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ABSTRACT

An iridium(I) complex of ( S,S)-1,2-bis( tert -butylmethylphosphino)ethane with tetrakis(3,5-bis(trifluoromethyl)phenyl)borate as the counterion
catalyzes the hydrogenation of acyclic aromatic N-aryl imines under 1 atm of hydrogen pressure at room temperature to give the corresponding
optically active secondary amines with up to 99% ee.

Optically active secondary amines are useful intermediates
in the synthesis of biologically active compounds. Therefore,
the development of efficient methods for their preparation
is synthetically important. Among the methods for the
preparation of optically active amines, the enantioselective
hydrogenation of CdN double bonds using chiral transition-
metal complexes as catalysts is one of the most useful.1

Especially, iridium complexes with phosphine-based chiral
auxiliaries were proved to exhibit high to excellent enanti-
oselectivities in the hydrogenation of imines.2,3 For example,
the Ir-f-binaphane complexes developed by Xiao and
Zhang were used in the hydrogenation of acyclic imines to
afford the corresponding secondary amines with excellent

enantiomeric excesses of up to 99.6%.2l However, most of
the reported methods require high hydrogen pressures (5-
100 atm) to complete the reactions, and to our knowledge,
only a few reactions have been tested under an atmospheric
pressure of hydrogen.2o,u Herein, we report a new catalyst
system that promotes the asymmetric hydrogenation of
acyclic aromaticN-aryl imines under 1 atm of hydrogen
pressure at room temperature.

Our initial attempt at the hydrogenation was carried out
with the combination of several Ir(I) salts and (S)-BINAP.
The activities of the catalyst systems were tested in the
hydrogenation ofN-(1-phenylethylidene)aniline as the model
substrate with 0.5 mol % of the iridium catalyst in dichlo-
romethane. The results are summarized in Table 1.

No reduction occurred when a neutral iridium complex
was employed (entry 1). The cationic complexes with the
BF4

-, TfO-, or PF6
- counterion were not effective at all

under the conditions employed (entries 2-4). In sharp
contrast, the complex possessing tetrakis(3,5-bis(trifluorom-

(1) For representative reviews, see: (a) Blaser, H.-U.; Spindler, F. In
ComprehensiVe Asymmetric Catalysis; Jacobsen, E. N., Pfaltz, A., Yama-
moto, H., Eds.; Springer: Berlin, 1999; Vol. 1, Chapter 6.2, pp 247-265.
(b) Okuma, T.; Noyori, R. InComprehensiVe Asymmetric Catalysis, Suppl.
1; Jacobsen, E. N., Pfaltz, A., Yamamoto, H., Eds.; Springer: Berlin, 2004;
Vol. 1, Chapter 6.2, pp 43-53. (c) Tang, W.; Zhang, X.Chem. ReV.2003,
103, 3029-3069.
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ethyl)phenyl)borate ([BARF]-)4 remarkably promoted the
reduction even under 1 atm of hydrogen pressure to give
the product in 93% yield after 1.5 h, albeit with low ee (16%)
of the product (entry 5). Although the pronounced rate
acceleration effect of BARF as the counterion was observed
in many reactions including Ir-catalyzed hydrogenation
reactions,2m,p,r,u,w,5 we were surprised to obtain this result.

This was because a previously reported hydrogenation of
the same substrate under 1 atm of hydrogen pressure using
a chiral Ir complex with BARF required a relatively high
catalyst loading (2 mol %) and a long reaction time (4 h) to
give a moderate yield (39%) of the product.2u

Encouraged by this result, we prepared an iridium(I)
complex of (S,S)-1,2-bis(tert-butylmethylphosphino)ethane
((S,S)-t-Bu-BisP*) bearing BARF as the counterion because
the phosphine ligand was proved to show pronounced
efficiency in the rhodium-catalyzed hydrogenation of dehy-
droamino acids and related substrates,6 and we envisioned
that the ligand could also be successfully used in the iridium-
catalyzed asymmetric hydrogenation of imines. The prepara-
tive route to the desired complex [Ir((S,S)-t-Bu-BisP*)(cod)]-
[BARF] is shown in Scheme 1. In this preparation, we used

the air-stable borane complex of (S,S)-1,2-bis(tert-butylm-
ethylphosphino)ethane as the starting material. The enan-
tiomerically pure borane complex prepared according to the
literature was subjected to deboronation by reaction with
trifluoromethanesulfonic acid in toluene, followed by treat-
ment with potassium hydroxide to give diphosphine ligand
(S,S)-t-Bu-BisP*.7,8 The ligand was immediately reacted with
[IrCl(cod)]2 in the presence of cyclooctadiene, and the
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1990,112, 9400-9401. (c) Tani, K.; Onouchi, J.; Yamagata, T.; Kataoka,
Y. Chem. Lett.1995, 955-956. (d) Morimoto, T.; Achiwa, K.Tetrahe-
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Chem. Soc.1999,121, 6421-6429. (k) Margalef-Català, R.; Claver, C.;
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Organomet. Chem. 2001, 621, 34-38. (n) Pugin, B.; Landert, H.; Spindler,
F.; Blaser, H.-U.AdV. Synth. Catal.2002,344, 974-979. (o) Jiang, X.;
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Schönberg, H.; Grützmacher, H.Chem.-Eur. J.2004,10, 4198-4205. (u)
Blanc, C.; Agbossou-Niedercorn, F.; Nowogrocki, G.Tetrahedron: Asym-
metry2004,15, 2159-2163. (v) Liu, D.; Li, W.; Zhang, X.Tetrahedron:
Asymmetry2004, 15, 2181-2184. (w) Trifonova, A.; Diesen, J. S.;
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Table 1. Effects of Counterions

entry Ir complex yield (%)a ee (%)

1 [IrCl(cod)]2/(S)-BINAP 0
2 [Ir((S)-binap)(cod)][BF4] 0
3 [Ir((S)-binap)(cod)][OTf] 0
4 [Ir((S)-binap)(cod)][PF6] 0
5 [Ir((S)-binap)(cod)][BARF] 93 16

a Isolated yield.

Scheme 1. Preparation of [Ir(t-Bu-BisP*)(cod)][BARF]
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resulting iridium complex was treated with NaBARF in
dichloromethane to give the desired complex as a brown
powder.

The enantioinductive ability of this chiral iridium complex
was tested in the hydrogenation of the model substrateN-(1-
phenylethylidene)aniline under 1 atm of hydrogen pressure.
The result is summarized in Table 2, together with the results

obtained by the use of the iridium complexes of (S)-BINAP,
(R)-Ph-PHOX, and (R)-i-Pr-PHOX. In all cases, the reactions
proceeded rapidly to afford the product in high yields, and
among these ligands, (R)-i-Pr-PHOX and (S,S)-t-Bu-BisP*
exhibited high enantioselection ability (entries 3 and 4).

On the basis of these results, we examined the applicability
of [Ir((S,S)-t-Bu-BisP*)(cod)][BARF] to other acyclicN-aryl
imines. The results are presented in Table 3. All reactions

were carried out in dichloromethane under 1 atm of hydrogen
pressure with a catalyst loading of 0.5 mol %. The reactions
of N-(1-arylethylidene)aniline proceeded rapidly to give the
corresponding products in high yields (entries 1-3), and the
substrate R1 ) p-methoxyphenyl afforded relatively low
enantioselectivity (69%) (entry 2). Except for the reactions
of the imine derivatives of aniline andp-methoxyaniline, the
reactions of acetophenone-basedN-aryl imines required a
long time (entries 5-8). It is noted that the highest
enantioselectivity (99%) was achieved when the imine
derivative of 4-trifluoromethylaniline was used (entry 7).9

On the other hand, attempted hydrogenations ofN-(2,2,2-
trifluoro-1-phenylethylidene)aniline andN-(1,2,2-trimethyl-
propylidene)aniline under the same conditions resulted in
complete recovery of the starting materials (entries 10 and
11).

It is interesting to consider the enantioselection mechanism
of this asymmetric hydrogenation of imines. Although the
stereochemical outcome of the examined reactions is not
clear in most cases, the two reactions (entries 1 and 4)
provided the same sense of enantioselection. Thus, dihydro-
gen added to the CdN double bonds from theSi face to
give R-configuration products. On the other hand, the
mechanism underlying the Ir-catalyzed asymmetric hydro-
genation of alkenes and imines has been extensively
investigated,2b,5i,11and experimental findings and theoretical
calculations strongly suggest that the enantioselection is
determined at the migratory insertion step. Although the
detailed catalytic cycle of the present asymmetric hydrogena-
tion has not yet been elucidated, the stereochemical outcome
can be explained in terms of both steric and electronic factors.
Thus, we assume that the reaction proceeds through a four-
membered transition state; namely, the CdN function
interacts with the Ir-H bond trans to the Ir-P bond. Two
transition states,A andB (Figure 1), are possible, in which

A is more preferable thanB because there is a large steric
repulsion between theN-aryl group (Ar′) and thetert-butyl
group on the phosphorus atom inB. It is generally known
that unsymmetric imines exist mostly as anti isomers, and
hence, the reaction via transition stateA eventually leads to
secondary amines with theR configuration.

Table 2. Effects of Chiral Ligands

entry ligand yield (%)a ee (%)

1 (S)-BINAP 93 16
2 (R)-Ph-PHOXb 97 49
3 (R)-i-Pr-PHOXc 94 84
4 (S,S)-t-Bu-BisP* 91 86

a Isolated yield.b (R)-2-(2-(Diphenylphosphino)phenyl)-4-phenyl-4,5-
dihydrooxazole.c (R)-2-(2-(Diphenylphosphino)phenyl)-4-(1-methylethyl)-
4,5-dihydrooxazole.

Table 3. Enantioselective Hydrogenation of Acyclic Imines
Catalyzed by Ir/(S,S)-t-Bu-BisP*

entry R1 R2 R3

time
(h)

yield
(%)a

ee (%)b

(config)

1 Ph Me Ph 1.5 91 86 (R)c

2 4-MeOC6H4 Me Ph 2 98 69 (+)d

3 4-FC6H4 Me Ph 1.5 92 84 (-)d

4 Ph Me 4-MeOC6H4 2 93 86 (R)c

5 Ph Me 4-FC6H4 12 99 84 (-)d

6 Ph Me 4-ClC6H4 12 99 83 (+)d

7 Ph Me 4-CF3C6H4 12 95 99 (-)d

8 Ph Me 3,5-(CF3)2C6H3 12 97 90 (-)d

9 4-MeOC6H4 Me 4-MeOC6H4 2 98 83 (+)d

10 Ph CF3 Ph 12 0
11 t-Bu Me Ph 12 0

a Isolated yield.b Enantiomeric excesses were determined by HPLC using
a chiral column. See Supporting Information.c Absolute configurations were
determined by comparison with the reported analytical data.2h,10 d Absolute
configurations were not determined.

Figure 1. Possible transition states leading to secondary amines.
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In conclusion, we found that iridium(I)-phosphine com-
plexes with a BARF counterion exhibited exceedingly high
catalytic activity in the hydrogenation of imines. Indeed, in
the presence of 0.5 mol % of the catalysts, the hydrogenations
were completed under 1 atm of hydrogen pressure in
dichloromethane at room temperature. High to excellent

enantioselectivities of up to 99% were achieved by the use
of [Ir(S,S)-t-Bu-BisP*](cod)][BARF] as the catalyst.
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