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The Lewis acid-mediated aldol reactions of silyl enol ethers
with aldehydes (Mukaiyama aldol reaction) provide one of the
most convenient carbon-carbon bond-forming processes in
organic synthesis.1 Since the first catalytic asymmetric version
of this reaction using chiral tin(II) Lewis acids appeared in 1990,2

several efficient Lewis acid catalysts based on boron, titanium,
copper, etc., have been reported.3 While these highly selective
reactions have been regarded as one of the most efficient reactions
for the preparation of chiralâ-hydroxy ketone and ester deriva-
tives, temperatures of-20 to -78 °C and strict anhydrous
conditions are required in most cases.3-5 In addition, while several
excellentsyn-selective aldol reactions have been developed, few
general highlyanti-selective aldol reactions have been reported.6

In this paper, we address these problems and report highlyanti-
selective catalytic asymmetric aldol reactions using a novel chiral
zirconium catalyst.

Our catalyst shown here is based on a chiral zirconium
complex. We have recently shown that catalytic asymmetric
Mannich-type,7 aza Diels-Alder,8 and Strecker reactions9 pro-
ceeded smoothly in the presence of chiral zirconium catalysts.10

While the zirconium catalysts effectively activated aldimines in
these reactions, it was expected that the catalyst would also

activate aldehydes to create excellent asymmetric enivironments.
After testing several zirconium catalysts in a model reaction of
benzaldehyde with the silyl enol ether of (S)-ethyl ethanethioate,
it was found that the chiral zirconium catalyst (1a) prepared from
Zr(OtBu)4 and (R)-3,3′-dibromo-1,1′-bi-2-naphthol ((R)-3,3′-
BrBINOL)7c,11 gave promising results. When the reaction was
performed using 10 mol % of1a in toluene at 0°C, the desired
aldol adduct was obtained in 46% yield with 4% ee. Although
the yield and the selectivity were less than satisfactory, an
interesting finding was the formation of a monotrimethylsilylated
BINOL derivative detected by thin-layer chromatography (TLC).
At this stage, it was thought that the catalyst regeneration step
(vide infra) was slow and that the monotrimethylsilylated BINOL
derivative was detected when the reaction was quenched with
water. To accelerate this step, we then decided to add a proton
source to convert the monotrimethylsilylated BINOL derivative
to a BINOL derivative. After testing several proton sources, it
was found that the yield and the enantioselectivity were improved
to 54 and 61%, respectively, by using propanol as the source.12,13

We further tested chiral ligands (BINOL derivatives), and the
desired aldol adduct was obtained in 81% yield with 92% ee when
(R)-3,3′-diiodo-1,1′-bi-2-naphthol ((R)-3,3′-IBINOL)11 was used
as the chiral ligand. The amounts and the kinds of alcohols also
influenced the yield and the selectivity (Table 1), and it is noted
that lower yield and selectivity were obtained when 2-methyl-2-
propanol (tBuOH) was used.

We then tested other examples of aldehydes and silyl enolates,
and the results are summarized in Table 2.14 Aromatic aldehydes
as well asR,â-unsaturated and aliphatic aldehydes reacted with
silyl enolates to afford the corresponding aldol adducts in high
yields with high ees using1b as a catalyst. Only 2 mol % of1b
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Table 1. Effect of Catalysts and Alcohols
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catalyzed the reaction efficiently. It is noteworthy that high yields
and selectivities were obtained even at 0°C to room temperature
in the presence of free alcohols, while most previous catalytic
asymmetric aldol reactions required temperatures of-20 to-78
°C under strict anhydrous conditions.5 Moreover, anti-aldol
adducts were obtained in the reactions of silyl enolates of
propionate derivatives with several aldehydes in high selectivi-
ties.15,16 It was also confirmed that the selectivities were inde-
pendent of the geometry of the silyl enolates. Namely,anti-
selectivities were obtained using both (E)- and (Z)-silyl enolates
(Scheme 1).17 Although the precise transition state is not clear at
this stage, we assume the acyclic transition state and the rather
bulky zirconium catalyst may prefer theanti-selectivities.18

The assumed catalytic cycle of the present asymmetric aldol
reaction is shown in Scheme 2. We postulate the true catalyst as
(naphthalenediolato)-dialkoxyzirconium3 which was suggested
by 1H and 13C NMR analysis.19 In addition, comparable results

were obtained when the aldol reaction of benzaldehyde with2
was carried out using the catalyst prepared from Zr(OPr)4 and
(R)-3,3′-IBINOL (72% yield, 84% ee, cf. Table 1, run 6). Catalyst
3 activates an aldehyde, and a silyl enolate attacks the aldehyde
to form key intermediate4. When no alcohol is present, it is
thought that the catalyst regeneration step (from4 to 3) would
be slow, and when the reaction is quenched with water,4 forms
the monotrimethylsilylated BINOL derivative. On the other hand,
4 immediately reacts with an alcohol to regenerate the catalyst3
along with formation of the aldol adduct and an alcohol
trimethylsilyl ether. The formation of the trimethylsilyl ether was
confirmed by GC-MS analysis.

A typical experimental procedure is described for the reaction
of benzaldehyde with2a. To a suspension of (R)-3,3′-diiodo-
1,1′-bi-2-naphthol (0.048 mmol) in toluene (1.0 mL) was added
Zr(OtBu)4 (0.04 mmol) in toluene (0.50 mL) at room temperature.
The mixture was stirred for 0.5 h at the same temperature, and
n-propanol (0.20 mmol) in toluene (1.0 mL) was added. The
mixture was stirred for 0.5 h, and was then cooled to 0°C.
Toluene solutions (1.5 mL) of benzaldehyde (0.4 mmol) and2a
(0.48 mmol) were successively added. The mixture was stirred
for 18 h, and saturated NaHCO3 was added to quench the reaction.
The aqueous layer was extracted with dichloromethane, and the
crude adduct was treated with THF-1 N HCl (20:1) at 0°C for
1 h to hydrolyze a small amount of the silylated adduct. After
usual workup, the crude product was chromatographed on silica
gel to give the desired adduct. The optical purity was determined
by HPLC analysis using a chiral column.20

In summary, we have developedanti-selective asymmetric aldol
reactions that proceeded at 0°C to room temperature under mild
conditions with high yields and high diastereo- and enantiose-
lectivities using a novel chiral zirconium catalyst in the presence
of an alcohol additive. Use of the protic additive is key to facilitate
catalyst turnover and is a unique feature of this reaction compared
to other traditional catalytic asymmetric aldol reactions.
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Table 2. Catalytic Asymmetric Aldol Recations Using1ba

a 1b (10 mol%) was used unless otherwise noted.b 5 mol%. c 2
mol%. d BuOH (50 mol%) was used. Toluene-benzotrifluoride (3:2)
was used as a solvent.e Room temperature.f EtOH (80 mol%).g PrOH
(80 mol%).h 2 equiv of2c was used.

Scheme 1.Effect of Geometrical Isomers

Scheme 2.Assumed Catalytic Cycle
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