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Readers of our Acta
know how much our
chemist collector loves
the works of one Rem-
brandt student, Gerbrand
van den Eeckhout, who
was also Rembrandt's
good friend. This is our

. fourth cover depicting
Fig. 1 an Eeckhout.

There is a preparatory drawing (Fig. 1) for this painting (oil on canvas,
21%2x 25 inches), which shows how the artist began by wanting to depict
King Solomon's idol worship; note that on the very right of the drawing is
the foot of an idol. However, in the painting, done in the 1660's, the King
seems to be praying with great devotion. Perhaps the artist changed his
mind and finally depicted Solomon praying in the Temple.

This is one of the few paintings of the Rembrandt school portraying
King Solomon. It is surely significant that Rembrandt and his students con-
cerned themselves far more with the agonies of King Saul and the
vicissitudes of King David than with the successes of Solomon. In his
handling of light, Eeckhout comes close to works of his teacher and friend.
He contrasts the simple architectural forms of the Temple with the
splendor of Solomon's clothing and jewelry, achieving that effect by the
use of white dots of light, a technique used by Rembrandt in his works of
the 1630's.

From Dura to Rembrandt - Studies in the History of Art

A collection of nineteen papers, seventeen in English and two in
German, by Rachel Wischnitzer (1885-1989) ranging from synagogue
architecture to the iconography of works by Rembrandt, together with this
remarkable woman's life story, written by Prof. Bezalel Narkiss, the
director of the Center for Jewish Art at the Hebrew University. A
wonderful gift for any good friend.

The Detective’s Eye: Investigating the Old Masters

Twenty-three paintings that have been reproduced on our Acta covers
and five that have been on our catalog covers were among some seventy
works in an exhibit at the Milwaukee Art Museum (January 19 - March 19,
1989) for which Isabel and Alfred Bader were guest curators.

If yourelish detective work and puzzles about Old Master paintings,
you will find much to enjoy in this fully illustrated catalog, and you will
learn something about our chemist collector’sinterest inart and connois-
seurship as well.
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No matter how careful laboratory techni-
cians may be, once in a while ground glass
stoppers jam in flask necks. This can be par-
ticularly annoying if it happens on a filled
separatory funnel. We have solved this prob-
lem by passing a Pasteur pipette through the
stopcock of the separatory funnel as shown in
the figure. This allows air to come into the
separatory funnel while the liquid comes out
cleanly and without loss of material.

Doyou have an innovative shortcut orunique laboratory hint
you'd like to share with. your fellow chemists? . If so, please
send it to Aldrich (attn: Lab Notes).  For submitting your idea,
you will receive, at no cost, a laminated periodic table poster
(215,000-2 $9.20, shown above). If we publish your Lab Note,
you will also receive The Detective's Eye: Investigating the
Old Masters (see previous page). We reserve the right to retain
all entries for consideration for future publication.

Ann Haestier

Department of Chemistry
Brandeis University
Waltham, MA 02254-9110

(e e,

Professor Alfred Hassner of Bar-Ilan Univer-
sity kindly suggested that we offer a polymeric
quaternary ammonium azide reagent.! Alkyl,
benzyl, and alpha-keto azides? are cleanly pre-
pared from alky! halides or sulfonates under mild
conditions using this heterogenous reagent.

Naturally, we made it.

(1) Hassner, A ; Stern, M.; Gottlich, H.E. J. Org. Chem. 1990,

55, 2304. (2) Hassner, A.; Stern, M. Angew. Chem., Int. Ed.
Engl. 1986, 25,478.

It was no bother at all, just a pleasure to be able
to help.

Amberlite is a registered trademark of Rohm and Haas Co.

Aldrich warrants that its products conform to the information contained in this and other Aldrich publications. Purchaser must determine the
suitability of the product for its particular use. See reverse side of invoice or packing slip for additional terms and conditions of sale.
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Long-Range Electron Transfer in

Experiments in several laboratories over
the last few years have established that elec-
tron transfer (ET) in modified proteins and
protein-protein complexes can take place
over long molecular distances (>10 A) at
biologically significant rates."* The goal of
our work in this field is clucidation of the
factors that control the rates of these reac-
tions.

Ruthenated Proteins

The molecules we have employed are
ones in which ruthenium ammines are at-
tached to surface histidines of structurally
characterized redox proteins.>”  Surface
modification of a protein is expected to be
nonperturbative,® so it can be assumed that
the structure of the modified protein is the
same as that of the native protein. Hence, the
distance and the intervening medium in-
volved in electron transfer between the na-
tive and synthetic protein redox sites are
known. Altering the site of attachment al-
lows both the distance and the intervening
medium for electron transfer to be varied.
Changing the ligands in the ruthenium
modification reagent also permits driving-
force effects on the rate of the reaction to be
studied.

Fig. 1. Redox centers in a Ru(His33)cyt c.
Edge-edge distances: His33 to Hisl8,
11.7&; His33 to the heme, 13.2A.

Harry B. Gray

Beckman Institute

California Institute of Technology
Pasadena, California 91125

Fig. 2. Comparison of the structures of the His48 and heme regions of native and
a Ru(His48)-modified myoglobin.

Professor Harry B. Gray (right) receiving the Alfred Bader Award in
Bioinorganic or Bioorganic Chemistry from Dr. Alfred Bader.
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Our modification procedure involves the
reaction of aquopentaammine-ruthenium(IT)
(a,Ru®*) with the imidazole of a surface
histidine of a protein.®”"'* Importantly, the
a Ru(histidine)-modified proteins are rela-
tively robust in both the Ru(II) and Ru(IlI)
oxidation states.'*'S Modified proteins that
have been studied extensively include
a ;Ru(His33)cytochrome ¢ (Fig. 1)%*' and
a;Ru(His48)myoglobin (Fig. 2).'"13

Kinetics Methods

Flash photolysis and pulse radiolysis tech-
niques have been employed to study electron
transfer in ruthenated proteins.>!! The flash
method used commonly to monitor Ru*=»Fe>
and Ru?*=»Cu?®* electron transfer is outlined
in eq. 1-4 (illustrated for Ru?*=»Fe’* electron
transfer). The electron transfer reaction is
initiated by photogenerated Ru(bpy),***
(bpy = 2,2-bipyridine), which rapidly re-
duces the suface ruthenium. The Ru(bpy),**
is scavenged by EDTA before it can back
react with the a,_Ru**(His) group. In the case
of a heme (FeP), a fast increase in absor-
bance due to direct reduction of Fe(lII)P by
Ru(bpy),’** is followed by a slower increase
in absorbance due to reduction of Fe(1IT)P by
the Ru(IT) on the protein surface.

Lieber has developed a method for the
study of electron transfer from a protein
metal center to a surface ruthenium.'® In this
method, Ru(bpy),*** acts as an oxidant, se-
lectively removing an electron from a sur-
face a,Ru’*(His). A Ni(II) macrocycle/alkyl
bromide scavenger system oxidizes the
Ru(bpy),* before it can back react with
a,Ru™(His).

Electron transfer at high driving forces
(values of -AG® in the ~1 eV range) has been
investigated in zinc-porphyrin (ZnP) deriva-
tives of ruthenated cytochrome ¢ and myo-
globin.’®!7 Laser excitation generates the
relatively long-lived excited triplet, *ZnP*,
which is a powerful reducing agent. Both
excited-state electron transfer (k',,) and
thermal recombination (k°,,) reactions can
be monitored in favorable cases by transient
absorption spectroscopy (eq. 5-7).

The rates of electron-transfer reactions in
Ru(His33)cyt ¢ (M) derivatives (M = Fe,Zn)
range from 3x10' to 3.3x10° s*! (Table 1).
The rates show a strong dependence on driv-
ing force (-AG"®), as predicted by Marcus.'®
Replacement of the heme in Ru(His48)Mb
by several metalloporphyrins (MP: M = H,,
Pd, Pt, Cd, Mg, Zn; P = mesoporphyrin IX
diacid) yields Ru(His48)Mb(MP) species in
which *MP*=»Ru™ electron-transfer rates have
been measured (Table 2). The electron-
transfer rates again increase markedly as the
driving force increases, following the same

b
Ru(bpy)s2* —————=  Ru(bpy),2** (eq.1)
Ru¥*(protein)Fe3* - + " Ru(bpy)2* * e Ru2*(protein)Fe®* + - Ru(bpy),3* (eq; 2)
Rulbpy);®*  — - Ru(bpy)g?* (eq.3)
K
Ru2*(proteinjFed*  —————etw . Ru?* (protéin)Fe2* {eq. 4)
hv
ZnP{protein)Ru®* . —————pm . 37np *(protein)Rud* " (eq. 5)
K
3znP *(protein)Rud*  ——T——w=  ZnP*(protein)RLZ*  (eq. 6)
@
ZnP* (protein)RueY s - ZnP(protein}Rud* (eq.7)
Table 1. ET Rates in Ru(His33)cyt ¢ Derivatives?
Donor Acceptor -AG® (eV) ke, (5)
a Ru® cytc (Fe*) 0.18 3.0x 107
a Ru? cytc (Zn*) 0.36 2.4x10?
a,(isn)Ru? cytc (Zn*) 0.66 2.0x10°
cytc (Zn*) a Ru® 0.70 7.7 x10°
a,(py)Ru® cytc (Zn*) 0.74 3.5x10°
cyt ¢ (Zn*) a,(py)Ru® 0.97 3.3x10°8
a,Ru® cytc (Zn) 1.01 1.6 x 108
cyte (Zn%) a,(isn)Ru 1.05 1.9 x 108
2 From ref. 17: isn = isonicotinamide; py = pyridine.
Table 2. ET Rates in Ru(His48)Mb Derivatives®
Donor Acceptor -AG° (eV) ke, (s)
FeP aRu* 0.02 0.04
FeP a,(py)Ru® 0.28 25
H,P* a Ru’ 0.53 7.6 x 102
PdP* a,Ru’ 0.70 9.1x10°
pPtP* aSRu3" 0.73 1.2x10*
CdP* a,Ru** 0.85 6.3 x 10°
MgP* a,Ru® 0.87 5.7 x 10
ZnP* a,Ru® 0.88 7.0x 10°
PdP* a,(py)Ru® 0.96 9.0x 10*
* From refs. 11 and 16.

pattern as observed for Ru(His33)cyt ¢ (M)
derivatives. In comparing data at the same
driving force, however, it is clear that elec-
tron transfer in Ru(His48)Mb(MP) is not as
facile as in the cytochrome ¢ system.

Reorganization Energies and
Electronic Couplings

In semiclassical electron-transfer theory,
three parameters govern the reaction rates:
the electronic coupling between the donor
and acceptor (,); the free-energy change for

the reaction (AG®); and a parameter () re-
lated to the extent of inner-shell and solvent
nuclear reorganization accompanying the elec-
tron-transfer reaction.’® Additionally, when
intrinsic electron-transfer barriers are small,
the dynamics of nuclear motion can limit
electron-transferrates through the frequency
factor, v,. These parameters describe the
rate of electron transfer between a donor and
acceptor held at a fixed distance and orienta-
tion (eq. 8), where R is the gas constant and
T is the absolute temperature.

It is commonly assumed that for long-
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range electron transfer the electronic factor

-(AG #A)? . ; ;
- . = k.2exp[-B(d-d )] - (eq. 9) () will decrease exponentially with the
kET YyKeEXp 43RT (eq. 8) EE 0 donor-acceptor edge-edge distance, d (eq.

9).'8 The closest contact distance, d_, is nor-
mally taken to be 3 A (van der Waals contact
of the edges of the donor and acceptor). The
value of B is a measure of the effectiveness
of the intervening medium in coupling the
donor and acceptor (eq. 9).

Analysis of electron-transfer rate data for
a,Ru(His48)Mb(MP)  derivatives gives
A~1.4eV.! The maximum electron-transfer
rate, v K, ~3.5x10%!, is proportional to the
square of the matrix element, H,,, that de-
scribes the electronic coupling between
a,Ru(His48) and the metalloporphyrin. In
the nonadiabatic limit (H,,<<k_T), the pro-
portionality constant is (/A2ART)V2, '® which
gives an H, of roughly 0.05cm™ for the
a,Ru(His48)Mb(MP) system.

In an analysis of Ru(His33)cyt ¢, plots of

~-AG° (eV) In k, vs. -AG® for (a) *ZnP"=PRu™, (b)

Ru**=»ZnP*, and (c) Ru>*-»Fe* reactions

Fig. 3. Ln k, JAG® plots for Ru(His33)cyt c derivatives. were fit separately to eq. 8 (Fig. 3)."" The
values of A range from 1.15 to 1.25 eV,

Hisl? which are slightly smaller than the A for

myoglobin. H,, values are ~0.03 (FeP) and
His8l ~0.12¢m (ZnP) for the electron-transfer re-
actions. It is interesting that the ZnP:Ru(His)

electronic coupling is better for His33-modified
Hisllb cytochrome ¢ than for His48-modified
myoglobin.

Ink

Experiments at Different Fixed
Distances

The distance dependence of electron-trans-
fer rates in proteins has been studied in
ruthenated sperm whale myoglobin, where
there are four surface histidines at different
edge-edge distances, d, from the metal por-
phyrin (Fig. 4).'%1%2! Analysis of the rates of
photoinduced electron transfer in deriva-
tives in which the iron porphyrin is replaced
by zinc mesoporphyrin IX diacid (ZnP) (Table
3) gives P values in the 0.8-1.0 Alrange. It

: is of interest that the rates of related electron-
Histd transfer reactions in a,Ru(His33)cytochrome

17 ; 122
Fig. 4. Relative positions of four surface histidines and the heme in ruthenated c'” and Zn,Fe-hybrid hemoglobin® fall near

myoglobin. the lines in Fig. 5. It also has been found that
the Ru(bpy),***=»Fe** and Fe?*=?Ru(bpy),’*
Table 3. ET Distances and H for a, Ru(HisX)Mb(ZnP) electron-transfer rates in Ru(bpy),(lysine)
Derivatives derivatives of horse heart cytochrome c scale
. roughly with edge-edge distance.”
X Distance (A)° k., (s7)° One notable observation is that

*ZnP*=¥a Ru(His12)** electron transfer is

48 11.8-16.6 (12.7) 7.2x 10: faster than expected based on edge-edge dis-

81 18.8-19.3 (19.3) 1.5x 101 tance. Since Trpl4 lies directly between

116 19.8 - 20.4 (20.1) 3.0x 102 His12 and the porphyrin, it may play arole in
12 21.5-223 (22.0) 1.4x10 enhancing the electron-transfer rate.'$'%

. o . One possibility is that f is approximately

: 3Edg{-z:edge 3({lstances (d) from ref. 11, estimated d(eq) values in parentheses. 0.1 A" less for a_Ru(His12)Mb than for the
ZnP--»Ru® rates from refs. 16 and 21. other myoglobin derivatives.' However,

Aldrichimica Acta, Vol. 23, No. 4, 1990 89



the rate of clectron transfer from a Ru(His62)*
to Fe? in a yeast iso-1-cytochrome ¢ mutant
(produced by site-directed mutagenesis) ap-
parently is not enhanced even though polar-
izable Trp59 and Met64 side chains reside in
the intervening medium.*

Several unusually slow electron-transfer
rates at short edge-cdge separation distances
have been reported for ruthenium-modified
proteins.'*?2® The most striking examples
have come from experiments involving plasto-
cyanins modified with a, Ru’* at His59.2"2
The electron-transfer rates in these proteins
(k;,<0.3s") are much lower than would be
expected for edge-edge distances in the
10-12 A range. The inner-sphere reorgani-
zation energy for blue copper proteins should
be small, since the geometry at the copper
site is intermediate between Cu(l) and Cu(II).?
The outer-sphere reorganization energy is
expected to be small as well, since the Cu site
is buried (and no solvent molecules are proxi-
mal to the metal). In addition, the ruthe-
nium-labeled histidine is thought to be simi-
lar in structure to that of the modified histi-
dines in other proteins. Thus, it is likely that
the slow rates are attributable to very poor
Cu-Ru electronic coupling, although it will
require additional experimental and theo-
retical work to settle the matter.

In recent work, the kinetics of long-range
electron transfer have been measured in
a,LRu(His39) derivatives (L = NH,, pyri-
dine, isonicotinamide) of Zn-substituted
Candida krusei cytochrome ¢3° and
a,LRu(His62) derivatives (. = NH,, pyri-
dine) of Zn-substituted Saccharomyces cere-
visiae cytochrome ¢3! Electron-transfer rates
are set out in Table 4. The rates of both
excited-state electron transfer (*ZnP*=#Ru*)
and thermal recombination (Ru**=»ZnP*) are
approximately three times greater in
Ru(His39)cyt ¢ than the rates of the corre-
sponding reactions in Ru(His33)cyt ¢, but
analogous electron-transfer reactions in
Ru(His62)cyt ¢ are roughly two orders of
magnitude slower than in the His33-modi-
fied protein.

Plots of the Ru(HisX)cyt ¢ (X =33,39,62)
data are shown in Fig. 6. Although the
reorganization parameter ) is nearly the same
for the electron-transfer reactions in the three
proteins (~1.2 eV), the H, value for
Ru(His39)cytc (0.21 cm!) is almost twice as
large as that for Ru(His33)cyt ¢ (0.12 cm'")
and over twenty times larger than H,, for
Ru(His62)cyt ¢ (0.01 cm™). Since virtually
the same donor and acceptor electronic states
are found in the three proteins, the differ-
ences in H,, must arise from the manner in
which the intervening atoms couple the two
states. If a homogeneous medium of con-
stant tunneling-barrier height separated the

48

Ink. %[

gl

0 i £ B i 1 1 i

{ 2 14 16 18 20 22
d(A)

Fig.5. Lnk,,vs. distance for ‘ZnP*=%a Ru’* ET reactions in ruthenated myoglobin. All four points give

8=0.79 A~ exclusion of His12 gives p=1.0 A"

=A G (eV)

Fig. 6. Plots of In k_, vs. -AG° for Ru(HisX)cytochrome ¢ ET reactions: boxes (X=39); circles (X=33);

triangles (X=62).

Table 4. ET in Ru(His39) and Ru(His62) Cytochromes ¢
Ru(His39)cyt c° -AG® (eV) ke (857)
a,(isn)Ru>=»Znp* 0.66 6.5 x 10°
8ZnP -»a Ru* 0.70 1.5 x 10°¢
a,(py)Ru®*=»ZnpP+ 0.74 1.5x 108
8ZnP*=¥a,(py)Ru™ 0.97 8.9 x 10°
asﬂuz‘-DZnP* 1.01 5.7 x 108
SZnP-<»a (isn)Ru® 1.05 1.0x 107
Ru(His62)cyt c¢' -AGe (eV) ke, (87)
%ZnP*=»a_Ru* 0.70 6.5 x 10°
a,(py)Ru®=»ZnpP* 0.74 26x10°
3ZnP*=¥a, (py)Ru* ' 0.97 2.7 x 10¢
a Ru?=»ZnP+ 1.01 20x10*
eFrom ref. 30.
'From ref. 31.
e
33
62
01 04 07 1.0 1.3
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Ser 40

HLS 39 Gly 41

Pro 3
Leu 32

His 33

Fig. 7. ET pathways from His33 and His39 (d=13.0 A) to the heme in cytochrome c.

. :f¢dnstx oxp [-B(A-R1)] (eq. 10)

e BRI (eq. 11)

=05 oP B AR (eq.12)

donor and the acceptor in the three systems,
then H, would depend primarily on the
edge-edge distance and would be nearly the
same for Ru(His33)cyt c and Ru(His39)cyt ¢
and decrease only slightly for Ru(His62)cyt
crelative to Ru(His39)cyt ¢.33! Clearly, this
prediction is not borne out by experiment.
The evidence suggests that the chemical
nature of the polypeptide medium separating
the Ru-ammine and metalloporphyrin sites
is responsible for the differential electronic
coupling in these Ru-Zn-cyt ¢ derivatives.
We will return to this matter shortly.

It has been shown in studies of Os- and
Ru-ammines bridged by polyproline spacers
that the distance dependence of A can be
greater than that of H, > Diclectric contin-
uum models of solvent reorganization pre-
dictthat A willincrease with donor-acceptor
separation. Models that describe charge

transfer within low-diclectric spheres or el-
lipsoids embedded in dielectric continua
exhibit a dependence upon electron-transfer
distance as well as upon the positions of the
redox sites inside the sphere or ellipsoid.
Modeling the Ru-Zn-cyt ¢ systems as single
spheres suggests, however, that variations in
A, for the Ru(His33)cyt ¢, Ru(His39)cyt c,
and Ru(His62)cyt ¢ electron-transfer reac-
tions will not be significant (0.57, 0.60, and
0.63 eV, respectively).’!

Winkler has examined the maximum
variation in A, predicted by the single-sphere
continuum model.’*** The cyt ¢ molecule
can be taken as a 34 A radius sphere with its
metal center 5.8 A from the origin, The Ru-
ammine complex is taken as a 6 A sphere
centered on the Ruatom thatis assumed to be
fixed 16 A from the center of the cyt c sphere.
The small sphere can occupy any position on
the large sphere with values of the electron-
transfer distance varying from 10.2 to
21.8 A. A third sphere then encloses the two
other spheres and A, for electron transfer
between the two metals is calculated by
treating the solvent as a dielectric contin-
uum. The magnitude of A varies from 0.38
to 0.63 eV almost lincarly as the electron-
transfer distance increases from 10.2t0 21.8

A. The total variation of 0.25 eV is only
slightly larger than the uncertainty range in
the estimates of A (+0.1 ¢V). The invariance
of A found for the electron-transfer reactions
of the three modified cytochromes is, there-
fore, consistent with theoretical considera-
tions.

Electron-Tunneling Pathways

In covalently-coupled donor (spacer)
acceptor molecules, the evidence now avail-
able suggests that electron-transfer rates de-
pend upon the number of covalent bonds
separating the donor and the acceptor, rather
than upon their direct separation dis-
tance.’>* Several investigators have begun
to examine potential electron-tunneling path-
ways in proteins.*"* Interestingly, the through-
peptide routes generally involve so many
bonds that they cannot possibly account for
the observed rates.'®'” Beratan and Onuchic
have developed a simple model to describe
the contribution of the polypeptide bridge to
the donor-acceptor electronic coupling in
protein systems.*’ The essence of the model
is that H,_ decreases from its maximal value
(at van der Waals contact of donor and ac-
ceptor) by a constant factor for each covalent
bond in the electron-transfer pathway (g, =
0.6). Tonic contacts (H-bonds and salt bridges)
and through-space jumps decrease H,, by
somewhat larger factors (g, is the H-bond
coupling; & is the through-space coupling).
The decay factors are described in eq. 10-12.
The p’s specify the distance dependence of
the interactions, and the ¢’s give their orien-
tation dependences. A computer program
has been written employing these interac-
tions to search for electron-tunneling path-
ways through proteins.*® In its simplest ver-
sion, the parameters are as follows: ¢, = EB,
0,=10,0,=1.0,8,=p,=p,=17A", and
const = 0.6.

Calculated electron-transfer pathways in
Ru(His33)cyt ¢ and Ru(His39)cyt ¢ are shown
inFig. 7. The best pathway from His33 to the
metalloporphyrin is a 15-bond route to the
metal atom through His18 that includes a
1.85 A hydrogen bond between the Pro30
carboxyl oxygen and the proton on the His18
nitrogen. The shortest pathway from His39
is a 12-bond route that includes a 2.4 A
H-bond between the a-amino hydrogen atom
of Gly41 and the carboxyl oxygen of a pro-
pionate side chain on the porphyrin. The key
difference between these two pathwaysis the
number of covalent bonds; the His39 path-
way is built from 11 covalent bonds and 1
H-bond, while the His33 pathway has 15 co-
valent bonds and 1 H-bond. Hence, the ex-
perimental observation that the electronic
coupling is stronger in the His39 derivative
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than in the His33-modified protein (even
though the edge-edge distances in the two : His 162
modified proteins are roughly the same) is
consistent with the Beratan-Onuchic path-
way analysis.

Two tunneling pathways for Ru(His62)cyt
c that emerge from the analysis are shown in
Fig. 8. One is a 17-bond route with 14
covalent bonds and 3 H-bonds (the third of
which connects the Trp59 nitrogen atom to
the carbonyl oxygen of a heme propionate
side chain); the other is a 13-bond route with
12 covalent bonds and a through-space inter-
action between the sulfur atom of Met64 and
the heme edge. The sharply lower electronic
coupling in the His62 protein, relative to
both the His33 and His39 systems, indicates
that the Met64-heme through-space interac-
tion is a.poor shortcut in the His62-Mect64
clectron-transfer pathway. As pathway
analyses are made on otherstructurally engi-
neered proteins, it will be interesting to see if
examples can be found in which through-
space contacts are much better shortcuts, It
is possible that the nature of the interacting
groups and their relative orientation will
greatly influence the strength of coupling.

There has been a good deal of interest in
the donor-acceptor electronic couplings that
have been extracted for the four ruthenated
myoglobins. Employing molecular orbital
methods, three groups independently have
obtained theoretical results in good agree-
ment with the experimentally derived val-
ues.*>* All three calculations show that the
electron-transfer rate constant decreases with
distance roughly as predicted by eq. 9, with
B values from theory (~0.8 A"Y) in accord
with experiment. The rate/distance scaling
apparently is much more predictable for
myoglobin than for cytochrome ¢, owing to
a lack of dominant pathways in the former
case. Indeed, there are man'y more pathways
(with comparable couplings) for myoglobin
[~200 for Ru(His48)Mb] than for any pro-
tein studied to datc.*®

Many of the Ru(His48)Mb electron-trans-
fer pathways feature a through-space jump
between Phed3 and the heme (Fig. 9). This
raises the question of enhanced electronic
coupling attributable to phenyl-porphyrin
interactions, a coupling that in a 5-x super-
exchange model might be stronger in the
Ru>*=¥ZnP* direction than for ZnP*=»Ru’*
electron transfer. Analysis of extensive kinetics
experiments on Ru(His48)Mb(ZnP) deriva-
tives shows that the electronic coupling is
not significantly different for the two pro-
cesses, thereby adding to the results that
point to o-hole tunneling as the dominant
mechanism for long-range interactions,*®

Finally, we look once again at
Ru(His12)Mb, where there is both theoreti- Fig. 10. ET pathways for Ru(Hisl 2)Mb.

Fig. 9. ET pathways for Ru(His48)Mb.
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cal*** and experimental®?® evidence for
electron-transfer rate enhancement by an
intervening aromatic group. In the His12-
modified protein, the important pathways
involve residues in two a-helices linked
through space by Trp14 or Leu76(Fig. 10).*°
In the o-hole tunneling model, the calculated
H,, for His12-heme interactions falls well
below the experimentally estimated value,
thereby hinting at a special role for Trp14 in
the through-space connections.® Experi-
ments aimed at evaluating donor-acceptor
couplings in myoglobin mutants in which
Trp14 isreplaced by other amino acids could
help resolve this matter. Indeed, there is
much left to be done before we can claim to
have a good understanding of the ways in
which the intervening medium manipulates
the rates of long-range electron transfer
through proteins.
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Understanding and Controlling Diastereofacial
Selectivity in Carbon-Carbon Bond-Forming Reactions

“Nature, it seems, is an organic chem-
ist having some predilection for the al-
dol and related condensations...”

The last two decades have witnessed
a renaissance in the aldol reaction, one
of the most venerable of organic reac-
tions. This torrent of research activity
was made possible by two main devel-
opments: the discovery of methods for
the formation and usc of preformed
enolates, particularly those of lithium;
and the advent of powerful analytical
methods that are well suited for the analy-
sis of diastereomeric mixtures, especially
13C NMR spectrometry. The principal
factor that was responsible for the re-
birth of the aldol reaction as a modern
method of synthesis was probably the
discovery that its stereochemistry can be
controlled quite effectively through the
use of preformed enolates.” In this ar-
ticle, T highlight the research on stereo-
selective C-C bond constructions that
has been carried out since 1976 by my
research group at Berkeley. This re-
search had its origin in an investigation
of simple stereoselection (syn/anti
stereoselection) in the reactions of pre-
formed lithium enolates with aldehydes.
From this topic, we moved to a study of
diastereofacial selectivity in the aldol
reactions of chiral enolates and chiral al-
dehydes. In recent years, we have ex-
tended these investigations to include
reactions of electrophiles analogous to
aldehydes (oxonium ions, thionium ions,
immonium jons). This article provides a
broad overview of these studies. Al-
though I focus on work carried out in my
research group at Berkeley, there is no
intention to slight the important contri-
butions from many other research groups,
notably those of David Evans, Satoru
Masamune, Teruaki Mukaiyama, Dicter

Seebach, Manfred Reetz, Caesare Gen-
nari, Manfred Braun and Ian Paterson.

The reaction between a prochirai
enolate and an aldehyde can give two
diastereomeric $-hydroxy ketones, some-
times referred to as syn (erythro) and
anti (threo) (Scheme 1).2 In our earliest
work on the aldol reaction, we found that
the relative stereochemistry of an aldol
is related to that of the enolate from
which it comes; Z enolates give syn
aldols, and E enolates give anti aldols,
provided the group attached to the oxy-
gen-bearing carbon of the enolate is
bulky.* This relationship was capital-
ized upon by the creation of several

Schemel

Clayton H. Heathcock
Department of Chemistry
University of California
Berkeley, CA 94720

reagents that can be used to prepare syn
or anti a-alkyl-B-hydroxy carboxylic ac-
ids. The useful a-trimethylsilyloxy ketone
1 (Buse’s reagent)’ and f,y-unsaturated
ketone 2 (Mori’s reagent)® both give Z
enolates that react with aldehydes to
give only syn aldols (Scheme 2). The
aldols derived from 1 are cleaved with
periodic acid to obtain syn a-alkyl-B-
hydroxy carboxylicacids;” those derived
from ketone 2 are reduced and the result-
ing homoallylic alcohols cleaved with
lead tetraacetate to acquire a-alkyl-g-
hydroxy carboxaldehydes.

On the other hand, esters tend to give
E enolates upon deprotonation with LDA

Professor Clayton H. Heathcock (right) receiving the American Chemical Society Award for
Creative Work in Synthetic Organic Chemistry from Dr. Alfred Bader.
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s

3

4

and other lithium amide bases, but the
enolates of normal alkyl esters show es-
sentially no simple stereoselection in their
aldol reactions. However, the E enolates
derived from esters of 2,6-dimethyliphe-
nol (DMP), 4-methyl-2,6-di-tert-butylphe-
nol (‘butylated hydroxytoluene’, BHT),
and 4-methoxy-2,6-di-fert-butylphenol
(‘dibutylated hydroxyanisole’, DBHA)
give a-alkyl-B-hydroxy esters with quite
useful stereoselectivity.® One example is
the reaction of ester 3 (Pirrung’s reagent)
with isobutyraldehyde (Scheme 3).°
Remarkably, the high stereoselectivity of
these hindered aryl esters carries over to
the esters of a-alkoxy carboxylic acids.
Thus, as shown in Scheme 3, the BHT
ester of O-benzyllactic acid, 4, gives an
enolate that reacts with isobutyraldehyde
to give a single aldol.'® Reagent 4 and its
analogs therefore serve as useful syn-
thetic equivalents for the lactaldehyde
enolate.

Parallel investigations of Lewis acid
mediated aldol reactions also led to syn-
thetically useful reagents. Although most
silyl enol ethers do not show exceptional
simple stereoselection in their Lewis acid
mediated reactions with aldehydes,'" those
derived from fert-alkyl ketones do give

_om 1-Bu Mo Ph
e

0 : g i e)

G 0O . ; \rko
\'),\ cotBuo ’

Scheme2

OLi

|
AN + ipcHO ke
t-Bu

OH OH
\)><(')SiMe3 i-PrCHO MOSMQQ H5l04g \h/COZH

(Buse, 1977)
O (1) LiAH, OH
\)X\ i PtOHO M(\ ) Pb(OAc),, CHO
{Mori, 1990)
Scheme3
Mo OH OH -
Lo 1+PrCHO H oH.HO 2 om
Z 0 ODMP 2
Me
anti (threo) (Pirrung, 1981)
t-Bu OH OH
Lo Mo EA )
i-Pf CHO LiAIH,
= S X COBHT ——tem Y\$<\OH
t-Buy o JO
Ph Ph
(Pirrung, Hagen, Jarvi, Young, 1981)
Scheme 4
OH
OSiMe, i 0

t-Bu

:

(Hug, Flippin, 1984)

[e] OH
OSiMe; gH o} (1) LiAH, H cHo
\/‘><\ +PICHO —Ch W 12 Po©Aa), Y\r
5 {Mori, 1990)

Scheme5

Facial Diastereoselectivily (One Reactant Chiral)

,F.
o7 Mt

=By >

X

Ph CHO -~

anti o-alkyl-B-hydroxy ketones with good
stereoselectivity (Scheme 4).'> Compound
5, prepared from the Mori reagent, 2, pro-
vides a useful complement to the corre-
sponding syn-selective lithium enolate.'?

When one of the two reaction partners

’gnu (o]
X

e

Me
80:20

(Flippin, 1983; Lodge, 1987)

in an aldol reaction is chiral, there exists
the possibility of a fundamentally differ-
ent kind of stereoselection. In this in-
stance, the two faces of the carbonyl
acceptor or enolate donor are
diastercotopic, and there exist two
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Scheme6
OSiMe. Me BF,, OH
< * R /k cHCL, T8 o o ?H -
t-BuQ Ph CHO t-BuO + t-BuO §
Me Me -
97:3
(Flippin, 1983)
Scheme?7
~(the Flippin-Lodge angle)-\
Case 1: R*>R Nu™
’
5, | e
R R b
"Nu~
(Flippin, 1983; Lodge, 1987)
Scheme 8
N diastereomeric transition states (Scheme
ik o re
H R,_@Nu 5). For additions of lithium enolates to
. R chiral aldehydes in which the stereogenic
R*%HBFQ center is adjacent to the carbonyl group,
the intrinsic diastercofacial preference
’ R (F®) is usually relatively low—on the
: - order of 2:1 to 6:1.1
Nu: Nu
Scheme$
Me LIAH,, ether, 35°C Me Me _
o R —eee i + N‘U 'NU
Ph PR Y Ph
OH OH NI F
R Diastereoselectivity R G.R
l/ \\
Me 31 S kY
Et 3:1 ’ *
i-Pr 5:1 Nu Nu
t-Bu 50:1
(Cherest, Felkin, Prudent, 1968)
Scheme 10
i TiCl,,
Me OSiMe, CHzélz Me
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Ph Z 1y )\(\N’ =
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R=Me; 221
R=E 361
R =i-Pr, 7.3:1
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Following a lead discovered by
Danishefsky and co-workers in their study
of Lewis acid mediated hetero-Diels-Alder
reactions of 2-silyloxy-1,3-butadienes,'®
we found that the BF,-mediated reactions
of silyl enol ethers and silyl ketene acetals
with chiral aldehydes proceed with high
stereoselectivity relative to the correspond-
ing lithium enolate additions (Scheme
6)."® The theory that was advanced to
explain the extraordinary diastereofacial
preferences of BF,-coordinated chiral
aldehydes is shown in Scheme 7. If the
two carbonyl group ligands are the same
(i.e., as in formaldehyde or asymmetrical
ketone like acetone), then the attacking
nucleophile will approach along the Burgi-
Dunitz angle in the plane that bisects the
compound, the ‘normal plane’. How-
ever, if the two carbonyl ligands are not
the same, then it is likely that the nucleo-
phile will follow a trajectory that keeps it
further away from the larger of the two
carbonyl ligands. The amount of distor-
tion away from the normal plane (the
‘Flippin-Lodge angle’) will be related to
the difference in steric bulk on the two
sides of the normal plane. If R* >R, asin
the case of a chiral aldehyde, then the
path traversed by the incoming nucleo-
phile will tend to be away from the stereo-
genic center, thus minimizing the intrin-
sic diastereofacial preference. However,
it is known that Lewis acids coordinate
aldehydes cis to the hydrogen and trans to
the alkyl group.!” Thus, the bulky BF,
group is on the same side of the normal
plane as the hydrogen and will tend to
counteract the normal steric bias of the
addition reaction (Scheme 8). This dis-
tortion of the Flippin-Lodge angle will

(Mori, Flippin, Ishihara, Nozaki, Yamamoto, Bartlett; 1990)

>50:1

Aldrichimica Acta, Vol. 23, No. 4, 1990

101



Scheme 11

amplify the diastereofacial preference,
relative to that of the uncoordinated alde-
hyde, leading to higher stereoselectivity.

If ‘trajectory analysis’ is a valid con-
cept, it should be applicable in other
situations as well. In fact, the hypothesis
is in excellent accord with a set of data
reported by Felkin and his co-workers for
the reduction of chiral ketones (Scheme
9).'* We wondered if it could also be
important in additions to chiral oxonium
ions. As shown in Scheme 10, this is
indeed the case; the diastereoselectivity
seen in nucleophilic substitution of one of

87% from ketone

the two alkoxy groups in an acetal of 2-
phenylpropanal ranges from 2.2:1 for the
dimethyl acetal to more than 50:1 for the
pinacol acetal."

Scheme 11 illustrates a new procedure
for the generation and trapping of thionium
ions. Thus, if 2-phenylpropanal is treated
sequentially with trimethylsilyl phenyl
sulfide, 6, titanium tetrachloride, and a
silyl enol ether, two diastercomeric B-
phenylthio ketones are produced. The
mcchanism of this rcaction presumably
involves addition to the thionium ion as
shown in the insert in Scheme 11. However,

OSiMeg
Me 0.5:8quiv, TICI,, Me 3 Me Me
CH,Cl,, 0°C t
/k +  PhSSiMay - mmmflgm SPh| ———n t-Bu -+ 1-Bu
Ph CHO Ph 4 equiv. TiCl,, Ph Ph o
-78°C H
6 SPh SPh © SPh o
80% 20%
Me
Albst s
Ph Ph t-Bu
i Ph
YOSEM% sph ©
t-Bu {Mori, Bartlett, 1987)
- Scheme 12
- Me Me
. Me : {1) /0.5 equiv. TiCI,,
. . CH,CL,, 0°C t-Bu t-Bu
- Ph chb +Me SSiMe, & oswe Ph + Ph Y -
" F o, ¥
. 3 SAr EAr R % syn Yo anti
Yo # t-Bu lohexyl 98 2
7 {3) 4 equiv. TiCI, >08% <@% cyclonexy z =
e benzyl >08 <2
" Me Me Me
e TiCl, t-Bu t-Bu ethyl 83 17
e /L + . Me SSiMe, - + R ¥
R° "CHO OSiMey 0 H o
- SAr SAr {Mori, Bartlett, 1987)
Me =z~
1-Bu
7
Scheme 13
osiM e ndard Yo s
iMe. standard “one-pot” H
5 + Ph)\CHO prooee Ph Z
e i
2N 63%) ).
ArS
5 by 97:3 diastereomer ratio
Me . . Me . Me | Me g
A PH{OA 2 Al A _-OH  LiNHgeth /k;\/OH
Ph)\(ﬁX/ {OAC), - cHO LiAIH, Ph yfother Ph
ArS OH ArS ArS 80%

diastereomeric purity >98:2

{Mori, Barilett; 1990)

if sulfide 7 is used in the same process, the
diastereoselectivity increases to >50:1;
only a single P-mesitylthio ketone is
obtained from 2-phenylpropanal (Scheme
12).2° The phenomenon is applicable to
other chiral aldchydes as shown. With 2-
methyl-3-phenylpropanal, a single iso-
mer is produced cven though the ste-
reodifferentiation in this case is between
methyl and a primary alkyl group. More
impressive is the 6:1 ratio observed with
2-phenylbutanal; typical diastercofacial
selectivities seen with this aldehyde in
nucleophilicaddition reactions are 55:45.
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Use of the thionium ion methodology as
an iterative tool is illustrated in Scheme
13.2

In one of the earliest cases in which the
intrinsic diastereofacial preference of a
chiral enolate (F®) was determined, the
kinetically-formed lithium enolate of (§)-
3-methyl-2-pentanone was allowed to react
with several aldehydes; in the case of
propanal, the two products were formed
in 15% diastercomeric excess {Scheme
14).2% In 1979, we prepared and investi-
gated the reactions of a chiral version of
reagent 1.2 As shown in Scheme 15,
ketone 8 forms a Z enolate (we call it the
lithium ‘supercnolate’) which shows
modest to excellent diastereofacial selec-
tivity in its reactions with aldchydes.
Masamune and co-workers introduced a
similar reagent, 9, which was used as the
Z boron enolate to obtain even higher dia-
stereofacial selectivity (Scheme 16).%

It is noteworthy that the Z lithium
enolate of 8 and the Z boron enolate of 9
have opposite diastereofacial preferences.
A rationale for this fascinating difference
is presented in Scheme 17.% 1t was sug-
gested that the lithium cation can simul-
taneously coordinate three oxygens in the
transition state. This orients the stereo-
genic center in such a way that the two
enolate faces are strongly differentiated.
As a result, the aldol reaction occurs on
the re face of the S enantiomer, leading to
the syn isomer shown in Scheme 17. On
the other hand, boron has two alkyl li-
gands and can coordinate only two oxy-
gens in the aldol transition state. Since
one of these must be the enolate oxygen,
it follows that the silyloxy group must be
released in order for boron to coordinate
and activate the aldehyde carbonyl for
addition. Asshown in the Scheme, it was
suggested that the dipolar repulsion of the

Scheme 14

Facial Diastereoselectivity {(One Reactant Chiral}

Fd

o u*
/k/\ i /\CHO R,

1

\ﬂ/?’\/\

e

H oo

4 \/\/\/\

BEREL
1w

57:43

{Seebach and co-workers, 1976)

two adjacent C-O bonds in the boron
enolate provides an orientation that re-
verses its facial preference, relative to
that of the lithium enolate.

The fact that either syn aldol can be
prepared from a Z enolate by a simple
choice of cation led us to formulate the
hypothesis illustrated in Scheme 18. In
principle, one could convert a given chiral
ketone R*COEt into each of its four pos-
sible diastereomeric aldol products by
regulating the stereochemistry of enolate
formation and by selecting whether it
reacts on its si or re face. In order to
consummate this plan, it is necessary to
have reagent 8 in scalemic form.® A
convenient synthesis is summarized in
Scheme 19. Diazotization of tert-bu-
tylglycine gives o-hydroxy acid 10.%
Reaction of this material with excess
ethyllithium provides a hydroxy ketone,
which is silylated with N-(trimethylsi-
lyl)imidazole to obtain (-)-8 in 50% over-
all yield from fert-butylglycine. An analo-
gous reagent was obtained by silylation
with tert-butyldimethylsilyl chloride.

Scheme 20 summarizes experiments
with (-)-8 that were carried out under
optimized conditions. The lithium enolate
of (-)-8 is prepared by treatment of the
ketone with LDA in THF at -78°C for
2.5h. To this solution is added 1.0 equiv.
of tetramethylethylenediamine (TMEDA).
After 2 min. the aldehyde is added, and

Scheme15
- ;¥ © o
o o7 u o ?H o OH R % A % B
t-Bu LDA t-Bu x RcHo . t-Bu e I f  Ph 75 25
: . g . +-Bu >95 <5
Me,SIio Me;SIi0 Me,SIO Me;Sio Pr 75 o5
8 (“fithiumn superenolate”) A B PhCH, 87 13
Ph,CH >80 <10
{Buse, Pirrung, Sohn, Hagen, Young, 1979)
Scheme 16
BY,BOTH OBBu ; OH
Q F-PLNEL 2 ReHo e
B e S + “
t-BuMe,SiO t -BuMe, Si0 1-BuMe,SIi0 g 1-BuMe,SIiO
9 A B
R % A % B
Ph 25 975
i-Pr <1 =09
Et 2 98
{Masamune and co-workers, 1981) PhCH,OCH,CH, 4 96
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1-BuMe,SIiO
9

after an additional 8 min. the reaction is
quenched. This optimized procedure gives
aldols in 75-80% yield. With isobutyr-
aldehyde, pivalaldehyde and benz-
aldehyde, the stercoselectivity is >95:5.28
With 3-benzyloxypropanal, the sterco-
selectivity is 95:5. The relative configur-
ation of the major aldol from benzaldehyde
was ascertained by single-crystal X-ray
analysis of the keto diol obtained by
hydrolysis of its racemic counterpart.”
Scheme 21 shows the comparable reactions
of the Zboron enolate of (-)-8, prepared in
the conventional manner.®® In each case
studied, the stereoselectivity is >95:5,
and in each case, the syn aldol that is not
the major product from the lithium enolate
is obtained.

The E magnesium enolate of (-)-8,
obtained by adding the ketone to a solu-
tion of N-bromomagnesium-2,2,6,6-
tetramethylpiperidine (MTMP) in THF
at -5°C, reacts with trimethylsilyl chlo-
ride to give the E silyl enol ether (Scheme
22).3' A possible rationale for the unique
ability of this base to produce the E enol-
ate is suggested in Scheme 23. The
importance of the a-alkoxy group is shown

(1) LDA, THF, -78°C, 25 h
(2) TMEDA, 2 min
(3)RCHO, 8:min

Scheme17

L lSiMea t -Bu," ,SiM83 o OH
H=— O- H=5 t-Bu 2
H P RIS F —
\f/z o H HZ\ A : R
R NG o Me,SiO  °
Me Me
R
o OH
——
R
Me op t -BuMe,Si0
Scheme 18

Hypothesis: In principle, all four diastereomeric aldols could be obtained from the
same chiral, scalemic reagent if one could control the double-bond geometry and
diastereofacial preference of the enolate,

Z enolate;
chelated

m)
I

t-Bu

et
!
ps)
e
Ke]
X
9]
~
O
mug
s ]

Me,Sio

OH OH
Z enolate; 1%
nonchelated t-Bu R H 10, HO,C \r‘\ R
o .
t-Bu Me,SiO oH o
E enolate; aQ H z
Me,SiO \—"19-"1‘?1_— e YY\R 0 HO?CY-\R
Me,SiO
OH OH
E enolate; o
nonchelated t-Bu H, 10, HO,C \/L
Y R ———» > R
Me,Si0  ° :
Scheme 19
1. {a) EtLi
_ NaNO, H,S0,, (b) Me,SiCl
t-Bu co, 0°C, 12 h t-Bu COH 2. Me,Siim t-Bu
- - ¥ - -
NHy* OH Me,SiO
10 (-)-8
(Van Draanen, Arseniyadis, 1990)
Scheme 20
o (E)H o OH R Yield, % A:B
4 ~ t-
£Bu \(“\_/\R L B YYLR Ph 80 >955
. H ) i-Pr 80 >95:5
Me,Sio Me,SiO -Bu 75 S085
A B PhCH,OCH,CH, 80 95:5

{Van Draanen, 1880)
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i-Pr,NEt
. o] {2) RCHO o oM o §H
By (30H,HO, 1-Bu Y\/.\ t-Bu YKH\
¢ ] s R + R
Me,SiO HO ¢ HO
(-)-8 A B
(Van Draanen, 1990)
Scheme 22
(U] NMgBr
OSiMe
B R @esa ™ 18 ’
- 1= 311 -
i 3 u Y
Me,SiO Me,SiO
)-8 (E:Z = 95:5)
4} < NMgBr
. OSiMe OSiMe
- o THF, ca. -5°C 3 iVes
, (2) Mo, 8iC S
+
Me,SiO Me,SiO Me,SiO
11 12 13
(EZ=T1)
(Arseniyadis, 1985; Van Draanen, 1990}
Scheme 23
t-Bu
/.'0 _Br
0----Mg
Measi M e\“ ~H Me
MeH =
Me l:de Me h'lle
E enolate Z enolate
Scheme 24
OH OH
(MTMP, THE, -5 0 £ +-Bu o
t-Bu {2 RCHO \i/“\r\ R+ R
Me;Si0 Me,SiO MeSi0
(-)-8 A B
R Yield, % A:B
Ph 80 95:5
i-Pr 80 92:8
t-Bu 75 95:5

(1) Bu,BOTY,

(Arseniyadis, 1985; Van Draanen, 1990)

Scheme 21

R Yield, % A:B
Ph 80 <5195
i-Pr 85 <5:95
t-Bu 85 <595
PhCH,OCH,CH, 88 <5:95

by the fact that MTMP also deprotonates
ketone 1132 to give a 7:1 mixture of E and
Z enolates, which can be converted into
silyl enol ethers 12 and 13 (Scheme 22).
For comparison, LDA reacts with ketone
11 to give only the Z enolate.

Reaction of the E magnesium enolate
of (-)-8 with various aldehydes provides
anti aldols in ratios of 92:8 to 95:5 and
yields of 75-85% (Scheme 24). The rela-
tive stereostructure of the major aldol
from benzaldehyde was ascertained by
single-crystal X-ray analysis of the keto
diol obtained by hydrolysis of its racemic
counterpart.

To obtain the fourth possible aldol, it
was necessary to transmetallate the E
magnesium enolate with a metal that does
not undergo the three-point coordination
depicted in Scheme 17. The ideal species
would be the E boron enolate; however,
numerous attempts to exchange magne-
sium for boron failed and attempts to
prepare the E boron enolate directly from
ketone (-)-8 by the method of Brown and
co-workers* were also unsuccessful.
Eventually we found conditions that per-
mit the replacement of magnesium by
titanium. Thus, a solution of the magne-
sium enolate of the tert-butyldimethylsi-
1yl analog of (-)-8 and tri(isopropoxy)-
titanium chloride in a mixture of HMPA,
dioxane, and THF is sonicated at 25-45°C
for 4 h. The use of (i-PrO),TiCl for
enolate exchange was adapted from the
work of Siegel and Thornton, who per-
formed a similar exchange with a lithium
enolate.’* Each of the additives (HMPA,
dioxane) and the sonication period was
shown to be necessary by appropriate
control experiments. By this protocol,
benzaldehyde gave the two anti aldols in
a ratio of 1:4, However, acetaldehyde,
isobutyraldehyde, and pivalaldehyde gave
the two anti aldols in ratios of <5:95 and
85-88% yield (Scheme 25). Ineach case,
the major aldol was the same as the minor
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aldol obtained from the magnesium enol-
ate reaction.

The mechanistic rationale for the
magnesium and titanium enolate reac-
tions is shown in Scheme 26. These
postulated transition states are identical
to those for lithium and boron, respec-
tively, except that an E enolate is in-
volved rather than a Z enolate. As a
result, the magnesium and titanium al-
dols have the same stereochemistry as the
lithium and boron aldols, except at the
methyl-bearing center.

The aldols produced from (-)-8 and its
tert-butyldimethylsilyl analog in the fore-
going manner can be cleaved with per-
iodic acid to obtain scalemic a-methyl-
B-hydroxy carboxylic acids. The prod-
ucts obtained from isobutyraldehyde are
depicted in Scheme 27, thus demonstrat-
ing the ability to synthesize all four of the
possible stereoisomers of a given o-al-
kyl-B-hydroxy carboxylic acid from a
single enantiomer of reagent (-)-8.

Scheme 28 summarizes the Evans
asymmetric aldol reaction, one of the
most useful synthetic methods to emerge
from the aldol renaissance period.* Chiral
imides such as 14 have very high dia-

Scheme 25

Summary:

e o - OH R Yield, % A:B
 tBu_ AL t-Bu
- . ’ R + . B e R Me 88 <5:95
. QBUMéQSiO ’  1-BuMe,SI0 H i-Pr 88 <5:95
- fol t-Bu 85 <5:95
- A B Ph 80 20:80
- {Van Draanen, 1990)
Scheme26
o ™
t-BuW/lY‘\
—— R
Me,Si0
, . o H
tBu lBuMGZSD 5 +BU o OH
. —t H e t-Bu
o3 THO~ i -Pr)y ML Do THO 1P f R
H o o t-BuMe,Si0  ©
Scheme 27

. Preparation of the four stereoisomoeric 3-hydroxy-2,4-dimethyipentanoic acids

{85%;)

t-By
R,SIO Mg +Bu
{80%}
Me,SiO
Ti t-Bu
(88%)
t-BuMe,Si0 o
{Van Draanen, 1990)

stereofacial preferences in their reactions
with aldehydes. Hydrolysis of the result-
ing syn aldol provides the a-alkyl-B-hy-
droxy carboxylic acid. As with the boron

OH (] OH
o i -
HO-C
(>955) fa], = 9.5°

9] i
+-Bu HO-C
7
Me,Si0

{955} [, = 49.1°
o (E)H [e] (E)H
~ HO-C ~
(B0%}
(02'8) o, = -14.2°
OH ? OH
HO-C \/H/
., Eregnpen
£ 75%)
(>855) [o], = +14.1¢

enolate of 8, enolate 15 is burdened with
two alkyl ligands and can only coordinate
two oxygens in the aldol transition state.
The high diastercofacial preference seen
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in the Evans aldol reactions is consistent
with the transition state conformation
depicted in the insert in Scheme 28. As
with the boron enolate of 8, the organi-
zation might be duc to dipolar repulsion,
as indicated.

In connection with a total synthesis
project, we had occasion to use the Evans
reaction with a scries of B-(arylthio)-
acroleins. To our surprise, we obtained
mainly the anti aldols, as shown in Scheme
29.% The cause of the unexpected be-

havior was soon traced to an error in
measurement; because of a miscalibra-
tion, we had inadvertently used two
equivalents of dibutylboron triflate in
formation of the boron enolate. When
we used only one equivalent, we ob-
tained the expected Evans syn aldol
(Scheme 30).

But what role does the extra dibu-
tylboron triflate play? A mechanistic
interpretation is suggested in Scheme
31. Itis clearly seen by "B NMR spec-

Scheme 28

The Evans Asymmetric Aldol Reaction

0
o o
OJ\NJ\/ _Roho OJ\N)\E/'\R
\ ( =

(D.A.Evans, 1981)

Scheme 29

Bu Bu
\N_ 7
/B\
i Bu,BOTY,
,'\// nPrNEt, CHEI,
i=Pr. i-Pr
14 15
Me By
O # .
~g-0 dipol
R*f'.;”*?g(/ iPr o:%ar:rzation?
S
07 ¢
i
(1) Bu,BOT,
o i-Pr,NEt, CH,CI, o
. 2
'Oin’j\\/ @AS Ao i
(76-90%)

> -

PP
Z S SAr +0 N)\:/\/\SA(
i-Pr

anti:syn ratio = 89:11 to 63.7

S S S
i-Pj iPr
ArSw
iPr

o)

(Danda, 1988)

trometry that 16, the boron enolate of 15,
exists in the chelated form shown in
Scheme 31. However, aboron enolate is
not a very reactive species. Before aldol
addition can occur, it is necessary that
the aldehyde carbonyl be activated by
coordination with a Lewis acid. In the
absence of an external Lewis acid, this
activation must be provided by the bo-
ron of enolate 16, which must give up
the oxazolidone carbonyl. The ensuing
aldol reaction takes place through the
closed transition state as previously dis-
cussed; the reaction occurs on the enolate
re face, leading to the syn aldol 17 hav-
ing the S configuration at the methyl-
bearing stereocenter. However, if there
is excess dibutylboron triflate, activa-
tion of the carbonyl can be provided by
this Lewis acid, and reaction can occur
through an open transition state. Since
the enolate reacts in this case in its intra-
molecularly chelated form, the aldol
reaction occurs on the si face, giving
aldol 18 with the R configuration at the
methyl-bearing stereocenter. The Lewis
acid mediated aldol reaction of 16 gives
predominantly anti simple stereoselec-
tion as in the Lewis acid mediated reac-
tions of silyl enol ethers like 5§ (see
Scheme 4).

Our initial attempts to broaden the
scope of the anti-selective aldol reac-
tions of the Evans propionimides met
with only partial success. As shown in
Scheme 32, we were able to achieve anti
stercoselection to the extent of 75-80%
with aromatic aldehydes but simple alkyl
or alkenyl carboxaldehydes gave the
normal syn aldols, even in the presence
of a second equivalent of dibutylboron
triflate. However, the situation is differ-
ent if one precomplexes the aldehyde
with an external Lewis acid (Scheme
33). Exploratory experiments with
methacrolein and several Lewis acids

Scheme 30
(53 Bup0T Conditions anti:syn
N, CH,CI
o o (z)?n; R 9 OH o o OH 20 v, B80T
. A~cho 3 /U\/'\/\ 2 aquiv. i -Pr,NEL 855
O}\N)\/ — e 0 Nﬁ\r\/\S- B-Np + O*N - Z 5B -Np j
\._4 \__{ \__{ E 1.5 quiv, BuBOT,
i-Pr i-Pr i-Pr 2.0 equiv; i-Pr,NEt 77:03
1.1 equiv. Bu BOTS,
{Danda, Hansen, 1990) 1.3 equiv. ~Pr,NEt <2:98
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Scheme 31

i-Pr Me ,Bu
20 3 - P e)
1
. OJ\
Bu, - Bu,_ ,Bu o)
g? 1O gt
o} o] +(|)' \?+ RN +?, "o P closed
O)k N )l\/ Bu,BOTI o)\ N/‘\/ S OJ\ N )\/ transition state
'\ ’\ Ay RCHO [ Bu_ B ]
i-fr i-Pr RNHY To= - PPr gusom i a
15 16 0" Yo
PPN
o N Me
XX A A
0 N/‘\l/\R Moy BTBuOTI
i-Pr open
transition state
18
Scheme 32
Aldehyde anti:syn
o o (1) 2.0 equiv. Bg,B"?gf, N OH o o OH
1.1 equiv. i-Pr,NE, ether H H
2) RCHO A " 2:08
A @ - 07N O)\N/u\./\ﬁ ° )
\._4 H “cHo <2:98
Ner iPr iPr gHo
80:20
CHO
75:25
(Danda, 1990)
Scheme 33
Bu, ,_Bu
. °|’ o
A A
Lewis acid. QN OH OH
)L solvent, of )?\ ¢ H o 0
-78°C, 10 mi A
CHO ——— )\é‘LA'———LON /+O’KNW
H \_{ \_<
i-Pr i-Pr
anti "non-Evans” syn
Lewis Acid (LA) Solvent syn:anti % Yield
BCl, ether 54:46 100
B(OTH), CHCI, 32:68 90
Ticl, CHCI, 82:18 60
TiCl, ether 74:26 84 {(Walker, 1990)
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Scheme 34
Bu\ /Bu
+ IB:
O (o) OH
I e IS
e
o} N » (o] N R
H (o}
L—( H 1 _ \'—-<
i-Pr TimCl, i-Pr
“ anti
Bu\ ,Bu
-+, /B:
0 o] OH

i-Pr

“non-Evans” syn

Scheme 35

Bu, Bu
*o’B‘o

OH
)\ $nCl, CH,Cl, oF { ﬁ\ o i )Ok o ¥
CHO m /Kf ~LAT _’F”__. o N/u\rY + 0 N/H)\(
H \—-{
i-Pr i-Pr
Equiv. SnCI, synanti % Yield anti "non-Evans” syn
20 83:17 60
15 70:30 61
10 30:70 77
075 14:86 50
0.5 5:95 51
0.375 15:85 45 (Walker, 1990)
tonishing effect of Lewis acid stoichiom-
Scheme 36 etry. A representative set of data is shown
in Scheme 35 for isobutyraldehyde; this
[Eerp——— aldehyde gives a syn/anti ratio of 6:1
| Ny » . .
2 with 2.0 equivalents of SnCl, but an
Bu ~_Bu e anti/syn ratio of 20:1 with only 0.5 equiva-
*o'B‘o ’ o OH lents of the same Lewis acid! The data
/“\ 4 Me o -0 M are presented graphically in Figure 1.
A N Nror e = Qo N R We do not yet know the origins of this
\_< H \'_4 marked effect of Lewis acid stoichiom-
i-Pr i-Pr iy s .
B ron-Evans® sy etry. One possibility is the existence of
B"\Bz " ¢ 1:1 and 2:1 aldehyde/Lewis acid com-
ToTTo o o OH plexes (Scheme 36). Whatever the ex-
/n\ /%Me N ~ planation, the results shown in Scheme
O N —— O N R K .
\ ( H x ?* \ ( 35 illustrate the enormous potential of
iPr Sn~cCl0  _H iPr Lewis acid catalysis in extending the

*, | the larger effective size of the Lewis acid forces
*| the other open transition structure

gave mixtures of syn and anti aldols in
all cases. It is significant that, under
these conditions, neither product is the
normal Evans syn aldol. Thus, as shown
in Scheme 34, both products result from
open transition states! The different anti/
syn ratios must result from nonbonded
interactions in the two possible transi-
tion states. More importantly, since the
anti/syn ratios are different for different
Lewis acids, it is theoretically possible
to optimize the reaction conditions for a
given aldehyde so as to obtain either
stereoisomer.

At the present time, we are engaged
in optimizing this felicitous discovery.
We have discovered that there is an as-

scope of the Evans imides for stereose-
lective synthesis. From isobutyraldehyde,
for example, one can now prepare three
of the four possible stereoisomers of 3-
hydroxy-2,4-dimethylpentanoic acid by
adjusting the amount of SnCl, that is
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used in the aldol reaction of the boron
enolate; 0.0 equivalents gives normal
Evans syn aldol, 0.5 equivalents gives
the anti aldol, and 2.0 equivalents gives
the non-Evans syn product. Although
our studies are far from complete, we
have seen similar behavior with a num-
ber of other aldehydes, such as propanal,
pivalaldehyde, 3-methylbutanal and
benzaldehyde. The cffects differ quanti-
tatively, and it is clear that there will
probably not be a simple generic proto-
col that will work for all aldehydes, but
it is likely that conditions can be found
whereby any one of three different al-
dols can be obtained from an Evans
imide.
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