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ABSTRACT

A highly efficient catalytic stereoselective ketimine reduction is described. The combination of an inexpensive chiral organocatalyst, easily
prepared in a single step, and of a very cheap removable chiral auxiliary allowed us to obtain enantiomerically pure amino compounds. The
methodology allowed synthesis of chiral secondary and primary amines and natural and unnatural amino esters in high yields often with total
control of the absolute stereochemistry.

Chiral amines are key structural elements of many biologi-
cally active compounds, which find application as fragrances,
agrochemicals, and pharmaceuticals.1

Among the different approaches, the reduction of ketimines
represents a powerful and widely used transformation.2

However, only a few efficient chiral catalytic organometallic
systems are currently available.3 The organocatalytic ap-
proach4 may offer new possibilities.5 In this context, the past
few years have witnessed the flourishing of an impressive

activity on the development of organocatalytic methodologies
in the reductive amination process6 or ketimine reductions.
Binaphthol-derived phosphoric acids were successfully em-
ployed as catalytic activators in the reduction of ketimines
by using a dihydropyridine-based Hantzsch ester type reagent
as the reducing agent.7 Alternatively, trichlorosilane was
exploited as the reducing species; once activated by coor-
dination with Lewis bases, it generates a hexacoordinated
hydridosilicate which is the actual reducing agent.8 Recently,
different chiral Lewis bases were reported to be efficient
activators of the ketimine reduction, sometimes in very high
stereoselectivity.9 Chiral organocatalytic methodologies rep-
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resent an opportunity, but they must point at two main
directions: higher chemical and stereochemical efficiency and
lower cost of the catalytic system. To obtain an enantiopure
compound with a metal-free, inexpensive catalyst would open
unexplored synthetic routes with relevant consequences also
in terms of novel patent strategies.

In this context, we wish to report here our studies on a
low cost catalytic system, easily prepared from commercially
available products, able to promote the enantioselective
reduction of ketimines with trichlorosilane with great ef-
ficiency. A wide class of catalysts prepared by simple
condensation of picolinic acid9m or its derivatives with a
chiral amino alcohol9i,10 or diamine11 was investigated. In a
one-step procedure, several derivatives were synthesized
simply by reaction of a chiral amino alcohol or diamine with
picolinoyl chloride or picolinic acid in the presence of
condensing agents. Among the different synthesized com-
pounds, (1R,2S)-ephedrine-derived N-picolinoylamide 19i and
N-4-chloropicolinoylamide 210 and the bis(N-methyl-N-
picolinoylamide) of 1,1′-binaphthyldiamine 312 were selected
for this study (Figure 1).

In the reduction of the N-benzylimine of acetophenone, by
employing 10% of catalyst 1 at 0 °C in dichloromethane the
product was isolated in 85% yield and 71% ee (Scheme 1).

Higher performances were obtained with ephedrine-based
4-chloropicolinamide 2 that promoted the reaction in quantita-
tive yield and 80% ee. Catalyst (S)-3 promoted the reaction in
quantitative yield and 85% ee.

Even if both catalysts 2 and 3 showed excellent chemical
efficiency and interesting levels of enantioselectivity, the
control of the absolute stereochemistry was not satisfactory.
In order to improve the selectivity of the process, the
trichlorosilane-mediated reduction of acetophenone imines
(R)-4 and (S)-4 derived from (R)- and (S)-1-phenylethy-
lamine, respectively, was studied (Scheme 2).13 The reaction

product is the bis-R-methylbenzylamine, a compound that
has found numerous applications as chiral base and chiral
ligand.14 The diastereoselective reduction of these chiral
substrates through hydrogenation with different catalytic
systems has been investigated.15 However, to the best of our
knowledge, no examples of analogous studies with organo-
catalytic systems have been reported so far.

(6) Reductive amination: for selected recent references for organometallic
systems see ref 2 and: (a) Reetz, M. T.; Bondarev, O. Angew. Chem., Int.
Ed. 2007, 46, 4523. (b) Graves, C. R.; Scheidt, K. A.; Nguyen, S. T. Org.
Lett. 2006, 8, 1229. For organic catalysts, see: (c) Ouellet, S. G.; Walji,
A.; MacMillan, D. W. C. Acc. Chem. Res. 2007, 40, 1327. (d) Rueping,
M.; Antonchick, A. P.; Theissmann, T. Angew. Chem., Int. Ed. 2006, 45,
3683. (e) Zhou, J.; List, B. J. Am. Chem. Soc. 2007, 129, 7498. (f) Storer,
R. I.; Carrera, D. E.; Ni, Y.; MacMillan, D. W. C. J. Am. Chem. Soc. 2006,
128, 84. For a recent biocatalytic reductive amination, see: (g) Koszelewski,
D.; Lavandera, I.; Clay, D.; Guebitz, G. M.; Rozzell, D.; Kroutil, W. Angew.
Chem., Int. Ed. 2008, 47, 9337. (h) Koszelewski, D.; Lavandera, I.; Clay,
D.; Rozzell, D.; Kroutil, W. AdV. Synth. Catal. 2008, 350, 2761. See also:
(i) Kadyrov, R.; Riermeier, T. H. Angew. Chem., Int. Ed. 2003, 43, 5472.

(7) Connon, S. J. Org. Biomol. Chem. 2007, 5, 3407.
(8) Reviews: (a) Benaglia, M.; Guizzetti, S.; Pignataro, L. Coord. Chem.

ReV. 2008, 252, 492. (b) Denmark, S. E.; Beutner, G. L. Angew. Chem.,
Int. Ed. 2008, 47, 1560.

(9) Selected references: (a) Malkov, A. V.; Mariani, A.; MacDougal,
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Figure 1. Catalysts for stereoselective ketimine reduction.

Scheme 1. Enantioselective Reduction of N-Benzylimines

Scheme 2. Stereoselective Reduction of Imine 4
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Therefore, the reduction with trichlorosilane of imines
(R)-4 and (S)-4 was performed in dichloromethane in the
presence of either achiral or chiral ligands (Table 1). For

the sake of comparison, first the reduction of imine (R)-4
with NaBH4 was accomplished; in our hands the reaction
afforded the products in quantitative yield and 80/20 (R,R)-
5/6 diastereoisomeric ratio (Table 1, entry 1).

In the absence of any organic promoter, trichlorosilane
reduced ketimine (R)-4 in poor yield; when the reaction was
performed in the presence of 2 molar equiv of N,N-
dimethylformamide, chiral amine 5 was obtained in 72%
yield and, interestingly, in 90% diastereoselectivity (entry
3). However, the real improvement was observed when
picolinamide 2 was employed as catalyst; it promoted the
reduction in quantitative yield and with a total control of
the stereoselectivity (Table 1, entry 4).16

As a demonstration of the presence of a cooperative effect
of catalyst 2 with the (R)-methyl benzyl residue at the imine
nitrogen, the reduction of imine (S)-4 in the presence of 2
led to the formation of isomer (S,S)-5 as major product but
in only 76/24 isomeric ratio (entry 5). Also binaphthyl-
derived bis-picolinamide 3 catalyzed efficiently the reduction
of chiral imines 4, although with a lower selectivity. In this
case, the matching pair was represented by (R)-binaphthyl-
diamine derivative 3 and imine (S)-4 prepared from (S)-
methylbenzylamine; such a combination allowed us to obtain
(S,S)-5 with 90% de.

The methodology was extended to the synthesis of an
enantiomerically pure secondary amine of either C1 or C2

symmetry. For example, the reduction of the (R)-N-1-�-
naphthylethylimine of 2-acetonaphthone 7 with trichlorosi-
lane and catalyst 2 was successfully accomplished (eq a,
Scheme 3); amine 8 was obtained at 0 °C as single isomer
in 98% yield.17

The general applicability of such a methodology was
demonstrated; N-R-methylbenzylimines of methyl aryl ke-
tones of different electronic properties were effectively
reduced to the corresponding secondary amines in quantita-
tive yields, always maintaining an absolute control of the
stereoselectivity of the process (eq b, Scheme 3). Amines
13-15 were all obtained in >99/1 stereoisomeric ratio (Table
2).18 It is noteworthy that the correct match pair of (R)-9

imine and (S)-3 also afforded the secondary amine as an
enantiomerically pure compound. Amine 13 can be converted
to 4-trifluoromethylphenylmethylamine by simple hydroge-
nation,19 thus demonstrating the feasibility of the approach
for the preparation of an enantiomerically pure primary
amine. The methodology can also be used for the reduction
of heteroaromatic alkyl ketimines; catalyst 2 promoted the
reduction of 2-thenyl methyl ketone-derived imine 12 in
>99/1 dr (entry 7).

The trichlorosilane-mediated reduction was also applied
to imines of dialkyl ketones.

(16) By 1H NMR analysis on the crude reaction mixture and then
confirmed after purification only one product was detected. HPLC analysis
showed the presence of the other diastereoisomer to be <0.5%; see the
Supporting Information. For a recent contribution on the analytical aspect,
see: Claridge, T. D. W.; Davies, S. G. M.; Polywka, E. C.; Roberts, P. M.;
Russell, A. J.; Savory, E. D.; Edward, D.; Smith, A. D. Org. Lett. 2008,
10, 5433.
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(18) See the Supporting Information for a table containing the results
obtained in the reduction of the chiral ketimines with NaBH4.

(19) For selective debenzylation reactions, see: Kanai, M.; Yasumoto,
M.; Kuriyama, Y.; Inomiya, K.; Katsuhara, Y.; Higashiyama, K.; Ishii, A.
Org. Lett. 2003, 5, 1007.

Table 1. Catalytic Reduction of Acetophenone-Imine 4

entry cat. imine product yielda (%) dr 5/6b

1c (R)-4 (R,R)-5 98 80/20
2 (R)-4 (R,R)-5 37 88/12
3 DMF (R)-4 (R,R)-5 72 95/5
4 2 (R)-4 (R,R)-5 98 >99/1
5 2 (R)-4 (R,R)-5 98 76/24
6 (R)-3 (S)-4 (R,R)-5 98 95/5
7 (R)-3 (R)-4 (R,R)-5 98 80/20
a Reactions were run with 3.5 molar equiv of HSiCl3 and 10 mol % of

catalyst; yields were determined after chromatographic purification.
b Diastereoisomeric ratio was determined by 1H NMR and confirmed by
HPLC. c Reduction was performed with NaBH4.

Scheme 3. Stereoselective Reduction of Imines 9-12

Table 2. Catalytic Reduction of Imines 9-12

entry cat. imine product yielda (%) drb (%)

1 2 (R)-7 (R,R)-8 98 >99/1
2 2 (R)-9 (R,R)-13 98 >99/1
3 (S)-3 (R)-9 (R,R)-13 86 >99/1
4 2 (R)-10 (R,R)-14 98 >99/1
5 2 (R)-11 (R,R)-15 98 >99/1
6 (S)-3 (R)-11 (R,R)-15 98 >99/1
7 2 (R)-12 (R,R)-16 98 >99/1
a Reactions were run with 3.5 molar equiv of HSiCl3 and 10 mol % of

catalyst; yields were determined after chromatographic purification;
b Diastereoisomeric ratio was determined by 1H NMR and by HPLC.
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Imine 17 derived from methyl isobutyl ketone was readily
reduced in >98% yield in the presence of both catalysts 2
and 3. With ephedrine-based catalyst 2, amine 18, the direct
precursor of (R)-isopropylmethylamine, was isolated as an
isomerically pure compound (Scheme 4).

A tentative model of stereoselection observed in the
reaction promoted by catalyst 2 was proposed: pyridine
nitrogen and a CO amidic group of picolinamide would
activate trichlorosilane by coordination. In the (R)-phenyl-
ethylamine-derived imine reduction, a working model of
the low energy conformer of trans-ketimine determining the
facial selectivity was already proposed.15 It involves the
presence of the imine nitrogen and the carbon and the hydro-
gen atoms of the stereocenter on the same plane. Based on
these considerations, the sense of the hydrogen attack on
the imine Si-face determined by the (R)-stereocenter of the
chiral auxiliary is in accordance with the sense of addition
dictated by catalyst 2; the cooperative effect of the two chiral
elements responsible for the stereoselection explains the sense
of the experimentally observed absolute stereochemistry.

Finally, we decided to test our methodology in the
preparation of unnatural R-amino acids.20 Very few suc-
cessful transition-metal-catalyzed hydrogenations of R-imino
esters were reported.21 In addition, organocatalysis has
offered only in the last 3 years the first examples of
phosphoric acid-promoted ketoimine reduction.6c A very
limited number of cyclic R-imino esters were studied,22 and
only one reduction of acyclic imino esters is known.23

Catalysts 2 and 3 promoted the reduction of N-benzyl
iminoester 21 in quantitative yield and up to 71% ee.
However picolinamide 2 catalyzed the reduction of chiral
imine (R)-23 at 0 °C in dichloromethane to afford the
formation of (R,S)-24 in 73% yield and 91% diastereoiso-
meric excess (Scheme 5). The use of (1S,2R)-ephedrine-
derived catalyst en-2 led to the unnatural R-aminoester.

In conclusion, we have developed a highly efficient
synthesis of enantiomerically pure primary and secondary
amines; the combination of low cost, easy to make metal-
free catalyst, and an inexpensive chiral auxiliary allowed us

to reduce ketimines with different structural features often
with total control of the stereoselectivity.
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Scheme 4. Stereoselective Reduction of Imine 17

Scheme 5. Stereoselective Synthesis of Amino Esters

Figure 2. Proposed model of stereoselection.

Org. Lett., Vol. 11, No. 13, 2009 2931

http://pubs.acs.org/action/showImage?doi=10.1021/ol900945h&iName=master.img-005.png&w=198&h=76
http://pubs.acs.org/action/showImage?doi=10.1021/ol900945h&iName=master.img-006.png&w=191&h=205
http://pubs.acs.org/action/showImage?doi=10.1021/ol900945h&iName=master.img-007.png&w=88&h=84

