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of imines into chiral amines with polymethylhydrosiloxane

using high-throughput screening
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Abstract—The use of high-throughput techniques allowed the rapid identification of new catalysts for the enantioselective reduction
of imines using polymethylhydrosiloxane (PMHS) as a reducing agent. By a simple modification of the chiral ligand structure that
came out of the screening, the enantioselectivity of the reduction was increased from 40% ee to 60% ee.
� 2004 Elsevier Ltd. All rights reserved.
The use of polymethylhydrosiloxane (PMHS) as a
reducing agent is an interesting alternative to the use of
hydrogen since no pressure reactor is required. Fur-
thermore, PMHS is inexpensive, nontoxic and stable to
air and moisture co-product of the silicon industry.1 It
has already been used in many applications like reduc-
tion of ketones, esters, imines, halogen or phosphine
oxides but also asymmetric reductions.1;2 For example
ketones can be reduced into chiral alcohols with PMHS
in the presence of zinc-chiral diamines,3 cadmium/bis-
oxazoline catalysts4 or copper/chiral diphosphines.5 We
were interested in reducing imines into chiral amines
using PMHS as a reducing agent.6 Some catalysts are
already described for this reaction, particularly the tita-
nocene complex developed by Hansen and Buchwald
that leads to chiral amines with very high enantioselec-
tivities.7 However this method requires a catalyst pre-
activation and the addition of an amine in the course of
the reaction. Other examples of achiral imine reductions
with PMHS have also been published. Thus ZnCl2
(2 equiv)8 and Ti(OiPr)4 (1.25 equiv, in situ formation of
imine)9 were used as catalysts but in stoichiometric
amount. A convenient method was published by Fu and
Lopez that uses a catalytic amount of a tinIV complex to
perform the reaction.10 Recently Mortreux and
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co-workers showed that a zinc–diamine complex could
be used in a catalytic amount to reduce effectively
ketones and imines.11

We wish to report herein the results obtained in a par-
allel screening of a large number of catalyst–chiral
ligand combinations for the enantioselective reduction
of imines into chiral amines using PMHS as a reducing
agent. Since the numerous type of catalysts that have
been described to activate PMHS, a diversified parallel
library was prepared by combining commercially avail-
able catalysts and chiral ligands.12 The chiral ligands
were chosen among acids, alcohols, aminoalcohols,
diamines or diphosphines in order to identify all types
of structures that could be able to induce chirality
(Scheme 1).

Two targets were identified as model substrates for the
parallel library screening, the ketimine 1 and the cyclic
imine 2 (Scheme 2).

The reactions were performed in 96-well microtiterplates
using reagents in solution (imine/PMHS: 1/1,2mol% of
catalyst and 2mol% of ligand in MeOH). The solutions
were delivered using a Gilson 215 robot inside a glove-
box. The reactions were quenched after 20 h with a
solution of MeONa in MeOH. The crude reaction
mixtures were directly analyzed by GC (conversion) and
by HPLC analysis (enantioselectivity). The results
obtained for the reduction of the ketimine 1 are shown
in Scheme 3 and those for the reduction of the cyclic
imine 2 in Scheme 4.
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Scheme 2. Asymmetric reduction of imines with PMHS.

PPh2
PPh2

NHTos

NH2

Ph

Ph

NH2

NH2

Ph

Ph

H
N

N
H

Ph
Ph

O

N N

O

iPr iPr

N
NHHN

OO
NN

CO2H

OAc

NH2

OH

OH
OH

OH
OH

Br

Br

L1 L2 L3

L4 L5 L6

L7

L8 L9

L10 L12

OH

OH

L11

NHHN

OO

Ph2P PPh2

Scheme 1.

2 T. Ireland et al. / Tetrahedron Letters 45 (2004) xxx–xxx

ARTICLE IN PRESS
Among the catalysts screened, Sn(OTf)2, Zn(OTf)2,
In(OTf)3, Cd(CHB)2

� turned out to be active even in
2mol% amount. Although different tin and zinc cata-
lysts were already known to perform the reaction cata-
lytically,10;11 indium and cadmium catalysts were not yet
described. Interestingly the addition of a ligand led in
most cases to an increase of the catalyst activity. The
best enantioselectivity was obtained with Sn(OTf)2/
binaphthol (L10) leading to the N-benzylphenylethyl-
amine with up to 40% ee. Chiral induction (up to 20%
ee) was also observed with binaphthol (L10) in combi-
nation with In(OTf)3 and with PyBox (L4) in combi-
nation with Zn(OTf)2 or Cd(CHB)2. Although Zn/L3
complex is known for the enantioselective reduction of
ketones,3 no enantioselectivity was observed for the
reduction of imine 1 in our screening conditions using
this catalyst. Surprisingly, even simple chiral carboxylic
acid like O-acetylmandelic acid (L6) led to some chiral
� OTf: triflate; CHB: cyclohexanebutyrate.
induction (up to 16% ee) in combination with Sn(OTf)2
or In(OTf)3.

The substrate specificity often observed for enantio-
selective reactions was confirmed by performing a sim-
ilar screening for the enantioselective reduction of imine
2. The results are shown in Scheme 4.

The best result for the reduction of the cyclic imine 2
was obtained with Cd(CHB)2/PyBox (L4) leading to the
corresponding amine with 32% ee. Furthermore
In(OTf)3 that was active for the reduction of imine 1
turned out to be much less efficient for the reduction
of imine 2. CoCl2 showed some activity for the reduc-
tion but no chiral induction was observed. Simi-
lar activities were observed with ZnBr2 instead of
Zn(OTf)2.

To confirm the results obtained from parallel screening
the most promising catalysts were tested for the reduc-
tion of imine 1 and imine 2 on a lab scale. The results are
summarized in Table 1.
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Scheme 4. Screening of catalysts for the asymmetric reduction of the cyclic imine 2 with PMHS.
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Scheme 3. Screening of catalysts for the asymmetric reduction of the ketimine 1 with PMHS.
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Table 1. Enantioselective reduction of imines with PMHSa

Entry Imine Catalyst Catalyst amount (mol%) Ligand Time (h) Conversion (%)b Ee (%)c

1 1 Sn(OTf)2 10 –– 4.5 82 ––

2 1 In(OTf)3 10 –– 22 67 ––

3 1d Zn(OTf)2 2 –– 6 87 ––

4 1 Cd(CHB)2 10 –– 22 62 ––

5 1 Sn(OTf)2 2 L10 2 98 (90)e 40 (R)

6 1 Zn(OTf)2 2 L10 6 >99 30 (R)

7 1 In(OTf)3 2 L10 6 56 29 (R)

8 2f Cd(CHB)2 2 L4 20 60 33

9 1 Sn(OTf)2 2 L12 6 85 60 (R)

10 1 Zn(OTf)2 2 L12 6 87 33 (R)

11 1 In(OTf)3 2 L12 6 50 36 (R)

aReactions were performed at room temperature with imine (1.0mmol), PMHS (1.2 equiv), ligand (�mol%), catalyst (�mol%) in MeOH.
bDetermined by GC using a c-DEX225 Supelco column.
cDetermined by HPLC using a Daicel OD-H column.
d 2 equiv of PMHS was used.
e Isolated yield%.
f Toluene was added to solubilize the amine.
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The catalytic activity of Sn(OTf)2, In(OTf)3, Zn(OTf)2
and Cd(CHB)2 was confirmed. Thus Zn(OTf)2 can be
used in catalytic amount as low as 2mol% but the use of
10mol% of Sn(OTf)2, In(OTf)3 or Cd(CHB)2 is neces-
sary to obtain a good conversion (Table 1, entries 1–4).

The use of an excess of alcohol is critical to run the
reaction catalytically. In the absence of methanol
no conversion was observed whereas the use of only
2 equiv led to a very sluggish reaction. Interestingly the
reduction could be performed under an air atmosphere.

The addition of a ligand led in all cases to a catalyst acti-
vation and 2mol% of catalyst is then enough to get a high
conversion (Table 1, entries 5 and 6). The best enantio-
selectivity observed in microtiterplate for the reduction of
imine 1 and 2 were confirmed (Table 1, entries 5 and 8).

Since the binaphthol ligand (L10) led to the best chiral
induction we tried to modify its structure. Thus the
enantioselectivity was increased to 60% ee for the
reduction of imine 1 simply by adding two bromo sub-
stituents in 3 and 30 positions of the binaphthol (see
ligand L12, Scheme 1 and Table 1, entry 9). However
this substituent effect was not as strong with Zn(OTf)2
and In(OTf)3 (Table 1, entries 10 and 11).

In summary we have successfully used high throughput
techniques in order to identify new catalysts like In-
(OTf)3 and Cd(CHB)2 for the reduction of imines into
amines using PMHS as a reducing agent. Chiral induc-
tion was observed by simple combinations of catalysts
such as Sn(OTf)2, Zn(OTf)2, In(OTf)3 and Cd(CHB)2
with chiral ligands. The screening of various type of
chiral ligands allowed us to identify active structures.
Then a more focused ligand design strategy allowed us
to increase our best enantiomeric excess from 40% to
60% ee. The advantage of using high-throughput
screening was again demonstrated since the most effi-
cient catalyst was substrate depending. Further optimi-
zations of the chiral ligand structures in order to
increase the enantioselectivity of the reaction are in
progress in our laboratory.
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