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Summary: The asymmetric hydrogenation of cyclic 
ketimines with a chiral titanocene catalyst affords amines 
with excellent enantioselectivity under a variety of con- 
ditions. The reaction is general for cyclic imines of ring 
size 5-7 and exhibits a high degree of functional group 
compatibility. 

The catalytic, asymmetric hydrogenation of prochiral 
imines serves as an attractive route to enantiomerically 
enriched amines.t2 However, the catalytic2 and stoichi- 
ometrit9 asymmetric reductions of cyclic imines have been 
only moderately successful. We recently reported our 
initial results on the first early transition metal catalyst 
for asymmetric imine hydr~genation.~ A striking feature 
of the reaction was the excellent enantioselectivity ob- 
served for the hydrogenation of cyclic imines. These 
results, in addition to the prevalence of chiral cyclic amines 
in many classes of natural products,6f6 prompted us to 
search for reaction conditions which would expand the 
scope and utility of this reaction. 
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A limitation of our system was the requirement of 
elevated hydrogen pressures to achieve high levels of 
enantioselectivity. After some experimentation we dis- 
covered that cyclic imines are reduced (Scheme I) at  much 
lower pressures without effecting the observed enantio- 
meric excesses (Table I). One significant advantage of 
using lower hydrogen pressure is that, in most cases, a 
standard Fisher-Porter bottle can be used in place of a 
high-pressure autoclave. The reactions can be carried out 
either at lower pressure (80 psig) and higher temperatures 
(65 "C) or at medium pressure (500 psig; high pressure 
autoclave required) and lower temperature (21-45 OC) with 
little or no change in ee (entries 1, 3, and 5).  Five-, six-, 
and seven-membered cyclic imines are reduced with 
excellent enantioselectivity. As little as 1 mol % of 1 can 
be used (entry 1, footnote b); however, 5 mol % was 
generally used to achieve convenient reaction rates. 

Although we normally use 2.5-3 equiv of phenylsilane 
(based on l), we have found that the silane is not required 
when the catalyst is generated under a hydrogen atmo- 
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Table I. Asymmetric Hydrogenation of Cyclic Imine~P 
entry imine amine tinre (h) pressure (psig) 5" ("C) yield (%) ee ( 5 % )  

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

TBDMSO 

$ N 

H 

w 

TMS 2 H 

TBDMSO -4 H 

W l e A Q  

Lo- H 

24 
7 
42 
8 
24 

24 
30 

50 

24 
6 

23 

27 

23 

10 

16 

8 

500 
80 
80 
80 

500 

600 
80 

80 

500 
80 

80 

80 

80 

80 

80 

w 

21 
65 
65 
65 
65 

45 
65 

65 

23 
65 

50 

50 

45 

65 

65 

65 

86 
84 
83 
80 
78 

71 
74 

79 

83 
72 

79 

73d 

72 

82 

82 

84 

99 
99 
996 
9 9  
98 

98 
97 

95 

99 
99 

99 

99 

99 

99 

99 

99 

,I All new compounds were characterized by 1H NMR, 13C NMR, IR, and HRMS. Enantiomeric excesses were determined by HPLC analysis 
using a Chiralcel OD HPLC column. The absolute configurations in entries 1,4, and 6 were determined by optical rotation. Yields refer to 
isolated yields of products of >95% purity unleaa otherwise noted. * With 1 mol % catalyst. No silane used. This yield includes &8% of 
the saturated compound and <1% of the 2 isomer; the ee was determined on the product mixture. With 1.1 equiv of phenylsilane/imine. 

sphere (entry 1, footnote c). This is consistent with our 
hypothesis that phenylsilane is only required to stabilize 
the active catalyst during ita manipulati~n.~ 

In our working model of the reduction reaction, the key 
catalytic species is titanocene hydride, 2.7 As titanium 
hydrides are highly reactive toward a variety of functional 
groups,"* we felt that an examination of the functional 
group compatibility of the catalyst system was in order. 
The reaction is compatible with several common functional 
groups, such as acetals? silyl ethers, and trisubstituted 
olefins, affording the amines in good yields with excellent 
levels of enantioselectivity. Reduction of terminal olefins 
was observed10 under standard reaction conditions; how- 
ever, the ee of the resulting amine was 299%. For 
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disubstituted olefins, differing degrees of reduction and 
isomerization were observed depending on the nature and 
substitution of the olefin. For example, an imine con- 
taining an (E)-vinyltrimethylsilyl group (entry 7) was 
converted to the amino olefin with 5-8 % olefin reduction 
and <1% isomerization to the 2 isomer. The ee of the 
amino olefin formed was 299 % . For a substrate containing 
a simple 2 olefin, (2)-2-(l-non-6-enyl)-l-pyrroline, a 
mixture of products was obtained. The mixture consisted 
of the E amino olefin as the major product along with 
lesser amounts of the 2 amino olefin and the saturated 
amine. This mixture of products was converted to the 
saturated amine and the ee was determined to be 99% 
(see supplementary material). Particularly interesting was 
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Cyclic imines are also hydrogenated much faster, in 
general, than acyclic imines. This can be explained on 
steric grounds. Preliminary kinetic data indicate that 
hydrogenolysis of the Ti-N bond in the intermediate 
titanium amide is rate limiting.14 In the titanium amide 
intermediate’s formed from the reaction of 2 with a cyclic 
imine, both nitrogen substituents are “tied back”. This 
titanium amide is, therefore, expected to react with 
hydrogen more rapidly, via a comparably less crowded 
transition state, than the titanium amide formed from 2 
and an acyclic imine. 

In summary, we have shown that the asymmetric, 
titanocene-catalyzed hydrogenation of cyclic imines pro- 
ceeds under mild conditions. The reaction affords amines 
in excellent enantiomeric excesses for ring sizes of 5-7 and 
exhibits a high degree of functional group compatibility. 
A detailed investigation of the mechanism of this reaction 
as well as studies directed toward the improvement of its 
scope and efficiency are currently in progresa. 

the highly enantioselective conversion of an imino alcohol 
(entry 111, in the presence of excess phenylsilane, to an 
amino alcohol. Presumably, the alcohol was silylated” 
prior to reduction of the imine and the silyl group was 
subsequently cleaved during workup.& A substrate con- 
taining a benzyl protected pyrrole reacted smoothly (entry 
5 ) ;  however, the corresponding free pyrrole deactivated 
the catalyst, while the N-(trimethylsilyl) and N-lithio 
derivatives failed to react under standard conditions. 

Our rationale for the high enantioselectivity is given in 
Scheme 11, where A andB represent two possible transition 
stated2 for the reduction of a cyclic imine by the titanium 
hydride, 2. Although initial coordination of the imine likely 
occurs via the lone pair of electrons on nitrogen, the 
geometry shown in A and B is required in order to allow 
proper overlap of the imine T* orbital with the Ti-H 0 

orbital.l3 In this four-center transition state the nitrogen 
atom becomes bound to the titanium, placing the nitrogen 
substituent in close proximity to the tetrahydroindenyl 
ligand. Therefore, we believe that the alkyl substituent 
on nitrogen plays the dominant role in controlling the 
stereochemical outcome of the reaction. In B, a steric 
interaction between this substituent and the tetrahy- 
droindenyl ligand is apparent, while in A no significant 
interaction occurs. The absolute configurations of the 
products in entries 1, 4, and 5 are consistent with this 
model. 

The higher enantioselectivities observed for the reduc- 
tion of cyclic imines compared to acyclic imines4 is probably 
due to the fact that cyclic imines can only exist as a single 
isomer while acyclic imines are usually available as 
mixtures of E and Zisomers. The model that we favor for 
the reduction of acyclic imines suggests that E and2 imines 
react to give opposite enantiomers of the amine product. 
Thus, cyclic imines are expected to react with much higher 
enantioselectivity. 
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