f i cant ly b y the use of 0.005 to 4 % of a n accelerator , such as a ketone (25), 
aldehyde (21), acetal (37), a n h y d r i d e (22), ester (20), or amide (19). I t is also i m 
p o r t a n t , c o m m e r c i a l l y , t h a t such accelerators have the a d d i t i o n a l effect of offsett ing 
the deleterious effect of m i n o r amounts of poisons of the acetylene t y p e . 

T h e rate of the s o d i u m - l e a d - e t h y l ch lor ide reac t i on is also inf luenced s t rong ly b y 
the gross s t ruc ture a n d surface area of the a l l oy . O r d i n a r y methods of c o m m i n u t i o n 
of the a l l oy to a fine state of subd iv i s i on result i n a decreased rate a n d y i e l d . T h i s de
crease is p r o b a b l y caused b y c o n t a m i n a t i o n of the surface, inherent to the u s u a l 
process of c o m m i n u t i o n . T h e rate can be increased m a r k e d l y , however , b y w e t - g r i n d i n g 
the a l l o y i m m e r s e d i n e t h y l ch lor ide at l ow t e m p e r a t u r e (42). T h u s , the a l l oy surface 
c a n be enlarged, whi l e i t is pro tec ted u n t i l r a p i d react ion is desired. 

T h e r e a c t i v i t y of the a l l o y m a y also be enhanced b y decreasing the size of the 
crysta ls . T h i s m a y be accompl i shed b y qu i ck - coo l ing , as b y d r u m - c a s t i n g (1, 38, 4?, 
48). Q u i c k cool ing m a y also be accompl i shed b y feeding the a l l o y i n the m o l t e n state 
to the e t h y l ch lor ide (33). 

Monosodium-Lead Al loy Reaction with Methyl Chloride. Interest has been ex 
pressed over m a n y years i n the use of m i x e d m e t h y l e t h y l l e a d a l k y l s , such as m e t h y l -
t r i e t h y l l e a d , as a n t i k n o c k s , o w i n g to the i r greater v o l a t i l i t y i n the engine m a n i f o l d as 
c o m p a r e d w i t h t e t r a e t h y l l e a d . T h i s has l ed to a s t u d y of methods of m a n u f a c t u r e of 
t e t r a m e t h y l l e a d a n d the m i x e d m e t h y l - e t h y l l ead compounds . 

I t has been k n o w n t h a t none of the m e t h y l or e t h y l hal ides , w i t h the except ion of 
e t h y l ch lor ide , w i l l react at a n apprec iab le rate w i t h s o d i u m - l e a d a l l o y . M o r e o v e r , 
the a d d i t i o n of one of the other m e t h y l o r e t h y l hal ides t o th i s t y p e of e t h y l ch lor ide 
reac t ion tends to poison the reac t i on . H o w e v e r , L e w i s a c i d cata lysts of the a l u m i n u m 
hal ide t y p e , such as a l u m i n u m chlor ide , p r o m o t e the reac t ion (9). O t h e r cata lysts , 
such as compounds of b e r y l l i u m , z inc , b o r o n , phosphorus , a n d arsenic , are also effec
t i v e , b u t to a lesser extent . These cata lysts made i t possible to devise a n economica l 
process for the m a n u f a c t u r e of t e t r a m e t h y l l e a d or m i x e d m e t h y l e t h y l l e a d compounds 
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296 ADVANCES IN CHEMISTRY SERIES 

(8) b y means of a n a l k y l a t i o n w i t h m e t h y l ch lor ide or a m i x t u r e of the corresponding 
a l k y l hal ides . T h e react ion was usua l ly c a r r i e d out at 90° to 100°C. for 2 to 4 hours , 
us ing about 4 a t o m % a l u m i n u m chlor ide on the basis of s o d i u m , to give y ie lds of 
a p p r o x i m a t e l y 8 5 % . 

Sodium-Lead Alloy Reactions with Diethyl Sulfate. E f f o r t s have been made to 
develop a c o m m e r c i a l e t h y l sul fate process {46), because d i e t h y l sulfate is more a v a i l 
able a n d less expensive as a n e t h y l a t i n g agent t h a n e t h y l ch lor ide . I n recent e x p e r i 
ments , the ent ire range of sod ium- lead a l loys was invest igated , thus establ ish ing the 
decreasing order of a l l o y r e a c t i v i t y N a P b > N a 9 P b 4 > N a 5 P b 2 > N a 4 P b . U s i n g 
sod ium- lead , y ie lds on s o d i u m as h igh as 7 5 % were obta ined i n 2 hours at 120° to 
130°C. i n u n c a t a l y z e d reactions. W i t h h igher s o d i u m al loys , a n i od ine - conta in ing 
cata lys t is requ i red to o b t a i n good yie lds (45). P e n t a s o d i u m - d i l e a d a l l oy gave 8 0 % 
yie lds of t e t r a e t h y l l e a d i n 5 hours at 130° to 140 ° C , w h e n 1 a t o m % lead iodide was 
present , whereas the u n c a t a l y z e d react ion gave on ly a 1 0 % y i e l d . I n a l l such reac 
t ions , however , o n l y one e t h y l g roup reacted, accord ing t o : 

4 N a P b + 4 E t 2 S 0 4 -> E t 4 P b + 4 N a E t S 0 4 + 3 P b (18) 

T h e fact t h a t on ly one e t h y l group is u t i l i z e d i n the p r i m a r y react ion forces a 
regenerat ion or recovery operat i on . T h e slower rate of react ion a n d the higher t e m 
peratures requ i red are also factors w h i c h m a k e the e t h y l sul fate process d isadvantageous 
as c o m p a r e d w i t h the e t h y l ch lor ide process. 

Table II. Representative Yields of Tetralkyllead from Lead Alloys 

Catalyst, 
R 4 Pb Yield, % Composition Alkyl Halide % Based on Alloy Wt. R 4 Pb Yield, % 

NaPb MeCl, MeBr, Mel , 
EtBr, or EtI — 0 
EtCl — 85 
MeCl 4AlCh« 85 

Na 2Pb EtCl — 60 
Na BPb 4 E t C l — 5 
Na 6 Pb 2 E t C l — 0 
Na 4Pb E t C l — 0 
Na»Pb4 E t C l 0 .5C 2 H 6 OOCCH 3 70 
Na 4Pb E t C l 0 .5C 2 H 6 OOCCH 3 0 
NaPb Et 2 S0 4 — 75 
NasPb2 Et 2 S0 4 — 10 

Et 2 S0 4 lPbI 2* 80 
CaPb EtCl — 80 
Mg 2Pb EtCl — 5 Mg 2Pb 

EtCl 5Et 2 0, 85EtI 85 
EtBr — 10 
EtBr 15Et 20 60 
EtI — 75 
EtI 10Et2O 85 

NaMgPb EtCl — 20 NaMgPb 
EtCl 5Et 2 0 75 

(NaK)Pb' E t C l — 25 (NaK)Pb' 
E t C l 0.2CHaCOCH 3 >95 

a Atom % Al, based on Na in alloy. 
6 Atom % I2, based on Pb in alloy. 
c Equiatomic proportions of lead and alkali metals, in which 15 atom % of the alkali metal is K. 

Discussion 

I t is clear f r o m the reactions described here in , that there is a large v a r i e t y of 
possible reactions of lead m e t a l or a l loys to f o r m t e t r a a l k y l l e a d compounds f r o m a l k y l 
hal ides . T h i s choice encompasses a considerable degree of d i v e r s i t y i n the f o r m of 
the meta l l i c l ead , the whole gamut of reduc ing metals i n the i r m a n y p e r m u t a t i o n s a n d 
combinat ions , i n c l u d i n g in te rmeta l l i c c ompounds of lead ; the v a r i a t i o n i n types of a l k y l 
hal ides , the choice of organometa l l i c reagents a n d the m a n i f o l d possible ca ta lys t a n d 
solvent systems. T h e r e a c t i v i t y of the different m e t a l - a l k y l hal ide systems var ies 
w i d e l y . T h e r e a c t i v i t y e v i d e n t l y depends u p o n : the n a t u r e of the surface a n d the 
poros i ty of the lead m e t a l ; the la t t i ce s t ruc ture , c r y s t a l size, a n d t h e r m a l h i s t o r y of the 
a l l o y ; the accelerators or poisons present i n the heterogeneous sys tem a n d the m o l e c u -
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SHAPIRO—TETRAALKYLLEAD COMPOUNDS 297 

lar dimensions of the alkyl halide, as well as on the chemical activity of the metal and 
halide atoms. 

Many inert systems, such as the system sodium-lead-methyl chloride, respond 
rapidly to the addition of catalysts. Despite the significant exception of the sodium-
lead-methyl chloride system, it appears that methyl compounds react better than ethyl 
compounds. In general, iodides are superior to bromides and to chlorides as alkylating 
agents. If iodine were a relatively inexpensive element, it would probably be used 
for the commercial manufacture of tetraethyllead. 

The mechanism of the reactions described above is as yet unknown. Unpublished 
evidence (3) has been obtained that a layer of alkyl halide is adsorbed onto the lead 
surface, and this is evidently the first step in the reaction. Beyond this, factual infor
mation is as yet unavailable. Correspondingly, there is an unpredictably wide varia
tion in the yields of the tetraalkyllead product. 

Patently, in the preparation of tetraethyllead there are many possible ways to 
reduce the recycling of lead metal, to replace sodium by other metals or to eliminate 
it, and to obtain more tetraethyllead per autoclave charge per unit time. The reaction 
of monosodium-lead alloy with ethyl chloride as it is carried out today is unique in its 
combination of favorable characteristics. Other reactions that have been proposed as 
replacements carry such liabilities as higher temperature, recovery problems, catalyst 
problems, lower yield with reducing metal, more expensive halide, etc., factors which 
detract from their commercial attractiveness. 
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A New Method for the Synthesis 

of Tetraethyllead 

T. H. PEARSON, S. M. BLITZER, D. R. CARLEY, T. W. McKAY R. L. RAY, L. L. SIMS, and J. R. ZIETZ 

Ethyl Corp., Baton Rouge, La. 

It was discovered that successful reactions could be 
obtained between a wide variety of organometallic 
compounds and lead sulfide, lead oxide, and the 
lead salts of inorganic or organic oxy- and thioacids. 
Even mixed compounds of lead oxide and the lead 
salts of the organic oxyacids undergo reaction to 
form tetraethyllead. In particular, organometallic 
compounds of elements in Groups ΙΑ, IIA, IIIA, and 
IIB as well as the complex organometallic compounds 
derived from the elements in these groups, such as 
lithium tetraethylaluminum, are effective in reactions 
with nonhalide lead compounds of these types. Tet-
raorganolead yields vary with reaction conditions, 
reactants, and solvents used. Temperature condi
tions required to initiate reactions are mild and in 
some cases are as low as —24°C. Rates of reaction 
are moderate to rapid, depending on the reaction 
conditions. Solvents are desirable to improve either 
reaction control and/or contact between reactants 
when one or both are solids under normal conditions. 
Solvents which have been used successfully in these 
reactions include hydrocarbons, amines, ethers, es
ters, and chlorinated hydrocarbons. It is the aim of 
this paper to cite a number of examples, so that the 
reader can appreciate the broad scope of the reac
tion of organometallic compounds with nonhalide 
lead compounds. 

In recent years Ethyl Corp.'s research chemists have discovered a number of interest
ing new reactions in their exploration of new methods of synthesizing organolead com
pounds and, in particular, tetraethyllead Another paper (15) describes several of 
these methods in which the ethylating agents are ethyl esters of inorganic or organic 
acids and the lead-containing reactants are alloys of lead or lead metal itself. This 
paper describes some other methods in which the ethylating agents are organometallic 
compounds and the lead containing reactants are lead sulfide, lead oxides, or lead salts 
of inorganic or organic oxy- and thioacids. 

Presented here is a brief account of some of the research work done in this field 
to date. Because of time limitations, many of the details are omitted and the exam-
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300 ADVANCES IN CHEMISTRY SERIES 

pies are res tr i c ted to the p r e p a r a t i o n of t e t r a e t h y l l e a d . I t is in tended to p u b l i s h , at 
some fu ture date , a d d i t i o n a l papers w h i c h w i l l t reat i n greater de ta i l each of the 
m a j o r phases of the w o r k here in descr ibed. 

Historical 

T h e first successful synthesis of t e t r a e t h y l l e a d is general ly ascr ibed to L o w i g (9) 
who, i n 1853, ob ta ined th is c o m p o u n d f r o m the react ion of e t h y l iodide w i t h s o d i u m -
lead al loys c o n t a i n i n g 16 to 25% s o d i u m . T h e present c o m m e r c i a l m e t h o d for t e t r a 
e t h y l l e a d m a n u f a c t u r e is a mod i f i ca t i on of Lowig's d iscovery as descr ibed i n a patent 
issued to K r a u s a n d C a l l i s (7) i n 1926. 

C l o s e l y f o l l owing Lowig's w o r k was t h a t of B u c k t o n (1) who , i n 1859, repor ted 
the synthesis of t e t r a e t h y l l e a d b y react ion of d i e t h y l z i n c a n d lead ch lor ide . T h i s is 
the first example of the p r e p a r a t i o n of t e t r a e t h y l l e a d b y react ion of a n organometa l l i c 
c o m p o u n d w i t h a lead salt . Since t h a t t i m e , a n u m b e r of pub l i ca t i ons have appeared 
dea l ing w i t h the synthesis of tetraorganolead compounds b y reactions analogous to 
t h a t w h i c h B u c k t o n discovered. These are s u m m a r i z e d b y Jones a n d G i l m a n (6) 
a n d Leeper , S u m m e r s , a n d G i l m a n (8) a n d for t h a t reason are o m i t t e d here. H o w 
ever, w i t h one except ion , the lead salts used were a l l hal ides . T h e one except ion is 
repor ted b y N a d a n d K o c h e s h k o v (11) on the f o r m a t i o n of d i a r y l l e a d acetates b y 
reactions of d i a r y l m e r c u r y compounds w i t h l ead acetate i n c h l o r o f o r m so lu t i on . T h e 
products of these reactions are o n l y p a r t i a l l y a r y l a t e d , however , a n d s t i l l r e t a i n sa l t l ike 
propert ies . T h u s , the l i t e ra ture contains no reference to the f o r m a t i o n of te t raorgano 
lead compounds b y react ion of a n organometa l l i c c o m p o u n d w i t h lead compounds 
other t h a n lead hal ides. 

A considerable area of ignorance has existed regard ing the p o t e n t i a l r e a c t i v i t y of 
m a n y other lead compounds t o w a r d organometa l l i c c ompounds i n the synthesis of 
tetraorganolead products . E t h y l C o r p . ' s chemists exp lored the field of lead compounds 
e x p e r i m e n t a l l y , so as to inc lude (1) l ead sulf ide, (2) the oxides of lead , (3) the lead 
salts of inorganic a n d organic t h i o - a n d oxyac ids , a n d (4) the m i x e d compounds of lead 
oxide w i t h the lead salts of organic oxyac ids . 

Reactions of Organometallic Compounds with Sulfide and Oxides of Lead 

P r o b a b l y the most s ignif icant d iscovery discussed i n this paper is t h a t lead s u l 
fide, l ead oxide, a n d lead dioxide react w i t h organometa l l i c c ompounds to f o r m t e t r a 
e t h y l l e a d . F o r the most p a r t , the organometa l l i c c ompounds are d e r i v e d f r o m ele
ments i n G r o u p s I A , H A , I I I A , a n d I I B of the per iodic tab le . C o n s i d e r i n g the i n e r t 
ness of these lead compounds , i t was somewhat s u r p r i s i n g to find t h a t they p a r t i c i p a t e d 
i n these react ions. E v e n more unexpected was the fact t h a t the p r i m a r y organolead 
p r o d u c t of these reactions was comple te ly e t h y l a t e d . 

Table I. Tetraethyllead Yields from Reactions with Lead Sulfide 

Reaction Conditions 
Mole Ratio E t M a Concn., 

EtM° EtM«/PbS Solvent Moles/L. Time, hr. Temp., °C. Yield, %* 
C 2 H 6 L i 4.9 Diethyl 

ether 0.43 2.5 35 15 
C2H5L1 + C 2 H 5 N a 1.1 0.10 4.5 25 81 
C 2 H 6 M g B r 3.4 Toluene 0.87 3.5 110 6 
(C 2H5)2Mg 1.0 Diethyl 

35 42 ether 0.15 3.0 35 42 
(C 2H 6) 2Zn 4.0 Toluene 7.7 3.5 110 53 
NaZn(C 2H 6 )3 3.0 Dimethyl 

-24 30 ether 0.97 9.0 -24 30 
(C2H6)3A1 3.1 Toluene 0.37 1.5 110 65 
LiAl(C 2 H 6 )4 1.0 Hexane 0.09 4.2 120·= 38 
NaAl(C 2 H 6 )4 3.3 Toluene 0.70 1.0 110 66 

° E t M = organometallic compound. 
& Based on 50% » theoretical conversion of lead in sulfide to (C2H5)4Pb. Example: 4C 2 H 6 Li + 2PbS -> 

(C2H*)4Pb + 2Li2S + Pb. 
« Reaction conducted under pressure. 
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PEARSON ET AL—SYNTHESIS OF TETRAETHYLLEAD 301 

S h o w n i n T a b l e I are some examples of results obta ined i n reactions of t y p i c a l 
organometal l i c compounds der ived f r o m elements i n G r o u p s ΙΑ , Π Α , Π Ι Α , a n d I I B 
w i t h lead sulf ide. B o t h the s imple a n d complex organometal l i c c ompounds react w i t h 
l ead sulfide to f o r m t e t r a e t h y l l e a d . 

T h e highest y i e l d c i ted ( 8 1 % ) is for the react ion of a m i x t u r e of e t h y l l i t h i u m a n d 
e t h y l s o d i u m [ p r e p a r e d accord ing to W i t t i g ' s m e t h o d for s o d i u m d i p h e n y l l i t h i u m (17)] 
w i t h l ead sulfide i n d i e t h y l ether us ing a n o r g a n o m e t a l l i c - l e a d sulfide mole ra t i o of 1 
to 1. T h i s example is i n s t r u c t i v e i n showing the m i l d condit ions u n d e r w h i c h these 
react ions proceed. T h e 8 1 % y i e l d was ob ta ined i n 4.5 hours at 2 5 ° C . P o s s i b l y m o r e 
s t r i k i n g proo f of the ease w i t h w h i c h these react ions proceed is the example of zinc 
t r i e t h y l s o d i u m w h i c h gave a 3 0 % y i e l d i n react ion w i t h l ead sulfide at — 2 4 ° C . i n 9 
hours . 

T h e other examples presented show the v a r i e t y of organometal l i c compounds w h i c h 
react w i t h l ead sulfide to f o r m t e t r a e t h y l l e a d . M o d e r a t e l y h i g h y ie lds were obta ined 
for the condi t ions used w i t h s o d i u m t e t r a e t h y l a l u m i n u m ( 6 6 % ) , t r i e t h y l a l u m i n u m 
( 6 5 % ) , a n d d i e t h y l z i n c ( 5 3 % ) . L o w e r y ie lds were ob ta ined w i t h the other organo 
meta l l i c c ompounds under the react ion condit ions c i t ed . 

I n T a b l e I I are presented s i m i l a r d a t a for react ions of organometa l l i c compounds 

Table II. Tetraethyllead Yields from Reactions with Oxides of Lead 

Oxide Reaction Conditions 
of Mole Ratio E t M a Concn., 

Lead EtM« EtM°/Oxide Solvent Mole/L. Time, hr. Temp., °C. Yield, %» 
PbO C 2 H 6 L i 3.0 Diethyl 

ether 0.19 3.0 125' 64 
C 2 H 6 MgBr 2.4 Hexane 0.28 3.0 120c 13 
(C 2 H 6 ) 2 Mg 2.0 Diethyl 

ether 0.15 6.0 35 18 
(C 2H 6) 2Zn 0.5 Toluene 0.19 4.5 110 47 
(C2H6)3A1 0.7 0.70 2.5 110 63 
LiAl(C 2H 6)4 1.8 Hexane 0.16 2.0 130* 64 
NaAl(C 2 H 6 ) 4 0.5 Toluene 0.70 1.0 110 3 

Pb0 2 (C2H6)3A1 1.3 None — 2.0 105 19* 

° E t M = organometallic compound. 
b Based on 50% theoretical conversion of lead to (C2He)4Pb. 
c Conducted under pressure. 
d Based on 100% theoretical conversion of lead in Pb0 2 to iC 2 H 6 ) 4 Pb. 3Pb0 2 + 4(C 2H f i) 3Al -> 3(C 2H 6) 4Pb + 

2A1203. 

w i t h lead oxide a n d a single react ion of t r i e t h y l a l u m i n u m w i t h lead dioxide . W i t h 
the except ion of the reac t i on of d i e t h y l m a g n e s i u m a n d l ead oxide, a l l the other reac 
t ions were car r i ed out above 100°C. i n the examples presented. R e a s o n a b l y h i g h y ie lds 
were ob ta ined w i t h l i t h i u m t e t r a e t h y l a l u m i n u m ( 6 4 % ) , e t h y l l i t h i u m ( 6 4 % ) , a n d 
t r i e t h y l a l u m i n u m ( 6 3 % ) . D i e t h y l z i n c gave a modera te ly h i g h y i e l d ( 4 7 % ) a n d smal l e r 
y ie lds were obta ined w i t h the other organometal l i c c ompounds . 

T h e example of the react ion of lead dioxide w i t h t r i e t h y l a l u m i n u m shown i n T a b l e 
I I was car r i ed out i n the absence of solvent . A y i e l d of 1 9 % te t rae thy l l ead was ob 
ta ined i n 2 hours at a t e m p e r a t u r e of 105°C. 

Organometa l l i c c ompounds w h i c h are n o r m a l l y l i q u i d s , such as t r i e t h y l a l u m i n u m 
or d i e t h y l z i n c , m a y be reacted i n the absence of solvent w i t h lead sulfide a n d the l ead 
oxides. H o w e v e r , some care must be exercised u n d e r these condi t ions to a v o i d r a p i d 
heat generat ion a n d even v io lent react ion . T h e use of solvents p e r m i t s bet ter reac 
t i o n c ont ro l t h r o u g h i m p r o v e d heat r e m o v a l a n d ag i ta t i on . W h e n the organometa l l i c 
c ompounds are n o r m a l l y solids, solvents are desirable for the reasons s tated above 
a n d also to solubi l ize the reactants , to p e r m i t more r a p i d react ion t h r o u g h i m p r o v e d 
contact . 

Reaction of Lead Salts of Inorganic Acids 

A n u m b e r of reactant combinat ions of organometal l i c c ompounds a n d l e a d salts 
of inorganic o x y - a n d th ioac ids were also f o u n d to produce te traorganolead compounds . 
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302 ADVANCES IN CHEMISTRY SERIES 

F o r purposes of b r e v i t y , however , the react ions of o n l y three l e a d salts w i t h t r i e t h y l -
a l u m i n u m are presented to i l l u s t r a t e the results obta ined . 

Lead 
Salt 

PbS0 4 

Pb(N0 8 ) 2 

Pb(SCN) 2 

Table III. Tetraethyllead Yields from Reactions of Triethylaluminum 
with Lead Salts of Inorganic Acids 

Reaction Conditions 
Mole Ratio 
EtsAlVSalt 

1.4 
0.61 

0.66 

Solvent 
Toluene 
Ethylene glycol 

dimethyl ether 
Toluene 

Et»Al« 
Concn., 
Mole/L. 

0.7 

0.9 
0.5 

Time.hr. Temp., °C. Yield,* % 
1 110 54 

1 85 50 
3 110 39 

1 EtsAl = triethylaluminum. 
b Based on 50% theoretical conversion of lead to tetraethyllead. 

A s shown i n T a b l e I I I , l ead sulfate a n d n i t r a t e gave 54 a n d 5 0 % y ie lds , respect ive ly , 
under the condit ions tested. L e a d th iocyanate reacted to g ive a 3 9 % y i e l d of t e t r a 
e t h y l l e a d . S i m i l a r results were obta ined w i t h other lead salts i n th is class, such as lead 
borate a n d lead carbonate . 

F o r the examples shown, toluene or ethylene g lyco l d i m e t h y l ether solvents were 
sat i s fac tory . R e a c t i o n temperatures at about the b o i l i n g po in t of the solvents were 
adequate to give the stated y ie lds i n 1 to 3 hours ' react ion t i m e . 

A ra ther s t r i k i n g color change occurs d u r i n g react ion . T h e lead salts tested are 
whi te , b u t p r o m p t l y on i n i t i a t i o n of the react ion the surface of the salt part i c les t u r n s 
d a r k a n d t h e n b lack . T h i s is due to the f o r m a t i o n of meta l l i c l ead d u r i n g the react ion 
w h i c h is deposited on the surface of the salt part i c les . I n m a n y cases, th is change 
occurs a lmost ins tantaneous ly w h e n the organometa l l i c c o m p o u n d is b r o u g h t in to c o n 
tact w i t h the lead salt . T h i s observat ion i l lustrates the h i g h degree of r e a c t i v i t y of 
the organometal l i c compounds w i t h lead compounds of the t y p e discussed i n th is paper . 

Reactions with Lead Salts of Organic Acids 

A n u m b e r of lead salts of organic acids were tested w i t h v a r i o u s organometal l i c 
compounds , p a r t i c u l a r l y those of elements i n G r o u p s I A , I I A , I I I A , a n d I I B . I n a l l 
cases successful react ions w i t h the f o r m a t i o n of te t raorgano lead compounds occurred . 

R e a c t i o n s w i t h l ead salts of th is t y p e are character i zed b y r a p i d reac t i on rates a n d 
h i g h y ie lds . T h i s is p a r t i c u l a r l y t rue for those l ead salts or organic acids w h i c h have 
a moderate or h i g h s o l u b i l i t y i n the solvents . C o m p l e t e l y homogeneous react ions are 
possible w i t h some lead salts a n d the organometa l l i c c ompounds b y select ion of the 
proper so lvents . U n d e r such condit ions , m a x i m u m reac t i on rates are possible. T h e 
p o t e n t i a l of such react ions w i l l be more ev ident as specific examples are discussed. 

A n u m b e r of examples of react ions w i t h l ead salts of organic acids are presented 
i n T a b l e s I V , V , a n d V I . I n T a b l e I V are shown two examples w i t h l ead f o rmate , the 
salt of the s implest organic a c id . F o r the examples shown, d i e t h y l z i n c i n toluene 
reacted a lmost q u a n t i t a t i v e l y ( 9 5 % yie ld ) based on the a m o u n t of d i e t h y l z i n c used, 
to f o r m t e t r a e t h y l l e a d . T h e reac t i on was conducted at 111°C. for 1.5 hours . T r i -

Table IV. Tetraethyllead Yields from Reactions with Lead Formate 

Reaction Conditions 

EtM> 
(C 2H 6) 2Zn 
(C2H6)3A1 

Mole Ratio 
EtMVSalt 

0.73 
0.45 

Solvent 
Toluene 
Diethylene glycol 

dimethyl ether 

E t M a Concn., 
Mole /L. 

0.70 

0.70 

Time, hr. 
1.5 

1.5 

Temp., °C. 
I l l 

100-110 

Yield,* % 
95 

73 

a E t M = organometallic compound. 
6 Based on 50% theoretical conversion of lead to tetraethyllead. 
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PEARSON ET AL.—SYNTHESIS OF TETRAETHYLLEAD 303 

Table V. Tetraethyllead Yields from Reactions with Lead Acetate 

Reaction Conditions 
Mole Ratio E t M " Concn., 

EtM« EtM«/Salt Solvent Mole/L. Time, hr. Temp., °C. Yield," % 
(CtHs)Na 1.67 Heptane 1.0 1.7 60 100 
(CaHOîMg 0.91 Ethylene glycol 

(C 2H 6) 2Zn 
dimethyl ether 0.34 2 60-100 76 

(C 2H 6) 2Zn 1.0 Toluene 0.70 1 111 93 
(C2H,)3A1 0.61 Diethylene glycol 

97 dimethyl ether 0.70 0.5 room temp. 97 

NaAl(C 2 H 6 )4 
0.61 Tetrahydrofuran 0.73 1.5 66 96 

NaAl(C 2 H 6 )4 0.50 Toluene 0.70 3 111 73 

0 E t M = organometallic compound. 
b Based on 50% theoretical conversion of lead to tetraethyllead. 

Table VI. Tetraethyllead Yields from Reaction of Triethylaluminum 
with Other Lead Salts of Organic Acids 

Reaction Conditions 
Mole Ratio Et3Al a Concn., 

Lead Salt Et3Al«/Salt Solvent Mole/L. Time, hr. Temp., °C. Yield, % 
Lead tetraacetate 1.0 Toluene 0.35 2.5 0-10 656 

Lead stéarate 0.71 0.35 0.5 111 81" 
Lead oxalate 0.66 0.49 3.0 111 18 
Lead naphthenate** 0.54 Ethylene glycol 

dimethyl ether 0.70 0.25 room temp. 91 
Lead linoresinate* 1.0 0.70 1.0 111 94 

0 Et 3 Al = triethylaluminum. 
6 Based on 100% theoretical conversion of lead to tetraethyllead. 
e All others based on 50% theoretical conversion of lead to tetraethyllead. 
d Naphthenic acid is a mixture of cycloparaffinic acids. 
« Derived from tall oil which contains resin and fatty acids. 

e t h y l a l u m i n u m i n diethylene g l y c o l d i m e t h y l ether gave a 7 3 % y i e l d u n d e r essent ia l ly 
the same condit ions of reac t i on t i m e a n d t e m p e r a t u r e . 

I n T a b l e V are s h o w n other examples of react ions of organometa l l i c c ompounds 
w i t h l ead acetate, the salt of another s imple organic a c i d . O u t s t a n d i n g is the q u a n t i 
t a t i v e y i e l d ob ta ined w i t h e t h y l s o d i u m i n heptane . I n th i s p a r t i c u l a r react ion , excess 
e t h y l s o d i u m was used to give theore t i ca l ( 5 0 % ) convers ion of the lead i n l ead acetate 
to t e t r a e t h y l l e a d . N e a r q u a n t i t a t i v e y ie lds were ob ta ined i n react ions of t r i e t h y l a l u m i 
n u m ( 9 7 % ) a n d d i e t h y l z i n c ( 9 4 % ) , respect ive ly , w i t h l ead acetate. W i t h t r i e t h y l a l u 
m i n u m , the lead acetate was i n excess a n d w i t h d i e t h y l z i n c the reactants were present 
i n e q u i m o l a r ( theoret ical ) quant i t i es . I n b o t h of these cases the reac t i on t imes were 
short . S t r i k i n g is the 9 7 % y i e l d ob ta ined w i t h t r i e t h y l a l u m i n u m i n y 2 h o u r at r o o m 
t e m p e r a t u r e . T h i s i l lus t ra tes the fast reac t i on rates a n d h i g h y ie lds obta inable i n 
these act ions u n d e r v e r y m i l d condi t ions . T h e other examples ( d i e t h y l m a g n e s i u m 
a n d s o d i u m t e t r a e t h y l a l u m i n u m ) gave poorer y ie lds u n d e r the condi t ions c i ted . 

I n T a b l e V I are shown examples of reactions of t r i e t h y l a l u m i n u m w i t h l ead salts 
of more complex organic acids i n c l u d i n g oxal ic , s tearic , n a p h t h e n i c acids , a n d acids 
d e r i v e d f r o m t a l l o i l . I n a d d i t i o n , a n example of a q u a d r i v a l e n t l ead salt is ^;iven to 
complete th i s general class of l ead salts of organic acids. 

L e a d tetraacetate , us ing a n excess of t r i e t h y l a l u m i n u m , gave a 6 5 % y i e l d of t e t r a 
e t h y l l e a d a t 0 ° to 10°C. i n 2.5 hours ' reac t ion t i m e . T h i s also represents a 6 5 % c o n 
vers i on of l ead i n th i s salt t o t e t r a e t h y l l e a d , w h i c h indicates t h a t the p o t e n t i a l c o n 
vers ion of l ead i n th i s q u a d r i v a l e n t lead salt is 1 0 0 % . 

T h e l ead salts of acids der ived f r o m t a l l o i l , n a p h t h e n i c , a n d stearic acids gave h i g h 
y ie lds u n d e r the condi t ions tested (94, 91 , a n d 8 1 % , r e s p e c t i v e l y ) . T h e 9 1 % y i e l d 
ob ta ined w i t h l e a d n a p h t h e n a t e i n % h o u r a n d the 8 1 % y i e l d ob ta ined w i t h lead 
stéarate i n y2 h o u r a g a i n i l l u s t r a t e the r a p i d reac t ion rates possible. Reac t i ons such 
as these are homogeneous, because the organometal l i c compounds as w e l l as the l ead 
salt are soluble . I n the case of lead naphthenate , w h i c h is comple te ly soluble i n the 
so lvent , the r a p i d react ion a n d h i g h y i e l d were obta ined at r o o m t e m p e r a t u r e . 
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304 ADVANCES IN CHEMISTRY SERIES 

Reactions with Mixed Compounds of Lead 
Oxide and Lead Salts of Organic Acids 

L e a d oxide f o rms m i x e d compounds w i t h l ead salts of organic acids . Because 
l ead oxide a n d the lead salts independent ly react w i t h organometa l l i c compounds , i t 
was of interest to determine whether the m i x e d compounds w o u l d also react to f o r m 
t e t r a e t h y l l e a d . 

I n a l l cases tested, these mater ia l s reacted to f o r m t e t r a e t h y l l e a d . Some examples 
are shown i n T a b l e V I I . L e a d f o r m a t e - l e a d oxide (1 to 1 mole ra t i o ) gave a 5 0 % 

Table VII. Tetraethyllead Yields from Reactions with Triethylaluminum with Mixed 
Compounds of Lead Oxide and Lead Salts of Organic Acids 

Mole Mole Ratio Et3Al° Reaction Conditions 
Lead Ratio EteAlVMixed Concn., 
Salt PbO/Salt Compound Solvent Mole/L. Time, hr. Temp., °C. Yield,* % 

Formate 1 to 1 1.3 Ethylene glycol 
dimethyl ether 0.70 1.5 85 50 

Acetate 1 to 1 1.3 0.70 1 85 70 
2 t o i 1.9 Toluene 0.30 3 111 38 
5 to 1 4.0 0.30 3 111 25 

Stéarate 1 to 1 1.2 Ethylene glycol 
dimethyl ether 0.70 1 85 80 

3 to 1 2.2 0.70 1.5 85 55 
5 to 1 3.1 0.35 3 85 53 

° EteAl = triethylaluminum. 
b Based on 50% theoretical conversion of lead to tetraethyllead. 

y i e l d . T h r e e m i x e d compounds of lead oxide a n d l ead acetate were tested i n w h i c h 
the oxide-salt mole rat ios were 1 to 1, 2 to 1, a n d 5 to 1. T h e yie lds decreased p r o 
gressively f r o m 7 0 % to 2 5 % as the rat io increased. T h e same t r e n d was observed f o r 
the l ead ox ide - l ead stéarate series t h o u g h the y i e l d d r o p corresponding to the highest 
l ead o x i d e - c o n t a i n i n g m i x e d c o m p o u n d was less severe t h a n for the acetate series. 

These a n d re lated d a t a suggest t h a t the m i x e d salts t e n d to react as a m i x t u r e of 
the two components . F u r t h e r w o r k is necessary to c l a r i f y these re lat ionships . 

Experimental 

M o s t react ions discussed i n th is p u b l i c a t i o n were c a r r i e d out i n glassware reactors 
fitted w i t h ag i ta tor , condenser, thermometer , a n d s toppered openings for the i n t r o d u c 
t i o n of reagents. I n general , the a n h y d r o u s lead c o m p o u n d a n d solvent were i n t r o 
duced in to the react ion flask w h i c h h a d been p u r g e d w i t h d r y n i t r o g e n . A f t e r the 
reactor contents h a d been b r o u g h t to the desired reac t i on t e m p e r a t u r e , the organo 
meta l l i c c o m p o u n d was added to th is a n h y d r o u s e n v i r o n m e n t . W h e n the stated reac 
t i o n p e r i o d was ended, the mass was a l l owed to cool a n d the res idual organometa l l i c 
c o m p o u n d destroyed w i t h i s o p r o p y l a lcohol a n d water . T h e organic l a y e r was t h e n 
a n a l y z e d for t e t r a e t h y l l e a d . 

T h e var ious organometal l i c compounds used i n th is w o r k were p r e p a r e d b y rel iable 
procedures repor ted i n the l i t e r a t u r e . T h e G r i g n a r d reagents (12) were used i n e t h y l 
ether so lut ion as p r e p a r e d . T h i s was also t rue of the e t h y l l i t h i u m used (3). T r i 
e t h y l a l u m i n u m a n d i ts der ivat ives were p r e p a r e d ether-free b y repor ted procedures (4) · 
D i e t h y l m a g n e s i u m was p r e p a r e d f r o m the G r i g n a r d reagent (bromide ) b y the dioxane 
p r e c i p i t a t i o n m e t h o d (H). D i e t h y l z i n c was synthes ized f r o m e t h y l iodide a n d zinc 
m e t a l powder b y the usua l procedure (10). E t h y l s o d i u m was synthes ized f r o m 
d i e t h y l m e r c u r y a n d s o d i u m (13). 

Reagent grade lead compounds were used i n a l l cases. These mater ia l s were 
v a c u u m d r i e d or d r i e d b y azeotropic d i s t i l l a t i o n . L e a d naphthenate was obta ined 
f r o m A d v a n c e So lvents C o . a n d the l ead salt of t a l l o i l f r o m the H a r s h a w C h e m i c a l C o . 

Reagent grade or h i g h grade c o m m e r c i a l solvents were used, depend ing on a v a i l 
a b i l i t y . These mater ia l s were d r i e d over s o d i u m wire a n d used w i t h o u t f u r t h e r p u r i f i 
ca t i on . 

Pu
bl

is
he

d 
on

 J
an

ua
ry

 1
, 1

95
9 

on
 h

ttp
://

pu
bs

.a
cs

.o
rg

 | 
do

i: 
10

.1
02

1/
ba

-1
95

9-
00

23
.c

h0
28



PEARSON ET AL—SYNTHESIS OF TETRAETHYLLEAD 305 

Two different analytical methods were used to determine the tetraethyllead 
formed. The dithizone method (16) was used when low yields were obtained; for sub
stantial yields, the iodometric (δ) method was employed. In many cases, the tetra
ethyllead was isolated from the reaction mass by vacuum distillation and identified by 
its physical properties. 

Yields were calculated, for all reactions cited in this paper, on the basis of the 
valency of the lead compound used. It was assumed that the maximum possible 
conversion of lead in the divalent compound was 50% as given by the example: 

4C 2H 5Li + 2PbO -* (C2H5)4Pb + Pb + 2Li 20 

This is consistent with the known stoichiometry of the reaction with the divalent 
halides (2). In the case of lead dioxide and lead tetraacetate, the yield was based on 
the assumption that the maximum possible conversion of lead in these quadrivalent 
compounds was 100%. 
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Chemical Reactions of Tetraethyllead 

R. L. MILDE 
Ethyl Corp., Baton Rouge, La. 
Η. A. BEATTY 
Ethyl Corp., Detroit, Mich. 

This report gives a compilation of the periodical and 
patent literature on the known chemical reactions of 
tetraethyllead (TEL). These are by no means con
fined to antioxidant and antiknock effects. Of par
ticular interest are those reactions wherein ethyl 
radicals, liberated from TEL by photolysis or pyrolysis, 
induce the polymerization, chlorination, or oxidation 
of other compounds. Many different diethyl- and 
triethyllead salts are readily obtained from the parent 
compound. TEL is used to prepare other organome
tallic compounds, and its reaction with heavy metal 
chlorides produces Ziegler-type catalysts for the 
polymerization of olefins. In view of its ready avail
ability, these relatively unexplored end uses for TEL 
constitute an area of considerable research potential. 

Tetraethyllead—commonly abbreviated to TEL—is the outstanding example of the 
simple or R n M type of organometallic compound of moderate chemical reactivity. It 
has been known for over 100 years, as it was one of the first of these compounds to be 
isolated, and it is now unique in industrial importance. As a consequence, the reac
tions of T E L have been widely investigated. However, there still remain many oppor
tunities for worthwhile research in this field. 

The chemistry of organolead compounds in general has often been reviewed 
(58, 113, 120), notably by Calingaert (17), Krause (82), and most recently Gilman 
(45, 83) and their coworkers: men who have contributed much of the important ex
perimental work on the subject. Reviews in particular have been made by German 
and Russian workers (81, 131), but these are not readily accessible and are now out of 
date. 

Considering the variety of chemical reactions into which T E L can enter, and its 
ready availability at a relatively low cost, there may well be good use for the follow
ing compilation of the available information on these reactions. 

Photolysis 

T E L is readily dissociated by light. The vapor shows continuous absorption in 
the ultraviolet with the formation of metallic lead and ethyl radicals, the latter being 
detected by the Paneth method (33, 103, 124) · Maximum absorption occurs at about 
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MILDE—CHEMICAL REACTIONS OF TETRAETHYLLEAD 307 

A2000, b u t the l i m i t for e i ther the v a p o r o r l i q u i d so lut ions is a r o u n d Λ3500 (85) a n d 
p u r e T E L is s l i g h t l y sensit ive even t o diffuse d a y l i g h t . 

I n the l i q u i d phase, the dissoc iat ion l ikewise m a y y i e l d meta l l i c l ead , b u t as a rule 
the presence of dissolved a i r or c a r b o n dioxide a n d w a t e r causes the appearance of a 
whi te haze a n d subsequent p r e c i p i t a t i o n of unident i f i ed products (85). 

T h e q u a n t u m y i e l d i n the photo lys i s of the v a p o r or of d i lu te solut ions is e v i d e n t l y 
about u n i t y or less (85) ; for pure l i q u i d T E L , i t has no t been measured . A s w o u l d 
be expected, the d issoc iat ion i n solut ions is great ly reduced b y screening agents such as 
dyes (108). 

Pyrolysis 

T E L is v e r y stable a t r o o m t e m p e r a t u r e , b u t on h e a t i n g i t undergoes a n exothermic 
d issoc iat ion , g i v i n g a complex of reac t i on produc t s . 

L i q u i d T E L dissociates a t a rate r e p o r t e d to be about 2 % p e r h o u r at 100°C. 
(18), wh i l e at 200°C . the dissoc iat ion is complete i n perhaps a m i n u t e . T h i s is e v i 
d e n t l y a c h a i n react ion , since i t can be suppressed for a l o n g p e r i o d of t ime—e.g . , for 
over 10 hours at 130°C .—by the a d d i t i o n of as l i t t l e as 0 . 0 1 % of a n effective s tab i l i zer 
such as styrene or naphtha lene (18) or b y d i l u t i o n w i t h a n i n e r t so lvent . T h e reac t i on 
l iberates gases a n d is h i g h l y exothermic , a n d the heat of react ion increases m a r k e d l y 
w i t h t e m p e r a t u r e . T h u s i n h a n d l i n g b u l k quant i t i es p r e c a u t i o n has to be t a k e n to 
a v o i d l o ca l overheat ing w i t h resu l t ing deve lopment of v e r y r a p i d decompos i t ion (18). 
T h e react ion produc ts , i n a d d i t i o n to meta l l i c l ead , are p r i n c i p a l l y ethane a n d ethylene 
together w i t h some butane a n d butylène a n d m i n o r a m o u n t s of h igher paraffins a n d 
olefins (94). T h e p r o p o r t i o n of these heavier h y d r o c a r b o n produc ts w i l l increase w i t h 
the t e m p e r a t u r e at w h i c h the dissoc iat ion occurs, thereby increas ing the heat of the 
reac t i on . 

N o detai led s t u d y of the react ion m e c h a n i s m has been made , b u t i t is e v i d e n t l y 
complex . T h e i n i t i a l process is p r e s u m a b l y the f o r m a t i o n of a n e t h y l r a d i c a l a n d a 
t r i e t h y l l e a d r a d i c a l . R e a c t i o n of the e t h y l r a d i c a l w i t h T E L c o u l d y i e l d the observed 
ethane, ethylene, a n d butane , together w i t h t r i e t h y l l e a d . H o w e v e r , i t is not clear h o w 
th is l a t t e r r a d i c a l cont inues the c h a i n : T h e f o r m a t i o n a n d subsequent react ion of 
hexaethy ld i l ead w o u l d not be expected to y i e l d free e t h y l (88). I t m a y be t h a t the 
t r i e t h y l l e a d q u i c k l y dissociates to d i e t h y l l e a d , regenerat ing the e t h y l r a d i c a l . 

T E L v a p o r is far more stable t h a n the l i q u i d , a n d i ts d issoc iat ion has been i n v e s t i 
gated i n some deta i l . P a n e t h (99), a n d la ter P e a r s o n (100), a n d t h e i r coworkers 
showed t h a t m i r r o r s of z inc , c a d m i u m , arsenic , a n t i m o n y , a n d lead are removed b y the 
e t h y l radica ls f o r m e d on p y r o l y s i s of d i lu te T E L v a p o r i n hydrogen . A t temperatures 
f r o m 245° to 275°C . a n d pressures of 13 to 52 m m . , L e e r m a k e r s (84) f o u n d t h a t the 
dissoc iat ion of the v a p o r is n e a r l y homogeneous a n d first-order, w i t h a ve lo c i ty c o n 
s tant of k - 1.2 X 1 0 1 2 e - 3 6 9 0 ° / i 2 r s e c . - 1 ; the rate is not affected b y the presence of 
azomethane o r h y d r o g e n . U s i n g the flow m e t h o d , at 500°C . a n d 0 .5 -mm. pressure 
M e i n e r t (94) ob ta ined complete dissoc iat ion i n a few tenths of a second, w h i c h is about 
w h a t w o u l d be expected, b u t a t atmospher i c pressure a n d temperatures f r o m 300° to 
475°C . his d a t a ind i ca te rates cons iderab ly l ower t h a n p r e d i c t e d b y the above re la t i on . 

T h e reac t ion produc ts of the v a p o r phase d issoc iat ion are d i s t i n c t l y different f r o m 
those ob ta ined i n the l i q u i d phase. H y d r o g e n appears i n q u a n t i t y a n d the a m o u n t of 
butane is m u c h greater (44, 94, 99). U s i n g b o t h s tat i c a n d flow methods over a wide 
range of condi t ions , M e i n e r t (94) c onc luded t h a t the produc ts result l a rge ly f r o m reac 
t ions of e t h y l radica ls at the wal l s , e i ther w i t h T E L to f o r m ethane or w i t h one another 
to f o r m butane or ethylene a n d h y d r o g e n ; the gas phase react ion of two e t h y l radica ls 
to give ethane p lus ethylene occurs to a lesser extent . 

I n none of these invest igat ions is there a n y i n f o r m a t i o n as to the h i s t o r y of the 
l ead a t o m p r i o r to i ts u l t i m a t e appearance as m e t a l l i c l ead . A s m e n t i o n e d above, the 
i n i t i a l p r o d u c t is p r e s u m a b l y a t r i e t h y l l e a d r a d i c a l . T h i s shou ld be m u c h more stable 

Pu
bl

is
he

d 
on

 J
an

ua
ry

 1
, 1

95
9 

on
 h

ttp
://

pu
bs

.a
cs

.o
rg

 | 
do

i: 
10

.1
02

1/
ba

-1
95

9-
00

23
.c

h0
29



308 ADVANCES IN CHEMISTRY SERIES 

t h a n the e t h y l r a d i c a l , b u t i t m a y s i m p l y dissociate fur ther before i t has a n o p p o r t u n i t y 
to react otherwise. E x p e r i m e n t s on the p y r o l y s i s of m i x e d R 4 P b compounds m i g h t 
t h r o w l i ght on th is subject . 

A process for coat ing i r o n w i t h lead b y p y r o l y s i s of T E L is descr ibed i n a n ear ly 
patent (70). F o r the most p a r t , however , the dissoc iat ion is used as a source of e t h y l 
radica ls to promote p o l y m e r i z a t i o n s or other reactions. 

Polymerization of Olefins and Other Compounds 

T h e l i b e r a t i o n of free e t h y l a n d a l k y l l e a d radicals i n the dissoc iat ion of T E L offers 
a t t r a c t i v e possibi l i t ies for us ing these to promote other chemica l react ions. 

E v e n before Paneth ' s demonst ra t i on (99) of the free e t h y l r a d i c a l , T a y l o r a n d 
Jones (123) showed t h a t d issoc iat ion of T E L v a p o r at 250° to 350°C. induces p o l y 
m e r i z a t i o n of ethylene gas to a h i g h - b o i l i n g l i q u i d . Subsequent ly , C r a m e r (29) heated 
a 28 vo lume % so lut ion of T E L i n benzene i n a n autoc lave at about 200° to 2 5 0 ° C a n d 
70 a t m . , a n d obta ined p r i n c i p a l l y ethane a n d a l ight po lye thy lene o i l ; the benzene was 
iner t , as was added hydrogen . W h e n a n a d d i t i o n a l a m o u n t of ethylene was added at 
the s tar t , most of i t also p o l y m e r i z e d , even t h o u g h the a m o u n t of T E L was reduced to 
o n l y 0 . 2 % . D i s s o c i a t i o n of T E L i n naphtha lene is l ike t h a t i n benzene, there be ing no 
detectable reac t ion w i t h the solvent (30). T h i s is r e m a r k a b l e i n v iew of the effective
ness of naphtha lene as a stab i l i zer i n the decompos i t ion at lower temperatures (18). 
I n the s i m i l a r h i g h - t e m p e r a t u r e dissoc iat ion of T E L i n paraf fmic , naphthen i c , or olefmic 
solvents , the e t h y l radica ls a t t a c k the so lvent , a b s t r a c t i n g hydrogen to f o r m ethane or 
a l k y l a t i n g the double b o n d , a n d y i e l d i n g l i ght co lored oils (30, 31). 

P r o p y l e n e is m u c h less read i ly p o l y m e r i z e d b y e t h y l radica ls f r o m T E L t h a n is 
ethylene, b o t h at 1 a t m . a n d 4 0 0 ° C (7) a n d at 250 a t m . a n d 300°C . (128). E v e n 
under the l a t t e r c ond i t i on , no more t h a n 480 moles of propy lene are p o l y m e r i z e d per 
mole of T E L , a n d m u c h of the p r o d u c t is of l ow molecu lar weight , whereas ethylene 
gives large ly a n o i l b o i l i n g above 200°C . at 15 m m . (80). A t atmospher i c pressure, 
the y ie lds a n d mo lecu lar weights of the p o l y m e r s are v e r y l ow for b o t h ethylene a n d 
propy lene (7). 

These are the o n l y disclosures w h i c h inc lude patent c la ims of T E L as a p r o m o t e r 
for the p o l y m e r i z a t i o n of ethylene, a l t h o u g h there are a n u m b e r of patents w h i c h l is t 
T E L a long w i t h other k n o w n compounds for th is use. E x a m p l e s refer to ethylene 
alone (109) or i n so lut ion (111) or i n te l omer i za t i on reactions (110, 115). T E L is 
speci f ical ly c l a imed , however , as one of the promoters for the t e l omer i za t i on of ethylene 
w i t h hydrogen c h l o r i d e : A t 50° to 150°C. a n d 400 to 1000 a t m . th is reac t ion y ie lds a 
m i x t u r e of a l k y l chlorides of w h i c h a large p a r t is grease a n d w a x of mo lecu lar weight 
about 400 (60). T h e r e are fewer patent references to the use of T E L for the p o l y 
m e r i z a t i o n of heavier olefins such as, for example , butad iene a n d butadiene -s tyrene 
m i x t u r e s (39). 

A n o t h e r react ion of the e t h y l r a d i c a l f r o m T E L is the a b s t r a c t i o n of hydrogen 
f r o m a n a r y l a l k a n e or f r o m t r i p t a n e to f o r m ethane, after w h i c h the resu l t ing r a d i c a l 
d i m e r i z e s — f o r example , toluene gives b i b e n z y l (125). T h i s is effected at 2 5 0 ° C , or 
i n sunl ight a t r o o m t e m p e r a t u r e . 

R e l a t i v e l y l i t t l e has been accompl i shed i n the T E L - p r o m o t e d p o l y m e r i z a t i o n of 
compounds other t h a n olefins, a l t h o u g h a n ear ly (1930) patent (136) specifies a n d 
c la ims T E L for use w i t h v i n y l chlor ide a n d v i n y l acetate. I t is n o t e w o r t h y t h a t the 
t e m p e r a t u r e specified i n th i s case is on ly 80° or 100° C . 3 - C h l o r o - 2 - m e t h y l p r o p e n e i n 
so lut ion w i t h T E L is d imer i zed w h e n the T E L is dissociated b y exposure to l i g h t (133). 
One group of patents (105, 132) describes the p r o d u c t i o n of v i n y l i d e n e ch lor ide p o l y 
mers or copo lymers b y the use of T E L i n con junc t i on w i t h b e n z o y l perox ide a n d a 
po lych lo ro c o m p o u n d a n d copper . 

T E L has been proposed as a n i n i t i a t o r for the p o l y m e r i z a t i o n of dehydrogenated 
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ros in der ivat ives , i n c l u d i n g acids , esters, alcohols , a n d ros in o i l (10). P o l y m e r i z a t i o n 
is effected over the t e m p e r a t u r e range of 200° to 250°C . R u b b e r c ompounds have been 
t reated w i t h T E L for the purpose of h a r d e n i n g : R e i n f o r c i n g compounds are c la imed to 
be produced i n place b y decompos i t ion of the T E L (127). 

T h e c h l o r i n a t i o n of c e r t a i n hydrocarbons c a t a l y z e d b y T E L has been c o m p r e h e n 
s ive ly s tud ied b y V a u g h a n a n d R u s t (129, ISO). These hydrocarbons inc lude ethane, 
propane , a n d cyc lopentane i n the v a p o r phase, a n d n-pentane i n the l i q u i d phase. 
A l l ch lor inat ions were conducted i n the d a r k . S m a l l amounts of T E L (0.002 mole %) 
i n m i x t u r e w i t h chlor ine a n d ethane result i n complete react ion of ch lor ine at 120°C. 
T h e p r o d u c t obta ined consists of 80 mole % e t h y l ch lor ide a n d 20 mole % higher 
chlor ides , the same d i s t r i b u t i o n as i n the h i g h - t e m p e r a t u r e t h e r m a l react ion . U n d e r 
the above condit ions , however , no react ion at a l l occurs i n the absence of T E L . S i m i 
l a r reactions have been c a r r i e d out w i t h propane at 136° to 1 4 0 ° C , cyc lopentane at 
1 3 5 ° C , a n d n-pentane at 10°C. T h e authors assume t h a t the c h l o r i n a t i o n is i n i t i a t e d 
b y h i g h l y react ive species, such as a n e t h y l r a d i c a l f o r m e d d u r i n g the react ion of the 
chlor ine a n d T E L . T h e m e c h a n i s m whereby such a r a d i c a l is l i be ra ted i n th is process 
is not ev ident . 

T e t r a e t h y l l e a d has been patented as a free r a d i c a l i n i t i a t o r for the a d d i t i o n of 
hydrogen bromide , h y d r o g e n sulfide, a n d mercaptans to propy lene (38), f o r m i n g the 
n o r m a l p r o p y l d e r i v a t i v e ( c o n t r a r y to M a r k o w n i k o f f s r u l e ) . T h e T E L is dissociated 
b y the ac t i on of u l t r a v i o l e t l i g h t to e t h y l radica ls w h i c h in i t i a t e the a b n o r m a l a d d i t i o n 
of t emperatures not i n excess of 2 5 ° C . 

W h e n T E L is added to c u p r i c n i t r a t e i n a n alcohol ic so lu t i on conta in ing s tyrene , 
m e t h y l m e t h a c r y l a t e , or a e r y l o n i t r i l e , there is r a p i d p o l y m e r i z a t i o n of the u n s a t u r a t e d 
c o m p o u n d at r o o m t e m p e r a t u r e (6). W i t h s i lver n i t r a t e i n place of the copper sal t , 
this does not occur . I t appears , therefore, t h a t th is p o l y m e r i z a t i o n is not a free r a d i c a l 
process, b u t t h a t the i n i t i a t i o n is p r o b a b l y de termined b y a redox sys tem i n v o l v i n g 
copper ions. 

A recent patent (95) states t h a t T E L m a y be subs t i tu ted for a l u m i n u m , m a g n e 
s i u m , or zinc a l k y l s i n p r e p a r i n g Z ieg le r - type cata lysts for the p o l y m e r i z a t i o n of α-ole
fins. Spec i f i ca l ly , the ca ta lys t is p r e p a r e d b y react ing T E L w i t h hal ides of the t r a n s i 
t i on metals of groups I V to V I I I of the per iodic table . E x a m p l e s of these are t i t a n i u m 
tetrach lor ide a n d m o l y b d e n u m a n d v a n a d i u m pentachlor ides . T h e p o l y m e r i z a t i o n re 
ac t i on is c a r r i e d out i n a paraff inic so lvent at a t e m p e r a t u r e of 90° to 180°C. a n d o r d i 
n a r y or e levated pressures. T h i s m e t h o d gives a c rys ta l l ine po lye thy lene i n a n a m o u n t 
50 t imes t h a t of the T E L used. 

A patent has been issued o n the use of T E L as a condensat ion cata lys t to f o r m 
polyester resins, such as m a y be obta ined f r o m m e t h y l t e rephtha la te a n d g lyco l (16). 
I n a n example , 0 . 0 3 % T E L based on the weight of m e t h y l t erephtha late is used. T h e 
react ion rate is c la imed to be two to five t imes t h a t g i v e n b y convent i ona l cata lysts . 
E m p h a s i s is p laced on the s t a b i l i t y of the a l k y l l e a d c o m p o u n d at the h i g h temperatures 
e m p l o y e d , a n d o n the avoidance of water a n d free a c i d . T h e na ture of the a c tua l 
cata lys t i n th is case is not at a l l ev ident , a n d f u r t h e r inves t iga t i on a long th is l ine w o u l d 
be of interest . 

Reaction with Hydrogen 

T h e dissoc iat ion of T E L b y hydrogen to give ethane a n d meta l l i c l ead has been 
s tud ied under n o n c a t a l y t i c condit ions (71, 72) at temperatures f r o m 100° to 225°C . 
a n d w i t h i n i t i a l pressures of h y d r o g e n of some 60 a t m . I n benzene solut ions , us ing a 
react ion per i od of 24 hours , 1 5 % of the lead is l i berated at 1 0 0 ° C , 5 0 % at 175°C., a n d 
9 9 % at 225°C . A p p a r e n t l y , the ca ta ly t i c hydrogénation of T E L has not been s tud ied . 
H o w e v e r , the n i c k e l - c a t a l y z e d hydrogénation of t e t r a - n - h e p t y l l e a d gives at least a 
6 2 % y i e l d of the R - R p r o d u c t , tetradecane (137). 
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310 ADVANCES IN CHEMISTRY SERIES 

Oxidation and Antioxidant Action 

L i q u i d T E L oxidizes i n a i r , v e r y s l owly at r o o m t e m p e r a t u r e a n d r a p i d l y at t e m 
peratures over 100° C . T h e v a p o r is m u c h more resistant to ox ida t i on t h a n the l i q u i d , 
at a g i v e n t e m p e r a t u r e . H o w e v e r , there has been no p u b l i c a t i o n of the nature a n d 
produc ts of the ox ida t i on , or of the effects of cata lys ts , i n h i b i t o r s , etc. 

S t r o n g o x i d i z i n g agents such as po tass ium permanganate , s u l f u r y l ch lor ide , a n d 
c a l c i u m h y p o c h l o r i t e effect complete decompos i t i on of T E L at l ow t e m p e r a t u r e . These 
reagents are the ones used i n i n d u s t r y for d e c o n t a m i n a t i o n of T E L sp i l l s a n d for f ina l 
c leaning of equ ipment c o n t a m i n a t e d w i t h T E L or i ts p a r t i a l - d e c o m p o s i t i o n produc ts . 
T h e t o x i c i t y of T E L a n d other organolead compounds a n d t h e i r insidiousness ( for t h e y 
are i n no sense se l f -warning) m a k e i t m a n d a t o r y to use adequate precaut ions i n h a n 
d l i n g . I n decontaminat i on , care m u s t be t a k e n to use the above ox idants i n sufficient 
excess to accompl i sh complete decompos i t ion of T E L , a n d i n adequate d i l u t i o n i n a p 
p r o p r i a t e solvents so as to cont ro l the speed of the reac t ion , w h i c h otherwise m a y be 
v io l en t . T E L i n a d i lute so lut ion—e.g . , i n gaso l ine—is ox id ized at l ow t e m p e r a t u r e b y 
n i t rogen dioxide , f o r m i n g d i e t h y l l e a d d i n i t r a t e w h i c h is r e a d i l y separated f r o m the 
solvent (107). 

A f u r t h e r example of the o x i d i z a b i l i t y of T E L is afforded b y a patent o n m i x t u r e s 
of T E L a n d t e t r a n i t r o m e t h a n e as a n explosive of u n u s u a l s t rength a n d h i g h rate of 
detonat ion (134). O n the other h a n d , another patent states t h a t a d d i t i o n of a s m a l l 
a m o u n t (about 1%) of T E L lowers the b u r n i n g rate of a m i x t u r e of t e t r a n i t r o m e t h a n e 
w i t h 10 to 2 0 % of benzene to the p o i n t where th is can be successfully used as a p r o -
pe l lant (61). These two results are not d i s c o r d a n t : I n the f o rmer case, T E L serves 
as a fuel h a v i n g a h i g h heat of combust i on per u n i t v o l u m e ; i n the l a t t e r case i t e v i 
d e n t l y exerts i t s character is t i c a n t i o x i d a n t a c t i on . 

T h i s a n t i o x i d a n t a c t i o n of T E L was at once suspected w h e n i ts a n t i k n o c k effect 
became k n o w n . Soon thereafter , M o u r e a u a n d D u f r a i s s e (96) r epor ted t h a t T E L is 
a n a n t i o x i d a n t for benzaldehyde at r o o m t e m p e r a t u r e , a n d numerous invest igators ob 
served i t s i n h i b i t o r y effect i n the s low o x i d a t i o n of h y d r o c a r b o n s at e levated t e m p e r a 
tures (92). S ince t h a t t ime there has been a great deal of w o r k car r i ed out w h i c h 
i n v o l v e d these a n t i k n o c k a n d a n t i o x i d a n t effects. H o w e v e r , there has been no s t u d y of 
the m e c h a n i s m a n d products of the reactions w h i c h the T E L itsel f undergoes i n exert ing 
these effects. 

U n d e r c e r ta in c i rcumstances , T E L m a y also act as a p r o m o t e r of o x i d a t i o n reac 
t ions , p r e s u m a b l y b y s u p p l y i n g free rad ica ls . F o r example , i n a h y d r o c a r b o n reference 
fue l , a v e r y h i g h concentrat ion of T E L ( far b e y o n d the range of n o r m a l usage) a c t u a l l y 
has a p r o k n o c k effect. I n the l i q u i d phase o x i d a t i o n of a lkylbenzenes c a t a l y z e d b y a 
m e t a l oxide or salt , a d d i t i o n of T E L is c la imed to increase the y i e l d of to lu i c acids (66). 

Reaction with Halogens 

T h e react ion of T E L has been s tud ied w i t h chlor ine , b r o m i n e , a n d iod ine . T h e r e 
are no l i t e r a t u r e reports on the behav ior of T E L w i t h e lementa l fluorine. T h e reac t i on 
of halogens w i t h T E L invo lves cleavage of the l ead - carbon b o n d , a n d the i n i t i a l p r o d 
ucts are dependent u p o n the react ion temperatures a n d amounts of halogen employed 
(59). W i t h ch lor ine , the react ion m a y be i n d i c a t e d b y the steps : 

-00° -10° 
Et 4 Pb > EtaPbCl > E t 2 P b C l 2 -> E t P b C l 3 -> P b C l 2 + E t C l 

A t — 6 0 ° C , the c h l o r i n a t i o n of T E L i n e t h y l acetate gives a q u a n t i t a t i v e y i e l d of t r i -
e t h y l l e a d ch lor ide . Increas ing the t e m p e r a t u r e to — 10°C. a f ter the i n i t i a l c h l o r i n a t i o n 
at — 6 0 ° C . a n d c o n t i n u i n g the c h l o r i n a t i o n give a q u a n t i t a t i v e y i e l d of d i e t h y l l e a d d i 
ch lor ide (59). C o n t i n u i n g the c h l o r i n a t i o n b e y o n d t h a t stage, b y us ing m o r e drast i c 
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MILDE—CHEMICAL REACTIONS OF TETRAETHYLLEAD 311 

condi t ions , does not a l l o w i so la t ion of a n e t h y l l e a d t r i c h l o r i d e , because i t is unstab le 
a n d converts i m m e d i a t e l y to lead ch lor ide a n d e t h y l ch lor ide . 

S i m i l a r studies have been repor ted for b r o m i n e a n d iodine . B r o m i n a t i o n of T E L 
i n ether s o lu t i on at — 70° C . results i n a q u a n t i t a t i v e y i e l d of t r i e t h y l l e a d b r o m i d e (59, 
122). I n contrast to c h l o r i n a t i o n , however , the fur ther b r o m i n a t i o n of T E L gives o n l y 
l o w y ie lds of the d i b r o m i d e . T r i e t h y l l e a d iodide has been p r e p a r e d i n 7 3 % y i e l d b y 
the reac t ion of T E L w i t h iodine i n ether so lut ion at - 6 0 ° C . {23, 78, 86). 

T h e complete decompos i t ion of T E L b y b r o m i n e a n d ch lor ine , as ind i ca ted b y the 
equations : 

E t 4 P b + 3 B r 2 - » P b B r 2 + 4 E t B r (28, 32, 36, 102) 

E t 4 P b + 3C1 2 -> P b C l 2 + 4 E t C l (114) 

a n d the react ion w i t h iodine : 

E t 4 P b + I 2 -> E t s P b l + E t I (26, 36, 64) 

have been the basis for several a n a l y t i c a l procedures for T E L , since these react ions 
proceed q u a n t i t a t i v e l y . 

Reaction with Alkalies 

D i l u t e a n d concentrated aqueous alkal ies do not react w i t h T E L at o r d i n a r y t e m 
peratures (17), whi le at h i g h t e m p e r a t u r e a p p a r e n t l y no s t u d y has been made . T h i s 
inertness to a l k a l i is p r o b a b l y not s i m p l y due to l i m i t e d s o l u b i l i t y , for i t is be l ieved 
t h a t a lcohol ic potash is also unreac t ive . M o r e o v e r , T E L is iner t to p h e n y l l i t h i u m i n 
ether so lu t i on at r o o m t e m p e r a t u r e , i n contrast to the m o d e r a t e l y r a p i d exchange be 
tween t e t r a p h e n y l l e a d a n d e t h y l l i t h i u m u n d e r the same condit ions (51). 

Reaction with Inorganic Acids 

Studies of the react ion of T E L w i t h halogen acids have been repor ted for h y d r o g e n 
chlor ide a n d hydrogen b r o m i d e . T h e general equat ion for the reac t ion i s : 

E t 4 P b + H X S ° l v e n t ) E t 3 P b X + C 2 H 6 

H y d r o g e n chlor ide reacts w i t h T E L a t r o o m t e m p e r a t u r e to give good y ie lds of 
t r i e t h y l l e a d ch lor ide (12, 13, 15, 23, 53, 101, 135). A v a r i e t y of solvents a n d gaseous 
or concentrated hydrogen chlor ide m a y be used. U s e of the gas a n d a hexane so lvent 
appears to be best on the basis of b o t h y i e l d (86 to 9 7 % ) a n d p u r i t y of p r o d u c t (23). 
U n d e r more drast i c condit ions , the react ion m a y proceed b e y o n d the t r i e t h y l l e a d stage. 
T h u s , i n one s t u d y reported using toluene as a solvent a n d a t e m p e r a t u r e of 9 0 ° C , a 
m i x t u r e was obta ined c o n t a i n i n g 5 0 % lead chlor ide , 3 0 % t r i e t h y l l e a d chlor ide , a n d 
2 0 % d ie thy l l ead d ich lor ide (135). U n d e r even more r igorous condi t ions , l ead ch lor ide 
is the final p roduc t of the t r e a t m e n t w i t h e i ther hydrogen chlor ide gas or concentrated 
h y d r o c h l o r i c ac id (24, 40, 42, 121). 

T h e react ion of T E L w i t h h y d r o g e n b r o m i d e proceeds i n a s i m i l a r m a n n e r . U s i n g 
the gas w i t h p e t r o l e u m ether as a solvent , a y i e l d of 8 4 % of t r i e t h y l l e a d b r o m i d e has 
been repor ted (49)- T h e halogen a c i d m a y conven ient ly be p r o v i d e d i n the f o r m of 
a n a d d i t i o n p r o d u c t w i t h a t r i a l k y l a m i n e , R 3 H N B r - 2 H B r (76). 

T h e r e appears to be no pub l i shed i n f o r m a t i o n o n the reac t ion of T E L w i t h h y d r o 
gen iodide or fluoride. 

T h e d i - a n d t r i e t h y l l e a d hal ides conven ient ly serve as intermediates for the p r e p 
a r a t i o n of other d i - a n d t r i e t h y l l e a d salts b y a metathesis (23, 45, 83). 

D i l u t e n i t r i c a n d su l fur i c acids react w i t h T E L o n l y v e r y s l owly , i f at a l l , a t r o o m 
temperature (17). H o w e v e r , on heat ing T E L w i t h the d i lute acids or on contact of i t 
w i t h concentrated acids at o r d i n a r y temperatures , an a t t a c k does take place. T h u s , 
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312 ADVANCES IN CHEMISTRY SERIES 

heat ing T E L w i t h 5 0 % sul fur i c a c i d leads to the f o r m a t i o n of t r i e t h y l l e a d sulfate a n d 
ethane (17). C o n c e n t r a t e d n i t r i c a c i d has been repor ted to decompose T E L c o m 
ple te ly to lead n i t r a t e (17, 74) ; th i s can be a v io lent react ion . I t has also been r e 
p o r t e d t h a t T E L i n c h l o r o f o r m so lut ion reacts w i t h concentrated n i t r i c a c i d w i t h the 
f o r m a t i o n of d i e t h y l l e a d d i n i t r a t e a n d a s m a l l a m o u n t of t r i e t h y l l e a d n i t r a t e (68). 
W h e n a v a p o r m i x t u r e of T E L a n d n i t r i c a c id is d i l u t e d w i t h c a r b o n dioxide a n d 
passed t h r o u g h a heated glass tube at 1 5 0 ° C , there is a complete convers ion of the 
e t h y l radica ls to n i t r omethane a n d e t h y l n i t r a t e (87). 

T E L has also been repor ted to react w i t h concentrated phosphor i c a c i d i n the pres 
ence of s i l i ca gel to give t r i e t h y l l e a d d i h y d r o g e n phosphate i n a 2 6 % y i e l d (54). 

Reaction with Organic Acids 

T h e react ion of T E L w i t h organic acids has been s tud ied b o t h i n the presence a n d 
absence of s i l i ca gel. G e n e r a l l y speaking , react ion is great ly p r o m o t e d b y the presence 
of a s m a l l q u a n t i t y of s i l i ca gel , a l t h o u g h there are a n u m b e r of anomalies . I n some 
instances, no react ion at a l l is obta ined e i ther w i t h or w i t h o u t s i l i ca gel ; i n other cases, 
complete d e a l k y l a t i o n of T E L takes place . T a b l e I summar izes the l i t e r a t u r e i n f o r 
m a t i o n on the subject . 

Table I. Reaction of TEL with Organic Acids 

Acid 
Acetic 

Acetic0 

Benzoic0 

Bromoacetic0 

ra-Bromobenzoic° 
Butyric 0 

d-Camphor- 10-sulf onic° 
Chloroacetic0 

Cyanoacetie0 

Decanoica 

Dibromoacetic0 

Di chloroacetic0 

Fluoroacetic0 

Formic 0 

Furanacrylic0 

Furoic 0 

Heptanoic0 

Hexanoic0 

Isobutyric0 

Isovaleric0 

Malonic, monohexyl ester 
Mercaptoacetic 
o-M ercaptoben zoic 
2-Naphthalenesulfonie 
m-Nitrobenzoic (in ethanol) 
τη-Nitrobenzoic (in benzene) 
p-Nitrobenzoic 
Nonanoic0 

Octanoic0 

Phenylacetic0 

2- Phenylhy dra zi nesulf onic° 
Propionic0 

3- Quinolinecarboxylic° 
Salicylic0 

Stearic0 

p-Toluenesulf onic 
o-Toluenesulfonic 
Trichloroacetic0 

Valeric0 

° In presence of silica gel. 

Products Yield, % 
Ethylene, ethane, ethyl — 

acetate, lead acetate 
Triethyllead salt 95 
Diethyllead salt — 
Triethyllead salt — 
f Diethyllead salt 9.8 
\ Triethyllead salt 3.6 
Triethyllead salt — 
Triethyllead salt 96.4 
Triethyllead salt — 
No reaction — 
Not identified — 
Triethyllead salt — 
Triethyllead salt — 
Triethyllead salt 79.1 
Lead formate — 
Triethyllead salt — 
Triethyllead salt — 
Triethyllead salt — 
Triethyllead salt — 
Triethyllead salt — 
Triethyllead salt — 
Triethyllead salt — 
Triethyllead salt — 
Triethyllead salt — 
Triethyllead salt — 
Triethyllead salt 26 
Diethyllead salt 62 
Triethyllead salt 25 
Triethyllead salt — 
Triethyllead salt — 
Triethyllead salt — 
No reaction — 
Triethyllead salt — 
No reaction — 
Triethyllead salt — 
Not identified — 
Triethyllead salt — 
Triethyllead salt — 
Triethyllead salt — 
Triethyllead salt — 

References 
(73) 

(12, 54) 
(63) 
(12) 
(56) 
(12) 
(δδ) 
(12) 
(δδ) 
(12) 
(12) 
(12) 
(112) 
(δδ) 
(54) 
(54) 
(12) 
(3, 12) 
(12) 
(12) 
(δ, 106) 
(63) 
(54) 
(62) 
(δδ) 
(δδ) 
(δδ) 
(12) 
(12) 
(12, 04) 
(54) 
(12, 62) 
(δδ) 
(δ4, 62) 
(12) 
(δ3, 62) 
(62) 
(12, 62) 
(12) 

A c i d halides react i n a m a n n e r s i m i l a r to the halogen acids, a l t h o u g h there are 
differences between the react iv i t ies of i n d i v i d u a l members . A c e t y l ch lor ide w i t h T E L 
i n the presence of s i l i ca gel at r o o m t e m p e r a t u r e gives t r i e t h y l l e a d ch lor ide (12). 
B e n z o y l chlor ide l ikewise reac ts ; however , on ly lead chlor ide cou ld be iso lated f r o m 
the reac t ion m i x t u r e (12). 

Pu
bl

is
he

d 
on

 J
an

ua
ry

 1
, 1

95
9 

on
 h

ttp
://

pu
bs

.a
cs

.o
rg

 | 
do

i: 
10

.1
02

1/
ba

-1
95

9-
00

23
.c

h0
29



MILDE—CHEMICAL REACTIONS OF TETRAETHYLLEAD 313 

Reaction with Phenols and Thiols 

A n u m b e r of phenols a n d naphtho l s have been reacted w i t h T E L i n the presence 
of s i l i ca gel to give d i - a n d t r i e t h y l l e a d der ivat ives . Specif ic compounds w h i c h have 
been p r e p a r e d i n this m a n n e r are l i s ted i n T a b l e I I . 

Table II Phenolic Derivatives 

Compound Yield, % References 
Triethyllead phenolate 63.5 (27, 35) 
Triethyllead picrate — (2) 
Diethylleadbis (p-nitrophenolate) — (112) 
Bis (triethyllead) resorcinolate 31.0 (27, 35) 
BÎ3 (triethyllead) pyrocatecholate — (27) 
Triethyllead m-cresolate — (27) 
Triethyllead p-cresolate — (27) 
Triethyllead o-cresolate 90.0 (27) 
Triethyllead o-bromophenolate — (27) 
Triethyllead 1-naphtholate — (27) 
Triethyllead 2-naphtholate — (27) 
Triethyllead guaiacolate — (27) 

T h e more ac idic phenols—e.g . , 2 ,4 -d in i t ropheno l a n d p i c r i c a c i d — a r e also capable 
of reac t ion w i t h T E L i n the absence of s i l i ca gel , a l t h o u g h the produc ts obta ined have 
not been ident i f ied {52). 

T h e th io ls react w i t h T E L m u c h more read i ly t h a n alcohols a n d most phenols . 
T h e presence of s i l i ca gel is not requ i red i n order to o b t a i n a react ion . T h i o l s w h i c h 
have been s tud ied are the f o l l o w i n g : 1-butane-, 1-heptane-, α-toluene-, benzene- , a n d 
2 -naphtha leneth io l , a n d mercaptobenzoth iazo le {52). T h e n a t u r e of the products o b 
t a i n e d has not yet been pub l i shed , b u t they are p r e s u m a b l y of the t y p e E t 3 P b S R a n d 
E t 2 P b ( S R ) 2 . 

Reaction with Metal and Metalloid Salts 

A l u m i n u m chlor ide i n the presence of solvents has been reacted w i t h T E L to f o r m 
t r i e t h y l l e a d chlor ide a n d lead chlor ide {12, £8, 90). A t the same t i m e , v a r y i n g 
amounts of a l k y l a l u m i n u m compounds are f o rmed , depending u p o n the re lat ive amounts 
of the reagents {48). T h e react ion of e t h y l a l u m i n u m sesquichloride w i t h T E L l i k e 
wise results i n cleavage of the carbon- lead b o n d {48). T h e act ive agent here is p r o b 
a b l y e t h y l a l u m i n u m d ich lor ide a n d not d i e t h y l a l u m i n u m chlor ide . 

A n u m b e r of m e t a l chlorides have been shown to be reduced b y T E L . T h u s t i 
t a n i u m te t rach lor ide is converted to a lower ox ida t i on stage, as i n d i c a t e d b y the p u r p l e 
color of t i t a n i u m t r i c h l o r i d e {12). T h e react ion produc ts of T E L w i t h t i t a n i u m t r i -
a n d te trachlor ides , the higher chlorides of m o l y b d e n u m , v a n a d i u m , c h r o m i u m , a n d 
manganese, a n d the halides of the other t r a n s i t i o n metals of groups I V to V I I I , have 
been proposed as catalysts for the p o l y m e r i z a t i o n of olefins {95). T h a l l i u m t r i c h l o r i d e 
{57) a n d ferr ic ch lor ide (48, 89) are s i m i l a r l y reduced b y T E L , w i t h the f o r m a t i o n of 
tha l lous a n d ferrous chlor ides , whi le the T E L is conver ted to a m i x t u r e of e t h y l l e a d 
chlor ides . C h l o r o p l a t i n i c a c i d is i m m e d i a t e l y reduced b y T E L to meta l l i c p l a t i n u m 
(48). O x i d a t i o n w i t h stannic chlor ide has been proposed as a means of r e m o v i n g T E L 
f r o m d i lute so lut ion i n gasoline (25, 43), since the p r o d u c t s — d i e t h y l l e a d a n d d i e t h y l t i n 
d i ch lo r ides—are insoluble . N o react ion occurs between T E L a n d the fo l l owing m e t a l 
ha l ides : ferrous chlor ide , ferrous iodide , cobaltous b romide , a n d nickelous b r o m i d e , 
u n d e r the condit ions e m p l o y e d for ferr ic chlor ide (48). H o w e v e r , ferrous ch lor ide i n 
a n act ive f o r m is said to remove T E L f r o m gasoline (11). 

P h o s p h o r u s pentachlor ide a n d s i l i con te t rach lor ide react w i t h T E L to produce t r i 
e thy l l ead ch lor ide (12). N o m e n t i o n is made of other products f r o m these react ions. 

A r s e n i c t r i c h l o r i d e a n d the analogous phosphorus a n d a n t i m o n y compounds have 
been reacted w i t h T E L to give products i n d i c a t e d b y the fo l l owing equat ions : 
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E t 4 P b + 3 A s C l 3
 1 Q Q ° C ' ) 3 E t A s C l 2 + E t C l + P b C l 2 (77) 

95-97% 

E t 4 P b + 3PC1 3 > 3 E t P C l 2 + E t C l + P b C l 2 (77) 
89-96% 

E t 4 P b + 3 S b C l 3 > 3 E t S b C l 2 + E t C l + P b C l 2 (77) 
71% 

T h e react ion proceeds i n stages; a t 2 5 ° C . o n l y two e t h y l groups are c leaved, whereas 
at 100°C. the react ion proceeds to l ead ch lor ide . R e f l u x i n g phosphorus t r i c h l o r i d e 
w i t h T E L has also been r e p o r t e d to y i e l d d i e thy lphosph inous ch lor ide (H). T h e r e 
a c t i o n of T E L w i t h 10-ch loro -5 ,10-d ihydrophenarsaz ine ( A d a m s i t e ) is s i m i l a r to the 
above react ions (104) · 

+ Et4Pb I II " Il I + Et3PbCl 

T h e correspond ing 1 0 - f o r m y l d e r i v a t i v e reacts s i m i l a r l y w i t h T E L to give the 10 -e thy l 
d e r i v a t i v e a n d l ead f o rmate (104). 

B i s m u t h t r i c h l o r i d e also cleaves T E L , t h o u g h less a c t i v e l y t h a n does a l u m i n u m 
chlor ide . T h e produc ts f o r m e d are t r i e t h y l l e a d ch lor ide , l ead ch lor ide , a n d perhaps 
e t h y l b i s m u t h compounds (48,91). 

A n u m b e r of patents a n d pub l i ca t i ons deal w i t h the react ions of m e r c u r i c salts 
w i t h T E L . These are the basis for the p r e p a r a t i o n of c e r t a i n organic m e r c u r y f u n g i 
cides. I n these react ions , i n d i c a t e d be low, the l e a d is c onver ted to a n e t h y l l e a d o r i n 
organic sa l t . 

E t O H 
E t 4 P b + H g C l 2 > E t H g C l (34, 67, 75, 89) 

N a 2 C 0 8 ( 9 2 % ) 

E t O H 
E t 4 P b + N a 2 S 0 4 + H g C l 2 > ( E t H g ) 2 S 0 4 (37) 

Na2COs 

E t 4 P b + H 3 P 0 4 + H g O - ^ 2 > ( E t H g ) n H 3 _ n P 0 4 (1, 67) 

( T h i s react ion gives mono , b is , or t r i s e t h y l m e r c u r i phosphate depending o n rat ios of 
reactants , t e m p e r a t u r e , a n d so lvent i f used.) 

E t 4 P b + H g ( O A c ) 2 -> E t H g O A c (75) 

S i l v e r a n d c u p r i c n i t rates on react ion w i t h T E L at l o w temperatures (—70° to 
—80°C. ) y i e l d e thy l s i l ve r a n d e t h y l c o p p e r p lus the t r i e t h y l l e a d salt (56, 116-118). 
W h e n the solut ions of these m e t a l a l k y l s are w a r m e d , decompos i t i on of the R M c o m 
p o u n d occurs w i t h the e v o l u t i o n of butane , ethane, a n d ethylene . T h e t r i e t h y l l e a d 
salt is e v i d e n t l y unaffected b y th is decompos i t i on . T h e c o m b i n a t i o n of c u p r i c n i t r a t e 
a n d T E L i n the presence of a m o n o m e r such as s tyrene , m e t h y l m e t h a c r y l a t e , or a c r y l o -
n i t r i l e does not react w i t h f o r m a t i o n of e thy l copper . H o w e v e r , the m o n o m e r s are r a p 
i d l y p o l y m e r i z e d (6). 

L e a d tetraacetate has been repor ted to react w i t h T E L a t 0 ° C . to give a m i x t u r e 
of t r i e t h y l l e a d acetate a n d l ead acetate (79). 

T r i e t h y l l e a d ch lor ide or b r o m i d e is f o r m e d f r o m the corresponding d i e t h y l l e a d salt 
a n d T E L i n so lut i on at r o o m t e m p e r a t u r e : T h e react ion is reversible (4, 82). T h i s 
imp l i e s a ready interchange of the halogen a t o m a n d e t h y l r a d i c a l between different 
molecules . S u c h a n interchange is most s i m p l y shown b y observ ing a m i x t u r e of t r i 
e t h y l l e a d ch lor ide a n d T E L , one of w h i c h contains rad ioac t ive l ead as a t r a c e r (22). 
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Reaction with Metals 

T h e r e have been a few repor ted reactions of T E L w i t h ac t ive meta ls . T h u s , for 
example , s o d i u m i n l i q u i d a m m o n i a a n d e t h y l ether reacts w i t h T E L to give s o d i u m 
t r i e t h y l p l u m b i d e a n d ethane (SO). T h e s o d i u m d e r i v a t i v e was not iso lated, b u t was 
reacted w i t h a n u m b e r of organic halides to give the corresponding u n s y m m e t r i c a l t r i 
e thy l l ead c o m p o u n d . T h e f o l l owing y ie lds were obta ined w i t h these organic ha l ides : 
n - C 4 H 9 B r , 91 to 9 5 % ; s e c - C 4 H 9 B r , 8 2 % ; £er£ -C 4 H 9 Br , n i l ; C 6 H 5 C H 2 C 1 , 1 0 % ; 
C 6 H 5 B r , 7 7 % ; a n d C H 2 = C H C H 2 C 1 , 7 2 7 0 . C a l c i u m a n d l i t h i u m are also repor ted to 
be equa l ly effective for th i s cleavage (9). I n contrast , finely d i v i d e d b i s m u t h does no t 
react w i t h T E L a t 100° to 130°C. (48). 

Redistribution with Other Metal Alkyls 

I n the presence of a s m a l l a m o u n t of ca ta lys t such as a l k y l a l u m i n u m or a l k y l l e a d 
hal ide , C a l i n g a e r t a n d coworkers showed t h a t T E L undergoes interchange react ions 
w i t h other lead a l k v l s a n d w i t h ce r ta in other m e t a l a l k y l s to give a m i x t u r e of p r o d u c t s 
(19, 21). W h e r e the produc ts have s i m i l a r types of bonds, as i n the R 4 P b m i x t u r e s , 
the amounts of each c o m p o u n d obta ined correspond to those expected f r o m a r a n d o m 
d i s t r i b u t i o n of the radica ls . C o m p o u n d s w h i c h have been reacted w i t h T E L inc lude 
t e t r a m e t h y l - a n d t e t r a - n - p r o p y l l e a d a n d a m i x t u r e of the two , t e t r a m e t h y l t i n , d i m e t h y l -
m e r c u r y , a n d t r i m e t h y l l e a d b romide . T h i s react ion has been rev iewed (20). 

Miscellaneous Reactions 

I t has been repor ted t h a t T E L reacts w i t h selenious a c i d to give d i e t h y l l e a d selenite 
i n 1 5 . 5 % y i e l d (55). P h e n y l a r s i n e has been reacted w i t h T E L at a r e l a t i v e l y h i g h 
t e m p e r a t u r e (150° t o 1 7 0 ° C ) , w i t h p r o d u c t i o n of m e t a l l i c l ead (98) a n d arsenoben-
zene as s h o w n b y the e q u a t i o n : 

150° to 170°C 
E t 4 P b + 2 C 6 H 6 A s H 2 > C 6 H 6 A s = A s C 6 H 6 + P b + 4 C 2 H 6 

Benzene 

T h e i n t r o d u c t i o n of su l fur d iox ide i n t o T E L i n a so lut ion of ether c o n t a i n i n g some 
w a t e r produces d i e t h y l l e a d sulfite i n a y i e l d of 9 9 % (62). E a r l i e r workers have r e 
p o r t e d different results f r o m th i s react ion (41, 126). 

T h e reac t i on of T E L w i t h carbon te t rach lor ide takes place s l owly a t r o o m t e m 
perature i n ether so lu t i on a n d gives, over a p e r i o d of 30 days , u p to 9 0 % y ie lds of 
t r i e t h y l l e a d ch lor ide p lus a n unident i f i ed gaseous p r o d u c t . C a r b o n t e t r a b r o m i d e a n d 
hexabromoethane l ikewise react w i t h T E L i n the presence of oxygen to give d i e thy l l ead 
d ib romide , w i t h e v o l u t i o n of c a r b o n y l b r o m i d e (65). A c a r b o n disulf ide so lut ion of 
T E L t u r n s d a r k red a n d gives a b lack prec ip i ta te , no t ident i f ied (12). 

V e r y l i t t l e has been pub l i shed on so-cal led G r i g n a r d - t y p e reactions w i t h T E L . 
C h l o r a l has been repor ted (93) to react w i t h T E L at a h i g h t e m p e r a t u r e , subsequent 
h y d r o l y s i s g i v i n g a 2 0 % y i e l d of l , l , l - t r i c h l o r o - 2 - b u t a n o l , as i n d i c a t e d b y the f o l l ow
i n g e q u a t i o n : 

170°C HC1 
CClaCHO + Et 4 Pb » E t 3 P b O C H ( E t ) C C l 3 > C C l 3 C H ( E t ) O H 

H o w e v e r , r e p e t i t i o n of th is react ion b y other workers d i d not con f i rm these results 
(47). B e n z a l d e h y d e a n d T E L do no t react u n d e r condi t ions used f or the G r i g n a r d 
reac t ion (46). L i k e w i s e ketene, w h i c h reacts smooth ly w i t h d i e t h y l z i n c a n d v i o l e n t l y 
w i t h d i e t h y l m a g n e s i u m , shows no tendency to react w i t h T E L (69). 

A n u m b e r of patents m e n t i o n or c l a i m the f o r m a t i o n of l ead der ivat ives c o n t a i n 
i n g olefinic a n d acetylenic l inkages o n passing ethylene or acetylene t h r o u g h T E L at 
o r d i n a r y temperatures a n d pressures (119). O t h e r workers have shown, however , t h a t 
T E L does no t react w i t h the act ive h y d r o g e n of acetylene or e thyny lbenzene (52). 
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Reference should be made to the fact that triethylethynyllead and ethynylenebis (tri
ethyllead) have recently been synthesized by a reaction involving triethyllead bromide 
and sodium acetylide in liquid ammonia (8). It is reported that triethylethynyllead 
is unstable even at —34°C, and disproportionates to ethynylenebis (triethyllead) and 
acetylene. The bis compound is found to be sensitive to moisture, being immediately 
destroyed by contact with water. 

Finally, T E L , even in dilute solution in gasoline, reacts strongly with an activated 
clay such as Filtrol (97). This is not merely an adsorption, because the lead cannot be 
removed by any means short of strong acids. 
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Uses and Economic Preparation 

of Organic Arsenic Compounds 

ROLAND M. KARY1 

Central Research Laboratories, American Smelting and Refining Co., South Plainfield, N. J. 

O r g a n o a r s e n i c c o m p o u n d s , g e n e r a l l y k n o w n as b a c 
ter ic ides for strictly m e d i c i n a l purposes , a p p e a r i n 
c r e a s i n g l y useful in a g r i c u l t u r a l as w e l l as in indus 
t r i a l pest c on t ro l . The s imi lar i ty in subatomic e l e c 
tronic conf igurat ions wi th n i t r o g e n , phosphorus , a n d 
particularly wi th c a r b o n (greater e lec tropos i t iv i ty 
d u e to g r e a t e r d i s tance f rom nucleus) a p p e a r s to 
a c count for the v a r i e t y of poss ib le m o l e c u l a r struc
tures of the a r s e n i c a l func t i ona l g r o u p s , some of 
w h i c h e x h i b i t pes t i c ida l propert ies . The s impl i c i ty 
and f a v o r a b l e e c o n o m y of the procedures to p r e 
p a r e k n o w n a n d nove l pes t i c ida l c o m p o u n d s m a y 
be e x p l a i n e d b y : the g r e a t v a r i e t y of a r s e n i c a l func 
t i o n a l g r o u p s , such as arson i c a n d ars in ic a c i d s , 
ars ine o x i d e s , h a l i d e s , cyc l oars ines , etc . , a n d the i r 
i n t e r c h a n g e a b i l i t y ; noninter ference wi th c a r b o n 
funct ional i t ies in the same m o l e c u l e ; a n d i n d e 
p e n d e n t substitution o n bo th a r s e n i c a l a n d c a r 
b o n func t i ona l g r o u p s . N o v e l c o m p o u n d s w e r e 
s y n t h e s i z e d , i n c l u d i n g a r s e n o m e t h a n e , a r s e n i c - 1 , 2 -
d i su l f ide , a n d der iva t ives , f o u n d to be po tent ia l 
a g r i c u l t u r a l pest ic ides. The arsonos i l oxanes c o n t r i b 
ute m o l d - c o n t r o l l i n g propert ies to the industr ia l 
a p p l i c a t i o n s of the r e g u l a r s i l icones . F o r m a t i o n o f 
o r g a n i c n i t rogen -base arsenites w a s inves t iga ted 
and resulted in the d e t e r m i n a t i o n of the bas ic c o n 
stant (Kb = n X 10-8 or greater ) as the c o n t r o l l i n g 
f a c t o r , i rrespect ive of the structure of the o r g a n i c 
p a r t . 

^ ) f a l l the k n o w n organometal l i cs , the thousands of organic arsenicals have re ta ined 
a n impress ive lead i n n u m b e r a n d i n v a r i e t y . T h e considerable efforts i n research 
a n d deve lopment of these compounds have produced numerous medic ina ls , a few 
war fare agents, a n d some pesticides. I t now appears t h a t organic arsenicals have 
shi f ted f r o m the p r e d o m i n a n t l y m e d i c i n a l a p p l i c a t i o n as germicides to a g r i c u l t u r a l 
uses as pesticides, w i t h more t h a n a subs tant ia l promise of c a r r y i n g t h e i r pes t i c ida l 
propert ies into the paper p u l p , text i le , a n d plast ics industr ies . T h e i m p r o v e m e n t of 

1Present address, Research Laboratories , M e t a l & T h e r m i t Corp . , R a h way, N. J. 
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320 ADVANCES IN CHEMISTRY SERIES 

m a t e r i a l s of establ ished u t i l i t y b y i n c o r p o r a t i o n of the arsenic a t o m i n t o mo lecu lar 
s t ructures has become a definite poss ib i l i t y . 

A r s e n i c is ava i lab le as a n extremely economica l c o m p o u n d c o m m o d i t y i n the f o r m 
of arsenic t r i ox ide , A s 2 0 3 , also ca l led wh i te arsenic . I t forms s o d i u m arsenite w i t h 
caust ic soda or s o d i u m h y d r o x i d e . T h i s is the s t a r t i n g m a t e r i a l for the synthesis of 
a t y p i c a l arsenical f u n c t i o n a l g roup , the arsono or arsonic a c i d g r o u p . M a n y organic 
arsenica l s t ructures f o l l ow v e r y closely the p a t t e r n of n i t rogen , phosphorus , a n d even 
carbon funct ional i t i es . A s i l l u s t r a t e d i n T a b l e I , the s i m i l a r i t y of the subatomic 

Table I. Functionality of Similar Electronic Structures 

C Ν P As 
s2 s 2 s2 s2 

2s 22p 2 2s22p3 2s22p6 2s22p6 
3s 23p» 3s*3p*3d™ 

Outer shells 

R — N H 2 

R 2 = N H 
R 3 = N 

Amines basic 

( H 3 C ) 3 N 
gas, B.P. = 2.9°C. 

R 4 I U N + 

Ammonium very basic 

R — P H 2 

R 2 = P H 
R3==P 

Phoshines less basic 

( H 3 Q 3 P 
liquid, B.P. = 40-2°C. 

R 4 = P + 

Phosphonium very basic 

R—AsHa 
R 2 = A s H 
R 3 =As 

Arsines feebly basic 
or amphoteric 

(HiC) As 
liquid B.P. = 59-60°C. 

R 4 = A s + 

Arsonium very basic 

CH2 "CH2 

I 
ĈH? 

1,2,3,4-Tetrahydro-
naphthalene 

CH2 

^CH2 

Ν * 
I 
R 

1,2.3.4-Tetrahydro-
quinoline 

Not known 

CH2 

S Ç H 2 

^CHz 
As 
I 
R 

1,2,3,4-Tetrahydro-
arsinoline 

H2C—CH2 

I I 
H?C—CH? 

Cyclobutane gas 

Br 

Phenylmagnesium bromide 
Carbon, Grignard 

Unknown 

Unknown 

H3CN /CHa 
As—As 

Unknown | | 
As—As 

H3C/ N CH 3 

Dimeric 
polyarsenomethane oil 

JT\ / M g - 8 r 
Unknown (f y—As 

X=/ N Mg—Br 
Phenylarsine 

di-(magnesium bromide) 
Arsenic, Grignard 

electronic conf igurat ion o b v i o u s l y results i n a somewhat s i m i l a r f u n c t i o n a l i t y f or 
carbon , n i t rogen , phosphorus , a n d arsenic . H o w e v e r , the greater e l e c t ropos i t i v i ty of 
arsenic o n account of the greater distance of the outer valence shel l f r o m the nuc leus 
po ints to as ye t u n k n o w n possibi l i t ies of organic arsenica l s t ructures m o r e closely 
re lated to organic carbon t h a n to organic phosphorus or n i t rogen . 

A n o t h e r i m p o r t a n t factor responsible for b o t h the v a r i e t y a n d economy of organic 
arsenical s t ructures is the i r a b i l i t y to f o r m f u n c t i o n a l groups , i l l u s t r a t e d i n T a b l e I I , 
b y syntheses, the s i m p l i c i t y of w h i c h is a lmost unequa led b y the react ions of the 
other elements of s i m i l a r e lectronic s t ructures . T h u s , the basic synthesis for a l k y l -
arsonic a c id is M e y e r ' s reac t i on (S). I t essential ly consists of b r i n g i n g together 
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KARY-ORGANIC ARSENIC COMPOUNDS 321 

Table II. Synthesis of Typical Arsenical Functional Groups 

Functional Group 
0 
II 

R-As-0~H + 

1 

0~H+ 

R arsonic acid 

Example of Reaction 
If R is alkyl Meyer's Reaction 

0"Να + 0"'Na;\ 0 
1 I >C1 ": H 

H3C-C1 + :As~0~Na+ >- H 3 C ~ A s ^ O : N a + H 3 C " ~ A s _ c r N a + + N a C 1 

0~Na+ 0"Na+ 0"Na+ 

Methyl- Sodium Theor. Disodium Sodium 
chloride arsenite intermediate methylarsonate chloride 

If R is aryl Bart's Reaction: 

0"Να + . v 0 
/ \ diazotation / \ + I + / \ 11

 Λ ». + 
£ Λ— NH2 >~ ^ Λ—N=N + :As—0"Na+ >- <\ //*f~°~Na 

0"Na+ 0"Na+ 

4- NaCl 

Double Diazonium Salt: 

^ N=N.FeCl3 4- AsCl3 + Fe — A s C l 2 + FeCl2 + FeCl3 + N2 

V V-AsCl, + 2HN03 >- (/ \ - A s — 0"H+ + 2HC1 + N203 (NO + N02) 

\=/ \=/ ^-Η + 

Béchamp's Reaction: 
(For aniline and phenol derivatives only) 

H 0 " \ / + H 0 " ~ A ' s = 0 — Η ζ ° + H 0 \ / — 
OH OH 

, . OH , v OH 

H2N—d h + HO—As=0 • H20 + H2N—V V - A s = 0 
' OH OH 

0 

R—As—0~H+ 

1 
R 

R,R arsinic acid 
If R is alkyl Quick and Adams' Reaction: 

Ο 
11 reduction 

H 8 C — A s — O H >- H , C — A s = 0 >- H 3 C — A s C l i >· 
^ with SO, + 2 HC1 + 2 NaOH 

Arsonic acid Arsine oxide Arsine 
dichloride 

ONa Ο 

H 3 C — A s ^ HsC—As—ONa + NaCl 
\ + H 3 C — C l I 

ONa C H i 
Sodium dimethylarsinate 

(sodium cacodylate) 
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322 ADVANCES IN CHEMISTRY SERIES 

Table II. Synthesis of Typical Arsenical Functional Groups (continued) 
Example of Reaction 

If R is aryl Extended Bart's Reaction: 

/ = \ . O N Q V ^ A ^ 0 

Cl" \ _ / ? ^oNa / = \ / "-ONa 

JDouble Diazonium Salt: 

2<^ Β — N=N.FeCl3 + AsC13 + 2Fe ν As-C1 + 2N2 + 2FeCl2 + 2FeCl3 

, k As—CI + HN03 >- t k As—OH σ σ 
s o d i u m arsenite i n aqueous so lut i on w i t h a n a l i p h a t i c hal ide u n d e r condit ions of 
pressure, s t i r r i n g , a n d a s l i g h t l y e levated t e m p e r a t u r e , de termined b y the l i q u i d or 
gaseous state of the a l i p h a t i c ha l ide . A s shown b y the equat ion i n T a b l e I I , m e t h y l 
ch lor ide is reacted w i t h s o d i u m arsenite (6) at about 60 p.s . i . pressure a n d at 6 0 ° C . 
to f o r m s o d i u m chlor ide a n d d i s o d i u m m e t h y l a r s o n a t e . T h e l a t t e r p r o d u c t , a n o l d -
t ime m e d i c i n a l ca l led A r r h e n a l (7 ) , is n o w on the m a r k e t as a new crab grass contro l 
agent. 

A r y l a r s o n i c acids can be synthes ized b y the classical B a r t react ion between a 
d i a z o n i u m salt a n d s o d i u m arsenite , o r — i f an i l ine or pheno l der ivat ives are the 
s t a r t i n g p r o d u c t s — b y the v e r y economical Béchamp react ion (2, 8). T h e l a t t e r 
m e r e l y consists of fus ing together phenols or ani l ines w i t h o-arsenic a c i d at about 
160°C. i n a n open ket t le t h a t p e r m i t s the d i ss ipat i on of water f o r m e d d u r i n g the 
reac t ion . 

Somewhat re la ted to the B a r t reac t i on is the R u s s i a n double d i a z o n i u m salt de
compos i t i on w i t h ferr ic ch lor ide , arsenic t r i c h l o r i d e , a n d meta l l i c i r o n (11). A l t h o u g h 
th is m e t h o d is m o r e i n v o l v e d a n d hence m o r e expensive, i t appears m o r e su i tab le f or 
c o m m e r c i a l a p p l i c a t i o n , as i t is not res tr i c ted to ce r ta in c a r b o n f u n c t i o n a l groups l i k e 
the Béchamp react ion . 

A n o t h e r c o m m e r c i a l l y i m p o r t a n t arsenica l f u n c t i o n a l g r o u p is the ars in i c a c id , 
as s h o w n i n T a b l e I I . T h e synthes is of t h i s g r o u p i s e q u a l l y s i m p l e , as i t essential ly 
consists of reduc ing m e t h y l a r s o n i c a c id to m e t h y l a r s i n e oxide a n d reac t ing the d i s o d i u m 
salt of the l a t t e r w i t h a n a d d i t i o n a l mole of m e t h y l ha l ide (9). I n th i s m a n n e r , 
d i m e t h y l a r s i n i c a c id , also ca l led cacodyl i c a c i d , is ob ta ined . T h i s c o m p o u n d was 
f o u n d to be a herbic ide or a g r i c u l t u r a l weed k i l l e r of considerable efficiency. R e 
search is be ing c a r r i e d out n o w on convers ion of th is synthesis to large scale p r o 
d u c t i o n . A r y l der ivat ives can be made b y an extended B a r t reac t ion (1) us ing 
d i s o d i u m ary larsen i te , or a double d i a z o n i u m salt , e m p l o y i n g 2 moles instead of 1 
(for arsonic acids) (11). 

T h e great v e r s a t i l i t y of organoarsenicals w i t h respect to synthesis as we l l as 
c o m m e r c i a l app l i ca t i ons is a p t l y i l l u s t r a t e d b y the react ion of cacodyl i c a c i d w i t h 
condensat ion produc t s of phenols a n d f o rmaldehyde i n w h i c h the arsenic is he ld i n 
a n ester - l ike c o m b i n a t i o n . A l k a l i e s f o r m water -so luble salts of th is c o m p o u n d w h i c h , 
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KARY—ORGANIC ARSENIC COMPOUNDS 323 

as the free a c i d , are soluble i n the same solvents as the parent phenol ic condensat ion 
c o m p o u n d (10). E v i d e n t l y , the react ion d i d not essential ly i m p a i r e i ther the arsenical 
or the c a r b o n funct ional i t ies . T h i s phenomenon , w h i c h seems to h o l d for a l l k n o w n 
arsenica l f u n c t i o n a l groups , is f u r t h e r i l l u s t r a t e d i n T a b l e I I I . T h u s , an arsono 

Table III. Substitution on Organic Radical 
Functional Group 

R-As-0~H + 

I 
0~H+ 

R arsonic acid 

0 

R—As—0~H+ 

1 
R 

R,R arsinic acid 

Example 

H+0—As-0~H+ 

p-Aminophenylarsonic 
or arsanilic acid 

Ο 
t 

H3C—As-0"H+ 

I 
H3C 

Dimethylarsinic 
or cacodylic acid 

Reaction 

Diazotation 
(with H N 0 2 , HC1) 

k Fluorination 

p-(Diazonium chloride) 
phenylarsonic acid 

Ο 
t 

F3C—As—0~H+ 

I 
F3C 

Di-(trifluoromethyl) 
arsinic acid 

R-As = 0 

R arsine oxide 

< Q ^ A s = 0 

Phenylarsine oxide 

Nitration As=0 

N 0 2 

2,4-Dinitrophenylarsine oxide 

/ / \ \ /\s Methylation |_j Q / / \ ) — / \ S 

R-AsX2 \ _ / ^ c i 3 X=/ ^ C l 
R arsine dihalide Phenylarsine dichloride 4-Methylphenylarsine dichloride 

(arsonic ac id) group does not interfere w i t h o r d i n a r y d iazo ta t i on o n the aromat i c 
nucleus . Poss ib le also are fluorination, n i t r a t i o n , m e t h y l a t i o n , a n d other subst i tut ions 
o n the organic r a d i c a l . T h e c o m m e r c i a l u t i l i z a t i o n of th i s noninter ference between 
organic carbon a n d arsenic funct ional i t ies is f ound i n the poss ib i l i ty of c o m b i n i n g 
the k n o w n pes t i c ida l propert ies of cer ta in organic s t ructures w i t h nove l , s i m i l a r 
propert ies of arsenica l f u n c t i o n a l groups . 

S t i l l another i m p o r t a n t factor accountable for the great v a r i e t y a n d n u m b e r of 
organic arsenica l s t ructures is the s u b s t i t u t i o n on the interchangeable arsenica l f u n c 
t i o n a l groups (arsonic a n d ars in ic ac ids , arsine oxide, arsine h a l i d e ) , as s h o w n i n 
T a b l e I V . One c o m m e r c i a l u t i l i z a t i o n of s u b s t i t u t i o n on the arsenic is the esteri f icat ion 
of cacodyl i c a c i d w i t h pheno l - f o rmaldehyde resins. A n o t h e r is the i n c o r p o r a t i o n of 
arsenic in to s tructures t h a t i n h e r e n t l y possess great c o m m e r c i a l va lue , such as the 
sil icones. 

I n v i e w of a l l these possibi l i t ies of synthesis of organic arsenicals , the deve lop 
m e n t of nove l c ompounds of ra ther interest ing propert ies was no t di f f icult . T h i s was 
p a r t i c u l a r l y t rue w i t h m a t e r i a l s t h a t resulted f r o m w h a t appeared to be then a side 
react ion r a t h e r t h a n the in tended m a i n synthesis . I n th i s m a n n e r c o m p o u n d A - 4 2 
was discovered as a n u n k n o w n i m p u r i t y w i t h t e t ramethy l t e t racyc l oars ine . A s seen 
i n T a b l e V the c o m p o u n d is chemica l l y arsenomethane A s - l , 2 - d i s u l f i d e (3) a n d 
exhib i ts 1 ,3 - tautomerism as w e l l as d i m e r i z a t i o n . C o n s e q u e n t l y , m e t a l salts are pos -
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324 ADVANCES IN CHEMISTRY SERIES 

Table IV. Substitution on Arsenical Functional Group 

Functional Group 

0 
τ 

R— As— 0"H+ 

1 
CTH+ 

R arsonic acid 

0 
τ 

R—As-0"H + 

R,R arsinic acid 

R — A s = 0 

R arsine oxide 

Example 

Ο 
t 

H 3 C—As—Ο—H + 

I 
O — H + 

Methylarsonic acid 

Ο 
t 

H a C — A s — O — H + 

H 3 C 
Dimethylarsinic 
(cacodylic acid) 

< 0 - A s = O 
Phenylarsine oxide 

Reaction 

a. Reduction with SO2 

b. Reduction with H 3 P 0 2 

Esterification with phenolformalde-
hyde resins (tautomerism to 
3-OH.2 acidic and 1 alcoholic 

Derivative 

a. H 3 C — A s = 0 
methylarsine 

oxide 

b. H 3 C — A s = A s — C H 3 

Arsenomethane 

+ H "0^ .0"H + 

H3C—As-CH3 

0 

Chlorination with HC1 

(Tentative) arsenical resin 

Phenylarsine dichloride 

R—As 
\ 

R arsine dihalide Phenylarsine dichloride Oxidation with H N 0 3 
Phenylarsonic acid 

sible b y replacement of the act ive tautomer i c hydrogen on the arsenothio l . T h e 
methy lene group undergoes a d d i t i v e halogenat ion . T h e u n s u b s t i t u t e d A - 4 2 possesses 

Table V. Compound A-42 

Tautomerism: 

H 3 C — A s = A s — C H 3 

Polymerization: 

S S 
Il II 

2 H 3 C — A s = A s — C H 3 

S—H+S-H+ 

H 2 C = i s = i s = C H 2 

S S 
Il II 

H 3 C — A s — A s — C H 3 

H 3C—Às—As—CH 3 

11 u 
insec t i c ida l propert ies w h i c h are cons iderab ly enhanced b y c h l o r i n a t i o n on the m e t h y l 
ene g roup , as shown i n T a b l e V I . T h e d i s o d i u m salt is a p r o m i s i n g defo l iant . 

Table VI. Structure and Toxicity of Organic Arsenical Pesticides Developed by A. S. 

& R. Co. Organic Chemistry Laboratory 

Code 
A-42 

W-84-1 

Compound 
Arsenomethane 

M onoc hloro-A-42 

Structure 
S S 

H 3 C — A s = A s — C H 3 

S S 

C l — H 2 C — A s = i s — C H 3 

Utility Pests Controlled 
Insecticide Rice weevil, southern army woim, 

not cotton boll weevil 

Insecticide Southern army worm, nematodes, 
rice weevil, etc.; cotton boll 
weevil not certain 

T h e arsenic a t o m can n o w be i n c o r p o r a t e d in to si loxane s t ructures b y a n o v e l 
reac t ion between a halosi lane a n d a n arsonic a c id , as shown i n T a b l e V I I (4). T h i s 
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326 ADVANCES IN CHEMISTRY SERIES 

is ra ther c o n v i n c i n g evidence t h a t arsenic not on ly combines w i t h other organometa l l i c 
s t ructures , b u t p e r m i t s a v a r i e t y of pro jec ted ut i l i t i es f a r b e y o n d the c lassical m e d i c i n a l 
or a g r i c u l t u r a l uses. I n the case of the arsonosiloxanes, pest (mold ) c o n t r o l l i n g 
propert ies are added to the k n o w n water repel lency of the convent i ona l si l icones. 

T h e S i — Ο — A s b o n d of the arsonosiloxanes shows t h a t there is s t i l l another a n d , 
so far , l i t t l e exp lored f ield of arsenicals t h a t are not organometal l i cs or arsen ic - carbon 
b o n d compounds , b u t organic n i t rogen base arsenites. A s a result of exper imenta t i on 
p e r f o r m e d to eluc idate the c r i t i c a l condi t ions for arsenite f o r m a t i o n , i t was f o u n d 
t h a t the organic n i t rogen base shou ld not be less basic t h a n is expressed b y a Kb (basic 
constant ) of Ι Ο - 8 Χ η ( i n d i v i d u a l f a c t o r ) . I f the Kh is s t i l l smal ler , no arsenite w i l l 
be f o r m e d . C o n v e r s e l y , i f the Kh is greater t h a n η X 10 ~ 8 , the ease of d isso lv ing 
arsenic t r i ox ide w i l l be corresponding ly greater. T a b l e V I I I i l lustrates th is r e l a t i o n 
sh ip i n d e t a i l . 

T h e un ique propert ies of organoarsenic , f u n d a m e n t a l l y ev ident f r o m the elec-

Base 
Methylamine 
Ethylamine 
Allylamine 

Benzylamine 

Monoethanolamine 

Nicotine (alkaloid) 

Diethanolamine 

Pilocarpine (alkaloid) 

Triethanolamine 

Table VIII. Organic Nitrogen-Base Arsenites 

( R U = = N H ) x
+ (HaAsOs)»-

R = H , or organic radical, or ring part 
χ = 1, y = 2 for alkanolamines 
χ = 1.5, y = 0.5 for other Ν bases 

Structure 
H 3 C — N H j 
HsC—GHz—N1Ï2 
H 2 C = C H — C H s — N H 2 

CH2-NH2 

H O — C H 2 — C H 2 — Ν H2 

H? .H2 

I 
^ H 2 ^ 

CH3 

( H O — C H z — C H 2 ) 2 N H 

H3C—CH2—CH—CH-CH2—C N—CH3 

I I 
Ο Ο 

( H O — C H 2 — C H 2 ) «N 

NH? 

CH XH 

Kb 
4.38 X 10-4 
5.60 Χ ΙΟ" 4 

4.9 X 10-5 

2.0 X 10-5 

5.3 X 10-e 

1. 7.0 X 10-8 
2. 1.4 X 11"» 

2.7 Χ ΙΟ"» 

1. 7.0 Χ ΙΟ"* 
2. 2.0 Χ ΙΟ"" 

5.9 Χ 10"8 

Molar Ratio 
Base/As20» 

3/1 
3/1 

3/1 

3/1 

0.5/1 

3/1 

0.5/1 

3/1 

0.5/1 

p-Phenylenediami ne 1. 1.10 Χ ΙΟ" 8 

2. 3.50 Χ 10"12 

3/1 

Pyridine 1.4 X 10"· no arsenite 

Aniline 

Urea 

Ο 

H 2 N — C — NHi 

3.83 Χ 10" 1 0 no arsenite 

1.5 Χ 10" 1 4 no arsenite 
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KARY-ORGAN'C ARSENIC COMPOUNDS 327 

t ron i c conf igurat ion of th i s t r a n s i t i o n element, a m o u n t to new front iers for arsenic 
t r i ox ide , the wh i te arsenic , w h i c h has a lways been r e a d i l y ava i lab le as a n economical 
c o m m o d i t y . 
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Chemical Corps Experience 

in the Manufacture of Lewisite 

GORDON N. JARMAN 

Process Development Division, Chemical Warfare Laboratories, Army Chemical Center, Md. 

The U. S. Army Chemical Corps produced 20,000 
tons of lewisite [dichloro(2-chlorovinyl)arsine] during 
World War II. After one false start, an operation
ally simple batch process was chosen. It involved 
condensation of acetylene with arsenic trichloride 
in the presence of mercuric chloride in aqueous hy
drochloric acid. Development concurrently was able 
to devise more economic processes using cheaper 
catalysts. They were also more complex in equip
ment and operational requirements. The batch 
process used less than one year from test tube to 
tank car. The combined experience demonstrated 
the usefulness of simplicity in process design when 
the certainty of early production is the overriding 
consideration. 

Lewisite is the c o m m o n name for a chemica l agent w h i c h has d i c h l o r o ( 2 - c h l o r o v i n y l ) 
arsine as i ts ac t ive const i tuent . T h e C h e m i c a l C o r p s m a n u f a c t u r e d lewisite d u r i n g 
W o r l d W a r s I a n d I I , b u t i t d i d not receive batt le f ie ld test. T h e agent h a d no t 
reached the theater of operat ions i n W o r l d W a r I when the A r m i s t i c e came in to effect 
a n d i n W o r l d W a r I I none of the combatants resorted to chemica l war fare . 

I n f o r m e d o p i n i o n on the va lue of lewisite as a n agent fluctuated, as test results 
became ava i lab le . T h e favorab le o p i n i o n became s trong a r o u n d 1940 w h e n the decision 
to m a n u f a c t u r e lewisite was made . L a r g e scale tests i n 1943 p r o v e d t h a t c o m p a r e d 
to m u s t a r d gas, i t was not a prof i table m a t e r i a l to have . P r o d u c t i o n was s topped , a l 
t h o u g h 20,000 tons h a d been made . 

T h e r e was no l a c k of desire a n d effort to a r r i v e at a def init ive decision ear l ier , 
b u t the propert ies of lewisite combined w i t h the test faci l i t ies ava i lab le made i t 
p r a c t i c a l l y inev i tab le t h a t the sequence, as observed, w o u l d occur. T h e C h e m i c a l 
C o r p s p r i o r to 1940 h a d ne i ther the l a b o r a t o r y nor field test ing faci l i t ies needed to 
reach such a conc lus ion . A s funds became ava i lab le , ex ist ing outside laborator ies were 
d i v e r t e d to research i n chemica l war fare a n d the expansion of l o ca l l a b o r a t o r y faci l i t ies 
was expedi ted . A d e q u a t e field test fac i l i t ies were ob ta ined more s l owly . T i m e was 
requ i red to f o r m a doctr ine for a new t y p e of test ing for w h i c h funds h a d prev i ou s ly 
been extremely l i m i t e d . E l a b o r a t e fac i l i t ies h a d to be b u i l t . A t e a m conta in ing the 
diverse skills needed had to be f o rmed , i n d o c t r i n a t e d , a n d t r a i n e d in an u n f a m i l i a r field. 
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JARMAN—MANUFACTURE OF LEWISITE 329 

L e w i s i t e is h i g h l y tox ic , causing p r o f o u n d phys io log i ca l effects b y b o t h i n h a l a t i o n 
a n d s k i n contact . I t is stable i n most l a b o r a t o r y env i ronments , especial ly for the 
short t ime i n v o l v e d i n w o r k w i t h i t . O n the other h a n d , i t is r a p i d l y h y d r o l y z e d i n the 
presence of mois ture w h i c h is usua l l y present i n e a r t h a n d v e g e t a t i o n ; hence i t is 
large ly destroyed over the longer periods i n v o l v e d i n field tests. 

I t was inev i tab le t h a t w h e n lewisite reached adequate field test ing i t w o u l d f a i l 
as a n agent, even though l a b o r a t o r y results were v e r y favorab le . I t was so unstable 
under average field condi t ions t h a t m u c h of i ts t o x i c i t y was lost . U n f o r t u n a t e l y , 
l a b o r a t o r y methods at t h a t t ime h a d not been developed to a rout ine w h i c h w o u l d 
have pred i c ted such a sequence. 

T h e error i n the decis ion to produce lewisite is , n a t u r a l l y , of h i s t o r i ca l interest on ly . 
I t has no bear ing on the in teres t ing prob lems i n v o l v e d i n the m a n u f a c t u r e a n d the 
credit due for the i r successful so lut ion . 

T h e a l u m i n u m chlor ide process for the m a n u f a c t u r e of lewisite was about to be 
p u t t h r o u g h the usua l p i l o t p l a n t , p r o d u c t i o n p l a n t rout ine i n ear ly 1941. A t t h a t 
t ime C o n a n t brought b a c k f r o m E n g l a n d news of a successful reac t i on of arsenic 
t r i ch lo r ide a n d acetylene i n the presence of aqueous m e r c u r i c ch lor ide . T h e new 
m e t h o d , even f r o m the p r e l i m i n a r y e v a l u a t i o n possible, p romised subs tant ia l opera t i ona l 
a n d equ ipment s impl i f i ca t i on . A l t h o u g h the a l u m i n u m chlor ide process h a d been 
operated at the p i l o t p l a n t l eve l , the m e r c u r i c ch lor ide process s t i l l appeared to be 
a faster route to p r o d u c t i o n . T h i s p r o v e d to be a sound conc lus ion . 

T h e r e were other factors i n v o l v e d . M e r c u r i c ch lor ide , whi le scarce a n d expensive, 
was theoret i ca l ly not consumed a n d the m a i n d r a i n on stocks w o u l d be b u i l d i n g u p 
p l a n t i n v e n t o r y . O n the other h a n d , the a l u m i n u m chlor ide charged w o u l d a l l be 
lost as a useful m a t e r i a l c ons t i tu t ing , i n fact , a subs tant ia l d isposal p r o b l e m , c o n 
t a m i n a t e d as i t w o u l d be w i t h arsenic . D e p e n d i n g on a steady s u p p l y of a l u m i n u m 
m e t a l for a l u m i n u m chlor ide p r o d u c t i o n d i d not seem safe, whi le the w a r effort 
demanded the m e t a l for other v i t a l uses. 

U n f o r t u n a t e l y , engineering was a l lowed to sell research on the prop os i t i on t h a t the 
on ly acceptable large scale p r o d u c t i o n process was a cont inuous one. A s a consequence, 
research abandoned i ts field of competence a n d s tar ted on the deve lopment of process 
equ ipment . I n a s u r p r i s i n g l y short t ime lewisite was produced a n d p r o u d l y exh ib i t ed 
as the p r o d u c t of a cont inuous process. T h e decision was made to s tar t a p i l o t p l a n t 
at once. 

50 mm. 

AT 
AT STRIPPING 

TILL 

PUMP CATALYST SEPARATOR 

Figure 1. Flow sheet of mercuric chloride continuous 
process 
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330 ADVANCES IN CHEMISTRY SERIES 

T h e p i l o t p l a n t was unique . M o s t of the cons t ruc t i on was done b y engineers a n d 
h i g h l y sk i l l ed a n d experienced p l a n t operators . P r a c t i c a l l y no drawings were used. 
R e s e a r c h m e n were consultants a n d described, on the job , the funct ions of the p l a n t . 
I t was made of whatever c o u l d be f o u n d ava i lab le a n d was a reasonable facs imi le of 
w h a t research sa id was needed. I t was comple ted i n a t im e extremely short to one 
f a m i l i a r w i t h the usua l p i l o t p l a n t schedule. I t w o r k e d we l l enough to be eva luated . 

O n s t a r t - u p the engineers were d i smayed at the t i n y s t ream of lewisite resu l t ing 
f r o m the large energy i n p u t , b u t i t was a p p a r e n t t h a t research was pleased. E n g i n e e r 
ing measured streams, ca l cu lated rat ios , a n d power c o n s u m p t i o n . Research , v i e w i n g 
the results , i n t i m a t e d that they were r ight i n l ine . 

A slide rule ca l cu la t i on of the results w i t h i n t r o d u c t i o n of the u l t i m a t e p r o d u c t i o n 
goal was a l l t h a t was needed to conf i rm t h a t i t was even worse t h a n suspected at f irst . 
T h e f inal p l a n t w o u l d have the largest a n d / o r most reac t i on towers ever assembled i n 
one spot . I n a d d i t i o n , the p u m p i n g equ ipment cou ld have made a subs tant ia l c o n 
t r i b u t i o n i n revers ing N i a g a r a . 

E n g i n e e r i n g wrote off the losses; b u t " c o n t i n u o u s " as a p p l i e d to a lewisite process 
was a n unment ionab le w o r d for some t ime . B a t c h opera t i on was the order of the day . 

T h e b a t c h operat ion was successful. T h e p i l o t p l a n t operated d u r i n g most of 
1942 a n d p a r t of 1943. T h e first p r o d u c t i o n p l a n t was ready i n late 1942 a n d the 
second a n d t h i r d p lants ear ly i n 1943. P r o d u c t i o n was s topped late i n 1943, w i t h a 
t o t a l of over 20,000 tons. T h i s was a v e r y subs tant ia l achievement , t a k i n g in to account 
t h a t the cata lys t was first heard of i n 1941. 

I n the m e a n t i m e , deve lopment proceeded a long two l ines : f irst , so lut ion of p l a n t 
p r o d u c t i o n prob lems a n d second, cons iderat ion of other cata lysts a n d processes. B o t h 
efforts were successful. 

Composition of Lewisite 

P u r e d i c h l o r o ( 2 - c h l o r o v i n y l ) arsine is a colorless, s l i g h t l y o i l y , n e a r l y odorless 
l i q u i d . I t has the s t ruc ture w h i c h shows space isomers. B o t h have been iso lated a n d 
shown to be stable below 100°C. T h e often described " g e r a n i u m " odor of the c o m 
p o u n d is a consequence of the process of m a n u f a c t u r e , be ing read i ly ident i f ied on ly 
i n the p r o d u c t of the a l u m i n u m chlor ide process. V a p o r s of a n y sample i n a i r are 
read i l y detected, b u t the sensation is u s u a l l y one of a c i d i r r i t a t i o n r a t h e r t h a n of a n 
odor . 

L e w i s i t e is a t e r m p r o p e r l y a p p l i e d to the mass p r o d u c t i o n p r o d u c t c o n t a i n i n g 
m a i n l y β-chlorovinyl , m i x e d w i t h o ther a l l i ed compounds . I t is a b r o w n i s h l i q u i d , i n e r t 
to steel , a n d inde f in i te ly stable i n closed storage. T h e mater ia l s present are shown i n 
T a b l e I . 

Table I. Compositions of Lewisite 

Composition of Crude 

B.P., HgCh process, AlCh Process, 
Component °C. % % 

AT, AsCh 130 40 39 After rework 
Li, C1CH :CHAsCh 

cis 150 Nil Nil ca.Vo 
trans 190 55 10.5 ca. 70 

L2, (ClCH:CH) 2 AsCl 230 5 26.5 
L3, (ClCH:CH) 3 As 260 Nil 24 

L 2 a n d L 3 come f r o m f u r t h e r react ion of L I w i t h acetylene. T h e v e r y h i g h 
p r o p o r t i o n of these mater ia l s i n the a l u m i n u m c h l o r i d e - c o n t r o l l e d condensat ion , c o m 
p a r e d to t h a t observed w i t h m e r c u r y , is p r o b a b l y due to p h y s i c a l factors . T h e 
a l u m i n u m chlor ide react ion is homogeneous a n d a p p a r e n t l y L I is more react ive t h a n 
AT. O n the other h a n d L I is n e a r l y insoluble i n aqueous a c i d a n d AT s o l u b i l i t y is 
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J ARMAN—MANUFACTURE OF LEWISITE 331 

l i m i t e d . A second, arsenic phase is a lways present i n the m e r c u r y process a n d a l l the 
LI is i n th is phase. There fore , AT h a v i n g a fa i r so lub i l i ty i n the cata lys t phase has 
a far higher p r o b a b i l i t y of reac t ing w i t h a n y fixed acetylene. L I , t h o u g h m o r e 
react ive , g iven the same env i ronment , can react o n l y at the organic -aqueous inter face , 
w h i c h reduces the net rate s u b s t a n t i a l l y . 

T h e speci f icat ion compos i t i on of lewisite is whatever q u a l i t y c o n t r o l can m a i n t a i n 
i n debate w i t h p r o d u c t i o n . B o i l i n g po in t re lat ions are such as to a l l ow separat ion of a 
v e r y pure p r o d u c t . I n a c t u a l pract i ce , m e r c u r y process p r o d u c t was crude m o r e o r 
less comple te ly s t r i p p e d of AT. T h e a l u m i n u m process p r o d u c t d i d not reach the 
p r o d u c t i o n stage. 

A n a l y s i s of lewisite was v e r y accurate a n d complete . C o n s i d e r i n g the t i m e i n 
v o l v e d f or deve lopment of methods , the accuracy a n d prec i s i on were r e m a r k a b l e . 
M e t h o d s are on file i n the C o r p s for a l l components of the p r o d u c t a n d b y - p r o d u c t 
streams. T h e detai ls c an be obta ined o n a p p l i c a t i o n to the Office of the C h i e f 
C h e m i c a l Officer, W a s h i n g t o n 25, D . C . 

Processes 

T h e reactions b y w h i c h lewisite has been made are m e n t i o n e d i n T a b l e I I . 
M e t h o d s not us ing cata lysts have been left out . 

Table II. List of Processes Studied 

Catalyst 
AlCla 
HgCh 

C112CI2 

Media 
None 
H2O 

H2O 

Additive 
None 
HC1 

SbCla 4- HC1 
HC1 

Ethanolamine, HC1 

Operation 
Batch—pilot 
Batch—prod. 
Cont.—dev. 
Batch—res. 
Batch—dev. 
Cont.—dev. 
Batch—dev. 
Cont.—dev. 

Aluminum Chloride Process. T h e a l u m i n u m chlor ide process was operated i n the 
p i l o t p l a n t essential ly as s h o w n i n the flow sheet. T h e ra t i o of A T to a l u m i n u m chlor ide 
was 9 to 1. T h e o r i g i n a l scheme was to recover the unreac ted AT together w i t h 
p r o d u c t b y heat ing the react ion mass. T h e result was a n explos ion near the end of 
the d i s t i l l a t i o n . T h e explos ion cou ld o f ten be avo ided b y r i g i d precaut ions i n the 
d i s t i l l a t i o n , b u t i t s t i l l o c curred w i t h sufficient f requency to m a k e the operat ion u n 
p o p u l a r . 

I t was suspected t h a t a n acety l ide was present w h i c h a c c u m u l a t e d to the po int 
where i ts charac ter i s t i ca l l y r a p i d decompos i t ion occurred . T h e remedy proposed was 
to heat i t i n dr ib le ts to above the decompos i t ion t e m p e r a t u r e i n such a w a y t h a t the 
release of energy w o u l d not wreck the equ ipment . A flash bo i ler heated above the 
d r y po int was ind i ca ted , b u t i t c o u l d not be used on a m i x t u r e conta in ing large 
amounts of re la t ive ly nonvo la t i l e a l u m i n u m chlor ide . H y d r o c h l o r i c a c i d w o u l d ex
t r a c t the a l u m i n u m chlor ide w i t h o u t h y d r o l y z i n g the p r o d u c t , i f the a c i d c oncent ra 
t i o n was we l l over 2 0 % . 

T h e scheme w o r k e d . T h e r e were no more explosions, e i ther i n the l a b o r a t o r y 
or i n the p i l o t p l a n t . 

T h e d i s p r o p o r t i o n a t i o n reactor was the source of the cis isomer . L2 a n d L3 i n 
shar ing the excess of organic groups w i t h AT produce b o t h cis a n d t rans isomers. 

T h e a l u m i n u m chlor ide process makes v e r y good lewis i te , b u t uses a n excessive 
a m o u n t of equ ipment a n d energy. A l s o , a l u m i n u m chlor ide is consumed a n d appears i n 
a n unpleasant b y - p r o d u c t s t ream. 

Mercuric Chloride Process. T h e mercur i c chlor ide process uses less equ ipment , 
a l though a l i t t l e more t h a n was first v i sua l i zed . 

T h e basic operat ions i n the process i n v o l v e : the condensat ion of excess AT w i t h 
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Ci Η, Al Cl, 

REALTOR! 

cooling 

ACID WASH 
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I SURGE j vent 
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STILL 
FLASH 
STILL Κ SURGE Κ SURGE 

Figure 2. Flow sheet of aluminum chloride process 

acetylene, a heat ing per i od to react o rganomereury compounds , separat ion of the 
p r o d u c t f r o m the cata lys t l a y e r a n d the v a c u u m d i s t i l l a t i o n , separat ion , a n d recyc l ing 
of excess AT. 

T h i s process, whi le r ead i l y workab le , has some un fo r tunate features. T h e cata lys t 
is heav ier t h a n the p r o d u c t a n d i t is expensive. There fore , i t m u s t be d r o p p e d a n d 
a l i t t l e of the p r o d u c t d r o p p e d w i t h i t to w a s h out l ines a n d valves . I n the ear ly 
stages of deve lopment i t was f o u n d t h a t as A T was removed f r o m the m i x t u r e , a 
sol id ident i f ied as arsenic t r i ox ide separated i n copious amounts i n the s t i l l po t . T h e 
process was v e r y d i m l y regarded u n t i l research came u p w i t h the idea t h a t 5 % of 
t h i o n y l ch lor ide based on p r o d u c t weight w o u l d prevent th i s , w i t h o u t serious c o n 
t a m i n a t i o n of the p r o d u c t . A t the t ime i t saved the process, even i f i t i n v o l v e d go ing 
i n t o the p r o d u c t i o n of t h i o n y l ch lor ide , a l t h o u g h la ter another m e t h o d was used. 

T h e source of the arsenic t r i ox ide is loss of h y d r o c h l o r i c a c id b y the system i n 
the f o r m a t i o n of the b y - p r o d u c t v i n y l ch lor ide . A s the cata lys t is depleted of hydrogen 
chlor ide , the concentrat ion drops to the p o i n t where a balance is reached between v i n y l 
ch lor ide f o r m a t i o n a n d h y d r o l y s i s of AT. 

C 2 H 2 + H C 1 - > C 1 C H : C H 2 

* A s 2 0 3 + 3HC1 <=± A s O C l + 2 H C 1 + * H 2 0 <=± A s C l 3 + H H 2 0 
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JARMAN—MANUFACTURE OF LEWISITE 333 

50mm# 

AT STRIPPING 
STILL 

SURGE L + AT 

Figure 3. Flow sheet of mercuric chloride batch process 

I t w o u l d be possible to prevent h y d r o l y s i s of Α Γ b y the a d d i t i o n of hydrogen 
chlor ide to the reactor , b u t this w o u l d increase acetylene wastage as v i n y l ch lor ide . 
T h e cata lys t o n re-use settles down to a n ac id i n water concentrat ion of less t h a n 
2 0 % . A t th is l eve l on ly a s m a l l a m o u n t of the acetylene fed is lost as v i n y l ch lor ide . 
A s the a c i d concentrat ion goes above t h a t represented b y the constant bo i l ing m i x t u r e , 
the acetylene loss increases more t h a n l i n e a r l y w i t h concentrat i on . 

P l a n t per formance averaged about as shown i n T a b l e I I I . 

Table III. Plant Performance 

Reactors per plant 32, including 4 extras 
Reactor 500-gallon glass-lined 
Cycle time 16 hours 
Production per cycle 1.5 tons product grade 
Distillation Continuous 

Pressure 50 mm. Hg. Temp., 54.5°C. 
Reboiler temp. 118°C. Reflux ratio 2 to 1. 

Catalyst density 2.25 
Product density 1.95 

O p e r a t i o n a l l y , the process was sat is factory . M e r c u r y losses were a lways a w o r r y 
a n d the operators occasional ly erred i n the produc t ca ta lys t separat ion . 

T h e r e was a source of m e r c u r y loss w h i c h u n d e r operat ing condit ions was associated 
w i t h a loss of acetylene. I t was thought , whi le design was i n progress, t h a t the 
acetylene feed should be d r y . T h i s t u r n e d out to be unnecessary, as there is a steady 
loss of water f r o m the cata lys t w h i c h m u s t be made u p per i od i ca l l y . I n a d d i t i o n , i t 
was k n o w n t h a t arsines, phosphines , etc., w o u l d f o r m a sludge i n a m e r c u r i c ch lor ide 
so lut ion . P u r i f i c a t i o n was comple ted b y countercurrent tower s c r u b b i n g us ing c o n 
centrated su l fur i c a c id . T h i s was supposed to remove the - ine compounds as wel l as 
d r y the acetylene. I t a c t u a l l y r e m o v e d several p e r cent of acetylene a n d was finally 
p r o v e d to leave p a r t of the i m p u r i t i e s . 

M e r c u r y losses s t i l l o c curred i n the p l a n t . T h e cause became a p p a r e n t as a n 
eventua l conclus ion f r o m a n a t t e m p t to dupl i ca te p l a n t losses i n deve lopment e q u i p 
m e n t . E x t e n d e d re-use of cata lys t i n the l a b o r a t o r y under the most accurate c o n d i -
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334 ADVANCES IN CHEMISTRY SERIES 

t ions fa i led to demonstrate a n y loss. T h e r e was considerable discussion of the result , 
b u t f o r t u n a t e l y the chemist do ing the w o r k real ized t h a t the engineers r u n n i n g the 
p l a n t were as accurate w i t h pounds as he was w i t h grams. A s th is was about the 
scale ra t io i n v o l v e d , he was conv inced t h a t there was a loss w h i c h he h a d fa i led to 
reproduce . A c e t y l e n e was the most probab le source of error . H e h a d used c y l i n d e r 
grade, whi l e the p l a n t made i t f r o m carb ide . I t was some t i m e before the analysts 
were able to i d e n t i f y the i m p u r i t i e s as reduc ing compounds of arsenic , phosphorus , 
etc. M o r e t ime was wasted w i t h esoteric methods of p u r i f i c a t i o n . F i n a l l y a n intens ive 
s t u d y of M e l l o r a n d a closer look at the per iod ic table l ed to the conclus ion t h a t the 
m a t e r i a l most ava i lab le , arsenic t r i ch l o r ide , w o u l d remove the i m p u r i t i e s q u a n t i t a t i v e l y 
a n d leave the acetylene untouched . T h i s was q u i c k l y a n d easily demonstrated as 
t r u e . I t was a n idea l so lut ion i n th is case, because v a p o r f r o m the wash l i q u i d d i d not 
have to be r e m o v e d f r o m the acetylene. A l s o , AT c ou ld be used i n the ex ist ing carbon 
steel towers ins ta l l ed for the su l fur i c a c id scrub . U n f o r t u n a t e l y , a l l th is was discovered 
at about the t ime the orders for c losing the p lants became enforced. 

I n the m e a n t i m e , a character is t i c t r ea tment h a d been t r i e d . I t was obvious t h a t 
the lost m e r c u r y was i n the lewisite p r o d u c t . T h e r e was no other s t ream leav ing the 
p l a n t . I t seemed reasonable to a t t e m p t to recover i t b y p r o d u c t wash ing a n d 3 0 % 
h y d r o c h l o r i c a c id so lut ion was the obvious wash l i q u i d . A t the same t i m e , the 
arsenic oxych lor ide w o u l d be conver ted to AT. T h e first a t t e m p t s recovered o n l y 
p a r t of the m e r c u r y , a l t h o u g h t h e y prevented so l id f o r m a t i o n d u r i n g AT s t r i p p i n g . 
I t was conc luded t h a t the m e r c u r y w o u l d be i n the p r o d u c t i n a f o r m other t h a n 
m e r c u r i c ch lor ide . T h e most obvious change was reduct i on a n d chlor ine the ox id izer . 
A s m a l l a m o u n t of chlor ine i n the wash so lut ion p r o v e d sat i s factory a n d m e r c u r y was 
comple te ly recovered. H o w e v e r , the b y - p r o d u c t of th is inves t igat ion l ed i n e v i t a b l y 
to re ject ion of the m e t h o d . 

T h e d e m o n s t r a t i o n that m e r c u r y was reduced d u r i n g the react ion led to a search 
for the reduc ing agent. I t was f ound i n the acetylene feed a n d the AT pur i f i ca t i on 
scrub resul ted as descr ibed. 

T h e i n t r o d u c t i o n of another h i g h l y corros ive s t r e a m i n the p l a n t a n d the r e q u i r e 
m e n t for a n h y d r o u s h y d r o c h l o r i c a c i d were considered too h i g h a price to p a y even 
for a v o i d i n g the use of t h i o n y l ch lor ide . I f recovery of m e r c u r y h a d been c r i t i c a l , 
i t p r o b a b l y w o u l d have been used. A s i t was, i t was economica l ly u n s o u n d as l ong 
as sufficient t h i o n y l ch lor ide c a p a c i t y existed a n d the needed m e r c u r y cou ld be p r o 
cured . 

A t h i r d i m p r o v e m e n t , suggested b y D r . B a r t l e t t of H a r v a r d , i n v o l v e d a d d i t i o n 
of a n t i m o n y t r i c h l o r i d e to the ca ta lys t . I t is a po wer f u l p r o m o t e r for the cata lys t 
a n d i t increases two fo ld the rate of the condensat ion react ion . I n the ca ta lys t , the 
concentrat ion c o u l d be m a i n t a i n e d b y i n c o r p o r a t i n g 1 % of a n t i m o n y t r i c h l o r i d e i n 
the AT feed. I t does no h a r m i n the p r o d u c t , b u t cannot be recovered economica l ly . 
T h e i m p a c t of the a n t i m o n y requirement on the w a r economy was not eva luated , 
before p r o d u c t i o n of lewisite was s topped . 

C u p r o u s C h l o r i d e C a t a l y s t . T h e cuprous chlor ide is operated i n b a t c h v e r y 
m u c h as i n the m e r c u r i c ch lor ide process. I t has two i m p o r t a n t advantages a n d t w o 
serious disadvantages . 

A d v a n t a g e s . C h e a p e r , more ava i lab le ca ta lys t . P r o d u c t heavier t h a n the c a t a 
l y s t . 

D i s a d v a n t a g e s . M u c h less p r o d u c t , space, t i m e , t h a n for the m e r c u r i c ch lor ide 
ca ta lys t . L a r g e r loss of acetylene as v i n y l ch lor ide , based o n the lewdsite produced . 

T h e process was not d iscovered u n t i l the design on the m e r c u r i c ch lor ide sys tem 
h a d been decided. T h e reduc t i on i n p l a n t c a p a c i t y w h i c h w o u l d have fo l l owed a 
change to the cuprous ch lor ide cata lys t was not acceptable as long as m e r c u r y cou ld 
be o b t a i n e d ; as i t remained i n adequate s u p p l y , there was never a n y serious thought 
of m a k i n g the change. 

I t w o u l d have made a v e r y good cont inuous process, w i t h the except ion of the 
large a m o u n t of v i n y l ch lor ide produced . 
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HCI 
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Figure 4. Flow sheet of cuprous chloride batch process 

C u p r o u s Chlor ide-Ethanolamine C a t a l y s t . T h e l o w p r o d u c t i o n rate of the 
copper cata lys t was overcome b y the B r i t i s h b y us ing e thano lamine to increase the 
s o l u b i l i t y of the ch lor ide . A v e r y i m p o r t a n t result was t h a t w i t h e thano lamine the 
copper c h l o r i d e - h y d r o c h l o r i c a c i d is noncorros ive to m i l d steel. A l l reactors u p to 
this po in t h a d h a d to be glass l i n e d . 

T h e r e is usua l ly a disadvantage a n d i n this case i t was dens i ty re lat ions . AT is 
of h igher dens i ty t h a n the cata lys t . A s react ion proceeds, the dens i ty of the arsenic 
l a y e r approaches t h a t of the cata lys t a n d at the end p o i n t for speci f icat ion grade 
lewisite there is l i t t l e difference. A solvent is needed t o m a k e phase separat ion pos 
sible . E v e n w i t h th i s , separat ion was not good a n d a cont inuous separat ion process 
was needed. F r o m deve lopment w o r k i t w o u l d have l ooked someth ing l i k e t h i s : 

I SOLVENTj I AT 

BLENDING 
KETTLE 

/] HCI [\ 
1 ANHYD. J 

50 mm. 

® VAPOR 
SEPARATOR 

SEPARATOR 

ACID 
WASH 

SURGE C D 
AT + Solvent 

AT • L+ Solvent 

Figure 5. Flow sheet of cuprous chloride-ethanolamine continuous process 
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336 ADVANCES IN CHEMISTRY SERIES 

A 5-gal lon process deve lopment setup was operated on this scheme. T h e separa 
t o r was n e a r l y 1 0 0 % efficient i n about ^ - g a l l o n size. T h e remainder of the cata lys t 
was recovered i n the h y d r o c h l o r i c a c id s c rubb ing tower , present, p r i m a r i l y to convert 
arsenic oxych lor ide to AT. 

T h i s process cou ld have been used to e x p a n d capac i ty , i f there h a d been occasion 
to do so. T h e s u i t a b i l i t y of m i l d steel for cons t ruc t i on was a n o v e r r i d i n g advantage . 

O t h e r C o n t i n u o u s Processes . A l l cata lysts were, eventua l ly , operated efficiently 
i n cont inuous systems. I n order to be compet i t i ve , the m e r c u r i c ch lor ide a n d cuprous 
chlor ide cata lysts h a d to be operated i n tower systems. T h e s t i r r e d reactor , operated 
cont inuous ly , produces a n increased a m o u n t of L 2 a n d L 3 , the p r o d u c t of condensa
t i o n of 2 a n d 3 moles, respect ive ly , of acetylene w i t h 1 of A T . T h i s is obvious , w h e n 
i t is considered t h a t a l l of the condensat ion of acetylene occurs at the highest l eve l 
of L I concentrat ion , instead of at a n average leve l of about hal f of t h a t i n the b a t c h 
reactor . T h e react ion m u s t be r u n at a lower t o t a l convers ion to a v o i d increase of 
undesirable po lycondensat ion products . T o do this requires a larger s t r i p p i n g s t i l l . 
T h i s was acceptable on ly w i t h the cuprous ch l o r ide - e thano lamine , where the a d v a n 
tages were a sufficient compensat ion . 

A tower sys tem w o u l d a v o i d th is b y p r o v i d i n g a n L I concentrat ion gradient 
a long the c o l u m n about equal to the b a t c h reactor concentrat ion grad ient w i t h t i m e . 
T h e tower sys tem, p rev i ous ly f ound l ow i n y i e l d , gave a good space y i e l d w h e n the 
s imple device of filling the c o l u m n w i t h cata lys t so lut ion was adopted . N o p u m p s 
were needed. 

Because of the difference i n the c a t a l y s t - p r o d u c t dens i ty re lat ions , the m e r c u r i c 
ch lor ide a n d cuprous chlor ide systems requ i red different arrangements , b u t the f u n d a 
m e n t a l operat i on was the same. 

CO MP. C 2 H 2 

GAS_λ Γ Λ 
C*H, 

® 

Cu t CI* 
REACTOR 

TOWER 
SAPENT "ÂJCID 

SEPARATOR 

L • AT L + AT j 

Figure 6. Flow sheet of cuprous chloride and mercuric chloride continuous re
actor towers 

These towers operated w i t h a m i n i m u m of a t t e n t i o n . A c t u a l l y one operator 
c ou ld , a n d u s u a l l y d i d , handle b o t h at once. S e p a r a t i o n a n d leve l c o n t r o l were self-
ad jus t ing to the p r o d u c t i o n rate . 
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JARMAN—MANUFACTURE OF LEWISITE 337 

T h e h y d r o c h l o r i c a c i d wash ing , r ep lac ing the t h i o n y l ch lor ide t r e a t m e n t , was 
c r i t i c a l i n b o t h processes. I n the cuprous chlor ide sys tem, v i n y l ch lor ide p r o d u c t i o n 
was so h igh t h a t the t h i o n y l chlor ide requirement w o u l d have been p r o h i b i t i v e . I n 
a d d i t i o n , hydrogen chlor ide deplet ion i n the lower p a r t of the c o l u m n (acetylene 
inlet p r o d u c t separat ion end) was so great t h a t solids separated . H y d r o c h l o r i c a c id 
a d d i t i o n was necessary a n d the overf low f r o m the scrubber wTas just about ba lanced 
b y this requirement . 

T h e a m o u n t of spent ac id overf low was not large, be ing equal i n moles of water 
content (as a l i t t l e w o r k w i t h the equations w i l l show) to one ha l f the moles of v i n y l 
chlor ide produced . 

I n the m e r c u r i c chlor ide c o l u m n , where v i n y l ch lor ide p r o d u c t i o n is m u c h less, 
the a c i d wash is needed for another reason. T h e m e c h a n i s m of the react ion p r o d u c i n g 
lewisite invo lves fixing acetylene as a m e r c u r y - v i n y l chlor ide complex w h i c h is then 
t rans ferred to arsenic t r i c h l o r i d e . T h e r e is a subs tant ia l concentrat ion of the organo-
m e r c u r y in termediate i n the absorb ing cata lys t a n d i t is d i s t r i b u t e d between the 
aqueous a n d the organic phases. I n b a t c h operat ion , a cook per i od is i n t r o d u c e d i n 
the cycle , a f ter the acetylene feed is d iscont inued , w h i c h produces m e r c u r i c ch lor ide 
a n d lewisite . 

T h e cont inuous process cannot incorporate this p a r t of the cycle w i t h o u t some 
f a i r l y d e m a n d i n g arrangements . F o r t u n a t e l y , i t was not necessary, as the a c i d s o l u 
t i o n broke u p the organic complex a n d extracted the m e r c u r y complete ly . I n order 
to do th is , i t was necessary to operate the exist ing ac id tower at e levated t empera ture . 
I t was bel ieved that i t w o u l d have w o r k e d as we l l at room temperature w i t h a few 
more transfer uni ts . D e v e l o p m e n t was d iscont inued before the idea cou ld be tested. 

B o t h tower processes are super ior economica l ly to the m e r c u r i c ch lor ide b a t c h 
a n d b o t h were demonstrated ear ly i n the per iod of p l a n t cons t ruc t i on . T h e m e r c u r i c 
chlor ide cont inuous process is super ior to the cuprous chlor ide on the basis of c o n 
servat ion of acetylene a n d p r o d u c t i o n rate per u n i t vo lume . T h e r e is no observa 
ble m e r c u r y loss, w i t h pur i f i ed acetylene feed, a n d the o v e r - a l l p r o d u c t i o n per u n i t 
of m e r c u r y i n p lant i n v e n t o r y is higher t h a n i n the b a t c h process. W h i l e the a b s o r p 
t i o n rate i n the tower is less t h a n the average b a t c h rate d u r i n g the absorp t i on p a r t 
of the cycle , th is is more t h a n made u p b y cont inuous operat ion . 

W h i l e the economic factors were favorable , the t i m e factor was not . Spec ia l l y 
designed, h y d r o c h l o r i c a c id - res i s tant towers , separators , a n d scrubbers cou ld not be 
p r o c u r e d on a schedule t h a t w o u l d meet the p r o g r a m requirements . I n 1942, a few 
cents per p o u n d was considered as a v e r y s m a l l pr ice to p a y for speed i n p r o d u c t i o n . 

I t was f ound possible to m a k e 20,000 tons of lewisite i n a l i t t l e more t h a n 2 years 
s t a r t i n g f r o m a react ion demonstrated , s u m m a r i l y , i n the l a b o r a t o r y . I t was done 
b y a s l i ght ly l a v i s h use of e v e r y t h i n g b u t t ime , as was demanded b y c ircumstances . 
T h e m a n u f a c t u r e can be one of the easiest a n d most economical i n the meta l -organic 
field, a n d i t is regretted t h a t no one has ever f o u n d a n y use for the c o m p o u n d . I t is 
a p i t y to waste such a neat process. 

H o w e v e r , i f anyone needs a few thousand tons of lewisite , i t is not necessary to 
b u i l d a p l a n t . T h e C h e m i c a l C o r p s s t i l l has stock on h a n d a n d w i l l be v e r y g l a d 
to discuss a n arrangement to s u p p l y a n y m a r k e t u p to 4000 tons. 

R E C E I V E D for review May 10, 1957. Accepted June 1, 1957. 
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Chromium Complexes 

F. B. HAUSERMAN 
Experimental Station, Grasselli Chemicals Department, 
Ε. I. du Pont de Nemours & Co., Inc., Wilmington, Del. 

Water-soluble, Werner-type chromium complexes of 
carboxylic acids, which can be used to modify the 
surface characteristics of many substrates, were de
veloped from the reaction products of chromyl chlo
ride and various organic materials. Typical com
plexes are Quilon chrome complex (chromium com
plexes of stearic or myristic acid), used as a water 
repellent and release agent; Volan (methacrylato 
chromic chloride), used as a coupling agent in vari
ous reinforced plastic laminates; p-aminobenzoato 
chromic chloride, used as an ultraviolet screener; and 
p-nitrobenzoato chromic chloride, used as an anti
-static agent. The chemistry of chromium complexes 
of carboxylic acids, methods of manufacture and 
application, and various uses are discussed. 

C h r o m i u m complex commodi t i es are general ly ac id ic so lut ions of the c h r o m i u m c o m 
plex i n 2 - p r o p a n o l , water , a n d sometimes acetone. T h e complex content w i l l v a r y 
between about 20 a n d 3 5 % , depending on the mo lecu lar weight of the c a r b o x y l i c a c i d . 
T h e a m o u n t of water var ies f r o m about 5 to 2 5 % , depending u p o n the complex i n 
q u e s t i o n ; the acetone content , i f a n y is present, is less t h a n 3 % ; a n d u s u a l l y the r e 
m a i n d e r of the c o m m o d i t y is 2 -propano l . 

T h e complexes themselves m a y be descr ibed as react ion produc t s of carboxy l i c 
acids a n d basic c h r o m i c c h l o r i d e : 

2 C r ( O H ) C l 2 + R C O O H -> C r 2 ( O H ) C l 4 0 2 C R + H 2 0 (1) 

T h e basic chromic ch lor ide can be p r e p a r e d i n a n u m b e r of ways , a t y p i c a l process (18) 
be ing the reduc t i on of c h r o m y l ch lor ide w i t h a n a l coho l such as 2 - p r o p a n o l : 

2 C r 0 2 C l 2 + 3 ( C H 3 ) 2 C H O H -> 2 C r ( O H ) C l 2 + 3 ( C H 3 ) 2 C O + 2 H 2 0 (2) 

A pos tu la ted s t ruc ture for the m o n o m e r i c , u n h y d r a t e d complex is shown b y 
f o r m u l a I . T h e complex i n the c o m m o d i t y has a lcohol a n d water coord inated w i t h 
the c h r o m i u m , a n d a possible s t ruc ture for the u n p o l y m e r i z e d complex i n the c o m 
m o d i t y is s h o w n b y f o r m u l a I I , assuming one water a n d one a lcohol molecule are 
coord inated w i t h each c h r o m i u m . 

CltCr^ ^CrCl2 

s 0 
Η 

338 
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HAUSERMAN—CHROMIUM COMPLEXES 339 

C12 

R 

£1 2 
I I 

( H 2 0 ) - C r ^ ^Οτ-(Ηβ) 
(ROH) β (ROH) 

I n f ormulas I a n d I I , the chlor ine atoms are shown as be ing coord inated ( cova lent ly 
bound) w i t h the c h r o m i u m . P r o b a b l y some exist as chlor ide ions, even w h e n the 
c o m m o d i t y contains o n l y a s m a l l a m o u n t of water . A s s u m i n g a l l the chlor ine atoms 
are ionic a n d the coord inated chlor ine has been rep laced w i t h water a n d a lcoho l , f o r 
m u l a I I w o u l d be 

R 

Ο 
l / ( H 2 0 ) 2 

Cr 
(ROH)f ^ O ^ ^(ROH)2 

+4 

+ 4d" I I I 

U p o n d i l u t i n g the complex c o m m o d i t y w i t h water , a n y alcohol groups coord inated 
w i t h the c h r o m i u m are replaced w i t h water , a n d most of the cova lent ly b o u n d chlor ine 
atoms become ionic ch lor ide . T h e extent of th i s i o n i z a t i o n can be shown b y a c o n -
ductometr i c t i t r a t i o n w i t h s i lver n i t r a t e . I n stearato chromic ch lor ide , i m m e d i a t e l y 
after d i l u t i o n about 7 4 % of the t o t a l ch lor ide is ion ic , a n d w i t h i n several hours 80 to 
8 5 % is ionic . I n V o l a n ( D u P o n t , m e t h a c r y l a t o chromic c h l o r i d e ) , about 9 0 % of the 
chlor ide is ionic u p o n d i l u t i o n , a n d after about 2 hours 9 5 % is ionic . T h e r e is also 
some p o l y m e r i z a t i o n of the complex w h e n the c o m m o d i t y is d i l u t e d w i t h water , b u t 
th is is m i n o r c o m p a r e d to the p o l y m e r i z a t i o n w h e n the c o m m o d i t y is neutra l i zed or 
heated. 

W h e n the p H of a d i lu te c h r o m i u m complex so lut ion is raised f r o m about 3 to 
4 to 6, a l l c ova lent ly b o u n d chlor ine atoms i m m e d i a t e l y become ionic a n d a n a p p r e 
ciable a m o u n t of p o l y m e r i z a t i o n occurs. T h i s p o l y m e r i z a t i o n continues as the s o l u 
t i o n ages as s h o w n b y a g r a d u a l decrease i n p H ; the p H of a d i l u t e d , u n n e u t r a l i z e d 
complex so lut i on changes v e r y l i t t l e . P r o b a b l y th is decrease i n p H is due to the 
f o r m a t i o n of C r — 0 — C r bridges b y the e l i m i n a t i o n of hydrogen ions f r o m the water 

i 
H 

molecules coord inated to the c h r o m i u m atoms, resu l t ing i n a p o l y m e r i z e d complex , 
r a t h e r t h a n to the h y d r o l y s i s of ch lor ine atoms cova lent ly b o u n d to the c h r o m i u m (10). 
T h e base used to raise the p H p r e s u m a b l y serves to promote the b r i d g i n g of the 
c h r o m i u m atoms t h r o u g h oxygen b y s h i f t i n g the fo l l owing e q u i l i b r i u m to the r i g h t : 

<̂ N> 
Ψ I 

(H20)4Cr Cr(H20)4 

Η 

+ 8C1" 
OH" 

H20 + H + + 8C1~ + 

R 
I 

0^ 0 

+ I 
(H20)4Cr Cr-

H 
- 0 -' ^ ' ^ ' \ η ^ ' \ u ^Cr y > ( H 2 0 ) 4 

3 <H20), (H20), g 
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340 ADVANCES IN CHEMISTRY SERIES 

T h e extent of th is b r i d g i n g or p o l y m e r i z a t i o n depends on the base used to raise the p H , 
the a m o u n t added , the complex being n e u t r a l i z e d , a n d the degree of d i l u t i o n . B y 
c o n t r o l l i n g the p o l y m e r i z a t i o n , the complex remains soluble even t h o u g h of f a i r l y h i g h 
mo lecu lar weight . H e a t i n g the complex w i l l also cause p o l y m e r i z a t i o n , a l t h o u g h p r o b 
a b l y no t as r a p i d l y n o r to as great a n extent as occurs w i t h increased p H . 

W h e n th is d i l u t e d complex is a p p l i e d to a substrate a n d the t rea ted surface is 
heated, f u r t h e r p o l y m e r i z a t i o n occurs to give a n insoluble coat ing w h i c h w i l l a t t a c h 
f i r m l y to negat ive ly charged surfaces conta in ing po lar g r o u p s ; the complex is he ld to 
the surface b y b o t h covalent bonds a n d po lar forces. Surfaces w h i c h conta in O H , 
N H 2 , C O O H , C O N H 2 , S 0 3 H , a n d other groups are p a r t i c u l a r l y susceptible to s t rong 
b o n d f o r m a t i o n . T h e b o n d between V o l a n a n d the surface of a glass fiber m i g h t be 
represented as 

CH; 
II 

CH3—C 

V o l a n 

Glass surface 

A c c o r d i n g to this m e c h a n i s m , the organo group i n the carboxy l i c a c i d w r ould be or iented 
a w a y f r o m the t reated surface a n d , therefore, w o u l d give i ts character is t i cs to the s u b 
strate . T h e degree of surface coverage b y the ac id w i l l depend on the a m o u n t a n d the 
m a k e - u p of the complex used. H e r (12) ca l cu lated t h a t a finely d i v i d e d a m o r p h o u s 
s i l i ca , surface area of 100 square meters per g r a m , t rea ted w i t h a p p r o x i m a t e l y a n 
equiva lent weight of stearato chromic ch lor ide c o m m o d i t y is essential ly comple te ly 
covered w i t h stéarate groups . 

Table I. Chromium C o m p l e x e s ® and Typical 
Characteristics They Impart 

Acid in Chromium Complex 
Stearic or myristic 
Methacrylic 
p-Aminobenzoic acid 

2,4-Di hy droxyben zoic 
Sorbic 
Gluconic 
p-Nitrobenzoic 
Fluorinated carboxylic acids 
Cyanoacetic 

Glycine 
Trichloroacetic 

Glycolic 
Thioglycolic 

Tannic 

Characteristics of Treated Surface 
Water repellent, nonadhesive 
Reactive toward vinyl polymers 
Opaque to ultraviolet light, reactive 

toward condensation polymers 
Reactive toward condensation polymers 
Reactive toward vinyl polymers 
Hydrophilic 
Resistant to static build-up 
Hydrophobic and oleophobic 
Reactive toward polymers containing 

polar groups 
Reactive toward condensation polymers 
Reactive toward polymers containing 

polar groups, resistant to static build
up 

Reactive toward hydroxylated surface 
Reactive toward sulfur containing 

polymers or surfaces 
Reactive toward condensation polymers 

and hydroxylated vinyl polymers 
α Complexes and uses are covered by patents (2, 4, 7-9, 11, 13-16, 19, 

T a b l e I gives examples of ava i lab le c h r o m i u m complexes a n d the character is t i cs 
t h e y shou ld give to the surface of the t reated subtrate . Some p o t e n t i a l uses for these 
or o ther complexes are insect a n d m o l d resistance, o i l flotation agents, i n s o l u b i l i z a t i o n of 
v i n y l - t y p e p o l y m e r s , t r e a t m e n t of m e t a l surfaces, a n d chemica l in termediates . 

Some substances w h i c h m a y be t rea ted r e a d i l y w i t h c h r o m i u m complexes are 
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HAUSERMAN—CHROMIUM COMPLEXES 341 

ceramics , water - inso lub le organic a n d inorganic fillers, v i t reous masses, glass, s i l i ca , 
a l u m i n a , p igments , c lays , wood , paper , co t ton , r a y o n , ce l lophane, s t a r c h , h e m p , asbes
tos, woo l , s i lk , n y l o n , r a y o n , other synthet i c fibers a n d fabr ics , ge la t in , ze in , a n d leather . 

Manufacture 

T h e several methods of p r e p a r i n g c h r o m i u m complex commodi t i es i n v o l v e the 
intermed ia te f o r m a t i o n of basic chromic ch lor ide . M e t h o d s t h a t e i ther have been or 
are be ing used inc lude the f o l l o w i n g : 

A d d a so lu t i on of c h r o m y l chlor ide i n a n h y d r o u s c a r b o n te t rach lor ide to a so lut ion 
of the carboxy l i c a c id i n a n h y d r o u s carbon te t rach lor ide a n d a n h y d r o u s e thano l , ref lux, 
remove the c a r b o n te t rach lor ide b y d i s t i l l a t i o n , a n d d i lu te the p r o d u c t w i t h a lcohol 
a n d water (11, 13). 

A d d a so lut i on of c h r o m y l chlor ide i n a n h y d r o u s c a r b o n te t rach lor ide to a so lut i on 
of the a l coho l corresponding to the carboxy l i c a c id desired i n a n h y d r o u s c a r b o n t e t r a 
ch lor ide , ref lux, remove the c a r b o n te t rach lor ide b y d i s t i l l a t i o n , a n d dissolve the p r o d 
uc t i n a l coho l a n d water (13). 

M i x a n d w a r m solut ions of chromic chlor ide hexahydrate i n g lac ia l acetic a c i d a n d 
the carboxy l i c a c i d desired i n g lac ia l acetic ac id , a d d acetic a n h y d r i d e , ref lux, e v a p o 
rate off the acetic a c id a n d acetic a n h y d r i d e , a n d take u p the p r o d u c t i n a lcohol a n d 
water (13). 

P r e p a r e basic chromic ch lor ide b y reac t ing chromic ch lor ide h e x a h y d r a t e w i t h 
s o d i u m h y d r o x i d e i n b o i l i n g m e t h a n o l , a d d a so lut ion of the carboxy l i c a c i d i n m e t h a 
n o l , a n d ref lux (13). 

H e a t at e levated t e m p e r a t u r e a m i x t u r e of chromic chlor ide hexahydrate a n d a 
h i g h m e l t i n g carboxy l i c a c id , t h e n take u p the so l id p r o d u c t i n a l coho l a n d water (13). 

R e a c t a n aqueous so lut i on of chromic oxide i n h y d r o c h l o r i c a c id , a d d th is so lu t i on 
to a n a lcoho l of less t h a n five carbons, ref lux, a n d then a d d the carboxy l i c a c i d (17, 
18). 

C h r o m y l chlor ide for these preparat i ons can be p r e p a r e d b y react ing chromic oxide 
a n d h y d r o c h l o r i c a c id i n a su l fur i c a c i d m e d i u m ; the c h r o m y l ch lor ide f o rmed can be 
extrac ted w i t h carbon te t rach lor ide . A second m e t h o d of p r e p a r a t i o n is to react 
chromic oxide w i t h h y d r o c h l o r i c a c id i n a n aqueous m e d i u m a n d use th is aqueous 
so lu t i on as i n the last m e t h o d g iven . A n h y d r o u s c h r o m y l chlor ide can be p r e p a r e d 
b y react ing a s l u r r y of chromic oxide i n su l fur i c a c id w i t h a n h y d r o u s hydrogen c h l o 
r ide . T h e c h r o m y l ch lor ide separates f r o m the su l fur i c ac id a n d can be removed for 
f u r t h e r reac t ion (18). 

Preparation and Application of Treating Solutions 

T h e m e t h o d used to a p p l y a c h r o m i u m complex depends u p o n the complex itself , 
the surface be ing t reated , a n d the results desired. A l l methods i n v o l v e d i l u t i n g the 
complex c o m m o d i t y w i t h water , m a k i n g a n y needed p H ad jus tment , a p p l y i n g the s o l u 
t i o n to the substrate , d r y i n g , i n some cases washing the t reated substrate , a n d d r y i n g 
aga in . I n each case, the best m e t h o d shou ld be de termined b y exper imenta t i on . I f 
the p r o p e r m e t h o d is chosen, the surface mod i f i ca t i on ob ta ined w i l l be consistent a n d 
reproduc ib le . E a c h step i n the a p p l i c a t i o n of the complex is descr ibed w i t h a br ie f 
discussion of the m a j o r var iab les . 

C o n c e n t r a t i o n . T o o b t a i n a n effective t rea tment , the complex c o m m o d i t y shou ld 
be d i l u t e d w i t h water a n d not a n organic so lvent . W h e n a n organic system is r e 
q u i r e d , as m u c h water as possible shou ld be added so t h a t the complex can po lymer i ze 
a n d b o n d to the substrate be ing modi f i ed . 

T h e o p t i m u m concentrat i on of the t r e a t i n g so lut i on w i l l depend u p o n the effect 
des ired a n d the substrate be ing t reated . F o r mater ia l s w i t h a l o w surface area such 
as p a p e r , fibers, f abr i c , ce l lophane, meta ls , a n d m a s o n r y , the t r e a t i n g so lu t i on shou ld 
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342 ADVANCES IN CHEMISTRY SERIES 

c o n t a i n about 0.5 to 5 % complex c o m m o d i t y . F o r s m a l l discrete part i c les , the t r e a t i n g 
solut ions shou ld conta in about 2 to 1 5 % complex c o m m o d i t y , depending u p o n the 
part i c l e size a n d surface area of the m a t e r i a l . T h e exact concentrat i on w i l l depend 
u p o n the adsorbency of the substrate , t r e a t i n g e q u i p m e n t used, t r e a t i n g t i m e , r e a c t i v 
i t y of the substrate t o w a r d the complex , a n d wet p i c k u p . 

p H A d j u s t m e n t . T h e p H of the complex so lut i on shou ld be raised b y a d d i t i o n 
of base. T h i s w i l l increase the efficiency of the t rea tment , p revent t ender i za t i on of 
mater ia l s sensit ive to acids, a n d prevent corros ion of t r e a t i n g equ ipment . T h e p H 
of the complex c o m m o d i t y , as de termined b y a glass electrode, is about 2 ; on d i l u t i o n 
w i t h water to 2 % c o m m o d i t y , the p H is about 3. 

T h e extent a n d m e t h o d of p H ad jus tment depend p r i m a r i l y on the complex a n d 
base used. G e n e r a l l y , the p H shou ld be ad justed to a n i n i t i a l va lue of 4 to 6, p r o v i d 
i n g the complex or t r e a t i n g sys tem a n d the substrate can tolerate th is p H . T h e p H 
at w h i c h the complexes disassociate or prec ip i ta te w i l l v a r y ; complexes of water s o l u 
b le carboxy l i c acids genera l ly are more stable at a h i g h p H . 

T h e base shou ld be d i l u t e d a n d added to the complex so lu t i on w i t h ag i ta t i on . 
T h e extent of d i l u t i o n of the base depends u p o n i ts s t rength , b u t i t s h o u l d be suff i 
cient to prevent l o ca l p r e c i p i t a t i o n at the po in t of a d d i t i o n . A 1 % a m m o n i a so lut i on 
can be added w i t h good ag i ta t i on to a n y complex so lut i on , except those of l o n g - c h a i n 
acids such as m y r i s t i c or stearic , w i t h o u t p r e c i p i t a t i o n o c c u r r i n g . F o r a stronger base 
more d i l u t i o n is requ i red . I f p r e c i p i t a t i o n occurs w h e n first ad jus t ing the p H of a 
c h r o m i u m complex , a more d i lute n e u t r a l i z i n g so lut ion a n d / o r bet ter a g i t a t i o n shou ld 
be t r i e d . I f p r e c i p i t a t i o n s t i l l occurs, t h e n a weaker base shou ld be used . 

N i t r o g e n o u s bases such as a m m o n i a , m o r p h o l i n e , hexamethy lenete t ramine , p i p e r i -
dine, a n d me lamine are the best compounds for p H ad jus tment of the c h r o m i u m c o m 
plex so lu t i on . H o w e v e r , salts of weak acids such as s o d i u m formate , s o d i u m c a r 
bonate , a n d s o d i u m si l icate are often used, especial ly w i t h complexes of h i g h l y w a t e r -
insoluble carboxy l i c acids. A buffer sys tem has also been used successful ly . Q u i l o n 
( D u P o n t ) m a y be p a r t i a l l y n e u t r a l i z e d w i t h a so lu t i on c o n t a i n i n g 1 6 . 5 % u r e a , 5 . 0 % 
s o d i u m formate , 0 . 2 % formic a c id , a n d 7 8 . 3 % w a t e r ; a n i n i t i a l p H of about 4 is o b 
t a i n e d . W i t h hexamethy lenete t ramine or m e l a m i n e , the p H of a n aqueous Q u i l o n s o l u 
t i o n m a y be raised to about 5 w i t h o u t p r e c i p i t a t i o n . 
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Figure 1. Effect of age on pH of chromium complexes 
A. 2% Volan commodity, pH unadjusted 
β. 2% Volan commodity, pH adjusted with 1% ammonia 

Pu
bl

is
he

d 
on

 J
an

ua
ry

 1
, 1

95
9 

on
 h

ttp
://

pu
bs

.a
cs

.o
rg

 | 
do

i: 
10

.1
02

1/
ba

-1
95

9-
00

23
.c

h0
32



HAUSERMAN—CHROMIUM COMPLEXES 343 

T h e p H of a freshly p r e p a r e d complex so lut ion w i l l d r o p on aging because of 
p o l y m e r i z a t i o n of the c h r o m i u m . I n F i g u r e 1, curve A shows the p H decrease of a 
so lu t i on conta in ing 2 % V o l a n c o m m o d i t y , p H u n a d j u s t e d ; curve Β shows the d r o p 
i n p H of a 2 % V o l a n so lut i on w h i c h has been p a r t i a l l y n e u t r a l i z e d , 2.2 p a r t s of 1 % 
a m m o n i a per p a r t V o l a n c o m m o d i t y . T h i s decrease i n p H has no effect o n the 
c o u p l i n g efficiency of the complex , solut ions aged 24 hours be ing equiva lent to freshly 
p r e p a r e d solut ions . Because of this d r o p i n p H , i t is preferable to use a g iven a m o u n t 
of the n e u t r a l i z i n g so lut i on per p a r t of complex c o m m o d i t y , instead of a d j u s t i n g to a 
g iven p H . T h e l a t t e r w o u l d v a r y depending u p o n the age of the so lut ion w h e n the 
p H was de termined , the rate at w h i c h the neutra l i ze r was added , a n d the p H of the 
d i l u t i o n water . F o r V o l a n , the recommended procedure to adjust the p H is to a d d 
2.2 p a r t s of 1 % a m m o n i a per 1 p a r t of c o m m o d i t y . 

T h e effect of us ing different neutra l i zers to adjust p H of a complex is s h o w n b y a 
s t u d y o n V o l a n ( T a b l e I I ) , used c o m m e r c i a l l y to couple l a m i n a t i n g resins such as 
the polyesters to re in forc ing mater ia l s such as glass fabr i c . T h e c h r o m i u m i n the 
complex bonds to the glass surface, a n d the m e t h a c r y l i c a c i d copo lymerizes w i t h the 
res in . T o develop the pre fe r red m e t h o d of a p p l y i n g V o l a n to glass f abr i c , a n u m b e r 
of neutra l i zers were eva luated . G lass f abr i c was t rea ted w i t h 2 % V o l a n n e u t r a l i z e d 
w i t h different amines , d r i e d , washed, a n d d r i e d aga in . T h e t rea ted fabr i c was m a d e 
in to 12 -p ly laminates us ing a polyester res in w h i c h were t h e n tested for f lexural s t rength 
(6) a f ter exposure for 3 hours to bo i l ing water . T h e o n l y v a r i a t i o n was the neutra l i ze r 
used to adjust the p H of the V o l a n . 

Table II. Variation in Coupling Efficiency 
of Volan with Neutralizer 

Flexural 
pH of Strength," 

Neutralizer Solution P.S.I. 
Piperidine 5.7 63,000 
Dimethyl ami ne 5.5 58,500 
Morpholine 5.5 58,100 
Trimethylamine 5.4 56,900 
Ammonia 5.3 55,900 
Hexamethylenetetramine 5.3 51,600 
Pyridine 5.5 49,000 
Sodium formate 4.1 48,300 

a Methods 1031 and 1011. 

A s shown b y the results i n T a b l e I I , the base has done more t h a n neutra l i ze a p o r 
t i o n of the inorganic a c id in the complex . T h e p H of the so lut ion was adjusted to a p 
p r o x i m a t e l y the same va lue i n each case, ye t the efficiency of the V o l a n var ies s u b 
s t a n t i a l l y w i t h different bases, p i p e r i d i n e increas ing the s t rength about 3 0 % over 
p y r i d i n e . A m m o n i a was p i c k e d over the other neutra l i zers for the recommended 
m e t h o d of p H ad jus tment af ter cons ider ing cost, a v a i l a b i l i t y , ease of h a n d l i n g , a n d 
use efficiency. 

T h e effect of the a m o u n t of neutra l i ze r o n the use efficiency is shown i n T a b l e I I I . 
V o l a n was d i l u t e d to 2 % , a n d the p H of the t r e a t i n g so lut ion was ad justed w i t h v a r y 
i n g amounts of 1 % a m m o n i a . T h e t rea ted a n d washed fabr i c was m a d e in to 12 -p ly 
po lyester laminates a n d tested for s t reng th (6) as i n T a b l e I I . 

Table III. Variation in Coupling Efficiency 
of Volan with Ammonia Concentration 

Pts. Flexural 
1% NHs/Pt. Treating Strength (6), 
Commodity Soln. : pH P.S.I. 

0.0 3.1 52,000 
0.3 3.7 52,100 
1.1 5.0 56,400 
2.2 5.6 60,700 
3.5 0.0 57,900 
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344 ADVANCES IN CHEMISTRY SERIES 

A f t e r a ce r ta in l eve l , increas ing the a m o u n t of neutra l i ze r decreases the efficiency of 
the complex , even t h o u g h p r e c i p i t a t i o n has not occurred . T h i s shou ld be considered 
w h e n d e t e r m i n i n g the o p t i m u m a m o u n t of neutra l i ze r to use. T h e d a t a i n T a b l e I I I 
are app l i cab le o n l y to the a m m o n i a - V o l a n s y s t e m a n d cannot necessari ly be a p p l i e d 
to a n y other neut ra l i z e r - c omplex c o m b i n a t i o n . 

D u r i n g the t r e a t m e n t of a lka l ine surfaces, such as w i t h fillers, p H ad jus tment of 
the complex so lut i on is not r e q u i r e d unless the t r e a t i n g equ ipment or the substrate 
w i l l no t to lerate a l o w p H . 

Application Techniques. T h e t r e a t i n g solut ions can be a p p l i e d to cont inuous 
surfaces i n such ways as d i p p i n g , b r u s h i n g , a n d s p r a y i n g , depending on the p h y s i c a l 
a n d chemica l propert ies of the substrate , the e q u i p m e n t ava i lab le , a n d the result 
desired. W i t h paper , the c h r o m i u m complex can be a p p l i e d a t the size press, calender 
stack, o r water boxes, b y s p r a y i n g , t rans fer ro l ls , or i m m e r s i o n , the pre ferred p o i n t 
be ing at the size press. F o r cont inuous surfaces such as meta ls or shaped art ic les , 
the t r e a t i n g so lut i on is best a p p l i e d b y d i p p i n g or s p r a y i n g . D i s c o n t i n u o u s surfaces 
such as fillers or p igments can be t reated b y s t i r r i n g the part i c les i n the complex s o l u 
t i o n a n d r e m o v i n g excess s o l u t i o n b y filtering. W h e n used to m o d i f y a t r e a t i n g system 
such as a p o l y ( v i n y l acetate) emuls ion or a s t a r c h size, the complex c o m m o d i t y can 
be added d i r e c t l y to the sys tem af ter p H ad jus tment . W i t h a l l substrates , the t r e a t 
m e n t shou ld be u n i f o r m , a n d excess complex shou ld be removed . 

W i t h most substrates , a s imple l a b o r a t o r y procedure to o b t a i n t rea ted materia] 
for e v a l u a t i o n is to d i p or s t i r the substrate i n t r e a t i n g solut ions of v a r i o u s concen
t ra t i ons , remove excess so lut ion b y squeeze ro l ls or filtration, a n d o v e n d r y . 

Drying . T h e t rea ted substrate can be d r i e d i n several w a y s , s u c h as b y oven , 
heat l a m p , or d r u m d r y e r . T h e d r y i n g t e m p e r a t u r e shou ld be f r o m about 100° t o 
1 5 0 ° C , depend ing o n the substrate . Ce l lu los i c produc ts , synthet i c fabr i cs , a n d other 
mater ia l s t h a t cannot s t a n d h i g h t emperatures are d r i e d a t 100° t o 120°C. G l a s s 
f abr i c , inorganic part i c les , a n d l i k e mater ia l s are n o r m a l l y d r i e d at 130° to 150°C. 
D r y i n g s h o u l d cont inue o n l y u n t i l a l l surface mo i s ture is r e m o v e d , as pro longed hea t 
i n g m a y be d e t r i m e n t a l . T h e heat ing step is necessary, because i t f u r t h e r po lymer izes 
the complex a n d bonds i t to the surface of the substrate . T h e m a x i m u m temperatures 
c h r o m i u m complexes can w i t h s t a n d are no t k n o w n . W i t h V o l a n - t r e a t e d glass f abr i c , 
two d r y i n g cycles of 15 m i n u t e s a t 190°C. a f ter t r e a t i n g a n d w a s h i n g have a d e t r i m e n t a l 
effect o n the c o u p l i n g efficiency, b u t one cyc le at 150°C. a f ter t r e a t m e n t a n d one at 
190° C . a f ter wash ing have l i t t l e effect o n the efficiency of the complex . 

I f i t is necessary to d r y the t reated surface at r o o m t e m p e r a t u r e , a reasonably 
effective t r e a t m e n t is to use a complex t r e a t i n g so lu t i on p r e p a r e d a t 100°C. or else 
bo i l ed after p r e p a r a t i o n . T h i s m e t h o d is i n f e r i o r to the use of e levated d r y i n g t e m 
peratures . 

Washing of Treated Substrate. W a s h i n g of a t r ea t ed a n d d r i e d substrate n o r 
m a l l y increases the effectiveness of the complex . T h e w a s h i n g serves to remove b o t h 
salts f o r m e d d u r i n g p H a d j u s t m e n t a n d excess complex . Substrates t r e a t e d w i t h 
complexes t h a t are h y d r o p h o b i n g agents are not washed. T h e w a s h i n g and subsequent 
d r y i n g are best c a r r i e d out b y the same procedure used to a p p l y the complex , m a k i n g 
ce r ta in the t rea ted m a t e r i a l is t h o r o u g h l y wet b y the water . E x c e p t f or some a lka l ine 

Table IV. Chromium Retention on Washing 
Volan-Treated Glass Fabric 

% Volan 
in Soin. 

1.0 

% Chromium 
Neutralizer 

Sodium formate 
Washes 

0 
on Fabric 

1.50 

1.25 

Ammonia 

Ammonia Ο 
1 
Ο 
1 

0.019 
0.009 
0.024 
0.024 
0.035 
0.033 
0.032 
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HAUSERMAN—CHROMIUM COMPLEXES 345 

substrates , the t reated m a t e r i a l m u s t be heat d r i e d before w a s h i n g ; otherwise most 
of the complex w i l l be removed . I f the complex has been p r o p e r l y a p p l i e d , wash ing 
w i l l o n l y remove excess complex . T a b l e I V gives d a t a o n the wash ing of glass fabr i c 
t reated w i t h V o l a n , us ing a m m o n i a a n d s o d i u m formate as neutra l i zers , a n d d r y i n g 
at 150°C. 

W h e n s o d i u m formate is used to adjust the p H , ha l f of the c h r o m i u m is removed . 
T h i s is p r o b a b l y one reason s o d i u m formate is in fer i o r to a m m o n i a as a neutra l i ze r 
( T a b l e I I ) . 

Uses for Chromium Complexes 

C h r o m i u m complexes can be used to m o d i f y the surface character is t i cs of m a n y 
substrates : T h e character is t i cs i m p a r t e d w i l l be de termined b y the carboxy l i c a c i d i n 
the complex . T h u s , the c h r o m i u m complex of m y r i s t i c or stearic a c i d w i l l render a 
surface h y d r o p h o b i c a n d resistant to adhesive forces, whereas the c h r o m i u m complex 
of m e t h a c r y l i c a c i d w i l l render a surface react ive t o w a r d var ious adhesives or p o l y m e r s , 
especial ly v i n y l - t y p e po lymers . 

Some t y p i c a l uses of c h r o m i u m complexes are discussed. A n u m b e r of these 
app l i ca t i ons have been eva luated i n the l a b o r a t o r y on ly , a n d before be ing app l i cab le 
o n a c o m m e r c i a l scale, f u r t h e r deve l opmenta l w o r k w o u l d be desirable . T r e a t m e n t 
w i t h c h r o m i u m complexes can i m p a r t a green co lorat ion to the substrate because of 
the color of the complex c o m m o d i t y . T h i s co l orat i on var ies w i t h the a m o u n t of c o m 
p lex a p p l i e d , b u t at n o r m a l t r e a t i n g levels i t is not iceable o n l y w i t h whi te or v e r y 
l i ght co lored substrates . 

C h r o m i u m C o m p l e x e s o n P a p e r . C h r o m i u m complexes i m p a r t propert ies such 
as water repel lency , s iz ing , grease resistance, a n d adhesive release to var ious paper 
surface as shown b y Tab les V to X . T h e paper was t reated w i t h the c h r o m i u m corn-

Table V. Water Repellency on Chromium 
Complex-Treated Papers 

Roll-Offa on Various Papers at % Commodity Concn. 

Water 0.3% rosin 0.6% rosin Gumming Liner 
Acid in leaf kraft kraft kraft board 

Complex 0.25 0.13 0.10 0.08 0.40 
Stearic 80 100 100 90 90 
Palmitic 30 100 100 100 80 
Myristic 80 100 100 90 90 

α Roll-off ratings. 

Rating Behavior of Water Drop on Paper at 45° Angle 
0 Short continuous trail, wider than drop, stopping in less than an inch. 

30 Short broken trail, stopping in 2 to 4 inches. 
50 ]/2 of trail wetted. 
70 4 to 8 spherical drops per inch, starting about 3 inches from point of 

application and scattered over remainder of trail. 
80 Same as 70, except 2 to 4 spherical drops. 
90 Same as 70, except less than 2 spherical drops. 

100 Rolls off perfectly or leaves only 1 or 2 drops over a 10-inch trail. 

Table VI. Water Repellency of 0 . 6 % Rosin Sized Kraft 
as Function of Complex Concentration 

Roll-Off« at % Commodity 

1.0 0.25 0.1 0.05 0.03 
100 100 100 90 90 
100 100 100 100 90 
100 100 100 90 90 

Complex 
Stearic 
Palmitic 
Myristic 

° See footnote a, Table V. 
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346 ADVANCES IN CHEMISTRY SERIES 

Table VII. Grease Resistance of 60-Pound Vegetable 
Parchment Treated with Chromium Complexes 

Spot Areasa at % Commodity Concn. 
Acid in 

Complex 1.0 0.25 0.1 0.08 0.05 0.03 Control 
Stearic 1.9 1.1 1.4 2.7 3.5 3.7 6.7 
Palmitic 1.1 4.0 4.9 3.3 3.1 4.3 6.7 
Myristic 0.2 2.4 3.1 3.3 2.2 2.7 6.7 

β Square inches of spot produced in 24 hours by 5 drops of turpentine colored with 
turkey red oil on 4 X 4 inch sheet. 

Table VIII. Scotch Cellophane Tape Release from 
60-Pound Vegetable Parchment 

% Releasing Forcea Required at % Commodity Concn. 
Acid in 

Complex 1.0 0.25 0.1 0.08 0.05 0.03 
Stearic 45 42 46 44 44 64 
Palmitic 46 54 45 37 40 35 
Myristic 43 55 57 56 58 67 

α % of force to release control of Scotch tape, 1 inch wide and pulled at 20 linear inches 
per minute: 

or _ lb./linear inch for sample ^ 
0 lb./linear inch for control 

Table IX. Sizing Effect of Stearato Chromic 
Chloride on 25-Pound Kraft, Rosin Sized 

Lb. Commodity/10,000 
Sq. Ft . Paper Ink Penetration,0 Min. 

0.0 0.25 
0.04 1.5 
0.08 2.0 
0.17 3.0 
0.29 5.5 
0.42 15.0 
0.73 30.0 

α Small boats, formed by folding up M inch on the 
four sides of 2-inch square of treated paper, were floated 
on a common permanent blue-black ink: Time for 3 ink 
spots to become visible on upper surface of paper. 

Table X. Sizing Effect of Stearato Chromic 
Chloride on 50-Pound Kraft, 1.25% Rosin 

Lb. Commodity/10,000 
Absorption», G./100 Sq. Cm./5 Min. 

Sq. Ft. Paper Wire side Felt side Av. 
0.0 0.485 0.417 0.451 
0.12 0.357 0.335 0.346 
0.18 0.342 0.329 0.336 
0.30 0.321 0.312 0.316 
0.48 0.315 0.282 0.299 

α Cobb size test, weight per unit area increase after exposing 
paper to 25°C. tap water for 5 minutes (28). 

plex at the concentrat ion i n d i c a t e d after ad jus t ing the p H to 3 to 4 w i t h a u r e a - s o d i u m 
f o r m a t e - f o r m i c a c i d n e u t r a l i z i n g so lut i on c o n t a i n i n g 16.5, 5.0, a n d 0 . 2 % , respect ive ly . 

Stearato Chromic Chlor ide -Wet Strength Resins for Paper Sizing. S tearato 
chromic chlor ide t u b s iz ing of k r a f t h a n d sheets, beater - t reated w i t h a h i g h leve l of 
wet s t rength resins, increases the wet s t rength of the paper above t h a t obta inable w i t h 
the resin alone. T a b l e X I presents the d a t a obta ined w i t h u n t r e a t e d a n d Q u i l o n -
t reated h a n d sheets made w i t h several u r e a - f o r m a l d e h y d e a n d m e l a m i n e - f o r m a l d e -
h y d e resins. Q u i l o n t u b s i z ing of the h a n d sheets p r e p a r e d w i t h wet s t ren g t h resins 
a p p r e c i a b l y increases the wet tensile s t rength a n d gives a s u b s t a n t i a l r e d u c t i o n i n C o b b 
size va lue ( increased s i z i n g ) . 
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HAUSERMAN—CHROMIUM COMPLEXES 347 

Table XI. Effect of Quilon Tub Sizing on Hand Sheets'1 

M a d e with Wet Strength Resins 

No Quilon Quilon Treated 

Cobb size, Wet tensile Cobb size, Wet tensile 
Resin Type* g./sq. m. c strength*1 g./sq. m. c strength d 

Cationic U F 24.0 24.8 15.6 46.9 
21.2 28.7 14.3 52.8 
21.6 36.0 15.8 56.9 
21.8 27.0 16.0 56.5 
22.5 22.5 17.4 36.8 

Cationic M F 20.9 42.5 16.5 53.2 
Anionic U F 23.8 15.8 17.0 39.4 

23.7 19.7 18.0 42.5 
No resin 22.8 6.5 19.8 8.7 

a Prepared from unbleached spruce kraft pulp of 780 Schopper-Riegler freeness, 
with 1.2% rosin size, 1.8% alum, and 3% resin solids; basis weight of sheets = 50 lb. 
(24 X 36-500); cured at 120°C. for 30 minutes; Quilon retention, 1.5% commodity; 
Quilon applied at pH 4.5. 

b U F , urea-formaldehyde resin; M F , melamine-formaldehyde resin. 
c Exposure to water, 2 minutes at 25°C. (28). 
d Tensile strength determined on X 6 inch tensile strips, from each major direction 

of paper by Th wing-Albert Electro-Hydraulic tensile tester (Thwing-Albert Instrument 
Co., Philadelphia, Pa.). Wet tensile determined after 24-hour soak in distilled water 
as % of dry control. 

Polyvinyl R e s i n ) - C h r o m i u m C o m p l e x C o m b i n a t i o n s . C h r o m i u m complexes are 
effective inso lubi l i zers for p o l y ( v i n y l resins) such as p o l y ( v i n y l acetate) ( P V A c ) a n d 
p o l y ( v i n y l alcohol ) ( P V A ) . I n p a r t i c u l a r , combinat ions of Q u i l o n a n d V o l a n w i t h 
D u P o n t ' s E l v a c e t p o l y ( v i n y l acetate) emuls ion (such as 81-900) a n d D u P o n t ' s 
E l v a n o l p o l y ( v i n y l alcohol ) ( such as 7 2 - 6 0 or 72-51) have been invest igated . These 
combinat ions i m p a r t such propert ies as i m p r o v e d r u b a n d wet b o n d resistance, i n 
creased resistance to b l u s h i n g a n d b l o c k i n g , h igher seal ing temperatures , a n d increased 
grease resistance to paper produc ts . T h e complex c o m m o d i t y can be added d i r e c t l y 
to the v i n y l resins a n d n e u t r a l i z a t i o n is requ i red o n l y where l i ght weight papers are to 
be coated. 

T h e a d d i t i o n of Q u i l o n to po ly ( v i n y l acetate) causes t h i c k e n i n g w h i c h increases 
o n ag ing , b u t this can be contro l l ed b y i m m e d i a t e use or b y the use of a v iscos i ty s t a 
b i l i zer such as E m u l p h o r O N (po lyethy lene ethers of f a t t y alcohols, G e n e r a l Dyestu f f s 
C o r p . ) , as shown i n T a b l e X I I . 

Table XII. Effect of Viscosity of Chromium Complex 
Addition to Polyvinyl Resins) 

Viscosity in Centipoises at 25°C. after 

Resin-Complex Combination 
1. Poly (vinyl acetate) (Elvacet 

81—900) 
2. PVAc + 5% Quilon 
3. PVAc + 5% Quilon + 5% 

Emulphor O N 
4. PVAc + 5% Volan 
5. 50% PVAc + 50% PVA (Elvano 

72-51, 9%) 
6. Combn. 5 + 5% Quilon 
7. 50% PVAc + 50% starch (6%) 
8. Combn. 7 + 5% Quilon 

Initial 1 day 2 weeks 1 month 3 months 

820 820 820 820 820 
3,550 9,800 50,000 — — 

1,820 6,300 6,700 
820 870 2,030 2,570 — 

1,240 1,300 1,430 1,500 
2,200 

88 
6,200 24,500 50,000 — 2,200 

88 86 
24,500 

Continued thin 
115 390 900 4,000 — 

T h e a d d i t i o n of c h r o m i u m complexes to po ly ( v i n y l acetate) adhesives increases 
t h e i r w a t e r resistance ( T a b l e X I I I ) . T h e complexes were added to E l v a c e t 81 -900 
at a 5 % c h r o m i u m concentrat i on a n d a l l owed to age for v a r y i n g periods . T h e a d h e 
sive was a p p l i e d to k r a f t l i n e r boards w i t h a d r a w b a r or a b r u s h , laminates were 
p r e p a r e d , a n d the wet b o n d s t r e n g t h of the adhesives was eva luated before heat cure . 
V o l a n - m o d i f i e d p o l y ( v i n y l acetate) needs to be aged to give good wet s t rength . 
H e a t c u r i n g a t 200°F. for 2 minutes w i l l i m p r o v e the wet s t r eng th of the c o m p l e x -
p o l y ( v i n y l acetate) adhesives, b u t not of p o l y ( v i n y l acetate) alone. T h e use of E m u l -

âeterican Chemical Society 
Library 
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348 ADVANCES IN CHEMISTRY SERIES 

Table XIII. Bond Strength of Chromium C o m p l e x -
Poly(vinyl Acetate) Adhesives 

Sample 
Elvacet 81-900 

+ stearato chromic 
chloride 

4- Volan (methacrylato 
chromic chloride) 

+ propionato chromic 
chloride 

Initial 
Very poor 

Good 

Poor 

Poor 

Bond Strength after 24-Hr. Soak 

Sample Age, Days e 

10 

Fair 

Poor 

21 

Good 

Fair—good 

Poor 

32 

Good 

Good 

Poor—fair 

1 Age of sample stored as liquids, not age of bonded laminates which were tested after overnight aging. 

p h o r O N w i t h the stearato chromic c h l o r i d e - p o l y ( v i n y l acetate) to decrease the v i s 
cos i ty ( T a b l e X I I ) does not affect the wet b o n d s t rength . 

T h e use of Q u i l o n i n a p o l y ( v i n y l acetate) sys tem w i l l increase the grease a n d 
wet r u b resistance as s h o w n b y the d a t a i n T a b l e X I V . T w o types of fiberboard 

Table XIV. Greaseproof Coating on 
Ground wood Board 

Coating* Grease 
Retention, Resistance, 

Board Lb./100 Sq. Ft. Sec.» 
All groundwood None 20 

2.8-3.9 1800+ 
1.4 1800+ 

Groundwood, patent coat None 390 
2.8-4.6 1800+ 

° Coating composition: 100 parts by weight Elvacet 81-900, 
3.5 parts Santicizer B-16 (Monsanto Chemical Co., butyl 
phthalyl butyl glycolate), 7 parts titanium dioxide, 5 parts 
Quilon, and 18 parts water. The ingredients were mixed in the 
order given and agitated for 5 to 10 minutes. 

b(29), the turpentine was applied to the laboratory-coated 
side of board. 

were t reated on one side w i t h a Q u i l o n - p o l y ( v i n y l a c e t a t e ) - t i t a n i u m dioxide c o m p o s i 
t i o n . T h e boards were a n a l l - g r o u n d wood b o a r d a n d a g r o u n d w o o d b o a r d w h i c h h a d 
one side coated w i t h patent , the compos i t i on be ing a p p l i e d to the n o n p a t e n t side. 
A l s o , a c o m b i n a t i o n of E l v a c e t 81 -900 (74 .1%) a n d Q u i l o n (7 .4%) i n w a t e r (18 .5%) 
w i l l g ive excellent grease resistance to k r a f t paper w h e n a p p l i e d b y a t w o - s t r i k e a p p l i 
c a t i o n to o b t a i n a final coat ing weight of 15 pounds per r e a m . I n a d d i t i o n , the sheets 
do n o t b lock w h e n mois tened a n d subjected to a pressure of 300 p.s . i . f o r 2 days . 

A s t u d y of v a r i o u s surface coatings for asbestos-cement shingles to p r e v e n t efflo
rescence or w h i t e n i n g (b loom) i n d i c a t e d t h a t Q u i l o n gave good water repel lency , b u t 
d i d no t prevent efflorescence. A c o m b i n a t i o n t r e a t m e n t of 1 0 % solids p o l y ( v i n y l 
a lcohol ) or p o l y ( v i n y l acetate) inso lub i l i zed w i t h 20 to 40 p a r t s of Q u i l o n based o n 
v i n y l sol ids results i n excellent w a t e r ho ldout a n d stops efflorescence. T h i s t r e a t m e n t 
is e q u a l to or bet ter t h a n the c o m m e r c i a l p las t i c coat ings s t u d i e d i n w a t e r repe l lency , 
l i q u i d ho ldout , as a water v a p o r b a r r i e r , a n d i n resistance to efflorescence. T h e data 
f r o m th i s s t u d y are g iven i n T a b l e X V . E l v a n o l 72 -60 a n d E l v a c e t 81 -900 were m o d i 
fied w i t h v a r y i n g a m o u n t s of Q u i l o n , w i t h o u t p H ad jus tment . T h e t r e a t i n g p r e p a r a 
t ions were b r u s h coated onto uncoated shingles , 11 grams p e r square foot . These were 
oven d r i e d for 5 to 10 minutes a t 1 1 0 ° C , cooled, a n d tested. 

C h r o m i u m C o m p l e x e s o n T e x t i l e s . C h r o m i u m complexes of l ong - cha ined c a r 
b o x y l i c acids are of va lue as b o t h a p r i m a r y a n d a s u p p l e m e n t a r y water - repe l l ent t r e a t 
m e n t f or text i les . M a t e r i a l s such as co t ton a n d w o o l a n d synthet i c fabr ics such as 
n y l o n a n d fe lt are rendered w a t e r repel lent . T h e t r e a t m e n t , depend ing o n the m a t e 
r i a l a n d m e t h o d of a p p l i c a t i o n , is o f ten res istant to b o t h l a u n d e r i n g a n d d r y c leaning . 
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HAUSERMAN—CHROMIUM COMPLEXES 349 

Table XV. Treatment of Asbestos-Cement Shingles 
for Water Repellency and Antibloom 

Vinyl 

Type 
P V A 

PVAc 

PVAc 

% solids 
10 

10 

27 

Parts Quilon 
Commodlty/Pt. 

Vinyl Solids 
0 
5 

10 
20 
0 

10 
20 
30 
40 
0 

15 
60 

Effect on 
Appearance 
None 
None 
Slight green 
Slight green 
None 
None 
Slight green 
Slight green 
Mod. green 
None 
Slight green 
Green 

Water Roll-
Off at 45° 

Angle 
Fair—wets 
Good—wets 
Good—si. wet 
Good 
Fair—wets 
Fair—wets 
F—good—wets 
F—good—wets 
Good 
Good 
Very good 
VG—excellent 

Bloom 
Test» * 

Moderate 
Slight 
Slight 
Slight 
Severe 
Moderate 
Slight 
SI.—none6 

None 
Severe" 
Severe6 

Noned 

α Impermeability of coating: Coated surface of a 4-inch square of shingle is inscribed with paraffin wax; en
closed area is filled with 40 cc. of distilled water which is allowed to evaporate to dryness at room temperature 
(usually 24 hours); when dry, the test area should be the same color as the control area; if bloom (whitening, 
efflorescence) is observed, it is reported as slight, moderate or severe. 

6 Water penetrated through the panel in 1 hour and dried in 16 hours. 
c Very slow penetration, wet after 18 hours, and dry in 24 hours. 
d Almost no penetration and required 48 hours to dry. 

A c o m p a r i s o n of v a r i o u s neutra l i zers w i t h Q u i l o n for t r e a t i n g c o t t o n is g i v e n i n 
T a b l e X V I . T h e co t ton was d i p p e d i n a 1 % Q u i l o n so lut ion a t the p H shown, w r u n g 
to 1 0 0 % wet re tent ion , a n d cured b y t w o passes on a d r u m d r y e r (whose surface t e m 
perature at e q u i l i b r i u m averaged 1 2 0 ° C ) . 

Table XVI. Effect of Neutralizer on Quilon-Treated Cotton Fabric* 

Before Laundering5 Spray 
Rati ng 

Soin. Spray % immersion after 
Neutralizer pH rating4 absorption* Laundering* 

Urea-sodium formate- 2.8 70+ 20.5 25 
formic acid buffer 3.5 8 0 - 22.5 25+ 

4.0 8 0 - 25.7 50 
Ammonia' 3.5 70+ 19.1 0 

4.3 8 0 - 19.8 25 
5.0 80 20.8 50 

Diethanolamine» 3.5 8 0 - 18.8 25 
4.3 80 21.1 25+ 
5.0 80+ 22.4 50 

Hexamethylenetetramine» 3.5 8 0 - 20.6 60 Hexamethylenetetramine» 
4.3 80+ 20.9 60 
5.0 80+ + 22.3 60 

α White broadcloth, averaging 17.3 grams per sq. ft. 
è The untreated cloth before laundering had a 0 spray rating and an immersion absorption value of 74%. 
« Laundering done by standard cycle (-) in Launder-ometer (Atlas Electric Devices Co., Chicago, 111.) (δ), 

Section IV. 
d After being sprayed and shaken of excess surface water, the samples were rated as follows (5) : 

100 No sticking or wetting of upper surface. 
90 Slight sticking or wetting of upper surface. 
80 Wetting of upper surface at spray points. 
70 Partial wetting of whole upper surface. 
50 Complete wetting of whole upper surface. 
0 Complete wetting of whole upper and lower surfaces. 

• The water picked up was determined (δ) after submerging the test samples below the surface for 20 minutes, 
removing excess moisture, and weighing. 

/ 0.5% solution; local precipitation obtained on addition. 
« 1% solution; local precipitation obtained on addition of the diethanolamine. 

T h e buffered n e u t r a l i z i n g so lut i on a n d hexamethy lenete t ramine are super ior to a m 
m o n i a a n d d ie thano lamine i n th i s use of Q u i l o n . 

T h e effect of increas ing amounts of hexamethy lenete t ramine ( H M T A ) to ad just 
the p H of a Q u i l o n t r e a t i n g so lut ion for co t t on b r o a d c l o t h is shown i n T a b l e X V I I . 
T h e hexamethy lenete t ramine was added to the d i l u t e d Q u i l o n as a 1 0 % aqueous s o l u 
t i o n . T h e t reated fabr i c was w r u n g to a 1 0 0 % p i c k u p a n d d r i e d on the d r u m d r y e r . 
A l l of the t r e a t i n g solut ions were stable for a t least 16 hours . 
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350 ADVANCES IN CHEMISTRY SERIES 

Table XVII. Increasing Amounts of Neutralizer and Quilon Efficiency* 

Before Laundering After 1 Laundering 
M l . 10% 

% Quilon HMTA/400 G. Soin. Spray % immersion Spray % immersion 
Soin. Soin. pH rating absorption rating absorption 

0 0 6.0 0 74 0 74 
1 10 2.7 80++ 22.3 60 — 
1 20.8 5.2 80++ 23.8 50 28.1 
1 27.0 5.3 80+ 25.7 50 27.3 
1 60.0 5.7 80 29.5 50 29.5 
2 59.0 5.4 80+ 29.6 50 25.9 
3 85.0 5.5 9 0 - 32.1 50 24.6 
5 30.1 4.6 100- 26.5 50 22.4 

° For details of tests see footnotes a, b, c, d, and e, Table XVI . 

I n the p H range f r o m 5 to 5.5 for a 1% Q u i l o n t r e a t i n g so lut i on , there is essential ly no 
loss i n water resistance, as measured b y i m m e r s i o n a b s o r p t i o n tests, a f ter the s t a n d a r d 
l a u n d e r i n g cyc le . T h e water repel lency , as measured b y s p r a y r a t i n g , was decreased. 

T h e t ender i za t i on effect of Q u i l o n so lut ions , p H ad justed w i t h different n e u t r a l 
izers , is s h o w n i n T a b l e X V I I I . T h e Q u i l o n was a p p l i e d to samples b y t u b s iz ing as 

Table XVIII. Neutralizer and Tenderization of Quilon-Treated 
8-Ounce White Cotton Duck 

Neutralizer0 Tensile Strength, % of Untreated Control 

Fresh Soin. Aged Soln.<* 
% o f 
2% Soin. Accelerated Accelerated 

Type commodity11 pH testc test« 
None — 2.6 67 20 61 18 
Urea-formate 110 4.3 87 105 86 105 
Melamine 11 4.3 58 27 76 22 
Sodium silicate 5 4.3 68 26 85 25 
Dicyandiamide 25 2.7 64 58 72 60 

50 2.7 66 72 68 68 
Urea-formate-

dicyandiamide 110-25 4.3 95 107 84 100 
Melamine-

dicyandiamide 11-25 4.3 85 68 87 73 
Sodium silicate— 

dicyandiamide 5-25 4.3 78 81 82 76 
a Melamine and dicyandiamide added as solids; sodium silicate added as 5% aqueous solution; urea-formate 

added as aqueous solution: 16.5% urea, 5.0% sodium formate, 0.2% formic acid, and 78.3% water. 
b % solids of neutralizer added. 
« Samples heated at 130°C. for 6.5 hours; untreated control retained 84% of initial tensile strength. 
d 4 hours of aging before fabric treatment. 

a 2 % so lut i on at the p H shown. These were w r u n g to 1 0 0 % p i c k u p , d r u m - d r i e d , a n d 
tested for tensile s t rength i n the w a r p d i re c t i on o n a T h w i n g - A l b e r t E l e c t r o - H y d r a u l i c 
tensile tester . T h e re tent i on of s t rength is based on the s t rength of the u n t r e a t e d 
substrate : 

Tens i le s t r e n g t h of t rea ted substrate 
Tens i l e s t rength of u n t r e a t e d substrate 

I n a l l cases, the t reated fabr i c h a d excellent water resistance. T h e Q u i l o n so lut i on 
w i t h urea - f o rmate neutra l i zer is best f r o m a t e n d e r i z a t i o n effect b u t has the least s t a 
b i l i t y (about 4 h o u r s ) . T h e u r e a - f o r m a t e - d i c y a n d i a m i d e m i x t u r e gives so lut ions t h a t 
are stable for 3 days a n d is a lmost equiva lent on tender i za t i on . I n s i m i l a r tests w i t h 
b o t h acetate a n d viscose r a y o n c l o th , there was l i t t l e i f a n y t e n d e r i z a t i o n of the f abr i c , 
regardless of the neutra l i ze r . 

T h e use of Q u i l o n as a w a t e r repel lent for v a r i o u s types of woo l weaves, b o t h 
before a n d after d r y c leaning , is shown i n T a b l e X I X . T h e fabr i c was t rea ted o n a 
c o m m e r c i a l scale w i t h about 1 % Q u i l o n to a 7 0 % p i c k u p , w r u n g , a n d d r i e d . T h e p H 
of the t r e a t i n g so lut i on was ad jus ted to 3 to 4 before a p p l i c a t i o n . T h e results show 
t h a t d r y c leaning has l i t t l e effect on the d y n a m i c a b s o r p t i o n of Q u i l o n t r ea ted w o o l . 
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HAUSERMAN—CHROMIUM COMPLEXES 351 

Table XIX. Effect of Dry Cleaning on 
Quilon-Treated W o o l 

Dynamic Absorption, 
% Water Pickup 0 

Before After 
Wool Sample Treatment cleaning cleaning1* 
Black None 84 98 

Quilon 38 38 
Gray None 67 62 Gray 

Quilon 33 37 
Striped None 64 78 Striped 

Quilon 33 38 
Blue and white None 105 119 

Quilon 47 55 
Check None 78 68 

Quilon 36 38 

° Fabric samples, 3 X 3 inches, were cut on bias, placed in water-
filled pint jars containing twenty 34-inch steel balls, and tumbled 
20 minutes on Launder-ometer at 80°F. Results are averages of 
3 samples (5). 

6 7 X 7 inch samples were placed in pint jars containing 200 ml. 
of Stoddard solvent and tumbled 20 minutes on Launder-ometer at 
80°F. Three cleaning cycles were employed, allowing the samples 
to air dry and condition overnight between cycles. 

S i m i l a r results were ob ta ined w i t h Q u i l o n - t r e a t e d woo l felt at retent ions of 1 to 3 % . 
T h e i m m e r s i o n a b s o r p t i o n was f r o m 50 to 8 0 % less for the Q u i l o n t reated , as c o m 
p a r e d to u n t r e a t e d contro ls . 

Severa l c h r o m i u m complexes were eva luated on woo l gabardine , before a n d after 
d r y c leaning . T h e d a t a are shown i n T a b l e X X . T h e p H of the complexes was 
ad justed to 3 to 4 before a p p l i c a t i o n . 

Table XX. Chromium Complexes on W o o l Gabardine 

Spray Rating 0 

at Commodity Concn. 

Dynamic Absorption6 

% of Dry Weight 
Pickup at Commodity Concn. 

Acid in 
Complex 

Stearic 
Palmitic 
Myristic 
Control 

Before 
Cleaning 

After 
3 Cleanings 

Before 
Cleaning 

1.0 1.3 1.0 1.3 1.0 1.3 1.0 
80+ 90 80 80+ 34 33 38 
70+ — 8 0 - — 31 — 40 
— 9 0 - —. 80 — 32 — 70+ 70+ 70 70 50 50 53 

After 
3 Cleanings c 

1.3 
39 

38 
53 

° Spray rating, footnote d, Table XVI . 
6 Dynamic absorption, footnote a, Table X I X . 

c Dry cleaning, footnote 6, Table X I X . 

T o show t h a t different types of m a t e r i a l can be t reated w i t h Q u i l o n to i m p a r t 
water resistance, several synthet i c fabr ics were t reated o n c o m m e r c i a l equ ipment , the 

Table XXI. Water Resistance of Quilon-Treated Synthetic Fabrics 

After Dry Cleaning** Before Dry Cleaning 

Fabric 
Dacron staple"-

Dacron filament 

Orion filament* 

Wool-Orion 

° Dry cleaning, footnote b, Table X I X . 
h Spray rating, footnote d, Table XVI . 

e Dynamic absorption, footnote a, Table X I X . 
d Du Pont, polyester fiber. 
« Du Pont, acrylic fiber. 

% Quilon 
Retained Spray % dynamic Spray % dynamic 
on Fabric rating6 absorption' rating6 absorption0 

None 0 107 0 62 
2 80 51 70 37 

None 0 13 0 15 
2 70 9 50 11 

None 0 27 0 42 
2 90 23 50+ 30 
0 0 119 0 139 

0.5 80+ 21 80 40 
1.3 90 21 80 30 

80 + 22 70+ 42 
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352 ADVANCES IN CHEMISTRY SERIES 

p H of the Q u i l o n t r e a t i n g so lut i on be ing ad jus ted to 3 to 4 before a p p l i c a t i o n . T h e 
water resistance before a n d af ter d r y c leaning is shown i n T a b l e X X L T h e results are 
comparab le between t reated a n d u n t r e a t e d for a g iven fabr i c b u t are not necessari ly 
c omparab le between different fabr ics . 

A l l f our fabr i cs have been rendered water resistant b y the Q u i l o n , the t rea tment of 
the b l e n d of woo l a n d O r i o n a c r y l i c fiber showing p a r t i c u l a r l y good resistance to r e 
m o v a l b y d r y c leaning . N y l o n ra incoat fabr i c has been t rea ted w i t h 2 % Q u i l o n us ing 
a detergent ( 0 . 0 5 % I g e p a l C A , G e n e r a l A n i l i n e a n d F i l m C o r p . ) p r e w a s h a n d a f t e r -
w a s h . T h e prewashed fabr i c , a f ter d i p t r e a t m e n t , be ing w r u n g to 6 0 % p i c k u p , a n d 
oven d r i e d a t 105°C. h a d a s p r a y r a t i n g of 80 af ter t r e a t m e n t a n d 90 fo l l owing the 
detergent a f terwash . 

Q u i l o n is a n excellent water repel lent t r e a t m e n t for felt ha t bodies. D e p e n d i n g 
on the hat b o d y a n d Q u i l o n re tent i on , s p r a y rat ings of 80 to 1 0 0 % , i m m e r s i o n a b s o r p 
t ions of 15 to 2 0 % , a n d w a t e r p e n e t r a t i o n t imes t h r o u g h the c r o w n of over 90 hours 
can be obta ined . T a b l e X X I I gives t y p i c a l results ob ta ined w i t h t w o different felt 
hats t reated w i t h u n n e u t r a l i z e d Q u i l o n on a c o m m e r c i a l scale. 

Table XXII. Water Resistance of Felt Hats Treated with Quilon 

Hr. 
for Crown 

Hat Penetration % Immersion 
Felt Treatment by 100 M l . H 2 0 Absorption" 

A 1,3, and 5 min. soak in 1% Quilon >90 22-20 
1,3, and 5 min. soak in 2% Quilon >90 21-22 
1,3, and 5 min. soak in 3% Quilon >90 21-22 

None <10 95 
Β 1 to 3% Quilon (rough body) >90 20 

1 to 3% Quilon (finished body) >90 22-25 
None (rough body) <15 100 

β Immersion absorption, footnote e, Table XVI . 

Antistatic Properties of Chromium Complexes. C h r o m i u m complexes such as 
those of p -n i t ropheny lace t i c a c id , p -n i t robenzo i c a c id , phenylacet i c ac id , t r i ch loroacet i c 
a c i d , a n d th iog lyco l l i c a c i d have shown u t i l i t y as ant i s ta t i c agents (20). T a b l e X X I I I 

Table XXIII. Antistatic Properties Imparted by Chromium Complexes 

Complex 
Commodity Static 

Acid in % Complex Retention, Discharge, 
Material Complex in Soin. Diluent Mg. /Sq. Ft . Volts» 
Nylon Control 760 

P N P 0.3 2-Propanol 2 260 
0.6 Water 4 130 
0.9 2-Propanol 6 76 

P N B 0.6 Ethanol 4 300 
P N P 1.2 Water 8 88 

Dacron 960 
P N P 0.36 Water 4 140 
P N B 0.36 Water 4 590 
P N P 1.2 Water 8 100 

β Measured at 78°F. and 72% R H by methods of Lehmicke (21) and Chandler (3). Fabric charged by rub
bing it 10 times with a neoprene-gloved hand and dropping it into an aluminum beaker, insulated from the ground 
and connected to a voltmeter. The voltage generated is measured by the voltmeter. 

gives the results obta ined i n l a b o r a t o r y exper iments w i t h the c h r o m i u m complexes of 
p - n i t r o p h e n y l a c e t i c a c i d ( P N P ) a n d p -n i t robenzo i c ac id ( P N B ) on n y l o n a n d D a c r o n 
( D u P o n t polyester f i ber ) . T h e complexes were a p p l i e d b y d i p p i n g the fabr i c i n the 
d i l u t e d so lut ions , w r i n g i n g , a n d oven d r y i n g at 190°F. for 5 minutes . 

Use of Chromium Complexes to Screen Ultraviolet Radiations. A n u m b e r of 
c h r o m i u m complexes show a h i g h u l t r a v i o l e t absorpt ive c a p a c i t y over a wide range 
of the u l t r a v i o l e t s p e c t r u m . C l e a r f i lms such as cel lophane t r ea t ed w i t h these c o m 
plexes ef fectively screen u l t r a v i o l e t r a d i a t i o n . A single l a y e r of ce l lophane t rea ted 
w i t h the complex of p -aminobenzo i c a c id w i l l e l iminate 9 0 % of the u l t r a v i o l e t r a d i a -
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HAUSERMAN—CHROMIUM COMPLEXES 353 

t ions i n the 2400- to 3 4 0 0 - A . range inc ident to the t rea ted sheet. M a t e r i a l s t h a t are 
degraded b y these rad ia t i ons such as p a i n t films, fabr ics , dyes, a n d l ight -sens i t ive 
p o l y m e r s c o u l d be pro tec ted b y a p p l y i n g a surface t r ea tment of a sui table complex or 
b y w r a p p i n g i n a t rea ted film. 

T h e acids themselves screen u l t r a v i o l e t rad ia t i ons , b u t t h e y are no t substant ive 
to the m a t e r i a l s be ing t rea ted as are c h r o m i u m complexes. B y c o m b i n i n g the a c i d w i t h 
basic chromic ch lor ide , the m a x i m u m a b s o r p t i o n peak m a y be shi f ted s ign i f i cant ly , 
o f ten to the m o r e desirable h igher ranges. T h e complexes i n T a b l e X X I V h a d good 
absorpt ive capacit ies w i t h peak efficiencies at the wave lengths s h o w n . 

Table XXIV. Complexes with G o o d 
Absorptive Capacities 

Acid in Complex Peak, A . 
p-Aminobenzoic acid 3000 to 3350 
p-M ethoxycinnamic acid 3150 
5-(Phenylazo)salicylic acid 3800 
4-(Nitrothiophene) carboxylic acid 3200 

A 1 % so lut ion of the c h r o m i u m complex of p -aminobenzo i c a c i d , n e u t r a l i z e d t o 
p H 4.5 to 5.5 w i t h d i lu te a m m o n i a , i m p a r t s a n u l t r a v i o l e t pro tec t ive coat ing t o cel lo 
phane . T h i s coat ing is p e r m a n e n t to d r y c leaning w i t h Perc lene (3 cycles i n L a u n -
derometer ) , is stable on cont inuous exposure to u l t r a v i o l e t rad ia t i ons , a n d has a 
moderate resistance to m i l d soap washes. 

Flame Retardant-Water Repellent Treatments. A flame r e t a r d a n t - w a t e r r e p e l 
lent c ompos i t i on for t r e a t m e n t of flammable mater ia l s has been developed (1). T h e 
compos i t i on consists of a m m o n i u m su l famate , a c h r o m i u m complex such as stearato or 
m y r i s t a t o c h r o m i c ch lor ide , d i c y a n d i a m i d e , a n d bor i c a c id . 

Pieces of 5 0 - p o u n d basis weight (24 X 36 -500 ) k r a f t p a p e r were t reated w i t h a 
compos i t i on c o n t a i n i n g 10 p a r t s b y weight of a m m o n i u m sul famate , 0.12 p a r t of Q u i l o n 
based o n c h r o m i u m content , 1 p a r t of d i c y a n d i a m i d e , 1 p a r t of bor i c ac id , a n d 86 p a r t s 
of water . T h e pieces were d i p p e d i n the t r e a t i n g so lut i on , w r u n g , a n d d r u m d r i e d at 
105°C. T h e papers were t h e n aged i n a n oven at 200°F . for 23 hours . T h e propert ies 
of the t rea ted paper are g i v e n i n T a b l e X X V . 

Table XXV. Paper Treated for Flame 
Retardance and Water Repellency 

Before After 
Test Aging Aging 

Flame test 
Afterglow, sec. 0 0 
Char length, inches 3.0 2.6 

Tensile strength, lb. per inch of width 
Machine direction 24.8 26.8 
Cross direction 18.6 17.4 

p H of paper 3.6 3.7 
Water repellency Excellent Excellent 

Use of Chromium Complexes as Coupling Agents. A s m e n t i o n e d p r e v i o u s l y , 
V o l a n is used c o m m e r c i a l l y as a c o u p l i n g agent for re in forced p last i c l aminates , the 
c h r o m i u m of the complex b o n d i n g to the re in forc ing m a t e r i a l a n d the organic a c i d 
p r e s u m a b l y reac t ing w i t h the l a m i n a t i n g res in . 

A c o m p a r i s o n o n glass fabr i c re in forced po lyester res in laminates of V o l a n , Q u i l o n , 
a n d no c o u p l i n g agent is g iven i n T a b l e X X V I . T h e 181-style glass fabr i c was t rea ted 
w i t h 2 % complex solut ions n e u t r a l i z e d w i t h a m m o n i a , d r i e d a t 1 5 0 ° C , washed , a n d 
d r i e d aga in . T e s t laminates (12 -p ly ) were p r e p a r e d f r o m the fabr i c us ing a po lyester 
res in . 
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354 ADVANCES IN CHEMISTRY SERIES 

Table XXVI. Comparison of Coupling Agents 
for Reinforced Plastic Agents 

Flexural Strength, X 103 P.S.I.* 

Coupling After 3 hr. in 
Agent Dry boiling water 
None 50.0 28.0-30.0 
Quilon 27.8 26.3 
Volan 65.0 52.2 

β (6), Methods 1031 and 1011. 

A s w o u l d be expected, the Q u i l o n acts as a p a r t i n g agent a n d not a c o u p l i n g agent. 
T a b l e X X V I I gives more deta i led s t rength character is t i cs of 12-p ly laminates made 

Table XXVII. Polyester Laminates Reinforced with Volan-A 
Finished Glass Fabric 

Polyester 
Resin 
Used 

USAF spec* 
A 
Β 

Flexural 
Strength, 

X 103 P.S.I. 

Flexural 
Modulus of 
Elasticity, 

X 106 P.S.I. 

Dry 
50.0 
68.0 
74.2 

Wet 
45.0 
57.8 
60.1 

Dry 
2.70 
3.57 
3.52 

Wet 
2.50 
2.98 
3.40 

Tensile 
Strength, 

X 103 P.S.I. 

Dry 
40.0 
48.2 
51.5 

Wet 
38.0 
47.8 
51.5 

Compressive 
Strength, 

X 103 P.S.I. 

Dry 
35.0 
48.5 

Wet 
30.0 
37.5 

1 (6), Methods 1031 and 1011; wet strength determined after exposure in boiling water for 2 hours. 
• (30). 

f r o m glass fabr i c w i t h the pre ferred V o l a n t r e a t m e n t [ V o l a n A f i n i s h : 2 % c o m m o d i t y , 
p H ad justed w i t h 2.2 p a r t s 1 % a m m o n i a , the t rea ted d r i e d fabr i c be ing washed (4)] 
a n d two polyester resins. 

Use of Chromium Complexes to Treat Fillers. F i l l e r s are of ten used to extend 
p o l y m e r systems. M a n y f i l lers, inorganic or organic , m a y be t reated w i t h c h r o m i u m 
complexes to m o d i f y the i r surface character is t i cs . A c a l c i u m carbonate f i l ler t r ea ted 
w i t h Q u i l o n is m u c h more w a t e r repel lent a n d more easi ly dispersed i n organic systems 
t h a n the corresponding u n t r e a t e d f i l ler . E x p e r i m e n t s were car r i ed out us ing V o l a n -
t reated c a l c i u m carbonate to see i f the t r ea tment i m p r o v e d the i r efficiency i n re inforced 
p last i c laminates . T h e c a l c i u m carbonate (surface area , 25 sq . meters per g r a m ) 
was t reated w i t h d i lu te , a m m o n i a - n e u t r a l i z e d V o l a n solut ions , f i l tered, washed w i t h 
water , a n d d r i e d . T h e t reated f i l ler a n d a washed, u n t r e a t e d c o n t r o l were s t i r r e d i n 
a po lyester res in ( 2 0 % fi l ler on weight of r e s i n ) . I t took over four t imes as l ong 
to s t i r i n the u n t r e a t e d f i l ler as the V o l a n t reated . T h e f i l led resin was t h e n used t o 
prepare laminates f r o m V o l a n - A f inished glass fabr i c . T h e results of s t rength measure 
ments of the laminates are shown i n T a b l e X X V I I I . T h e f lexura l s t rength was 
determined (6), the wet f lexura l s t rength be ing de termined af ter exposure f or 2 
hours i n bo i l ing water . 

Table XXVIII. Volan-Treated Calcium Carbonate Fillers 
in Glass Fabric Reinforced Plastic Laminates 

Flexural Strength, 
% Χ ΙΟ3 P.S.I. 

Ignition 
Treatment Filler Loss Dry Wet 

No filler added to resin control 38 64.5 56.4 
Washed CaCOs, no Volan 39 45.6 39.6 
CaCOa treated with 0.5% Volan 34 59.6 53.7 
CaCOa treated with 0.2% Volan 36 60.1 53.8 

B o t h the wet a n d d r y f lexural strengths of the laminates c o n t a i n i n g the V o l a n - t r e a t e d 
c a l c i u m carbonate were s u b s t a n t i a l l y h igher t h a n i n the l a m i n a t e c o n t a i n i n g the 
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H AUSERMAN—CHROMIUM COMPLEXES 355 

untrea ted filler. These results were d u p l i c a t e d s u b s t a n t i a l l y w i t h other V o l a n - t r e a t e d 
fillers, us ing chopped s t r a n d a n d needled glass fiber m a t s as the re in forc ing m e d i u m . 

Use of Chromium Complexes on Leather and Other Materials. S I D E L E A T H E R . 

Q u i l o n is e m p l o y e d as a posttannage agent on side leather to i m p a r t propert ies not 
obta ined i n the n o r m a l tannage. I m p r o v e d propert ies obta ined i n the finished leather 
are water , chemica l , a n d p e r s p i r a t i o n resistance a n d permanent l u b r i c a t i o n . Because 
of these propert ies , the finished leather art ic les such as safety a n d dress shoes, golf 
bags, a n d w o r k gloves general ly have a n i m p r o v e d l i fe a n d better appearance d u r i n g 
wear . T h e Q u i l o n m a y be a p p l i e d i n the d r u m , before or af ter the fat l i q u o r i n g 
opera t i on . T h e c h r o m i u m complex is a p p l i e d to chrome t a n n e d , vegetable t a n n e d , or 
chrome tanned-vegetab le re tanned stock, the effect be ing more pronounced w i t h the 
l a t t e r t w o processes. 

S U E D E G A R M E N T L E A T H E R . C h r o m i u m complexes of acids such as m y r i s t i c a n d 
stearic i m p a r t water repellence a n d d r y c l eanab i l i ty , act as a p e r m a n e n t l u b r i c a n t o n 
sheepskin suede garment leather . T h e complex acts as a replacement for a l l or p a r t 
of the fat l i quors w h i c h otherwise w o u l d be extrac ted b y the d r y c leaning so lvent , 
l e a v i n g the suede i n a stiff, u n l u b r i c a t e d state. Because of the water repel lency , the 
complex t reated suede has excellent resistance to water -borne stains . T h e complex 
is a p p l i e d to the suede after tannage a n d before or after fat l i q u o r i n g , i f fat l i quors are 
used i n a d d i t i o n to the complex . 

M I S C E L L A N E O U S . T a b l e X X I X gives some c o m m e r c i a l a n d l a b o r a t o r y tested uses 
of c h r o m i u m complexes. 

Table XXIX. Miscellaneous Uses of Chromium Complexes 
Some Commerc ia l Uses for Qui l on and Properties 

Treatment of ice cube bags Release and repellency 
Greaseproof and parchment paper for packaging 

Frozen food Release 
Synthetic and natural rubber Release 

Treated paper board as boxes for flowers, fish, 
wet vegetables Water repellency 

Treated paper plates Water and grease resistance 
Treated boxes for baked goods Release 
Miscellaneous treated paper 

Building paper Repellency 
Paper to protect wet concrete 
Casualty blankets 
Paper rugs 

Treated felt hats Repellency 
Treated textiles, especially felts for automobiles Repellency 
Decorative fiber glass fabrics Repellency and bonds resin 

to fabric for soft hand 
Treated cellophane pressure-sensitive tape Release 

Laboratory E v a l u a t e d Uses for Q u i l o n 
Agent to prevent chocolate stainthrough in candy boxes 
Treatment on asphalt tiles prevents blocking when the tiles are stacked 
Addition to poly(vinyl alcohol) imparted grease and water resistance to paper plates; coating did not 

block at 350°F. 
Imparts water repellency to filter paper used as an adsorbent medium in gas purification equipment 
Imparts water repellency to laminating paper impregnated with rubber latex-glycerine for use in paper-

aluminum foil laminates 
Reduces moisture wicking when glass fiber cordage is wetted 
Treatment of dyed paper substantially reduces dye bleed 
Imparts water repellency to jute, kraft, vulcanized, and chipboard 
Imparts anticrocking properties to nylon frieze if applied as a boiling treatment 
Treatment of glass fiber window screening improves spray repellency 
Treatment with poly(vinyl alcohol) imparts water repellency and desired stiffness to nylon shoe mesh 
Addition to lacquer-thinner compositions for straw hat treatment gives significant improvement in 

maintaining wet stiffness 
Water absorptiveness reduced over 50% by treatment of vulcanized fiber 
Hat bands have 100 rating roll-off when treated to 1% retention 
Retards oil migration on asbestos tape 
Effective masonry sealer (prevents water penetration) on bricks, cement blocks, mortar, and cinder blocks 
Effective in starch sizes to increase the lactic acid resistance of paperboard and to improve the anchorage 

of the wax coatings used as finish 
Aqueous D D T emulsion containing a wetting agent, although mothproofing wool serge, decreases the 

water repellency of the wool. Addition of Quilon to the emulsion gives treated wool a water repellency 
equal to untreated control and decreased water absorption characteristics 

Improves wet burst strength of solid fiberboard 

Use as C o u p l i n g Agents 
Chromium complexes of amino and hydroxy acids are of interest as coupling agents for reinforced epoxy 

and phenolic resin laminates 

Pu
bl

is
he

d 
on

 J
an

ua
ry

 1
, 1

95
9 

on
 h

ttp
://

pu
bs

.a
cs

.o
rg

 | 
do

i: 
10

.1
02

1/
ba

-1
95

9-
00

23
.c

h0
32



356 ADVANCES IN CHEMISTRY SERIES 

Literature Cited 

(1) Aarons, R., Wilson, D. (to Ε. I. du Pont de Nemours & Co.), U. S. Patent 2,723,212 
(Nov. 8, 1955). 

(2) Bley, R. S. (to North American Rayon Corp.), Ibid., 2,588,200 (March 4, 1952). 
(3) Chandler, L. B., Textile World 101, 116 (1951). 
(4) Dalton, R. L., Hauserman, F. B. (to Ε. I. du Pont de Nemours & Co.), U . S. Patent 

2,733,182 (Jan. 31, 1956). 
(5) Federal Specification CCC-T-191a (October 1945). 
(6) Federal Specification L-P-406b (Sept. 27, 1951). 
(7) Goebel, M. T., Iler, R. K . (to Ε. I. du Pont de Nemours & Co.), U . S. Patent 

2,544,666 (March 13, 1951). 
(8) Ibid., 2,544,667. 
(9) Ibid., 2,544,668. 

(10) Hall, H . T., Eyring, H., J. Am. Chem. Soc. 72, 782 (1950). 
(11) Hemming, C. B. (to Ε. I. du Pont de Nemours & Co.), U. S. Patent 2,346,755 (April 

18, 1944). 
(12) Iler, R. K., Ind. Eng. Chem. 46, 766 (1954). 
(13) Iler, R. K. (to Ε. I. du Pont de Nemours & Co.), U . S. Patent 2,273,040 (Feb. 15, 

1942). 
(14) Ibid., 2,359,858 (Oct. 10, 1944). 
(15) Ibid., 2,381,752 (Aug. 7, 1945). 
(16) Ibid., 2,401,645 (June 4, 1946). 
(17) Ibid., 2,524,803 (Oct. 10, 1950). 
(18) Ibid., 2,683,156 (July 6, 1954). 
(19) Johnson, C. W., Ibid., 2,410,414 (Nov. 5, 1946). 
(20) Kingerly, R. W., Ibid., 2,745,770 (May 15, 1956). 
(21) Lehmicke, D. J., Am. Dyestuff Reptr. 38, 853 (1949). 
(22) McLaren, A. D. (to Ε. I. du Pont de Nemours & Co.), U. S. Patent 2,549,220 (April 

17, 1951). 
(23) Martin, J. B., Funk, C. S. (to Crown Zellerbach Corp.), Ibid., 2,648,614 (Aug. 11, 

1953). 
(24) Patten, S. H. (to Ε. I. du Pont de Nemours & Co.), Ibid., 2,647,836 (Aug. 4, 1953). 
(25) Reid, T. S. (to Minnesota Mining and Manufacturing Corp.), Ibid., 2,662,835 

(Dec. 15, 1953). 
(26) Steinman, R. (to Owens-Corning Fiberglas Corp.), Ibid., 2,552,910 (April 15, 1951). 
(27) Ibid., 2,611,718 (Sept. 23, 1952). 
(28) TAPPI Standard Method, T-441-m45. 
(29) TAPPI Standard Method, T-454. 
(30) USAF Specification MIL-P-8013. 

RECEIVED for review May 10, 1957. Accepted June 1, 1957. 

Pu
bl

is
he

d 
on

 J
an

ua
ry

 1
, 1

95
9 

on
 h

ttp
://

pu
bs

.a
cs

.o
rg

 | 
do

i: 
10

.1
02

1/
ba

-1
95

9-
00

23
.c

h0
32



Molybdenum Chelates, Esters, and 

Organometallics 

JOHN G. DEAN,1 HERBERT KAY, and MELVIN L. LARSON 

Climax Molybdenum Co., 500 Fifth Ave., New York 36, Ν. Y. 

Molybdenum, a transition element, displays multiple 
valence states and a great complexing tendency. 
Molybdenum chelates, esters, and organometallics 
are the important industrial compounds. Chelates 
are formed with nitrogen, sulfur, and oxygen linkages. 
Esters are derivatives of molybdic acid with alcohols, 
phenols, or hydroxy acids. The organometallic com
pounds comprise alkyl and aryl derivatives as well as 
complexes with carbonyls, cyanides, olefins, and acet
ylenes. The preparation and physical properties of 
some of these compounds are indicated. 

Molybd e n u m has shared i n the renascence of interest i n metals c h e m i s t r y w h i c h was 
s p a r k e d b y u r a n i u m at the s tar t of W o r l d W a r I I . M o l y b d e n u m ' s o ther congeners of 
subgroups V I of the P e r i o d i c C h a r t , c h r o m i u m a n d tungsten , have s i m i l a r l y p r o v e d to 
be h e a v y meta ls w i t h a n u n u s u a l c h e m i s t r y . A l t h o u g h over 9 0 % of the m o l y b d e n u m 
p r o d u c e d is consumed i n m e t a l l u r g i c a l app l i ca t i ons of increas ing i m p o r t a n c e , a n i n d u s 
t r i a l chemica l technology is also t a k i n g shape w i t h the e x p a n d i n g use of m o l y b d e n u m 
i n cata lysts , colors, a n d l u b r i c a n t s . 

M o l y b d e n u m , w i t h valence states of 0, 2, 3, 4, 5, a n d 6, is a t r a n s i t i o n element 
capable of f o r m i n g m a n y stable compounds . I t also has enormous complex ing power , 
especial ly i n the higher valences. T h e c o m b i n a t i o n of several valence possibi l i t ies a n d 
u n u s u a l c omplex ing c a p a c i t y leads to a great v a r i e t y of possible organic a n d inorganic 
der ivat ives . 

T h e c h e m i s t r y of m o l y b d e n u m , whether i t is i n the field of inorganics or organics , 
is exceedingly c o m p l i c a t e d . T h e compl i ca t i ons have been compounded b y inaccuracies 
i n d a t a a n d the re lated in te rpre ta t i ons to be f o u n d i n the ear ly l i t e r a t u r e . T h e vast 
progress i n s t r u c t u r a l c h e m i s t r y is , however , r a p i d l y p o i n t i n g the w a y for general 
u n d e r s t a n d i n g a n d agreement . 

I n spite of the compl i cat ions of m o l y b d e n u m c h e m i s t r y , at least one large class of 
m o l y b d e n u m organ i cs—the chelates—is f a m i l i a r to the i n d u s t r i a l chemist . M o l y b d e 
n u m compounds of th i s t y p e are w i d e l y used for the p r e p a r a t i o n of b r i l l i a n t organic 
p igments , a n a p p l i c a t i o n w h i c h consumes about 450,000 pounds of m o l y b d e n u m a y e a r . 
M o l y b d e n u m chelates are t reated first i n th is paper , because of the i r firm pos i t i on i n 
i n d u s t r i a l c h e m i s t r y . 

M o l y b d e n u m esters have been extensive ly discussed, p a r t i c u l a r l y i n the older 
l i t e r a t u r e . A l t h o u g h they do not at present receive a n y k n o w n c o m m e r c i a l a p p l i c a 
t ions , t h e y are discussed as the second i m p o r t a n t class of o r g a n o m o l y b d e n u m , 

1 Present address, Stewart L a n e , Wilton, C o n n . 
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358 ADVANCES IN CHEMISTRY SERIES 

M o l y b d e n u m compounds w h i c h belong to the organometal l i c class, at least i n the 
broader sense of th is t e r m , have been in tens ive ly s tud ied i n recent years . A l t h o u g h 
m o l y b d e n u m , l ike m a n y of the other t r a n s i t i o n metals , does not read i ly f o r m t r u e a l k y l 
a n d a r y l der ivat ives , i t does f o r m a series of compounds w h i c h can best be described as 
subs t i tu ted carbony ls . Because of the i r great interest i n f u n d a m e n t a l c h e m i s t r y a n d 
t h e i r potent ia l i t ies for i n d u s t r i a l u t i l i z a t i o n , th is g roup of compounds is discussed at 
some l ength i n the f inal section of th is paper . 

One reason for the increased tempo of research a n d deve lopment w o r k on m o l y b 
d e n u m chemicals is t h a t a wider v a r i e t y of m o l y b d e n u m compounds suitable as research 
reagents has been p r e p a r e d . M o l y b d e n u m c a r b o n y 1, the pentachlor ide a n d other 
hal ides , a n d a v a r i e t y of soluble i sopo ly a n d heteropo ly salts have recent ly been added 
to the sulfide, oxide, a n d s imple mo lybdates as mater ia l s ava i lab le for research purposes . 

Molybdenum Chelates 

M o l y b d e n u m chelate compounds consist of complexes w i t h M o — Ν — C , M o — S — C , 
a n d M o — Ο — C l inkages . M o s t of the k n o w n compounds are complex m o l y b d a t e 
anions p r o b a b l y f o r m e d b y chelate c oord inat i on w i t h po lybas ic acids a n d p o l y h y d r o x y 
compounds l i k e oxal ic a c id , p h t h a l i c ac id , sa l i cy l i c a c id , a n d catechol . O f the m a n y 
chelate compounds w h i c h have been sat i s fac tor i ly character i zed w i t h d i s t i n c t i v e p r o p 
erties, those i n v o l v i n g M o — Ν — C b o n d i n g have evoked the greatest c o m m e r c i a l i n t e r 
est thus far . 

M o l y b d e n u m - N i t r o g e n - C a r b o n S y s t e m . P e r h a p s the best k n o w n of these M o — 
Ν — C complexes are those used i n the m a n u f a c t u r e of organic p igments for the p r i n t i n g 
i n k i n d u s t r y . B a s i c dyestuffs such as m e t h y l v io le t , V i c t o r i a pure b lue , B r i l l i a n t G r e e n , 
R h o d a m i n e 6 G , a n d T h i o f l a v i n e Τ are p r e c i p i t a t e d b y p h o s p h o m o l y b d i c a c i d to give 
the P M A colors, a n d b y phosphotungs tomo lybd i c a c i d to give the P M T A colors (40). 

A good example of a p h o s p h o m o l y b d a t e toner or color l ake is shown b y the sug
gested chemica l f o r m u l a for the complex w i t h m e t h y l v i o l e t : 

These organic p igments are character i zed b y br i l l i ance , s t rength , a n d resistance to 
l ight , heat, a n d water . 

T h e s t r u c t u r e of the P M A colors is v e r y s i m i l a r to t h a t of the s t a r t i n g dyestuffs , 
most of w h i c h exist as salts, u s u a l l y chlorides or sulfates. T h e f o r m a t i o n of a P M A 
color is s i m p l y the replacement , i n so lut ion , of a l ightwe ight anion* b y a m u c h heavier 
one, thus causing p r e c i p i t a t i o n . T h e p h o s p h o m o l y b d a t e a n i o n can replace a hal ide 
a n i o n i n one of the dyestuf fs ; a p p r o x i m a t e l y six or seven molecules of dye are r e 
q u i r e d for each molecule of p h o s p h o m o l y b d i c a c id used (40). 

P M A colors are m a n u f a c t u r e d b y a three-step process : so lut ion of the dyestuff i n 
water at contro l l ed p H a n d t e m p e r a t u r e ; p r e p a r a t i o n of the complex a c i d so lut ion 
f r o m soluble phosphate a n d m o l y b d a t e salts w i t h the a d d i t i o n of m i n e r a l a c i d to b r i n g 
the p H w i t h i n the range of 3 to 4 at a t e m p e r a t u r e of 20° to 3 0 ° C ; a n d a d d i t i o n of 
the complex a c i d so lut ion to the dyestuff so lut ion at a contro l l ed rate a n d w i t h c o n 
t r o l l e d a g i t a t i o n . T h e p r e c i p i t a t e d p igment is t h e n s tab i l i zed b y heat ing , fo l lowed b y 
a f ina l t r e a t m e n t w i t h excess of the complex a c i d (40). 

P r o d u c t i o n of P M A a n d P M T A colors as organic p igments represents the most 
i m p o r t a n t single use for m o l y b d e n u m compounds . A n n u a l w o r l d c o n s u m p t i o n of 

NHMe 
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m o l y b d e n u m i n th is a p p l i c a t i o n tota ls 450,000 pounds , w i t h the p r i n t i n g i n k i n d u s t r y 
account ing for a p r e d o m i n a n t p o r t i o n of th is m a r k e t . O t h e r areas wThere these b r i l l i a n t 
colors find a p p l i c a t i o n are i n the t i n t i n g a n d shading of whi te paper to offset the y e l 
lowness of n a t u r a l p a p e r stock, i n the m a n u f a c t u r e of colored paper , a n d i n water 
colors a n d enamels for ch i ldren ' s toys . 

O t h e r v i v i d colors m i g h t be p r o d u c e d f r o m heteropo ly acids a n d var ious basic 
organic dyes. A m o n g l i k e l y s t a r t i n g mater ia l s for new organic p igments are s i l i c omo-
l y b d i c acids w i t h a m o l y b d e n u m - s i l i c o n atomic ra t i o of 12 to 1, a n d p h o s p h o m o l y b d i c 
a c i d w i t h a m o l y b d e n u m - p h o s p h o r u s ra t i o of 18 to 2, b o t h ava i lab le as the s o d i u m 
salts. T h e r e are i n n u m e r a b l e other possibi l i t ies , because at least 25 different elements 
f u n c t i o n as hetero atoms i n d i s t inc t h e t e r o p o l y m o l y b d a t e anions (5). A n y one of these 
h igh -we ight anions is a p o t e n t i a l p r e c i p i t a t i n g agent for basic organic dyes to give new-
color lakes a n d toners. 

V a l u a b l e dyes w i t h great af f in i ty for n a t u r a l or ar t i f i c ia l text i le fibers, p a r t i c u l a r l y 
casein, can be produced f r o m m o l y b d e n u m oxide a n d the te trasul fonic der ivat ives of 
p h t h a l o c y a n i n e dyes, or b y the react ion of the monosul fonic d e r i v a t i v e of a n aromat i c 
c o m p o u n d such as p h t h a l i c a n h y d r i d e w i t h the meta l l i c oxide i n the presence of urea 
(27). M e t a l l i z e d diazo dyes for a n i m a l fibers have also been made t h r o u g h the che la t 
i n g ac t i on of m o l y b d e n u m . These produc ts , d a r k - c o l o r e d powders of v a r i e d shades of 
brow r n, are water -so luble (8). 

Solut ions of mo lybdates have also been f o u n d to give a s t rong , ye l l ow prec ip i ta te 
w i t h a s a l i c y l h y d r o x a m i c a c i d ; the p r o d u c t dissolves read i ly i n a lcoho l . T h i s co lored 
complex poss ib ly contains qu inqueva lent m o l y b d e n u m i n the a n i o n , the probab le 
f o r m u l a for w h i c h is M o 0 2 C 7 H 5 0 3 N . S i m i l a r co lorat ions have been observed w i t h 
b e n z y h y d r o x a m i c ac id . These colors have been suggested as tools for the co lor imetr i c 
e s t imat i on of v a n a d i u m i n the presence of m o l y b d e n u m a n d u r a n i u m (2). 

O t h e r complexes i n the M o — Ν — C system are those f o r m e d b y m o l y b d e n u m 
h e x a c a r b o n y l or m o l y b d e n u m pentach lor ide , a n d p y r i d i n e . S a t i s f a c t o r y c h a r a c t e r i z a 
t i o n of the sexivalent coord inat i on s u b s t i t u t i o n der ivat ives of m o l y b d e n u m h e x a 
c a r b o n y l has been accompl i shed b y H i e b e r on the fo l l owing compounds , w h i c h he 
synthes ized (14)-

M o ( C O ) 3 - 3 pyr id ine 
M o ( C O * · o-phenanthroline 
M o ( C O ) 8 - p y r i d i n e , o-phenanthroline 

A l t h o u g h m er c aptans d i d not react w i t h m o l y b d e n u m h e x a c a r b o n y l to f o r m a 
su l fur -bonded d e r i v a t i v e , th i opheno l reacted w i t h m o l y b d e n u m t r i c a r b o n y l p y r i d i n e to 
f o r m m o l y b d e n u m d i c a r b o n y l th iophenate p y r i d i n e (IS). 

M o l y b d e n u m - O x y g e n - C a r b o n S y s t e m . O n l y one group of compounds c o n t a i n 
i n g the m o l y b d a t e an ion n u c l e u s — t h a t of the complexes w i t h oxal ic a c i d — h a s been 
sys temat i ca l l y s tud ied . T h e oxalate der ivat ives of m o l y b d e n u m ( V I ) are most easi ly 
p r e p a r e d b y disso lv ing m o l y b d i c oxide i n a n aqueous so lut ion of a n oxalate (20). T h e 
equ imolar complex , H 2 + 2 [ M o 0 3 ( C 2 0 4 ) ] ~ 2 , can undergo photochemica l a u t o r e d u c t i o n -
ox ida t i on i n a i r w i t h f o r m a t i o n of m o l y b d e n u m blue , a m o l y b d e n u m oxide h y d r a t e of 
valence in termediate between m o l y b d e n u m ( V ) a n d m o l y b d e n u m ( V I ) . I n a n ear ly 
G e r m a n patent , a photograph i c a p p l i c a t i o n of th is photochemica l r e a c t i v i t y of the 
oxalate is described (19). A l k a l i a n d a m m o n i u m salts of this complex appear to be 
more stable forms t h a n the a c i d . 

T h e oxalate der ivat ives of m o l y b d e n u m ( V ) are stable i n a i r . P r e p a r e d b y the 
reduc t i on of a n aqueous so lut ion of a m m o n i u m m o l y b d a t e a n d the oxalate salt (1), 
these are red c rys ta l l ine complexes to w h i c h the f o l l owing s t ruc ture has been ass igned: 
M + [ M o 0 2 ( C 2 0 4 ) ] - ( M + = H + , K + , N H 4 + , y 2 B a + 2 , p y r i d i n i u m ) . 

T h e react ion of e l e c t ro ly t i ca l l y f o rmed m o l y b d e n u m t r i h y d r o x i d e w i t h oxal ic a c id 
i n the absence of a i r is repor ted to f o r m m o l y b d e n u m ( I I I ) oxalates (38). W h e n 
heated i n a i r , these compounds decompose to oxalates of i s o p o l y m o l y b d i c acids. Some 
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360 ADVANCES IN CHEMISTRY SERIES 

less w e l l charac ter i zed m o l y b d e n u m ( I I I ) der iva t ives of s o d i u m sa l i cy late a n d d i s o d i u m 
p h t h a l a t e have been p r e p a r e d b y reac t i on w i t h M 2 M o C l 5 o r M 3 M o C l 6 ( M + = N H 4 + , 
K + ) {If). Syntheses of p o o r l y charac ter i zed m o l y b d a t e complexes f r o m o - h y d r o x y -
phenols , such as catechol , or p y r o g a l l o l (10), have been r e p o r t e d . T h e catechol d e r i v a 
t ives of a m m o n i u m d i t h i o m o l y b d a t e have also been descr ibed (11). 

A m i n o - a n d h y d r o x y - s u b s t i t u t e d a r o m a t i c c ompounds f o r m complexes w i t h soluble 
m o l y b d a t e s to y i e l d p e r m a n e n t r e d - b r o w n colors i n d y e i n g a n i m a l fibers. T h e dye ing 
process is c a r r i e d out b y soak ing f u r fibers i n a 4 % aqueous so lu t i on of p y r o g a l l o l , f o l 
l owed b y a second soak ing i n a n a m m o n i a c a l s o lu t i on of m o l y b d i c a c i d (18). S p i r i t 
or o i l varnishes are conver ted to stains i n a l i k e m a n n e r . 

A new m e t a l coat ing process i n w h i c h a soluble phosphate a n d a complex between 
a soluble m o l y b d a t e a n d a p o l y h y d r i c pheno l are the f ea tured ingredients has been 
a p p l i e d c o m m e r c i a l l y . U s e d to pre t reat i r o n a n d steel p a r t s p r i o r t o p a i n t i n g or 
finishing i n some other m a n n e r , i t prevents c r a c k i n g a n d flaking of the f in ish i f the 
p a r t m u s t be fabr i ca ted af ter p a i n t i n g . T h i s result is a t t r i b u t e d t o a dense a n d 
a m o r p h o u s phosphate coat ing w h i c h w i l l w i t h s t a n d considerable w o r k i n g (82). 

Quebracho is the most c o m m o n l y used p o l y h y d r i c p h e n o l i n th i s coat ing process, 
b u t sumac t a n n i n , catechol , resorc ino l , h y d r o q u i n o n e , p y r o g a l l o l , p y r o g a l l i c a c i d , gal l ic 
a c i d , a n d ph lo rog luc ino l have also been used (9). C o a t i n g solut ions c o n t a i n i n g 2 
ounces of the complex m i x t u r e s per ga l lon produce h a r d , cont inuous phosphate coat 
ings averag ing 100 m g . per square foot of ferrous m e t a l surface. 

T h e charac te r i za t i on of covalent chelate der ivat ives has been l i m i t e d to m o l y b d e 
n u m acetylacetonates . Y e l l o w , so l id m o l y b d e n u m ( V I ) acety lacetonate has been p r e 
p a r e d b y a condensat ion reac t ion of acetylacetone w i t h m o l y b d i c oxide (26). T h i s 
c o m p o u n d m u s t be iso lated at reduced temperatures i n order to prevent decompos i t i on 
to m o l y b d e n u m blue (25). 

U s i n g W a r d l a w ' s m o l y b d e n y l monoch lor ide h y d r a t e (89), M o r g a n p r e p a r e d a 
water -so luble m o l y b d e n u m ( I I I ) acety lacetonate , w h i c h was r e a d i l y a i r - o x i d i z e d to a 
green m o l y b d e n u m ( V ) acetylacetonate , soluble i n b o t h w a t e r a n d organic solvents . 
D a t a have recent ly been obta ined for a complex w i t h e thy lened iamine tetraacetate . 
T h e r e are t w o m o l y b d e n u m atoms per l i g a n d of e thy lened iamine tetraacetate , a s t r u c 
t u r e w h i c h appears un ique a m o n g such complexes (28). 

O t h e r compounds , p r e s u m a b l y chelates, are the benzo inox ime a n d 8 -qu ino l ino l 
complexes w h i c h are used for p r e c i p i t a t i o n of m o l y b d e n u m f r o m aqueous a c i d 
m o l y b d a t e so lut ions . 

M o l y b d e n u m a n d a c e t y l - or benzoylacetone are c l a i m e d to f o r m co lored chelates, 
w h i c h , w h e n added to a m o n o m e r i n a p o l y m e r i z a t i o n sys tem, give co lored p o l y m e r s 
(6). 

M o l y b d e n u m - S u l f u r - C a r b o n S y s t e m . Because M o — S bonds are less ionic t h a n 
M o — Ο bonds a n d su l fur has a greater covalent c o o r d i n a t i n g tendency t h a n oxygen , 
organic su l fur complexes of m o l y b d e n u m shou ld be more soluble i n organic m e d i a a n d 
less react ive t o w a r d tpie c o m m o n ion ized reagents. 

M a l a t e s t a has c a r r i e d out a systemat ic s t u d y of m o l y b d e n u m xanthates a n d 
d i th io carbamates (24), b o t h of w h i c h are p r o b a b l y s tab i l i zed b y the f o l l owing basic 
chelate g r o u p : 

S 
/ \ 

I I — O — S — M o 
R = a l k o x y or d ia lky lamino 

These compounds are p r e p a r e d b y reduc t i on of a n aqueous so lut ion of the m o l y b d a t e 
a n d the a l k a l i m e t a l salt of the d i t h i o a c i d . R e c e n t w o r k has demonst ra ted t h a t o n l y 
the m o l y b d e n u m ( V ) i o n forms the x a n t h a t e (29). These compounds are soluble i n 
organic solvents , inso luble i n water , a n d undergo o x i d a t i v e decompos i t i on u p o n s t a n d 
i n g . T h e d i a l k y l d i t h i o e a r b a m a t e s are s i m i l a r i n s t ruc ture to the xanthates , b u t are less 
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wel l defined, because of tendencies to undergo p o l y m e r i z a t i o n . T h e y are m o r e stable 
t h a n the xanthates a n d less soluble i n organic solvents . 

T h e use of n a t u r a l m o l y b d e n u m disulf ide as a so l id film l u b r i c a n t a d d i t i v e to 
chassis greases has been described (36). O t h e r l u b r i c a t i n g app l i ca t i ons i n the a u t o 
m o t i v e field awa i t the deve lopment of stable dispersions of m o l y b d e n u m disulf ide i n o i l 
m e d i a . One a p p r o a c h to th i s p r o b l e m has been to synthesize o i l -so luble m o l y b d e n u m -
su l fur organic compounds w h i c h a p p e a r to decompose as the f r i c t i o n - i n d u c e d t e m p e r a 
t u r e increases. A m o l y b d e n u m sulfide film is repor ted to be cont inuous ly deposited on 
the m e t a l surfaces. S u c h organic c ompounds cou ld be added to extreme-pressure a n d 
h y p o i d gear oils to i m p r o v e l u b r i c i t y a n d to prevent m e t a l - t o - m e t a l contact at f r i c t i o n 
interfaces . 

H u g e l has repor ted the seizing t imes for v a r y i n g a p p l i e d loads on a 4 -ba l l t es t ing 
mach ine , us ing a n S A E 30 o i l w i t h 2 % of a m o l y b d e n u m decy l xanthate added . T h i s 
decy l x a n t h a t e is of the general f o r m u l a : 

RO-C—S v 0. S—C—OR 
ι \ / \ / \ 

M o — 0 — M o 

R O - C — ^ S — C — O R 
II II 
S S 

where R m a y be h e x y l , o c t y l , decy l , o r dodecy l . O f these compounds , the decy l x a n 
thate was f o u n d to have o p t i m u m s o l u b i l i t y a n d s t a b i l i t y (16). 

H u g e l ' s d a t a indicate t h a t th is c o m p o u n d as a l u b r i c a n t a d d i t i v e prevents seiz ing 
under extreme pressure condit ions , reduces wear , a n d m a i n t a i n s a w e l l - l u b r i c a t e d m o 
t i o n . A d d i t i o n a l w o r k is i n progress w i t h the xanthate a n d th iocarbamates to i m p r o v e 
the s t a b i l i t y o r shelf l i fe of these add i t i ves . 

S i m i l a r l u b r i c a t i n g app l i ca t i ons are proposed for the a l k y l - s u b s t i t u t e d a m m o n i u m 
salts of t e t r a t h i o m o l y b d i c a c id , ( R N H 3 ) 2 M o S 4 . These salts are p r e p a r e d b y react ion 
of the amine h y d r o c h l o r i d e w i t h a m m o n i u m or a l k a l i m e t a l t e t r a t h i o m o l y b d a t e i n 
aqueous so lut i on : 

2 R N H 2 . H C 1 + N a 2 M o S 4 - > ( R N H 3 ) 2 M o S 4 + 2 N a C l 

These compounds a p p a r e n t l y have some s o l u b i l i t y i n solvents such as p o l y a l k y l e n e 
glycols ( U c o n fluids) a n d i n f a t t y a c i d oi ls , b u t are insoluble i n p e t r o l e u m solvents 
a n d c a n be dissolved i n w a t e r o n l y w i t h d i f f i cu l ty (3). 

C h e l a t e s as C a t a l y s t R a w M a t e r i a l s . Severa l patents have recent ly c l a i m e d the 
use of o r g a n o m o l y b d e n u m compounds as r a w mater ia l s for s u p p o r t e d cata lysts , i n 
order to a v o i d the usua l e v o l u t i o n of a m m o n i a v a p o r s f r o m a m m o n i u m m o l y b d a t e b y 
i m p r e g n a t i n g a cata lys t car r i e r w i t h m o l y b d e n u m oxalate i n aqueous so lut ion (33). 
A n o t h e r a p p l i c a t i o n proposes the use of m o n o e t h y l a m m o n i u m t e t r a t h i o m o l y b d a t e 
( p r o b a b l y a n e t h y l - s u b s t i t u t e d a m m o n i u m salt of t e t r a t h i o m o l y b d i c a c i d , made as de 
scr ibed above) as a hydrogenat i on -dehydrogenat i on ca ta lys t m a t e r i a l . T h e carr i e r 
coat ing , a f ter ca l c in ing a t 3 0 0 ° C , is repor ted to be m o l y b d e n u m tr isul f ide . O n l y 
after n i t r o g e n t r e a t m e n t a t 440°C . are coatings of c rys ta l l ine m o l y b d e n u m disulf ide 
ob ta ined (37). 

R e c o g n i t i o n t h a t subsexivalent m o l y b d e n u m is the act ive ca ta lys t i n a v a r i e t y of 
chemica l reactions m a y lead to f u r t h e r u t i l i z a t i o n of the organic complexes as 
m o l y b d e n u m cata lys t r a w mater ia l s . T h e m u l t i v a l e n t f orms ( + 3 to + 6 ) of the 
oxalate complexes m a k e these l i k e l y choices for such mater ia l s . S o l u b i l i t y l i m i t a t i o n s 
of these oxalates, however , d irect a t t e n t i o n to t h e i r use i n t w o types of c a t a l y s t s : 
s u p p o r t e d cata lysts , w h i c h require t h a t the m o l y b d e n u m be i n a water -so luble f o r m ; 
a n d cata lysts w h i c h are used as insoluble crysta ls or a m o r p h o u s gels i n v a p o r or l i q u i d 
phase react ions . 
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362 ADVANCES IN CHEMISTRY SERIES 

Because m a n y of the organic complexes n o w under inves t iga t i on are o i l -so luble , 
t h e i r p o t e n t i a l ca ta ly t i c use i n homogeneous h y d r o c a r b o n reactions is of great interest . 
T h e xanthates a n d th iocarbamates are also o i l -so luble a n d offer a means of m a n u 
f a c t u r i n g m o l y b d e n u m sulfide cata lysts , b o t h s u p p o r t e d a n d u n s u p p o r t e d . N e w 
m o l y b d e n u m esters have a s i m i l a r p o t e n t i a l i n c a t a l y t i c app l i ca t i ons . 

Molybdenum Esters 

O v e r 50 years ago, R o s e n h e i m described the existence of a d i m e t h y l ester of 
m o l y b d i c ac id (34), p r e p a r e d b y a d d i n g m o l y b d i c oxide d i h y r a t e to m e t h a n o l . C r i t i c a l 
present -day re - examinat i on of th is c l a i m s t rong ly suggests that a n alcoholate a n d not 
a n ester was f o r m e d . 

R o s e n h e i m (35) has more recent ly descr ibed the on ly k n o w n s imple ester t y p e 
c o m p o u n d , t r i p h e n o x y m o l y b d e n u m d ich lor ide , M o C l 2 ( O C 6 H 5 ) 3 . I t was p r e p a r e d b y 
the react ion of 1 mole of m o l y b d e n u m pentachlor ide w i t h 4 moles of pheno l i n c a r b o n 
disulf ide, g i v i n g a d a r k , r e d - p u r p l e , c rys ta l l ine so l id . T h i s c o m p o u n d is soluble i n 
c a r b o n disulf ide a n d benzene, a n d is repor ted to be h y d r o l y t i c a l l y stable, a l t h o u g h such 
h y d r o l y t i c s t a b i l i t y has not been conf i rmed. T h e phenoxy c o m p o u n d is p r o b a b l y 
s tab i l i zed b y double b o n d resonance i n v o l v i n g the benzene r i n g . I t is not k n o w n 
u n d e r w h a t condit ions m o l y b d e n u m alkoxides can be synthes ized a n d whether they 
exist i n a stable f o r m . 

O t h e r cresyl ic acids, der ivat ives of sa l i cy l i c a c id , catechol , a n d 2 - h y d r o x y - m - t o l u i c 
a c i d , f o r m s i m i l a r esters w h i c h complex w i t h organic a n d inorganic bases. 

Organomolybdenum Compounds 

C o t t o n has recent ly rev iewed the subject of a l k y l a n d a r y l der ivat ives of the 
t r a n s i t i o n metals (7 ) . F o r the purpose of his paper , he defined organometa l l i c 
c ompounds exc lus ive ly i n terms of a l k y l a n d a r y l der ivat ives of a m e t a l . I n i t , three 
other p a r a l l e l classes of m e t a l - c a r b o n bonded compounds are br ie f ly d iscussed : 

1. Carbonyls , cyanides, and cyanide complexes, isocyanides, and acetylides 
2. Olefinic or acetylenic compounds 
3. Cyc lopentadieny l derivatives 

T h e on ly a l k y l a n d a r y l der ivat ives of m o l y b d e n u m repor ted i n t h a t rev iew were 
the p h e n y l m o l y b d e n u m compounds of H e i n , about w h i c h there has been m u c h d ispute . 
I n f o r m a t i o n concerning classes 1 a n d 3 has recent ly been made avai lab le . 

M o l y b d e n u m c a r b o n y l is regarded as the parent c o m p o u n d for the c y c l o p e n t a -
d ienyls a n d can be considered a n organometa l l i c , as can its c y c l o p e n t a d i e n y l der ivat ives , 
i n th i s paper . T h e pronounced shortening of the M o — C b o n d distance re lat ive to 
t h a t expected f r o m the s u m of covalent r a d i i indicates extensive 7r-bonding i n the 
c a r b o n y l . O n the other h a n d , the M o — C b o n d force constant is i n the exact range 
to be expected for single e lec t ron-pa ir bonds between m o l y b d e n u m a n d c a r b o n . 

M o l y b d e n u m H e x a c a r b o n y l . M o l y b d e n u m h e x a c a r b o n y l is the most stable c o m 
p o u n d among the M o — C bonded classes, because of oc tahedra l , e l ec t ron -pa i r c o o r d i n a 
t i o n , a n d covalent b o n d i n g . I t is re la t i ve ly s i m p l y made i n good yie lds a n d thus lends 
itsel f r ead i ly to c o m m e r c i a l a p p l i c a t i o n . 

T h e best p r e p a r a t i o n technique to date is t h a t w h i c h was described b y K o c h e s h k o v 
(21), as modi f ied b y the B e l l L a b o r a t o r i e s . T h e react ion is c a r r i e d out i n a n autoc lave 
us ing a n h y d r o u s m o l y b d e n u m pentachlor ide dissolved i n ether. F i n e l y d i v i d e d zinc is 
used as b o t h a meta l l i c cata lys t a n d a reduc ing agent for the ch lor ide . Pressures of 
carbon monox ide v a r y f r o m 600 to 1100 p.s . i . w i t h an average pressure of about 800 
p.s . i . A u t o c l a v e t emperatures have v a r i e d w i d e l y a r o u n d r o o m t e m p e r a t u r e , because 
of the exothermic nature of the react ion a n d of the var ia t i ons i n the cool ing technique . 

A recent patent suggests the use of a n a l u m i n u m a l l o y powder , c o n t a i n i n g 
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DEAN, KAY, AND LARSON-MOLYBDENUM CHELATES, ESTERS, AND ORGANOMETALLICS 363 

5 0 % copper , 4 5 % a l u m i n u m , a n d 5 % zinc , instead of a l l z inc . W i t h th is a l l oy , a 
9 0 % y i e l d of the c a r b o n y l is obta ined at 100°C. a n d 1500 p.s . i . i n a react ion t i m e of 3 
hours (17). 

Table I. Properties of Molybdenum Hexacarbonyl 

Formula 
Molecular weight 
Appearance 
Melting point, °C. 
Specific gravity 
Solubility 

Water 
Ether at 30° C. 
JP4, jet fuel 
JP5, jet fuel 
M I L 7808, lube oil 

Vapor pressure 
80° to 150° C. 
0° to 50° C. 

Stability 
Water 
Air 
Acids 
Strong basic solutions 
Bromine vapor 

Heats of combustion 

Heat of formation 
Qp at 25° C. calcd. 

Heat capacity 
Specific heat 

Mo(CO) 6 

264.01 
White crystals, diamagnetic 
Volatile, decomposes below 150° C. 
1.96 

Insoluble 
2.5 wt.% 
30° C./10.99 g./l . ; 50° C. 18.30 g./l. 

7.78 17.90 
3.96 11.95 

logio ρ = 11.406 - 3654/JT 
logio ρ = 11.795 - 3800/7 

(ρ in mm. of mercury, Τ in °K.) 

Stable 
Stable 
Stable 
Decomposes 
Decomposes, forms Μ0ΒΓ4 

507.58 kcal./mole 
506.69 

233.12 
0.22804 + 0.04848< - 0.061264*2 
0.22974 + 0.0s2202i - 0.05379*2 

(cp values are per unit weight of molybde
num contained and apply to tempera
ture range 20° to 78° C.) 

T h e p h y s i c a l propert ies of the c a r b o n y l c o m p o u n d are shown i n T a b l e I . I t s 
a p p a r e n t lack of t o x i c i t y m a y be due i n large measure to i ts l o w v a p o r pressure a t 
r o o m temperature , i n contrast to the other carbony ls w h i c h m a y have apprec iab le 
v a p o r pressure even at r o o m temperature a n d hence are v e r y poisonous i f i n h a l e d . 

M o l y b d e n u m c a r b o n y l m a y be t h e r m a l l y decomposed at l o w temperatures i n a 
v a r i e t y of atmospheres to y i e l d films of m o l y b d e n u m m e t a l , m o l y b d e n u m carb ide , a n d 
m o l y b d e n u m sulfides a n d oxides. T h i s p r o p e r t y makes m o l y b d e n u m c a r b o n y l in teres t 
i n g as a m a t e r i a l i n m a n y p y r o l y t i c p l a t i n g processes. 

C o a t i n g s on meta l l i c a n d n o n m e t a l l i c — f o r example , c e r a m i c — p a r t i c l e s have wide 
c o m m e r c i a l i m p l i c a t i o n s . P r o b a b l y the most i m p o r t a n t of the produc ts ob ta ined thus 
far are the a l loys w i t h c a r b o n a n d the carbides . C o h e r e n t a n d adherent coatings of 
the carbides on a base m e t a l have been m a d e b y ad jus t ing the p l a t i n g c ond i t i on to 
give a n y va lue of carbon content f r o m zero to about 35 atomic % . T h e hardness 
depends p r i m a r i l y on this c a r b o n content i n the p late , some coatings be ing harder t h a n 
sapphi re . N e w carbides of m o l y b d e n u m a n d al loys supersa turated w i t h carbon have 
also been produced . 

P l a t i n g can be c a r r i e d out at temperatures as l o w as 150°C. a n d thus , i n the 
presence of other substances l i k e carbon monox ide , h y d r o g e n sulfide, a n d water react ions 
occur w h i c h cou ld no t be produced i n another w a y . E q u i l i b r i u m d a t a r e la t ing 
t emperature a n d gas compos i t i on for the p r e p a r a t i o n of p late composi t ions c o n t a i n i n g 
g iven quant i t ies of carbon , su l fur , or oxygen have been presented b y L a n d e r a n d 
G e r m e r (22). 

P u r e m o l y b d e n u m coatings m a y have a p p l i c a t i o n i n electronic or e lectr i ca l devices, 
i n the field of h i g h temperatures , a n d i n c a t a l y t i c app l i ca t i ons . T h e h a r d a l loys w i t h 
carbon , a n d the carbides, m a y p r o v i d e good wear ing surfaces for bearings , dies, ro l l s , 
gages, a n d other tools. M o l y b d e n u m sulfide, f o r m e d v i a v a p o r p l a t i n g , m a y be useful 
as a l u b r i c a t i n g film, as a semiconductor , a n d as a cata lys t on a v a r i e t y of nonmeta l l i c 
suppor ts . 
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364 ADVANCES IN CHEMISTRY SERIES 

Aryl Isocyanide Derivatives 

M a l a t e s t a (25) has p r e p a r e d m o l y b d e n u m h e x a a r y l isocyanides, M o ( C N R ) 6 , 
i n l o w y ie lds by react ion of a r y l isocyanides w i t h m o l y b d e n u m t r i c h l o r i d e i n alcohol . 
These compounds undergo s low decompos i t i on i n a i r . 

n—C5H5Mo(CO)6 M O T T — C 5 H 5 

M o l y b d e n u m h e x a c a r b o n y l reacts w i t h cyc lopentadiene or w i t h s o d i u m c y c l o p e n t a -
diene i n t e t r a h y d r o f u r a n to give a series of c y c l o p e n t a d i e n y l m o l y b d e n u m compounds , 
of w h i c h ferrocene is the p r o t o t y p e . T h e m o l y b d e n u m a t o m is bonded to the c y c l o 
p e n t a d i e n y l r i n g b y a delocal ized a n d essential ly covalent b o n d . T h e r e are no covalent 
bonds between a p a r t i c u l a r carbon a t o m a n d the m o l y b d e n u m atoms. 

T h e f o l l owing series of reactions i l lustrates the range of stable c ompounds w h i c h 
have been made in this new class (30) : 

Preparation of Intermediates 

C 6 H 6 N a + M o ( C O ) 6 -> C 5 I I s M o ( C O ) 3 N a + S C O 

C 5 H 5 M o ( C O ) 3 N a + H O Ac C 5 H 5 M o ( C O ) 3 H + N a O A c 

Typical Reactions 

2 C 5 H 5 M o ( C O ) 3 H + A i r -> C 5 H 5 M o ( C O ) 6 M o C 5 H 5 + H 2 0 

C 5 H 5 M o ( C O ) 3 H + C C U -> C 5 H 5 M o ( C O ) 3 C l + C H C 1 3 

C 5 H 5 M o ( C O ) 3 N a + C H 3 I -> C 5 H 5 M o ( C O ) 3 C H 3 + N a l 

T h e s t ruc ture of b i s cyc l opentad ieny l c a r b o n y l , 71—C5H5Mo—(CO)6MOTJ—C5H5, 
has been the subject of m u c h discussion i n recent m o n t h s . W h i l e i t was i n i t i a l l y 
be l ieved t h a t i t was essential ly a " t r i p l e - d e c k e r s a n d w i c h , " recent x - r a y d i f f ract ion 
studies a t the Massachuse t t s I n s t i t u t e of Techno logy show t h a t the molecule is a 
d i m e r of a c y c l o p e n t a d i e n y l m o l y b d e n u m t r i c a r b o n y l . T h e r e are no c a r b o n y l bridges 
to f o r m a supersandwich a n d the molecule is no t l inear (^1). 

Alkyl Cyclopentadienyl Derivatives 

F r o m the 7r - cyc lopentad ieny l m o l y b d e n u m t r i c a r b o n y l h y d r i d e , a n u m b e r of 
compounds w i t h a m e t a l - t o - c a r b o n s igma b o n d have been p r e p a r e d as i n d i c a t e d by the 
above series of reactions (81). T h e f o l l owing a l k y l der ivat ives were p r e p a r e d by 
reac t ing a l k y l halides w i t h 7 i - C 5 H 5 M O ( C O ) 3 N a : 

7 T - C 5 H 5 M o ( C O ) 3 C H 3 

7 r - C 5 H 5 M o ( C O ) 3 C 2 H 5 

7 r - C 5 H 5 M o ( C O ) 3 iso C 3 H 7 

A l l of these compounds are d iamagnet i c a n d are r ead i l y soluble i n p e t r o l e u m ether 
( 3 0 ° to 6 0 ° C . ) a n d i n the usua l organic solvents . T h e y sub l ime easi ly i n h i g h v a c u u m 
at t emperatures f r o m 2 5 ° to 5 0 ° C . a n d have a not iceable camphoraceous odor . I n 
organic solvents , a l l the compounds are s l owly decomposed b y a i r . 

T h e s t a b i l i t y of these compounds is inverse ly p r o p o r t i o n a l to the l e n g t h of the 
c a r b o n c h a i n i n the a l k y l g r o u p . T h e m e t h y l c o m p o u n d begins to decompose i n a i r 
a f ter a few days a n d u p o n heat ing i n v a c u u m at 1 1 0 ° C . T h e e t h y l c o m p o u n d is 
not i ceab ly less stable a n d the i s o p r o p y l c o m p o u n d even less stable . 

T h e compounds are a l l y e l l o w a n d are soluble i n w a t e r a n d unaffected b y i t . 
T h e y are a t t a c k e d b y acids a n d bases, b u t do not f o r m cat ions . H a l o g e n s react t o 
f o r m the a l k y l hal ides a n d the 7 r - c y c l o p e n t a d i e n y l t r i c a r b o n y l hal ides . 
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Cyclopentadienyl Carbonyl Hydride 

A y i e l d of C 5 H 5 M o ( C O ) 3 H of 9 0 % based o n m o l y b d e n u m h e x a c a r b o n y l was 
obta ined b y the react ion shown above. T h e h y d r i d e subl imes at 1 0 ~ 2 m m . of m e r c u r y 
a n d 5 0 ° C . I n n o n p o l a r so lvents , s u c h as p e t r o l e u m ether , the h y d r i d e is decomposed 
to a b l a c k mass b y a i r . H o w e v e r , i n p o l a r solvents , such as t e t r a h y d r o f u r a n , smooth 
o x i d a t i o n to 7 r - C 5 H 5 M O ( C O ) 6 M 0 7 r - C 5 H 5 occurs (31). 

R e a c t i o n of the h y d r i d e i n a n excess of c a r b o n te t rach lor ide gives 
7 r - C 5 H 5 M o ( C O ) 3 C l a n d C H C 1 3 at 2 5 ° C . T h e ch lor ide exists as orange-red c rys ta l s , 
decompos ing at 145°C. w i t h o u t m e l t i n g . I t is o n l y s l i g h t l y soluble i n p e t r o l e u m , b u t is 
soluble i n p o l a r organic solvents w i t h o u t decompos i t i on . T h e b r o m i d e a n d iodide have 
also been p r e p a r e d f r o m the h y d r i d e . R e d crys ta ls of these hal ides m e l t a t 1 5 0 - 1 ° C . 
a n d 13Φ-5°0. , respect ive ly . 

T h e c o m p o u n d , 7 r - C 5 H 5 M o ( C O ) 2 N O , can be made b y d i rec t a c t i o n of n i t r i c oxide 
on the h y d r i d e i n a n organic so lvent . T h i s c o m p o u n d forms stable orange c rys ta l s , 
m e l t i n g at 85 .2 -5 .7°C . a n d is r ead i ly soluble i n organic solvents w i t h o u t decompos i t i on . 

Dibenzene Molybdenum 

T h e other ou t s tand ing deve lopment i n organometa l l i c research is the synthesis a n d 
ch arac te r i za t i on of dibenzene compounds of c h r o m i u m , m o l y b d e n u m , a n d tungsten b y 
F i s c h e r (12). T h i s u n i q u e d iscovery has c leared u p the p e r p l e x i n g quest ion of the 
na ture of the supposed p h e n y l c h r o m i u m a n d m o l y b d e n u m compounds of H e i n (13). 
D i b e n z e n e m o l y b d e n u m (as w e l l as c h r o m i u m a n d tungsten) has been f o u n d to possess 
a hexagonal , p r i s m a t i c , c e n t r o s y m m e t r i c s t ruc ture . 

D i b e n z e n e m o l y b d e n u m is synthes ized f r o m m o l y b d e n u m pentachlor ide first as a n 
aqueous soluble ca t i on (unstable i n a i r ) , w h i c h is then reduced to a c o m p o u n d t h a t 
is v e r y unstab le i n a i r , is soluble i n organic solvents , a n d is also n e u t r a l . T h e f o r m a 
t i o n of the ca t i on is c a r r i e d out i n a b o m b heated to 150°C. T h e f o l l owing equat ion 
shows the synthesis : 

3 M o C l 5 + 4A1 + 6 C 6 H 6 - ^ Î I » 3 M o ( C 6 H 6 ) 2 + A1C1 4 + 3A1C1 3 

150° c 

A f t e r h y d r o l y s i s of the complex , the ca t i on is reduced b y a new reduc ing agent, 
( N H 2 ) 2 C ( S 0 2 K ) 2 , d i a m i n o m e t h a n e d i s u l f o n i u m po tass ium. A s the n e u t r a l dibenzene 
m o l y b d e n u m is unstable i n a i r , care m u s t be t a k e n to extrac t a n d sub l ime i t u n d e r 
oxygen-free condi t ions . D i b e n z e n e m o l y b d e n u m t h e r m a l l y decomposes at 100°C. t o 
give a m e t a l m i r r o r . 

Future Objectives 

R e s e a r c h a n d deve lopment o n o r g a n o m o l y b d e n u m compounds are e x p a n d i n g at a 
pace character i s t i c of the ent ire field of m e t a l chemicals . T h e above discussion has 
been devoted t o the chelates, esters, a n d organometa l l i c c ompounds of m o l y b d e n u m . 
O n l y the chelates have f o u n d extensive c o m m e r c i a l u t i l i z a t i o n as b r i l l i a n t l y co lored 
organic p igments a n d as m e t a l coat ings. A more complete s u m m a r y of uses a n d 
po tent ia l uses for these complexes is presented i n T a b l e I I . C a t a l y s t s a n d new 
p igments a p p e a r to h o l d considerable promise for future u t i l i z a t i o n of organo
m o l y b d e n u m compounds . 

P r e p a r a t i o n of the chelate der ivat ives depends large ly u p o n the a v a i l a b i l i t y of 
soluble c ompounds of m o l y b d e n u m . M o l y b d i c oxide a n d s o d i u m m o l y b d a t e have 
been genera l ly used as s t a r t i n g mater ia l s for the chelates. O t h e r s imple , i sopo ly salts 
a n d he teropo lymolybdates are now becoming f a m i l i a r to organic chemists . M o l y b 
d e n u m pentachlor ide is a convenient s t a r t i n g m a t e r i a l for the k n o w n ester, t r i p h e n o x y 
m o l y b d e n u m d i ch lor ide a n d m o l y b d e n u m h e x a c a r b o n y l for the organometal l i cs . 
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Table II. Uses for Molybdenum Organics 

Type 
Chelates 

Bonding 
M o — N — C 

Present Commercial Uses 
P M A and P M T A color 

lakes and toners for 
printing inks, tints, 
water colors, show card 
inks, wax crayons, 
colored paper, and 
enamels for children's 
toys 

Potential Uses 
New toners from 

other heteropoly acids 

Casein dyes from 
phthalocyanine 
derivatives 

Metallized diazo dyes; 

M o — O — C Metal coatings using 
phenolic complex 

colorimetric analyses 
Catalysts 

M o — S — C 
M o C l 2 (OC 6 H 6 )8 

Mo(CO) 6 

Lubricants 

Esters 
Organometallics 

Catalysts 

C B H 6 Mo(CO) 3 H 

Vapor plating 
Catalysts 
Catalysts 
Ion exchange resins 
New plastics 
Modified resins 

O r g a n o m o l y b d e n u m compounds , der ived f r o m m o l y b d e n u m h e x a c a r b o n y l , are 
rece iv ing systemat ic a t t e n t i o n i n i n d u s t r i a l a n d academic laborator ies at the present 
t i m e . M o l y b d e n u m c a r b o n y l , considered as the parent of the k n o w n organometal l i cs , 
has p r o v e d p r a c t i c a l for the v a p o r p l a t i n g of meta l l i c m o l y b d e n u m or in te rmeta l l i c 
f i lms on m e t a l or ceramic surfaces. V a p o r p l a t i n g m a y be a sat i s fac tory a l t e rnat ive to 
e lec t rop lat ing , w h i c h has never p r o v e d complete ly feasible for m o l y b d e n u m . 

C y c l o p e n t a d i e n y l der ivat ives are the subject of intense, f u n d a m e n t a l s t u d y . 
P o t e n t i a l uses for these organometal l i cs are also suggested i n T a b l e I I . A p p l i c a t i o n 
research w i l l fo l low the synthesis a n d charac ter i za t i on of a n y of these stable d e r i v a 
t ives . 
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The Amine Method for Preparing Ferrocene 

R. L. PRUETT and E. L. MOREHOUSE 
Research Laboratories, Linde Air Products Co., Tonawanda, Ν. Y. 

Ferrocene can be prepared on a laboratory or large
-scale basis by the reaction of ferrous chloride and 
sodium cyclopentadienide in an amine solvent. The 
basicity of the latter is an important factor in the 
yield of ferrocene obtained. Other factors affecting 
the course of the reaction as well as the yield are dis
cussed. 

A recent review article by Pauson (6) describes the preparation, properties, and 
reactions of ferrocene [or bis (cyclopentadienyl) iron] and related compounds. Several 
reactions are listed as possible methods for preparing ferrocene: 

1. Cyclopentadiene and iron powder at high temperature (δ). 
2. Cyclopentadienylmagnesium halide with ferric halide (If). 
3. Cyclopentadienylmagnesium halide with ferric acetylacetonate (7,11). 
4. An alkali metal cyclopentadienide with ferrous or ferric halides (8,9). 
5. An alkali metal cyclopentadienide with iron hexammine salts (2,3). 
6. Cyclopentadiene with iron halide in an amine solvent (1,10). 
The Linde Laboratories, early in their work on organometallic compounds, de

veloped two of these methods for the preparation of ferrocene. The reaction of 
iron (II) chloride with sodium cyclopentadienide in ethylene glycol dimethyl ether 
(DMC) solvent: 

DMC 
FeCl 2 + 2NaC 6H 5 > (C6H6)2Fe + 2NaCl (1) 

and the reaction of cyclopentadiene with iron halides in diethylamine solvent: 

2C 6 H 6 + FeX 2 + 2R 3N -> (C5H5)2Fe + 2R 3N H X (2) 
These two methods appear to be the most attractive possibilities for large-scale prepara
tion of ferrocene. The second method was later published by Wilkinson and coworkers 
as a laboratory preparation of ferrocene (1), even though their first attempts gave very 
low yields. This paper shows the applicability of the amine method for the preparation 
of ferrocene on either a laboratory or production scale. 

The reaction given in Equation 2 gives excellent yields of ferrocene, 85 to 90% 
of theory, when a highly basic amine is used. The success of this reaction apparently 
depends upon the formation of an intermediate according to Equation 3: 

xs 
C 5 H 6 + R 3 N > [R3NHC5H5] -> R3NH+ + C 6 H 6 - (3) 

Amine 
Table I shows the results of using amines of varying basicities in this reaction. The 
data were taken from experiments in which stoichiometric amounts of iron (II) halide 
and cyclopentadiene were used. The amine was employed in considerable excess as 
both a reactant and a solvent for the reaction. Since the iron halide was prepared in 
ethylene glycol dimethyl ether, this was used as a cosolvent. Iron(II) chloride was 
prepared by the reaction of anhydrous iron (III) chloride with iron powder in ethylene 
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Table I. Effect of Amine Structure 

Amine % Yield of Ferrocene Log Κλα 

Diethylamine 85 11.0 
Piperidine 69 11.3 
n-Propylamine 38 — Di-n-propylamine 29 — Triethylamine 20 10.8 
n-Butylamine 7 10.7 
Ammonia 3 9.3 
1,6-Hexanediamme <1 — Ethylenediamine Trace ~10 
Pyridine None 5.4 
Morpholine — 8.7 

FLT IT ι (AH+) α Log 

g l y c o l d i m e t h y l ether . I r o n ( I I ) b r o m i d e was p r e p a r e d b y the d irec t b r o m i n a t i o n of 
i r o n powder w i t h b r o m i n e i n ethylene g lyco l d i m e t h y l ether . B o t h of these react ions 
proceed s m o o t h l y a n d r a p i d l y a t or near r o o m t e m p e r a t u r e . 

I t m a y be seen f r o m the table t h a t the bas i c i t y of the amine is v e r y i m p o r t a n t 
i n p r o d u c i n g sat i s fac tory y ie lds of ferrocene, a l t h o u g h th i s m a y no t be the on ly c r i t i c a l 
fac tor . T h e two best amines , d i e t h y l a m i n e a n d p i p e r i d i n e , are the most basic , h a v i n g 
l og KA values of 11.0 or higher . W i t h amines of lower b a s i c i t y the y i e l d of ferrocene 
decreased a p p r o x i m a t e l y i n the order of decreasing l og KA. A n a p p a r e n t a n o m a l y i n 
the case of e thy lened iamine m a y be due to the f o r m a t i o n of s t rong complexes w i t h the 
ferrous i o n , thus p r e v e n t i n g the reac t ion of the ferrous hal ide . 

P r o d u c t y ie lds m a y be increased over those shown i n T a b l e I even i n the presence 
of amines of in termediate bas i c i ty b y increas ing the amounts of cyc lopentadiene over 
those r e q u i r e d b y E q u a t i o n 2 ( T a b l e I I ) . T h e increase i n y i e l d is a p p r o x i m a t e l y the 
same as the increase i n m o l a r ra t i o of cyc lopentadiene to m e t a l ha l ide . 

Table II. Effect of Excess Cyclopentadiene 

Molar Ratio CPI> % Yield Ferrocene 
Amine to F e X 2 Based on F e X 2 

Triethylamine 2 to 1 20 
8 to 1 72 

n-Butylamine 2 to 1 7 
8 to 1 32 

° C P D = cyclopentadiene. 

T h e results descr ibed thus far were obta ined f r o m exper iments i n w h i c h a large 
excess of the amine was used. T a b l e I I I gives the results of exper iments i n w h i c h 

Table III. Effect of Excess Amine 

Amine Molar Ratio Amine to C P D a % Yield of Ferrocene 
Diethylamine 1 to 1 (in benzene) 15 

Large (amine as solvent) 75-85 
Piperidine 1 to 1 (in D M C ) 19 

Large (amine as solvent) 69 
β C P D = cyclopentadiene. 

s to i ch iometr i c a m o u n t s of the amine were used i n the presence of a n i n e r t so lvent . 
W i t h e i ther benzene o r D M C as the solvent the y ie lds were m a r k e d l y decreased. 

T a b l e I V shows the v a r i a t i o n i n y ie lds w h e n v a r i o u s i r o n salts were e m p l o y e d . 

Table IV. Product Yield 
from Various Iron Salts 

Iron Salt* % Yield of Ferrocene 
FeCls 75-85 
FeBr 2 85 
FeS0 4 0 
FeCh · 4H 2 0 0 

a All reactions in diethylamine-DMC. 
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T h e r e was no m a r k e d difference between i r o n ( I I ) ch lor ide p r e p a r e d b y reduc t i on of 
i r o n ( I I I ) ch lor ide w i t h i r o n powder a n d i r o n ( I I ) b r o m i d e p r e p a r e d b y the b r o m i n a t i o n 
of i r o n . T h e bromide gave s l i gh t ly better results , p r o b a b l y because of the increased 
s o l u b i l i t y of the bromide i n the so lvent . I r o n ( I I ) sulfate a n d i r o n ( I I ) ch lor ide t e t r a -
h y d r a t e fa i led to produce ferrocene. T h e results w i t h the h y d r a t e d salt show a po in t 
t h a t was conf i rmed i n other exper iments ; i t is essential t h a t a l l mater ia l s be t h o r o u g h l y 
d r i e d . I n these laborator ies the amines were d r i e d b y pass ing t h e m t h r o u g h a c o l u m n 
p a c k e d w i t h L i n d e 4 A M o l e c u l a r Sieve. D M C was d r i e d , a n d i ts peroxides were also 
removed , b y the L i n d e 1 3 X M o l e c u l a r Sieve. 

A s a l a b o r a t o r y p r e p a r a t i o n , c o m m e r c i a l a n h y d r o u s i r o n ( I I I ) ch lor ide m a y be 
used d i r e c t l y w i t h cyc lopentadiene i n die t h y lamine so lvent . Y i e l d s of about 8 5 % 
m a y be obta ined , based on i r o n . I n th is case i t is necessary to use a 3 to 1 m o l a r ra t i o 
of cyc lopentadiene to i r o n , because 1 equiva lent of cyc lopentadiene is used i n the reduc 
t i o n of i r o n ( I I I ) ch lor ide to the i r o n ( I I ) state. T h i s is a v e r y convenient l a b o r a t o r y 
p r e p a r a t i o n , because i t gives a h i g h y i e l d of p r o d u c t f r o m a short , one-step process. 
O n a large scale i t is less a t t r a c t i v e because i t requires 5 0 % more cyc lopentadiene . 

F o r a c o m m e r c i a l process, there is a n i m p o r t a n t mod i f i ca t i on i n w h i c h i r o n powder 
m a y be used as a r a w m a t e r i a l . T h e b y - p r o d u c t of the react ion of i r o n ( I I ) ch lor ide 
w i t h cyc lopentadiene is the amine hydroch lo r ide . T h i s amine h y d r o c h l o r i d e m a y be 
recovered i n usable f o r m as the n e u t r a l amine b y t r e a t i n g i t w i t h i r o n powder . W h e n 
d i e t h y l a m i n e h y d r o c h l o r i d e is heated w i t h i r o n powder , hydrogen is evo lved a n d 
i r o n ( I I ) chlor ide a n d d i e t h y l a m i n e are f o rmed . T h i s i r o n ( I I ) chlor ide can t h e n be 
used i n the regular process to f o r m ferrocene. T h u s , the d i e t h y l a m i n e h y d r o c h l o r i d e 
m a y be recyc led , so t h a t the o n l y r a w m a t e r i a l requirements are i r o n m e t a l a n d cyc l o 
pentadiene, w i t h h y d r o g e n as a b y - p r o d u c t . T h i s o v e r - a l l process is out l ined i n the 
fo l l owing s impl i f i ed flow d i a g r a m . 

I t m a y be conc luded t h a t the amine m e t h o d affords a convenient a n d cheap process 
for the p r e p a r a t i o n of ferrocene on either a l a b o r a t o r y scale or p r o d u c t i o n scale. 
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