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ABSTRACT

Treatment of aromatic r,â-unsaturated carbonyl compounds with Mg turnings in the presence of acid anhydrides/TMSCl or acyl chlorides in
DMF brought about a facile and efficient cross-coupling to give C-acylation products, which are useful 1,4-dicarbonyl compounds, in good to
excellent yields in a regio- and stereoselective manner. The reaction may be initiated by electron transfer from magnesium to the substrates.

Conjugate addition of an acyl anion and its equivalents to
R,â-unsaturated carbonyl compounds may be one of the most
attractive and challenging subjects for preparing 1,4-dicar-
bonyl compounds, which are important synthetic intermedi-
ates of useful cyclopentenones, cyclopenta-1,3-diones, buteno-
lides, and furans.1 However, the synthetic utility of the acyl
anion has been considerably limited because of its instability,
difficulties in generation, and treatment.2 Furthermore, ap-
plication of its chemical equivalents in organic synthesis

generally requires troublesome and complicated procedures
for their protection and deprotection.3

We previously reported the electroreductive C-acylation
of R,â-unsaturated esters and nitriles in the presence of acid
anhydrides to formγ-ketoesters and nitriles.4 We report here
Mg-promoted regio- and stereoselective C-acylation of
aromaticR,â-unsaturated carbonyl compounds1 with acid
anhydrides/TMSCl or acyl chlorides2 to give the corre-
spondingγ-keto carbonyl compounds3 in good to excellent
yields. As a result of the high regio- and stereoselectivity,
facile procedure, simple equipment, high potential for large-
scale preparation, and mild reaction conditions, this reaction
seems to be one of the most promising methods for the
synthesis of compounds that may be expected to be formed
from the conjugate addition of an acyl anion to1.

A typical procedure is as follows. To a solution of ethyl
cinnamate (1a, 5 mmol), propionic anhydride(2b, 75 mmol),
and magnesium turnings for a Grignard reaction (15 mmol)5

in freshly distilledN,N-dimethylformamide (DMF, 50 mL)
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was added trimethylsilyl chloride (TMSCl, 15 mmol) in
several portions at 5-10 °C with magnetic stirring under a
nitrogen atmosphere. The resulting solution was stirred for
15 h at room temperature. After a routine workup of the
reaction mixture, ethyl 3-phenyl-4-oxohexanoate (3b) was
isolated in a 84% yield by column chromatography.

This Mg-promoted cross-coupling was remarkably ac-
celerated by the addition of TMSCl6,7 when acid anhydrides
were used as the acylating agents.

Thus, the reaction of1a without any TMSCl after 2 h
resulted in the exclusive recovery (90%) of1a and minor
formation (5%) of the product3b, whereas that in the
presence of 3 molar equiv of TMSCl after 2 h led to the
major formation (62%) of3b and minor recovery (30%) of
1a. Under the optimized conditions where the relative
proportions of1:Mg:TMSCl:2 was 1:3:3:15, a variety of
acylated products3a-l were obtained in good to excellent
yields from the present Mg-promoted C-acylation of aromatic
R,â-unsaturated carbonyl compounds1a-d with the corre-
sponding acylating agents2, as shown in Table 1.8 The
reaction proceeded smoothly with acylating agents2 bearing
various functional substituents such as a chloro or a carbo-
methoxy group.

Because of the ready availability of various acid chlorides,
it is interesting that the use of acyl chlorides9 instead of a
combination of acid anhydrides and TMSCl as the acylating
agents did not appear to affect the reaction, and the
corresponding acylated products were obtained in good
yields. Furthermore, the reaction of ethyl cinnamate (1a) with
cyclic acid anhydrides led to the facile formation of useful
keto R,ω-dicarboxylic acid monoesters. On the other hand,
the similar reactions by electroreductive methods using acyl
chlorides or cyclic acid anhydrides resulted in a low yield
of the acylated products and the formation of complex
product mixtures.4

Moreover, high stereoselectivity is another noteworthy
feature of the present Mg-promoted coupling. Thus, similar

treatment of 3-alkylated coumarins5a-d with acid anhy-
drides2/TMSCl gave exclusively one stereoisomer6a-d-
[A] (isomer ratios of6a-d[A]/6a-d[B], 92-98/8-2)10,11

of the acylated products (6a-d) with acis-configuration
between the 3-alkyl group and the 4-acyl group, as shown
in Table 2.

On the other hand, the electroreduction of coumarin5a in
a DMF solution containing propionic anhydride, TMSCl, and
tetraethylammonium tosylate using a divided cell equipped
with carbon rods as an anode and a cathode, followed by
the same workup procedure as that in the Mg-promoted
reaction, resulted in the formation of stereoisomeric mixtures
(yield 18%) of 6a[A] and 6a[B] (61/39) along with the
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Scheme 1

Table 1. Mg-Promoted Regioselective Carbon-Acylation of
Aromatic Alkenoic Acid Derivatives1a

a The reaction was carried out at 5-10 °C for 15 h in a DMF solution
of a substrate1, an acylating agent2 (15 molar equiv), Mg turnings (3
molar equiv) and TMSCl (3 molar equiv, when2 is acid anhydride).b The
phenyl group was substituted by a 1-naphthyl group.c The phenyl group
was substituted by a 2-naphthyl group.
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formation of a dimerization product (7a, yield 34%), an enol
propionate (8a, yield 21%), and a dihydrocoumarin (9a, yield
12%), indicating nonstereoselective acylation in this elec-
trochemical method. A similar nonstereoselectivity was also
observed in the electroreductive acylation of 1-carbethoxy-
cyclohexene.4a

Furthermore, treatment of the 2-propioxy-3-methyl-4-
propionylbenzopyrane(8a) with 10% aqueous H2SO4 also
gave a stereoisomeric mixture of6a[A] and6a[B] (58/42),
indicating that the stereoselectivity of the Mg-promoted
C-acylation did not arise in the stereoselective hydrolysis of
8aduring the workup but rather in the course of the reaction
(Scheme 3).

On the basis of these experimental results, the following
reaction scheme may be proposed as one of the most

plausible mechanisms (Scheme 4). The first electron transfer
from magnesium to a coumarin5 gives the corresponding
anion radical10. Electrophilic attack of the 4-position of
the anion radical10by acid anhydrides may take place from
the same side of the Mg2+ cation that interacts somewhat
with the acid anhydrides, followed by the almost concerted
second electron transfer from magnesium to give a carbanion
center at the 3-position of the generated carbanion11.
Subsequent protonation to11 then occurs from the opposite
side of the Mg2+ cation and the 4-acyl group, leading to
exclusive formation of the single stereoisomers6a-d[A].

The limited formation of the enol ester8a in the Mg-
promoted coupling and the formation of a stereoisomeric

Table 2. Mg-Promoted Stereoselective Carbon-Acylation of
Coumarin Derivatives

isolated yield (%)

entry R1 R2 R3 6a 7 6[A]:6[B]

a Me H Et 33 43 97:3
b Et H Et 40 19 98:2
c Me Me Et 41 98:2
d Ph Me Me 63 92:8

a Total yield of 6[A] and6[B].

Scheme 2

Scheme 3

Scheme 4. Proposed Reaction Mechanism of Mg-Promoted
Carbon-Acylation of Coumarins
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mixture of6a[A] and6a[B] upon acid-catalyzed hydrolysis
of 8a may support regioselective C-acylation at the 4-posi-
tions of anion radicals of5a-d followed by almost concerted
second electron transfer from magnesium to give the more
stable C3-carbanion11 rather than the less stable C4-
carbanion through the enol esterification of radical anions
of 5a-d with acid anhydride followed by almost concerted
second electron transfer.

In conclusion, Mg-promoted cross-coupling of aromatic
R,â-unsaturated carbonyl compounds1 with acyl chlorides
or acid anhydrides/TMSCl brought about facile, efficient,
regio- and stereoselective C-acylation to give useful 1,4-
dicarbonyl compounds2 in good to excellent yields and had
some desirable features in comparison with the electrochemi-
cal methods.4 These acylated products are identical to those
formed by the conjugated addition of a difficult-to-generate

acyl anion to the starting activated olefins, although the
present Mg-promoted reaction does not involve an acyl anion
itself as a reactive species.
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