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MECHANISM OF THE "MICHAEL ADDITION" OF NUCLEOPHILES TO ENOL ESTERS

*
Jonathan T. Martz, George W. Goke]f’+ and R. A. Olofson
Chemistry Department, The Pennsylvania State University
University Park, Pennsylvania 16802

L reported the isolation of 1,1,1-trichloroiso-

In 1961, Wagner, Kloosterziel, and van der Ven
propyl acetate (4) in 10% yield from the thermolysis of sodium trichloroacetate in the presence of
vinyl acetate.2 They suggested that 4 is produced simply by the addition of the intermediate tri-

chloromethide ion (2) to vinyl acetate to form the carbanion (3) which is then protonated.

?Ac ?Ac
HyC=CH-OAc  + [TCC1g] ——  [H,C-CH-CCly] —Bs HyC-CH-CCT
1 2 3 4

Subsequent investigators obtained substantially higher yields of 4 when the trichloromethide jon
was generated by the deprotonation of chloroform with hydroxide or a]koxide.3 Even more recently,
use of this process in concert with the phase transfer concept has permitted the isolation of 4 in
yields of 70—80%4'7 [e.g., the two-phase reaction of aqueous NaOH with 1 in CHC13 in the presence
of a catalytic amount of PhCH,fEt, €17 (BTEAC)].

The reaction also has been generalized to include the enol ester analogues of 1 from other

7 3,7 b

and from other aldehydes, ut not from ketones.8 Other trihalomethyl anions

g_3,4,6,7

carboxylic acids
have been substituted for and in an even more remarkable extension, the 1ist of nucleo-
philes has been expanded to include ethy1en1’m1’ne9 and the anions from carbazoles {yields to 91%10)
and nitriles {including PhEHCN, Reissert compounds, and the ether derivatives of cyanohydrins,

yields 50-75%).

+Present address: Chemistry Department, University of Maryland, College Park, Md. 20742.
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For all of these reactions, the only mechanism which has been postulated -- though sometimes

with misgivings -- is the simple addition pathway formulated in scheme A.]"o"7

i o 9 o 2
(A) RCH=CH-OCR'  + Nu” —— [RCH-CH-OCR'] —B+  RCH,-CH-OCR"
5 6 7

The lack of an alternative to scheme A has engendered some wrenching contortions of language. For

example, these reactions have been cited as evidence of "the high electrophilicity of" the nucleo-

6,7

philic C=C bond in 5. Also, to clothe scheme A in a mantle of respectability and to somehow

mask the enormous energy required for the conversion of the stabilized nucleophile, Nu~, to the

destabilized, isolated carbanion (6), the process has been pronounced a "Michael addition."7’]]

This unfortunate terminology has even found its way into the review 1iterature.12
We now present unambiguous evidence to support the contention that all of these reactions

actually proceed by the chain transfer mechanism diagrammed in scheme B.

i -
RCH=CH-OCR' + :B —— RCH=CH-0~ <ti= RCH, -CH=0

5 8 9
© 3 v g
9 + NuT — RCHy-CH-0" —2+ RCHy-CH-OCR' + RCH=CH-0”
10 7 8

In this process, the enol ester (5) first acylates a base (e.g., HO™, RO™, Nu™) in the medium to
give a trace of the enolate (8) which is in equilibrium with the free aldehyde (9). The nucleo-
phile then adds to the electrophilic carbonyl carbon of 9 to generate the adduct alkoxide (10)
which is in equilibrium with the alcohol under most reaction conditions. Finally, acylation of 10
by the activated ester (5) yields the product (7) and Tiberates more enolate (8) continuing the
chain.

In order to rule out mechanism A and establish scheme B as the correctreaction pathway, the
following experimental evidence was obtained. First, when the phase transfer reaction of aq. NaOH,
BTEAC, and 1 in chloroform was performed as described by Makosza,4’7 a trace of 1,1,1-trichloro-2-
propanol (11), a predicted intermediate from scheme B, was found. The main product (ﬁ) was also
isolated in the reported yield. As anticipated, the adduct (11) also could be obtained (gc prep)
by reacting 50% aq. NaOH and BTEAC (5 mol-%) with acetaldehyde in ch]oroform.13 Again, according
to B, 4 was isolated (12% yield) when 50% aq. NaOH was added to a stirred CH2C12 solution (no
CHC13) of BTEAC, vinyl acetate (1 eq.), and 11 (1.1 eq.). Also, the simultaneous addition of
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acetaldehyde in CHC]3 and 50% aq. NaOH to BTEAC and p-nitrophenyl acetate in CHC13 afforded 4 in
similar yield. In a parailel experiment, the nitrile (1}7 R=H, R'=Me, Nu= Phé(Me)CN) was iden-
tified as a Tow yield product from the concomitant addition of acetaldehyde and aq. NaOH to a
stirred benzene solution of 2-phenylpropionitrile, p-nitrophenyl acetate, and BTEAC.

Scheme A requires that the ester bond between the enol and the carboxylic acid in 5 remain
intact during the "Michael addition" whereas scheme B demands cleavage of this acyl to oxygen
bond. The mechanistic tests above accord with the latter alternative but more direct evidence on
this point was gained in two crossover studies. In the first of these, a partial crossover exper-
iment, a mixture of vinyl acetate (1), phenyl propionate (12}4) and BTEAC in chloroform was trea-
ted with ag. NaOH. Reaction work-up afforded not only the normal product (4, 57%) but also the

crossover product, 1,1,1-trichloroisopropyl propionatew’]6 (

15%, bp 81° at 13 torr, isolated by
gc prep). The yield difference is expected since 1 and 12 would not have the same acylating power
toward alkoxide (10, R=H, Nu =CC13). In the second study, the trichloromethide reaction was per-

formed on a 1:1 mixture of propenyl acetate (l§}7) and vinyl benzoate (14).

OR R

{ |
MeCH=CH-OAc + H,C=CH-0Bz —2d= NaOH _wecn _CH-cCl, +  CH,-CH-CCI
2 BTEAC 2 3 3 3
13 no des 15 (Reo) 16 (R=82)
(£/7=1/1.1) 17 (R=Bz) 4 (R=Ac)

Again the product mixture contained not only the two normal adducts, 15? and l§?, expected from

scheme A but also the two crossover esters, 171°-18 (

bp 161-164° at 15 torr) and 4, required by
scheme B. The product ratio, 15:16:17:4= 33:22:22:23 (obtained by distillation, gc, and nmr anal
ysis), reflects both the differences in hydrolytic stability and acylating power between 13 (E,Z)
and 15}9 and the differences in volatility between 15 and 4 compared to 16 and 17.

In summary, it is evident that the phase transfer reaction of enol esters with base and

added nucleophiles constitutes a remarkably efficient one-step procedure: 1) for the in situ

generation of aldehydes in concentrations low enough to avoid the ubiquitous self-aldol condensa-
tion,20 2) for the reaction of those aldehydes as classical nucleophile acceptors, and 3) for the
effectively irreversible trapping by acylation of the equilibrium adducts thus formed. Some syn-
thetic consequences of this mechanistic understanding will be explored in future papers in this
series.
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