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ABSTRACT

A highly enantioselective, organocatalytic Mukaiyama −Michael addition reaction of silyl ethers and r,â-unsaturated aldehydes has been developed.
The process, catalyzed by MacMillan’s chiral imidazolidinone, affords δ-keto aldehydes in high yields (56 −87%) and high enantioselectivities
(85−97% ee). Moreover, the reaction is applicable to a wide range of silyl ethers and r,â-unsaturated aldehydes and, as such, provides access
to a range of important synthetic building blocks.

The Mukaiyama-Michael addition reaction is a powerful
tool for the preparation of synthetically useful 1,5-dicarbonyl
compounds.1,2 Consequently, considerable attention has been
given to the development of a catalytic asymmetric version
of this process. Although significant progress has been made
for R,â-unsaturated ketone, ester, amide, and nitrostyrene
substrates,2,3 the development of a catalytic method to
promote enantioselective Michael additions toR,â-unsatur-
ated aldehydes has proven to be more challenging. One of
the main reasons for this is the greater susceptibility ofR,â-
unsaturated aldehydes to 1,2-addition reactions as compared
to other unsaturated systems. Thus, it is not surprising that
only a few successful examples of these reactions have been

presented.3f,4 Recent studies of organocatalysts have uncov-
ered methods to achieve 1,4- rather than 1,2-additions to
conjugated aldehydes. MacMillan reported that chiral imi-
dazolidinones serve as effective catalysts for 1,4-addition of
electron rich aromatic systems toR,â-unsaturated aldehydes.5
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In addition, Maruoka demonstrated the utility of chiral
ammonium bifluorides as catalysts for silyl nitronate Michael
addition reactions with unsaturated aldehydes.6 Despite these
advances, catalysts which promote the classic asymmetric
Mukaiyama-Michael addition reaction between silyl enol
ethers andR,â-unsaturated aldehydes have not yet been
developed. In this paper, we describe the first highly
enantioselective version of this process, which employs
MacMillan’s chiral imidazolidinone catalyst and provides
δ-keto aldehydes in high yields and high enantioselectivities.

Chiral pyrrolidine and pyrrolidinone derivatives have been
shown to be effective organocatalysts for asymmetric reac-
tions.7 Consequently, in initial exploratory efforts directed
at the development of chiral amine-catalyzed asymmetric
Michael addition reactions, we screened five chiral pyrro-
lidines and pyrrolidinones (Figure 1). These substances were

used by us and others as catalysts for the different versions
of the Michael addition reactions.5,8-10 Reaction of 1-phenyl-
1-(trimethylsilylox)ethylene1a with trans-cinnamaldehyde
2a and 20 mol % of chiral imidazolidinoneI in CH2Cl2 at
room temperature (rt) in the presence of 2,4-dinitrobenzene-
sulfonic acid (DNBA) (20 mol %) proceeded very slowly
in low yield (14%, 12 h) (Table 1, entry 1). A survey of
solvents revealed that the reaction media had a significant

effect on the rate of this process (Table 1, entries 1-5).11

For example, the reactions carried out ini-PrOH andt-BuOH
gave higher yields (58% and 55%, respectively, Table 1,
entries 2 and 4). More importantly, reactions in these solvents
were highly enantioselective (87% ee int-BuOH and 76%
ee in i-PrOH). The major enantiomer of product, 1,5-
diketoaldehyde3a, has theR configuration.12 By lowering
the temperature to 0°C for reaction ini-PrOH, both the
enantioselectivity (86% ee) and the yield (68%) were
significantly improved (Table 1, entry 3). Optimization
studies showed that a solvent system consisting of 5:1 (v/v)
mixture of t-BuOH andi-PrOH at 0°C was ideal for this
process.

An acid additive is required for this reaction in which an
aldiminium ion serves as a key intermediate.5 Evaluation of
three acids revealed that strong acids, such as HCl and TFA,
caused decomposition of silyl ether1a. In contrast,1a
tolerated DNBA (Table 1, entries 5-7), and subsequently,
the acid was used in further studies of this process.

Studies showed that the catalytic activities of five organo-
catalystsI-V differed significantly (Table 1, entries 5 and
9-12). Under identical reaction conditions (0°C in t-BuOH
andi-PrOH (5/1, v/v) with DNBA), reaction of silylenol ether
1a with trans-cinnamaldehyde2a catalyzed byI afforded
adduct3a with excellent enantioselectivity (90% ee) and
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Figure 1. Chiral amine organocatalysts.

Table 1. Results of Exploratory Studies of Catalytic
Asymmetric Mukaiyama-Michael Addition Reactions of Silyl
Enol Ether andtrans-Cinnamaldehydea

entry catalyst solvent T (°C) yieldb (%) eec (%)

1 I + DNBA CH2Cl2 rt 14 d
2 I + DNBA i-PrOH rt 58 76
3 I + DNBA i-PrOH 0 68 86
4 I + DNBA t-BuOH rt 55 87
5 I + DNBA mixturee 0 60 90
6 I + HCl mixturee 0 <10 d
7 I + TFA mixturee 0 d d
8 I + DNBAf mixturee 0 75 90
9 II + DNBA mixturee 0 40 47

10 III + DNBA mixturee 0 16 83g

11 IV + DNBA mixturee 0 d d
12 V + DNBA mixturee 0 d d

a Unless otherwise specified, the reaction was carried out with 5 equiv
of 1a and 1 equiv of2a in the presence of 20 mol % chiral amine and acid
(20 mol %) in 0.5 mL of solvent at rt or 0°C for 12 h.b Isolated yield
after chromatographic purification.c Determined by chiral HPLC analysis
(Chiralpak AS-H, hexane/2-propanol) 90:10).d Not determined.e A
mixture of t-BuOH/i-PrOH (5:1 v/v) used.f 30 mol % of I and 30 mol %
of DNBA used.g S configuration.
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good yield (60%, Table 1, entry 5). Moreover, increasing
the loading ofI up to 30 mol % significantly improves the
yield of this reaction without sacrificing enantioselectivity
(75% yield, 90% ee, entry 8). However, the reaction
promoted by catalystII, which has a similar structure toI,
took place with a much lower enantioselectivity (47% ee,
entry 9). Interestingly, a highly enantioselective reaction
(83% ee, entry 10) occurred when our pyrrolidine trifluoro-
methanesulfonamide catalystIII was used, but unfortunately
the rate of this process was very low.L-Proline IV and
diamineV did not serve to catalyze the formation of product
3a even after a 12 h period (entries 11 and 12).

Having established the optimal reaction conditions, we
next probed the generality of this asymmetric catalytic variant
of the Mukaiyama-Michael addition reaction with a variety
of silyl ethers1 andR,â-unsaturated aldehydes2 (Table 2).

The results showed that the reactions took place efficiently
(56-87%), and high to excellent levels of enantioselectivity
(85-97%) with all of the silyl enol ethers and unsaturated
aldehyde were achieved. As revealed by inspecting the results
given in Table 2, high to excellent enantioselectivities were

obtained with silyl ethers that possess both electron-
withdrawing (4-Br, Table 2, entry 2) and electron-donating
substituents (4-Me and 4-MeO, Table 2, entries 3 and 4). It
was noted that reactions with electron-withdrawing group
substituted aldehydes tended to give lower enantioselectivities
(e.g., 4-Br, 86% ee, entry 2), whereas those with electron-
donating group substituted substrates (4-Me and 4-MeO,
entries 3 and 4) proceeded with higher enantioselectivities
(95 and 97% ee).

Significant structural variation in theR,â-unsaturated
aldehydes was tolerated in this reaction, which occurred
efficiently, independent of the nature of substituents on the
phenyl ring (Table 2, entries 5-9, 59-71% yields, 90-95%
ee). In all cases, excellent levels (g90% ee) of enantiose-
lectivity were observed. Moreover, based on preliminary
results, it appeared that the catalytic process was applicable
to â-alkyl substitutedR,â-unsaturated aldehydes (e.g., acre-
loin) and cyclic (e.g., tetralone) silylenol ethers (entries 10
and 11, 60% yield, 87% ee and 87% yield and 85% ee,
respectively). In the latter case, two stereogenic centers were
produced in the reaction with high enantioselectivity (85%
ee) and diastereoselectivity (30:1 dr) (Table 2, entry 11).13

In summary, we have developed a catalytic variant of the
asymmetric Mukaiyama-Michael addition reaction between
silyl enol ethers andR,â-unsaturated aldehydes. The reactions
are effectively catalyzed by the organocatalystI, affording
synthetically useful 1,5-dicarbonyl compounds in high yields
and high to excellent levels of enantioselectivity. Further
investigations of the mechanistic features and scope of this
reaction are underway.
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(13) We could not determine the absolute configurations of the compound
because of the quick racemization.

Table 2. Catalytic Asymmetric Mukaiyama-Michael Addition
of Silyl Enol Ethers1 to R,â-Unsaturated Aldehydes2a

a See footnote in Table 1.b Isolated yield after chromatographic purifica-
tion. c Determined by chiral HPLC analysis (Chiralpak AS-H or Chialcel
OJ-H). d Reaction run at-20 °C. e dr determined by1H NMR.
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