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Asymmetric Mannich-type reactions provide useful routes for
the synthesis of optically activeâ-amino ketones or esters, which
are versatile chiral building blocks in the preparation of many
nitrogen-containing biologically important compounds.1 While
several diastereoselective Mannich-type reactions have already
been reported,2 very little is known about the enantioselective
versions. In 1991, Coreyet al. reported the first example of
the enantioselective synthesis ofâ-amino acid esters using chiral
boron enolates.3 Yamamotoet al. showed enantioselective
reactions of aldimines with a ketene silyl acetal using a
stoichiometric amount of a Brønsted acid-assisted chiral Lewis
acid.4 Quite recently, Enderset al. reported efficient enantio-
selective Mannich-type reactions based on the chiral hydrazone
method;5 however, a stoichiometric amount of a chiral source
was needed. Asymmetric Mannich-type reactions using small
amounts of chiral sources have not been reported to the best of
our knowledge. In this paper, we disclose the first truly catalytic
enantioselective Mannich-type reactions of aldimines with silyl
enolates using a novel zirconium catalyst.
Our approach is based on chiral Lewis acid-catalyzed

reactions. Asymmetric reactions using chiral Lewis acids are
of great current interest as one of the most efficient methods
for the preparation of chiral compounds.6 While rather rapid
progress has been made on the enantioselective reactions of
carbonyl compounds using chiral Lewis acids (aldol reactions,
allylation reactions, Diels-Alder reactions, etc.),7 very few
examples have been reported for their aza analogues.8 We
thought that this was due to two main difficulties. First, many
Lewis acids are deactivated or sometimes decomposed by the
nitrogen atoms of starting materials or products, and even when
the desired reactions proceed, more than stoichiometric amounts
of the Lewis acids are needed because the acids are trapped by
the nitrogen atoms. Second, aldimine-chiral Lewis acid

complexes are rather flexible and often have several stable
conformers (includingE/Z isomers of aldimines), while alde-
hyde-chiral Lewis acid complexes are believed to be rigid.
Therefore, in the additions to aldimines activated by chiral Lewis
acids, plural transition states would exist to decrease selectivities.
To solve these problems, we first screened various metal salts
in the achiral reactions of aldimines with silylated nucleophiles.
After careful investigation of the catalytic ability of the salts,
we found unique characteristics in zirconium(IV) (Zr(IV)) and
decided to design a chiral Lewis acid based on Zr(IV) as a center
metal.9,10 On the other hand, as for the problem of the
conformation of the aldimine-Lewis acid complex, we planned
to utilize a bidentate chelation (see below).11 A necessary
condition is easy removal of the chelation part of the substrates
after the reactions.
A chiral zirconium catalyst was preparedin situ according

to Scheme 1.12 In the presence of 20 mol % catalyst1, aldimine
3 prepared from 1-naphthaldehyde and 2-aminophenol was
treated with the ketene silyl acetal derived from methyl
isobutylate (4) in dichloromethane at-15 °C. The reaction
proceeded smoothly to afford the corresponding adduct in a
quantitative yield, and the enantiomeric excess of the product
was 34% (Table 1). The ee was improved to 70% when
N-methylimidazole (NMI) was used as an additive. Moreover,
the ee was further improved when catalyst2 was used,13 and
the desired adduct was obtained in a 95% ee when the reaction
was carried out at-45 °C.14 It should be noted that the same
high level of ee was obtained when 2 mol % catalyst was
employed. We then tested other aldimines and silyl enolates,
and the results are summarized in Table 2. Not only aldimines
derived from aromatic aldehydes but also aldimines from
heterocyclic and aliphatic aldehydes15 worked well in this
reaction, and good to high yields and enantiomeric excesses
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Scheme 1.Preparation of the Catalyst
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were obtained. Similar high levels of ee’s were also obtained
when the silyl enol ether derived fromS-ethyl thioacetate (5)
was used. TheN-substituent of the product was easily removed
according to Scheme 2. Thus, methylation of the phenolic OH
of 6 using methyl iodide and potassium bicarbonate and
deprotection using cerium ammonium nitrate (CAN)16 gave
â-amino ester7. The absolute configuration assignment was
made by comparison of the optical rotation of7 with that in
the literature.17

A typical experimental procedure is described for the reaction
of aldimine3 with ketene silyl acetal4. To Zr(OtBu)4 (0.04
mmol) in dichloromethane (0.25 mL) were added 6,6′-dibromo-
1,1′-bi-2-naphthol (0.088 mmol) in dichloromethane (0.5 mL)
andN-methylimidazole (0.048 mmol) in dichloromethane (0.25
mL) at room temperature. The mixture was stirred for 1 h at

the same temperature and cooled to-45 °C. Dichloromethane
solutions (0.75 mL) of3 (0.8 mmol) and4 (0.96 mmol) were
successively added. The mixture was stirred for 10 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-1N HCl (10:1) at 0°C for 30
min. After a usual workup, the crude product was chromato-
graphed on silica gel to give the desired adduct. The optical
purity was determined by HPLC analysis using a chiral
column.18

The assumed catalytic cycle of this enantioselective reaction
is shown in Scheme 3. Catalyst219 is postulated to coordinate
aldimine8 to form zirconium complex9. A silyl enolate attacks
the aldimine to produce10, whose trimethylsilylated oxygen
atom attacks the zirconium center to afford the product along
with the regeneration of catalyst2. The product was obtained
as a trimethylsilylated form (11) without the acidic workup (see
a typical experimental procedure).
In summary, the first catalytic enantioselective Mannich-type

reactions of aldimines with silyl enolates have been achieved
by using a novel chiral zirconium catalyst. High levels of
enantioselectivities in the synthesis of chiralâ-amino ester
derivatives have been obtained according to these reactions. The
novel zirconium catalyst has been shown to be effective for
the catalytic activation of aldimines. Further investigations to
clarify the precise structure of the catalyst and mechanism of
these reactions as well as to develop other enantioselective
reactions using this catalyst are now in progress.
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(15) It was found that the aldimine prepared from cyclohexanecarbox-
aldehyde and 2-aminophenol was unstable and was difficult to supply the
reaction. On the other hand, high ee shown in Table 2 was obtained by
using the aldimine prepared from cyclohexanecarboxaldehyde and 2-amino-
3-methylphenol.
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were observed after combining Zr(OtBu)4 and 6,6′-dibromo-1,1′-bi-2-
naphthol in dichloromethane, and the precipitates dissolved completely when
NMI or DMI was added. From this observation, although the precise
structure of the catalyst has not yet been clarified, it is assumed that a
monomeric catalyst may be produced by adding NMI or DMI, while an
oligomeric structure may be formed without the ligand. We also found that
the catalyst was obtained as a white powder after removal of the solvent.
The powder did not containt-BuOH and was effective in the present
asymmetric Mannich-type reactions.

Table 1. Examination of Reaction Conditionsa

catalyst (mol %) additive (mol %) temp,°C yield, % ee, %

1 (20) -15 quant 34
1 (20) NMI (20) -15 80 70
2 (20) NMI (20) -15 73 90
2 (20) NMI (20) -45 83 95
2 (10) NMI (10) -45 quant 92
2 (5) NMI (5) -45 69 95
2 (5) DMI (5) -15 quant 91
2 (2) NMI (2) -45 75 86

aNMI ) N-methylimidazole; DMI) 1,2-dimethylimidazole.

Table 2. Catalytic Enantioelective Mannich-Type Reactions

R1 silyl enolate yield, %a ee, %b

Ph 4 70 87
p-ClPh 4 86 83
1-naphthyl 4 quant 92
Ph H2CdC(OSiMe3)SEt (5) 78 88
p-ClPh 5 88 86
1-naphthyl 5 quant >98
2-furyl 5 89 89
c-C6H11

c 5 56 80

a Isolated yields after acidic workup (see a typical experimental
procedure).bDetermined by HPLC analyses (see the Supporting
Information).c The aldimine prepared from cyclohexanecarboxaldehyde
and 2-amino-3-methylphenol was used. When the reaction was carried
out at-23 °C, 71% yield and 71% ee were obtained. See ref 15.

Scheme 2.Conversion toâ-Amino Ester

Scheme 3.Assumed Catalytic Cycle
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