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ABSTRACT

A range of cyclic N-alkyl imines were efficiently hydrogenated by using a chiral cationic Ru(η6-cymene)(MsDPEN)(BArF) complex (MsDPEN =
N-(methanesulfonyl)-1,2-diphenylethylenediamine) in high yields and up to 98% ee. A one-pot synthesis of chiral 2-phenylpyrrolidine via reductive
amination was also developed.

Chiral amines are ubiquitous in natural products and
serve as an important type of building block for the syn-
thesis ofmanypharmaceutical andagrochemical substances.1

Asymmetric hydrogenationof the corresponding imines is an
elegant and efficient method for obtaining optically active
amines.2 In contrast to the great progress recently achieved in
the asymmetric hydrogenation of activated and N-aryl
imines,3,4 there have been few reports on the highly enantio-
selective hydrogenation of the often-problematic N-alkyl
imines, particularly the cyclic N-alkyl imines.5,6 Buchwald
andco-workers first reported theTitanocene-catalyzedasym-
metric hydrogenation of cyclic N-alkyl imines with good

reactivity and high enantioselectivity.6a Most recently, Xiao
et al. found that the ionic Rh-TsDPEN complex was an
efficient catalyst for the asymmetric hydrogenation of cyclic
N-alkyl imines to afford tetrahydroisoquinolines and
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tetrahydro-β-carbolines with up to 99% ee.6b Zhang and
co-workers used an electron-donating bisphosphine-con-
taining Ir(I) catalyst for the hydrogenationof cyclic imines
to afford chiral 2-aryl pyrrolidine and 2-aryl piperidine
with up to 89% ee.6c

Recently, we have found that the cationic ruthenium
complexes of chiral monotosylated diamines7 were very
efficient catalysts for the asymmetric hydrogenation8 of
quinoline derivatives, providing chiral 1,2,3,4-tetrahydro-
quinolines with up to 99% ee.9 This catalytic system was
also demonstrated to be highly enantioselective for the
asymmetric hydrogenation of a broad range of acyclic N-
alkyl ketimines, evenunder solvent-free conditions, afford-
ing chiral amineswith up to99%ee.10Encouragedby these

results, we hope to expand the substrate scope from acyclic
to cyclic N-alkyl imines, which will realize the asymmetric
synthesis of chiral 2-arylpyrrolidine derivatives,11,12 ubi-
quitous structuralmoieties inbiologically activemolecules,
and natural products. Recently, Wills et al. developed a
one-pot synthesis of cyclic amines via direct asymmetric
reductive amination (DARA)with similar chiralRu catalyst
3 under transfer hydrogenation conditions (Scheme 1).13

However, only racemic products were observed. Herein,
we disclose the details of the asymmetric hydrogena-
tion of cyclic N-alkyl imines with Ru-MsDPEN com-
plexes, including a scaled-up one-pot synthesis of chiral
N-Boc-2-phenylpyrrolidine via DARA.
We started our study with 2-phenyl-1-pyrroline (1a) as a

standard substrate. The initial hydrogenation experiment
was carried out under 50 atm of H2 at 40 �C in DCM
(CH2Cl2) with (R,R)-4a as catalyst (Table 1, entry 1). Un-
fortunately, itwas found that the catalytic activity is very low.
Considering the possible catalyst deactivation caused by a
pyrrolidine product,14 (Boc)2O ((Boc)2O = di-tert-butyl
dicarbonate) was added to eliminate the inhibition via in situ
protection of the resulting pyrrolidine.10 Expectedly, full
conversion and excellent enantioselectivity (92% ee) were
observed in the presence of 1.1 equiv of (Boc)2O under
otherwise identical reaction conditions (Table 1, entry 2).
Encouraged by this exciting result, we subsequently

investigated the effect of different catalysts and other
reaction conditions on this reaction (Table 1 and Table
S1 in Supporting Information). After a survey of a variety
of catalysts in the hydrogenation of 1a, it was found that
the weakly coordinating counterions influenced the enan-
tioselectivity, and the highest ee was obtained with BArF�

(tetrakis(3,5-bis-trifluoromethylphenyl)borate) as the coun-
terion (Table 1, entries 2�7).10,15 So catalyst 4f turned out
to be optimal in terms of both reactivity and enantioselec-
tivity. In addition, the solvent effect was studied. Notably,
aprotic solvents, such as DCM,DCE (ClCH2CH2Cl), and
toluene, gave higher enantioselectivities (Table 1, entries
7�10). It was observed that the enantioselectivity is in-
sensitive to hydrogen pressure and temperature (Table 1,
entries 7 and 11�14). Furthermore, the reaction proceeded
smoothly at a low catalyst loading of 0.2 mol % in full
conversion with only slightly low enantioselectivity (93%

Scheme 1. Enantioselective Synthesis of Cyclic Amines via Ru-
Catalyzed Asymmetric Reduction
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ee) upon prolonged reaction time (Table 1, entry 15).
After a single recrystallization from petroleum ether, 2a
with >99% ee could be obtained. Very interestingly, full
conversionwas also observedwhen the hydrogenationwas
carried out at a substrate/catalyst ratio of 1000 under
solvent-free conditions, but obviously low enantioselectiv-
ity (78% ee) was obtained (Table 1, entry 16).

Under the optimized reaction conditions (Table 1, entry
7), a variety of cyclic N-alkyl imines were efficiently
hydrogenated in the presence of 1.0 mol % (R,R)-4f to
afford the corresponding chiral N-Boc-protected amines
with extraordinarily high enantioselectivities (92�98% ee,
Table 2). It was evident that the electronic properties of the
substituents at the para ormeta position of the phenyl ring
had no apparent effect on activity and enantioselectivity
(Table 2, entries 1�11). But when the substituent is located
at the ortho position, both reactivity and enantioselectivity
dropped significantly (Table 2, entry 12). Excellent results
were also achieved with 2-naphthyl pyrroline 1m (Table 2,
entry 13). 2-Thienyl pyrroline 1n was converted to the
chiral product 2n with excellent enantioselectivity, leaving
the heteroaromatic ring intact (Table 2, entry 14). In addi-
tion, hydrogenation of n-Bu-substituted pyrroline 1o pro-
ceeded smoothly under identical conditions, providing the
chiral amine with unprecedentedly high enantioselectivity
(91% ee), which is obviously higher than that obtained

withadiphosphine-containing Ir-catalyst (Table2, entry15).6c

Notably, on increasing the ring size from5-membered to 6-
and 7-membered cyclic imines, the enantiomeric excess
slightly dropped (Table 2, entries 16�17).

To further evaluate the synthetic potential of the cata-
lytic system, a scaled-up one-pot synthesis of chiral 2-phe-
nylpyrrolidine 2a via direct asymmetric reductive amina-
tion (DARA) was performed. DARA is believed to be the
most convenient, economic, and eco-benign method for
the synthesis of chiral amines. However, few labrotary
methods are thus far known for enatioselectivity reductive
amination catalyzed by homogeneous metal complexes.16

Although racemic products were obtained with Wills’
catalytic system under transfer hydrogenation conditions,

Table 1. Optimization of Reaction Conditionsa

entry catalyst solvent

H2 (atm)/

temp (�C)
conv

(%)b
ee

(%)c

1 (R,R)-4a DCM 50; 40 <5 Nd

2 (R,R)-4a DCM 50; 40 >95 92

3 (R,R)-4b DCM 50; 40 >95 93

4 (R,R)-4c DCM 50; 40 >95 94

5 (R,R)-4d DCM 50; 40 >95 94

6 (R,R)-4e DCM 50; 40 >95 95

7 (R,R)-4f DCM 50; 40 >95 97

8 (R,R)-4f toluene 50; 40 >95 96

9 (R,R)-4f DCE 50; 40 >95 95

10 (R,R)-4f MeOH 50; 40 >95 41

11 (R,R)-4f DCM 80; 40 >95 97

12 (R,R)-4f DCM 10; 40 >95 97

13 (R,R)-4f DCM 50; 60 >95 97

14 (R,R)-4f DCM 50; 20 >95 97

15d (R,R)-4f DCM 50; 40 >95 93 (>99e)

16f (R,R)-4f solvent-free 50; 40 >95 78

aReaction conditions: 1a (0.2 mmol) in solvent (1 mL), Ru-catalyst
(1.0 mol %), 10 h. (Boc)2O (1.1 equiv) was added as additive except for
entry 1. bThe conversions were determined by 1HNMRspectroscopy of
the crude reactionmixture. cThe enantiomeric excesses were determined
byHPLCwith a chiralAD-H column. dWith 0.2mol%catalyst (145mg
1a in 1 mL DCM), 20 h. eRecrystallized from petroleum ether. fWith
0.1 mol % catalyst (286 mg 1a), 20 h.

Table 2. Asymmetric Hydrogenation of 2-Substituted Cyclic
Imines Catalyzed by (R,R)-4fa

entry R n

yield

(%)b
ee

(%)c

1 C6H5 (1a) 1 92 97

2 4-Me-C6H4 (1b) 1 93 97

3 4-MeO-C6H4 (1c) 1 95 98

4 4-F-C6H4 (1d) 1 92 97

5 4-Cl-C6H4 (1e) 1 96 98

6 4-Br-C6H4 (1f) 1 95 97

7 3-Me-C6H4 (1g) 1 92 96

8 3-MeO-C6H4 (1h) 1 90 96

9 3-F-C6H4 (1i) 1 93 98

10 3-Cl-C6H4 (1j) 1 95 97

11 3,4-(MeO)2-C6H3 (1k) 1 93 96

12d 2-MeO-C6H4 (1l) 1 90 67

13 2-naphthyl (1m) 1 96 96

14 2-thienyl (1n) 1 92 97

15 n-Bu (1o) 1 92 91e

16 C6H5 (1p) 2 93 95

17 C6H5 (1q) 3 95 92

aReaction conditions: substrate (1a�o; 0.2 mmol) in dichloro-
methane (1 mL), (R,R)-4f (1.0 mol%), H2 (50 atm), (Boc)2O (1.1 equiv),
stirred at 40 �Cfor 10 h. b Isolated yield. cThe enantiomeric excesseswere
determined by HPLC with chiral AD-H or OJ-H column. d (R,R)-4f
(2.0 mol %), stirred at 60 �C for 16 h. eDetermined by GC with a chiral
CP7502 column.
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we reasoned that effective asymmetric reductive amination
could be achieved under hydrogenation conditions due to
the excellent enantioselectivity obtained in the reduction of
isolated cyclic N-alkyl imines.17

We thus chose N-Boc-protected amino ketone 5 as the
model substrate for our study (Scheme 2). Following
Wills’s procedure,13 the formation of cyclic imine 1a via
a deprotection/cyclization sequence with formic acid was
highly efficient (>95% yield, monitored by 1H NMR).
However, our initial attempt of further asymmetric hydro-
genation of the resulting crude imine 1a failed. In view of
the negative effect of a large excess of acid on the
catalysis,18 we then removed the excess formic acid by
evaporation under reduced pressure and further complete

neutralization with anhydrous NaHCO3. To this resulting
imine mixture, (R,R)-4f and (Boc)2O in DCM was added
under a nitrogen atmosphere in a glovebox (for details, see
Supporting Information). To our delight, hydrogenation
was performed smoothly under otherwise identical condi-
tions, giving 2-phenylpyrrolidine 2a in 94% isolated yield
and 96% ee, very similar to those obtained from the
hydrogenation of isolated imine 1a (Table 2, entry 1).
In summary, we have shown that the chiral cationic Ru-

MsDPEN complexes were highly efficient catalysts for the
asymmetric hydrogenation of a range of cyclic N-alkyl
imines. Excellent isolated yields and enantioselectivities
(up to 98% ee) were achieved. Moreover, a one-pot
synthesis of chiral 2-phenylpyrrolidine via reductive ami-
nation was developed. Investigation of the underlying
mechanistic aspects that account for the highly enantiose-
lective control is in progress.
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Scheme 2. One-Pot Direct Asymmetric Reductive Amination of
5 Catalyzed by (R,R)-4f

(17) Racemic product was also obtained with Wills’ catalytic system
under transfer hydrogenation conditions when the isolated imine was
used; see ref 13.
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