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Abstract

This review covers the application, mechanisms and limitations of simple alkylating agents that
can be used for the conversion of carboxylic acids to esters, phenols to aryl ethers, enols to enol
ethers and thiols to thioethers. Specific recent examples are provided to show the selectivity

(regio or chemo) in these transformations. It is important to have access to these methods when

considering alternatives to classical alkylating techniques.
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1. Introduction

The alkylation of various acidic functional groups (Scheme 1) is important in total synthesis, to
form derivatives, and in the preparation of protecting groups.' There have been many procedures
to alkylate these groups using “classic” reagents (where R’Z are small alkyl electrophiles)” but
recently the search for new and improved alkylating agents has provided several alternatives to
these traditional routes. In this review, we will discuss the classification of these reagents based
on mechanistic considerations and how each compound has its advantages and limitations.
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Scheme 1. Alkylation of acidic functional groups.

2. Classification of Alkylating Agents

One can separate different alkylating agents into 3 categories which depend on the conditions of
the reaction: basic, neutral or acidic (Table 1). Associated with each condition is the mechanistic
analysis which provides an idea of how the reaction takes place. For instance, if the alkylating
agent is an electrophile in basic conditions, the mechanism shown in the first line in Scheme 2 is
assumed to take place for a carboxylic acid. If the reaction takes place in neutral conditions, there
are different mechanistic possibilities where the reagent acts as a base first, forming an activated
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species which readily continues the alkylation. Finally, in the case of acidic conditions (Brensted
or Lewis), the alkylating agent generally behaves as a nucleophile.

Table 1. Examples of alkylating agents

Basic Conditions Neutral Conditions Acidic Conditions
Me-I Diazomethane: CH,;N, MeOH/H"
Me-OTs, Me-OMs TMSCHN, MeOH/BF;
Me;O*BF,4 Triazene: Ph-NH-N=NMe
Me,SOq4 DMF Acetal: (MeO),CHNMe,
MeOCO;Me Isourea: RNHC(OMe)NR
MesNX Orthoacetal: (MeO);CR
Basic Conditions Q Y B j.j\ ) j)\
(reagent acts as electrophile) RJ\C')\,H — R O\/R' — R”OR
©

(0] (0] ®__.H
Neutral Conditions )]\ ~H ’/7 - . )J\ Zy - . )OJ\

(reagent acts first R R' R 0, R ,
as base) @\’ R OR
o]
o] 0]
4 ©)
OR R)J\':H'/-\Ig. — R)J\o z) > R)J\OR
o\, R,

® __A
Acidic Conditions O/\ O )OJ\

(reagent acts as nucleophile) H A — _H 7 e— '
R)J\ J\ V4 R™ "OR

Scheme 2. Mechanistic aspects of alkylation of a general carboxylic acid.

The discussion of reactions where the alkylating agent is activated by other compounds (such
as the Mitsunobu reaction)’ or the external activation of the acidic compound (such as DDC)*
will not be included in this review. The alkylation of carboxylic acids with alcohols in acidic
conditions, commonly known as Fischer Esterification, has been reviewed in detail’ and also will
not be discussed here. This reaction has its limitations: small functional groups are required to
reduce steric interactions and, because it is reversible, the equilibrium constant is not favorable.
More interesting and effective is the use of basic, or preferably neutral, conditions. These latter
transformations usually are more selective and occur under milder conditions than the acidic
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alkylations. The reaction is usually irreversible and can provides high yields of products.
Furthermore, these reagents are not reserved only for carboxylic acids but to the alkylation of
any acidic functional group.

3. Alkylating Agents used in Basic Conditions

The classic reagents for the alkylation under basic conditions are alkyl iodides or the
corresponding mesylates or tosylates. For instance, the Kuhn methylation® uses Mel and Ag,O
for the alkylation of natural products. Instead of the sulfonate esters (MeOMs, MeOTs),” a
modern alternative is to use polymer-bound methyl sulfonate,® which is easily handled, allows
simple work-up and is recyclable (Scheme 3). Other acidic functional groups are also smoothly
alkylated.

Me O Me O
K,CO
_ RobLUs
/@ﬁj\OH + Meosoz—o MeCN /@ﬁLOMe
Me Me 99% Me Me

Scheme 3. Use of polymer-bound sulfonate ester.

In aqueous conditions, it is possible to use Meerwein methylation,” using the corresponding
oxonium salts (Me;O*BF,) with NaHCO;. However, these salts are rapidly hydrolyzed in
water.'’ A better procedure with these reagents is to use dichloromethane as solvent and a bulky
amine as base.'' Under these conditions, even sterically hindered or sensitive acids can be
alkylated (Scheme 4). However, the alkylation is limited to the methyl and ethyl esters, from the
corresponding oxonium salts which are most easily available.

0 O
F ,
e} (iPr),NEt
. ' CH,Cl,
OAc Me F 85% OAc

Scheme 4. Methylation using Meerwein salts.

Similar in scope is the Haworth methylation (dimethyl sulfate with aqueous NaOH'? or an
amine'). In a variation of the classic Haworth methylation, a recent development uses dimethyl
sulfate and LiOH in THF as the solvent.'* This procedure reduces the possible side reactions and
provides almost quantitative yields, even with hindered acids (Scheme 5). The chemoselectivity
of these conditions is shown in the case of phenolic acids; only the carboxylic acid reacts
(Scheme 5).
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LiOH<H,0
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OH + MeaSOs THF @(OMG
@)

o 83%

Ox-CH Oy_OMe
OH LiOH+H,0 OH
+ M62804 THF OO
81%

Scheme 5. Dimethyl sulfate as alkylating agent.

It should be noted that the use of the “classic” electrophilic reagents comes with a high risk
of toxicity."” Methyl iodide (and other alkyl halides) are known carcinogens.'® Dimethyl sulfate
as an alkylating agent is especially dangerous since this reagent is an extremely hazardous liquid
and vapor (causes delayed burns to lungs and tissues, may be fatal if inhaled). Dimethyl
carbonate has been shown to be a safe (and environmentally friendly) replacement for these
reagents.'” In the presence of K,CO; or DBU'™ it is especially reactive. The reagent also
alkylates phenols' but can be chemoselective for acids in the presence of NaY Faujasite
(Scheme 6).%

Ccl O Cl O
O DBU
H N A, 24 h OMe
MeO OMe 99%
Cl Cl
OH O o OH O
NaY
H 165 °C, 15 h OMe
+ MeO)J\OMe

93%

Scheme 6. Alkylations with dimethyl carbonate.

Tetramethylammonium salts are other replacement alkylating agents which are non-volatile
and non-carcinogenic. However, due to their lower reactivity, high temperatures (such as the
injection port during a gas chromatographic analysis) are required.”’ For the alkylation of
phenols, microwave conditions have been used with success.”” The reaction is chemoselective
for the phenolic hydroxyl group over the alcohol (Scheme 7).
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OH oM
Ho + Me,Ncl _ Cs:CO | HO ©
4 DME/pwave

2%

Scheme 7. Chemoselective alkylation using tetramethylammonium chloride.

4. Alkylating Agents used in Neutral Conditions

The methylation of carboxylic acids and other acidic functional groups is often carried out in
neutral conditions using diazomethane (CH,N,).>* However, due to its toxicity and the explosive
nature of diazomethane (as well as the danger in the preparation and the carcinogenicity of the
commercially available precursors),” several alternative reagents recently have been developed.
Trimethylsilyldiazomethane (TMSD) has been touted as a stable and safe alternative to
diazomethane,” but its use is constrained by its high cost and lower efficiency. There are
differences between the alkylations using these diazo compounds. Scheme 8 shows the
corresponding mechanisms and indicates the importance of the addition of methanol in the case
of TMSD. Reactions with higher alkyl diazo compounds are not common, due to limited access
to the synthesis of these substituted diazo reagents. However, an in situ procedure for the
formation of phenyldiazomethane (which forms benzyl derivatives) has been published.”

o N N© N o N
®
Tow Mo eeeo o Ao AP o o §
R (0) gHz CH, o NS 3 R 0]
O TR G 1 Ao \
~ N ®
R)J\O/H C R™Y0 H—{-TMs R" N0 CH, R)J\o QCIJHs
H'OTMS o © © oA
) N
X o} _O.
Me O H Me” & TMS Me™ " TMS

Scheme 8. Comparison of diazomethane and trimethylsilyldiazomethane.

The aromatic triazenes, especially of p-toluidine (Scheme 9), can be used as alkylating agents
of carboxylic acids®’ and vinylogous acids.”® However, these reagents are also carcinogenic® and
have the risk of being explosive.”” Recently, polymer-bound triazenes have been shown to be
“smart” reagents for alkylations.’'
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Scheme 9. p-Toluidine triazene methylation.

The mechanism of this transformation reveals this reagent to be a type of vinylog of
diazomethane (Scheme 10). The only products which remain after decomposition of the reagent
(nitrogen gas and p-toluidine) are easily removed or recycled.

o)
R)J\(')\,H w—pﬁol — R)J\o i
o\ H

~Al
Me—N=N—-N-—p-Tol
@ |

H
O H
T P S A
H R OMe |l| P

Scheme 10. Mechanism for alkylation of carboxylic acids using triazenes.

Dialkyl acetals of N, N-dimethylformamide (DMF) are often useful alkylating agents under
neutral conditions. The methyl, ethyl and even the #-butyl derivatives are the most commonly
used to form the corresponding esters (Scheme 11).** Heterocycles with SH, NH and OH can
also be methylated with DMF dimethyl acetal (Scheme 11).*

tBuO Me
MOH P N Denmened, WOtBu
i tBuO Me 9% N

| N N MeO>_ Me  Toluene A | N
I . 79% ~
N SH MeO Me N SMe

Scheme 11. Alkylations with acetals of DMF.
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Phenols can also be readily alkylated under neutral conditions. An example is the formation
of t-butyl ethers of derivatives of morphine, which can readily decompose under acidic
conditions (Scheme 12).%*

tBuO Me
+ N 100 °C
BuO  Me no solvent

59%

Scheme 12. Neutral conditions to form aryl t-butyl ethers.

Related to the DMF acetals are the corresponding lactim ethers of cyclic amides. For
example, O-methylcaprolactam has been shown to alkylate carboxylic acids at high temperatures
(Scheme 13).%

0 0
OH A oM 0

+ MeO—N\ 75% e N

N H

Scheme 13. Lactim ethers as alkylating agents.

A variety of esters can be prepared, even in the presence of various functional groups, with
isourea ethers®® (Scheme 14).>” These compounds are easily formed from the corresponding
alcohol and dicyclohexylcarbodiimide (DCC) or diisopropylcarbodiimide (DIC), which provides
great flexibility to use methyl, 1°, 2° or 3° alkylating groups.*® The polymer-supported O-methyl
isourea has been developed for the efficient methylation of acids.*

RCO, OH RCO, OH
+ OMe CH,Cl,
HO,C T\ O R fPr\N)\\N/iPr 60%  MeO,C N O_\R
BnO,C 0 N BnO,C 0
OH CO2Bn OH CO,Bn

Scheme 14. O-Methyl isourea for mild alkylations.
An interesting showcase of the reactivity of these reagents is the regioselectivity in the case

of enols. Only the 4-O-alkylated product (as expected for such “hard” alkylating agents) is
obtained from tetronic acid derivatives (Scheme 15); no C-alkylation was observed.*’
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Cl.  OH Me<q Cl.  OMe i
— THF A12h — Cy~ .C

O O | |
0 H 0 H H

Scheme 15. Regioselective O-alkylation of enols.

The mechanisms of the three “amide-based” alkylations are related; they all proceed via a
protonated intermediate that activates the electrophile to attack by the nucleophile which
provides an amide as the stable product (Scheme 16). The fact that primary, secondary and even
tertiary groups react shows that the displacement step can have Sy1 or Sx2 character.*!

o Rg o) /“R'\O o) o)
R)L8H+R)\\N,R J\*R)\"R—’J\*RJLR

N e TN "OOR T
H H H H H

Scheme 16. Comparison of the mechanisms of “amide-based” alkylations.

Orthoesters can be used for the alkylation of acids, including amino acids.** There is
evidence that the orthoesters of acetic acid react more effectively than those of formic acid for
carboxylic and sulfonic acids.* The reaction is mild enough to chemoselectively form the ester
in the presence of other functional groups (Scheme 17). **The reaction can also be run efficiently
in room temperature ionic liquids as solvents.*

o OH
¢] OMe  \eoH A
* Meo‘< 99%
OMe

Scheme 17. Formation of methyl esters using orthoesters.
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This transformation depends on the formation of an oxonium intermediate during the process
(Scheme 18). The presence of this intermediate (and helping rule out a direct nucleophilic
mechanism) is suggested by the fact that steric effects are not important and that acetic
orthoesters can better stabilize the cationic intermediate by induction, hence a more rapid
reaction.

0]
s 0~ ~—R oR\ — > R 0 0¥ +

Scheme 18. Mechanism of alkylation using orthoesters.

Recently, the surprising chemistry of alkoxy-A’-sulfanenitriles (thiazynes) has been
investigated and these compounds have been found to alkylate carboxylic acids, thiols, phenols
and sulfonic acids in essentially quantitative yields at room temperature (Scheme 19).*

SH QMe benzene 10 h SMe
+ —_— —
Ph % Ph—>95%
N
o OiPr O
& CHCI3 5 min.
MeAOH + Ph 'NS' Ph —— s Me)J\OiPr

Scheme 19. Use of thiazynes as alkylating agents.

The displacement of the alkyl group is opposite to that expected by a Sy2 mechanism-i.e.
isopropyl groups react faster than methyl groups. This fact indicates that the reaction must have
at least some Sy1 character.

R' 0 ~S
(0] ~0 0]
I~ : e A enesten s + Ph—S—Ph
R™ >0y *Ph=S—Ph R™ ™0 J

\/N S (N® R”OR N,
H H
Scheme 20. Alkylation mechanism of thiazynes.
S-propargyl xanthates have been used for the esterification of acids (Scheme 21).*’ This

method shows high reactivity (even for the synthesis of neopentyl esters, which are notoriously
difficult to form) and complete inversion of stereochemistry for secondary alcohols.
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2Me
Me
Me._| 9 CO,H /k
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Ve Me Me)<

Me
Scheme 21. Examples of alkylations using xanthates.

The mechanism proposed for this transformation involves a sigmatropic rearrangement
followed by formation of a betaine intermediate. This structure deprotonates the acidic proton
and allows displacement by the nucleophile in a SN2 process (Scheme 22).

(0]

0
RJ\&)H R)J\O@ )OJ\

l)L - )' %gkoﬁgk

Me petaine

Scheme 22. Proposed mechanism of xanthate alkylation.

5. Conclusions

It is important to reevaluate the alkylating groups that we use in the laboratory, to reflect on the
selectivity or toxicity of the reagents and not only to select the most common ones. Today, the
importance of Green Chemistry requires that we consider the atom efficiency as well as the
danger to the environment of the chemicals. Using these criteria, the most efficient alkylating
agents appear to be the isoureas and the dialkyl carbonates. These reagents are easily and cheaply
available, can contain a variety of functional groups and are remarkably selective. The dialkyl
carbonates are slightly more atom efficient but the urea product formed in the alkylation using
isoureas can be easily separated and recycled.

In summary, in an alkylation reaction during a synthesis one must decide on the relevant
conditions, type of selectivity and the efficiency of the process before selecting the right reagent.
We hope that this review will make the final decision easier to make.
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