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ABSTRACT

The direct Michael addition of enol acetates to R,β-unsaturated ketones was achieved using a combination of Lewis acid catalysts, InCl3 and
Me3SiCl, which furnished stable enol-form products that could be further transformed into functionalized 1,5-diketones by reactions with various
electrophiles.

Michael addition of metal enolates to R,β-unsaturated
carbonyl compounds is an efficient route to 1,5-dicarbonyl
compounds.1�3 These compounds are obtained after the
post-treatment hydrolysis of unstable metal enol-forms of
Michael adducts (eq 1, Scheme 1). Despite high potential
as a nucleophile, the isolation and utilization of enol-form
products have not been sufficiently developed because of
instability. Silyl enolate products as Michael adducts have
been isolated only by careful treatment3a,4 and are utilized

in total synthesis.5 Enol acetates are metal-free and stable
nucleophiles, which makes them potential reagents, but
their direct utilization has been limited to some aldol
reactions and oxidative couplings.6,7 Recently, we have
succeeded in the displacement of metal enolates to enol
acetates in coupling reactions with either alcohols or their
derivatives.8 Herein, we report Michael additions using
enol acetates instead of metal enolates (eq 2, Scheme 1).
A catalytic combination of the Lewis acids InCl3 and
Me3SiCl,whichspecificallyactivatedR,β-unsaturatedketones,
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led to this achievement. To the best of our knowledge, this
is the first report of the direct use of enol acetates in
Michael additions.9 In addition, it is noteworthy that
Michael adducts were readily isolated as a pure enol-form
because they are considerably more stable than the corre-
sponding metal enolates.
First, the screening of Lewis acid catalysts was carried

out in themodel reaction of (E)-1-phenyl-2-buten-1-one (1a)
with isopropenyl acetate2a (Table1).Whileneither InCl3nor
Me3SiCl had catalytic ability, their combinationprovided the

enol-form product 3aa in a 69% yield (entries 1�3).8a�c,10

Other combinations using InBr3 or InI3 also gave a level of

yields similar to that of InCl3 (entries 4 and 5).Representative
Lewis acids such as TiCl4, AlCl3, and BF3 3OEt2 did not
promote the desired reaction (entries 6�8), and the result was
not improved by a combination with Me3SiCl (entry 9).
Sc(OTf)3 and BiCl3, which are reported to be effective
catalysts for Michael additions using silyl enolates,3a,b pro-
ducedonly lowyieldsof3aa (entries10and11). In toluene, the
desired reaction proceeded sufficiently (entry 12), while co-
ordinative solvents considerably deactivated the catalyst, and,
in particular, THF completely disturbed the reaction (entries
13 and 14). Five equivalents of 2a increased the yield of 3aa to

Scheme 1 Table 2. Michael Additions of Various Enol Acetates 2 to
Chalcone 1ba

aReaction conditions: 1b (1 mmol), 2 (1.5mmol), InCl3 (0.05mmol),
Me3SiCl (0.1 mmol), CH2Cl2 (1 mL), rt, 5 h. bYield by 1H NMR
analysis. Values in parentheses are isolated yields. c InCl3 (0.15 mmol),
Me3SiCl (0.3 mmol). d dr = 51:49. e dr = 65:35. f InCl3 (0.1 mmol),
Me3SiCl (0.2 mmol), 2e (5 mmol). g dr = 62:38. h dr = 51:49.

Table 1. Screening of Catalystsa

entry catalyst additive yieldb (%)

1c InCl3 6

2c Me3SiCl 0

3 InCl3 Me3SiCl 69

4 InBr3 Me3SiCl 53

5 InI3 Me3SiCl 72

6c TiCl4 0

7c AlCl3 0

8c BF3 3OEt2 8

9c BF3 3OEt2 Me3SiCl 0

10c Sc(OTf)3 9

11c BiCl3 0

12d InCl3 Me3SiCl 62

13e InCl3 Me3SiCl 48

14c,f InCl3 Me3SiCl 0

15g InCl3 Me3SiCl 90

aReaction conditions: 1a (1 mmol), 2a (1.5 mmol), catalyst (0.05
mmol), additive (0.1 mmol), CH2Cl2 (1 mL), rt, 5 h. bYield by 1HNMR
analysis. c

1a was considerably recovered. dToluene (1 mL) was used
insteadofCH2Cl2.

eMeCN(1mL)wasused insteadofCH2Cl2.
fTHF(1mL)

was used instead of CH2Cl2.
g
2a (5 mmol).
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90%(entry 15), butwe found that the conditions employed in
entry 3 were the ones that were practical and optimal.11,12

The scope of enol acetates was investigated by reactions
using chalcone 1b (Table 2). Enol acetates 2a and 2b were
derived from aliphatic and aromatic ketones, respectively,

and effectively gave Michael adducts 3 as an enol acetate
form (entries 1 and 2). Enol acetates 2c and 2d, which bear
a substituent at the vinyl terminus, also provided the
corresponding products in 72 and 95% yields, respectively
(entries 3 and 4). Reactions using cyclohexanone-derived
cyclic enol acetate 2e andR-tetralone-derived 2f proceeded
smoothly to give the desired product in moderate to high
yield (entries 5 and 6). Unfortunately, sterically hindered
enol acetate 2g furnished noMichael adduct (entry 7). We
confirmed that all of the obtained enol acetates 3 had the
Z-configuration in their olefin moieties.13

Table 3 shows that diverseR,β-unsaturated ketoneswere
applicable to this reaction. (E)-1-(4-Methoxyphenyl)-2-bu-
ten-1-one (1c) gave a lower yield than 4-chlorophenyl-sub-
stituted derivative 1d (entries 1 and 2). These results indicate
that theelectronic factoron thephenyl ringapparentlyaffects
the reactivity of R,β-unsaturated ketones. Acyclic aliphatic
unsaturatedketone1egavenoadduct, but cyclic 1fproduced
the E-form of 3fb in excellent yield (entries 3 and 4). Enol
acetate 2b reacted with tert-butyl ketone derivative 1g to
provideMichael adduct 3gb in an 85%yield (entry 5). In the
reaction of dibenzylideneacetone 1h, the desired product 3hb
was obtained in 89% yield (entry 6). In contrast to entries 1
and 2, benzalacetone 1i and its analogues 1j�l furnished
Michael adducts in high yields, regardless of the electronic
factor on the phenyl ring. In addition, mixtures of E and Z
isomers were produced unexpectedly (entries 7�10). The
introductionofamethyl groupat thevinylicR-positionof the

carbonyl groupdramatically lowered the yieldof adduct 3mb
to only 15% (entry 11). The reaction using phenyl vinyl
ketone 1n, which was easily polymerized, was also successful
by the following treatment in a toluene solution to give
Michael adduct 3nb in a 56% yield.
Synthetic applications of the easily isolated enol form of

Michael adducts 3 are shown in Scheme 2. Pd/C-catalyzed

Table 3. Michael Additions Using Diverse R,β-Unsaturated
Ketonesa

aReaction conditions: 1 (1 mmol), 2 (5 mmol), InCl3 (0.05 mmol),
Me3SiCl (0.1 mmol), CH2Cl2 (1 mL), rt, 5 h. bYield by 1H NMR
analysis. Values in parentheses are isolated yields. c 0 �C. d InCl3
(0.1 mmol), Me3SiCl (0.2 mmol). e

2b (1.5 mmol). f E/Z = 17:83. g
2b

(1.5 mmol), InCl3 (0.1 mmol),Me3SiCl (0.2 mmol). h E/Z=11:89. i E/Z
= 19:81. j E/Z = 15:85. k In toluene solvent, careful treatment was
required (see the Supporting Information).

Scheme 2. Further Application of Enol-Form Michael
Adducts 3
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hydrogenation selectively promoted theC�Cdouble bond
reduction to produce alkyl acetate 4 in a 72% yield (eq 3).
These results indicate the great advantage of utilizing enol
acetates 3, because the preparation of 4 from the correspond-
ing 1,5-diketone is quite burdensome. The tin enolate gener-
ated from Michael adduct 3nb and Bu3SnOMe in situ
occurred in a successive radical coupling with methyl R-
bromoacetate 5 to furnish tricarbonyl compound 6 in a 62%
yield (eq 4).14 A nitroso aldol reaction was also successful
to produce R-hydroxyamino ketone 8 in a moderate yield
(eq 5).15 Furthermore, when the 1,5-diketone corresponding
to Michel adduct 3 was sought, Bu2SnO-catalyzed transes-
terification was effectively employed (eq 6).16

Figure 1 shows a plausible reaction mechanism. The
Lewis acidity of Me3SiCl is enhanced by the combination

with InCl3, and the silicon center activates enone 1. Then,
the succesive nucleophilic attack of enol acetate 2 forms
silyl enolate 11. Finally, an intramoleculer acyl migration
produces the desired adduct 3 along with the regeneration
of combined Lewis acid 10. According to this mechanism,
only the Z-isomer of 3 may be obtained. But only the
reactions using benzalacetone 1i and its analogues 1j�l

(entries 7�10, Table 3) were accompanied by the E-isomer
as aminor product. The involvement of the s-trans form of
R,β-unsaturated ketones 1 may give E-isomers in the
addition step with 2. It is also conceivable that keto�enol
tautomerization of 11 takes place, but as yet there is no
proof of that assertion.17 We confirmed that no tautomer-
ization of obtained E-isomer 3ib took place under the
reaction conditions.
In summary, we have achieved the first successful direct

Michael addition using enol acetates as enol nucleophiles.
The combination of the Lewis acids InCl3 and Me3SiCl
was the turning point in this reaction system. It is note-
worthy that Michael adducts can be easily isolated as an
enol-form.
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Figure 1. Tentative mechanism.
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