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ABSTRACT

L-Piperazine-2-carboxylic acid derived N-formamides have been developed as highly enantioselective Lewis basic catalysts for the hydrosilylation
of N-aryl imines with trichlorosilane. The arene sulfonyl group on N4 was found to be critical for the high enantioselectivity of the catalyst.
High isolated yields (up to 99%) and enantioselectivities (up to 97%) were obtained for a broad range of substrates, including aromatic and
aliphatic ketimines, particularly those with R 2 as relatively bulky alkyl groups.

Asymmetric Lewis base catalysis has proven to be a powerful
and viable asymmetric synthetic method, of which the most
successful applications have been in allylations and aldol
reactions using trichlorosilylated reagents.1 Recently, asym-
metric reduction of imines, a useful but challenging reaction
for the production of chiral amines,2,3 was also effected by
Lewis base catalysis.4 Matsumura first disclosed thatL-
proline derived Lewis basicN-formamide 1 (Figure 1)
catalyzed the reduction ofN-aryl ketimines with trichloro-
silane (HSiCl3) in modest enantioselectivity (up to 66% ee).4a

Later, Malkov and Kocovsky reported thatL-valine derived
catalyst2 significantly improved the enantioselectivity (up

to 92% ee).4b,c,5 In our recent publication, we presented a
L-pipecolinic acid derived Lewis basic catalyst (3) that
afforded the highest level of enantioselectivities (up to 96%
ee) with an exceptional substrate spectrum.6 Encouraged by
these results, we continued to search for new highly efficient
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and enantioselective Lewis basicN-formamide catalysts with
structural diversity. Herein, we report our discovery of the
L-piperazine-2-carboxylic acid (PCA) derived new catalyst
4e (Figure 2) that has a relatively simple structure and

exhibits high enantioselectivity in the hydrosilylation of
N-aryl ketimines with an unprecedented substrate profile.

Given the outstanding performance of3,6 we were
interested to design new catalysts bearing analogous six-

membered cyclic backbones. We envisioned that the piper-
azinyl backbone could be a good replacement of the
piperidinyl backbone of3 considering that the secondary
amino group on the 4-position (N4) of the former should
provide an excellent open site for introducing diversity
elements and thus fine tuning the catalytic properties. On
the other hand, it should be interesting to see if the chiral
2-acetoxy-1,2-diphenylethyl amide group of3, which was
shown to be critical for the high enantioselectivity,6 is still
favorable in the PCA-based new catalyst system. Thus, we
prepared a set of newN-formamide catalysts (4a-eand5a-
e, Figure 2) starting from the commercially availableL-PCA
(see Supporting Information) and tested their catalytic effects
in the model reaction of6a with HSiCl3 in the presence of
10 mol % of catalyst in CH2Cl2 at 0 °C.

As shown in Table 1, catalyst4awith an alkyl group (Bn)
on N4 gave only a moderate yield and ee value (entry 1).

Surprisingly, when this group was changed to methane-
sulfonyl, the resulted catalyst4b totally lost the selectivity
(entry 2). It seems plausible to ascribe this to the competitive
nonstereoselective binding of the sulfonyl oxygen with the
central silicon atom of HSiCl3. However, the switch of the
aliphatic methanesulfonyl group to the aromatic benzene-
sulfonyl group enables catalyst4c to recover the selectivity
(74% ee, entry 3). Moreover, the addition of an alkyl group
to the para position of the benzene ring was found to be
beneficial to both the reactivity and the selectivity.4d with
a para-methyl gave 82% yield and 77% ee (entry 4), and4e
with a bulkypara-tert-butyl resulted in 97% yield and 80%
ee (entry 5).
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Figure 1. Structures of the catalysts reported previously.

Figure 2. Structures of the catalysts evaluated in this study.

Table 1. Asymmetric Hydrosilylation of Ketimine6aa

entry catalyst temp (°C) yield (%)b ee (%)c

1 4a 0 65 40
2 4b 0 64 <5
3 4c 0 77 74
4 4d 0 82 77
5 4e 0 97 80
6 5a 0 92 73
7 5b 0 68 56
8 5c 0 80 36
9 5d 0 71 5

10 5e 0 63 71
11 4e -20 95 89
12 4e -40 30 89
13d 4e -20 30 88

a Unless specified otherwise, reactions were carried out with 10 mol %
of catalyst and 2.0 equiv of HSiCl3 on a 0.2 mmol scale in 1.0 mL of CH2Cl2
for 48 h. b Isolated yield based on the imine.c The ee values were
determined using chiral HPLC.d 5 mol % of catalyst was used.
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As observed with the previously reportedN-formamide
catalysts,4,6 the amide group also has profound impacts on
both the reactivity and selectivity of this series of PCA-based
new catalysts. Although catalyst5abearing apara-methoxy-
phenyl amide group led to a slightly lowered yield and ee
value, a significantly decreased yield and ee value were
achieved with5b bearing a 2-naphthyl amide group. More-
over, the (1S,2S)-2-acetoxy-1,2-diphenylethyl amide group,
a critical structural motif of3,6 was found to be unfavorable
in this catalyst system.5c catalyzed the reaction with only
36% ee (entry 8). To check if the absolute stereochemistries
in this amide group could make any big difference, the
diastereomers5d and5ewere examined. In agreement with
the observation in the case of3, an (S)-configuration is
distinctly preferred for C1′ (see5c for labeling).5d with an
(R)-C1′ afforded a nearly racemic product (entry 9). Interest-
ingly, although the absolute configuration of C2′ has marginal
influence on the selectivity of3, 5ewith an (R)-C2′ exhibited
much higher selectivity than5d with an (S)-C2′(entries 9
and 10). Thus, catalyst5e with the (1S,2R)-2-acetoxy-1,2-
diphenylethyl amide group has the best-match stereochem-
istries. Nevertheless, the performance of5e is still not as
good as that of4e(entries 5 and 10). Hence, catalyst4ewas
selected for further studies.

We next examined the influences of some other reaction
parameters on the performance of4e in the hydrosilylation
of 6a. When the reaction temperature was lowered from 0
to -20 °C, the ee value of product7a was lifted to 89%
and the yield was almost unchanged (entries 5 and 11).
Further lowering the temperature to-40 °C had no effect
on the selectivity but caused an unacceptable loss of reactivity
(entry 12). When the catalyst loading was reduced from 10
to 5 mol %, the ee value of the product remained in the
same level, whereas only 30% yield was obtained because
of low conversion (entry 13).

Having established the optimal reaction conditions, we
next explored the application scope of4e. A broad range of
N-phenyl ketimines (6a-s) were reduced with HSiCl3 in the
presence of 10 mol % of catalyst in CH2Cl2 at -20 °C. As
illustrated in Table 2, regular electron-rich and electron-
deficient aromatic methyl ketimines6a-f (R6 ) Me) reacted
well to give the desired products7a-f in high yield and
enantioselectivity (63-99% yield, 85-90% ee, entries 1-6).
The hydrosilylation of the aliphatic cyclohexyl methyl
ketimine6g also proceeded well with 86% yield and 82%
ee (entry 7). More significantly, ketimines6h-s with a
relatively bulky R6, including Et,nPr, iPr,c-Pr,nBu, andiBu,
were all found to be good substrates for catalyst4e, affording
high yields (75-92%) and excellent enantioselectivities (84-
97%, mostly 90-97%). Furthermore, consistently higher ee
values were obtained for these ketimines bearing a relatively
bulky R6 than the corresponding methyl ketimines (84-97%
vs 82-90% ee, entries 8-19 vs 1-7). To the best of our
knowledge, such a substrate profile has not been previously
reported for the asymmetric reduction ofN-aryl ketimines.
As a matter of fact, when3 was used as the catalyst, a
dramatically different scenario was observed: whereas6a-g
were previously shown to afford excellent ee values (90-

95%),6 only low to moderate enantioselectivities (entries 8,
9, and 15-19; data in parentheses) were attained for6h, 6i,
and6o-s, with only one exception of 92% ee for6q with
R6 as cyclopropanyl (entry 17).

We also investigated some other ketimines with different
N-substituents (Scheme 1). Unfortunately, with the catalysis

of 4e, the ketimines with a substitutedN-phenyl group were
found to give significantly lowered ee values compared with
the correspondingN-phenyl ketimines. TheN-benzyl ketimines
were also proven to be unsuitable substrates for the catalyst.

In summary, we have developed the firstL-pipecolinic acid
based chiral Lewis basicN-formamide catalyst (4e) that

Table 2. Asymmetric Hydrosilylation of Ketimines6 with
Catalyst4ea

a Unless specified otherwise, reactions were carried out with 2.0 equiv
of HSiCl3 on a 0.2 mmol scale in 1.0 mL of solvent at-20 °C for 48 h.
b Isolated yield based on the imine.c The ee values were determined using
chiral HPLC; the data in parentheses are for catalyst3.

Scheme 1
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promotes the enantioselective reduction ofN-aryl ketimines
with trichlorosilane in high yield and enantioselectivity.
Compared with theL-pipecolinic acid based catalyst3 that
we previously developed, the most remarkable features of
this catalyst include (a) its structural simplicity given that
the bulky and costly chiral amide fragment needed in3 for
ensuring high enantioselectivity is not needed, (b) its high
enantioselectivity for both methyl ketimines and ketimines
with a relative bulky R6, and (c) its consistently higher
enantioselectivity for the latter substrates than for the former,
which is so far unprecedented in organocatalytic asymmetric
reduction of imines. The mechanistic aspects of the special
substrate profile and the full application scope of this catalyst

system are currently under investigation. The results will be
reported in due course.
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