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Trisubstituted olefins with suitably disposed chelating sub-
stituents can be hydrogenated or isomerized with high levels of
enantioselectivity using a chiral cobalt, rhodium, or ruthenium
catalyst.!-* To our knowledge, the application of these catalysts
to the asymmetric reduction of unfunctionalized trisubstituted
olefins has not been accomplished with good enantioselectivity.#
Chiral titanocene-catalyzed hydrogenation of geminally-disub-
stituted unfunctionalized olefins was first reported by Kagan. He
showed that 2-phenyl-1-butene was hydrogenated with low to
moderate enantioselectivity using a menthyl-substituted titanocene
catalyst.5 The reaction was subsequently optimized and applied
to other 1,1-disubstituted olefins by Vollhardt and Halterman,
who utilized titanocene derivatives containing novel annulated
cyclopentadienyl ligands.®” The extension of this reaction to the
more challenging asymmetric reduction of trisubstituted olefins
has not, to date, been reported. In light of our recent success in
the hydrogenation of ketimines using a C,-symmetric titanocene
catalyst,® we decided to examine the corresponding reduction of
trisubstituted olefins. In this communication, we report the first
highly enantioselective, catalytic hydrogenations of unfunction-
alized trisubstituted olefins.

The geometric similarity between ketimines and trisubstituted
olefins suggested that the catalyst system which was employed
for the enantioselective asymmetric reduction of ketimines would
be an appropriate starting point for the reduction of olefins.?-11
This catalyst is generated from the C;-symmetric ethylene bis-
(tetrahydroindenyl)titanocene-1,1’-binaphthyl-2,2’-diolate, 1, first
reported by Brintzinger.!2 Addition of 1.95 equiv of n-BuLi to
a THF solution of (S,S5,5)-1 under H; at 0 °C (Scheme I)
generates the active catalyst, which is stabilized by the addition
of 2.5 equiv (relative to 1) of phenylsilane. The catalyst mixture
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is then combined with substrate (ca. 20 equiv) under an inert
atmosphere in a Parr high-pressure reaction vessel, charged to
2000 psig of Hj, and heated for 9-184 h at 65 °C. The results
of the hydrogenation reactions are presented in Table I.

As is shown in Table I, the reaction works well for both cyclic
and acyclic olefins; products are isolated in good chemical and
excellent optical yields. We have found that the time and pressure
necessary to effect complete reaction are highly substrate
dependent. In general, Z olefins are reduced much more slowly
than their E isomers. For instance, (E)-1,2-diphenylpropene is
completely reduced at 80 psig of H, and 65 °C in 9 h, while only
3% reduction of the Z isomer is observed after 48 hat 70 °C and
2000 psig of H,. Additionally, entries 4 and 5 show that similar
Z olefins may be reduced at very different rates; application of
our transition-state model (Scheme II) to these substrates shows
that the transition-state structure leading to product in entry 4
is much less hindered than that for entry 5. Reduction of a 64:36
mixture of (£)- and (Z)-2-(4-methoxy)-2-butene (entry 3) gave
product which was 31% ee. This is the result expected if the
individual geometric isomers are reduced with an approximately
equivalent level but opposite sense of enantioselectivity. The
effective asymmetric hydrogenation of functionalized olefins of
the types exemplified by entries 8 and 9 by the chiral rhodium
or ruthenium catalyst systems discussed earlier has not been
reported. Using our conditions, however, they react to give
products with high ee’s and in good chemical yield.!3

The phenylsilane added prior to the substrate under the standard
reaction conditions seems only to stabilize the catalyst during its
manipulation in the drybox: it does not appear to be a hydrogen
source under the reaction conditions employed. To support this
hypothesis, (E)-1,2-diphenylpropene was reduced under 80 psig
of D, (20 equiv of substrate, 2.5 equiv of PhSiHj3, based on catalyst)
to provide 1,2-diphenylpropane which was 98% D, by GC MS.
The deuterium was incorporated exclusively at the methylene
and methine positions, as evidenced by 2H and 1*°C NMR, revealing
that no olefin isomerization occurred competitively with hydro-
genation under these conditions.

A difficulty which we initially faced in this work was how to
determine the enantiomeric excesses of the products. For most
of the examples studied, we found that the ee’s of the products
could be determined by HPLC using a chiral stationary phase.
The methoxy group on the phenyl substituents in entries 2, 4, 5,
and 9 was incorporated to facilitate the separation of the
enantiomers by HPLC; it was not required for the reaction to be
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Table I*

ing Materlal Product ee Time Yield
Entry Starting Materla ) pay foh

Me >00°  48° 91

>99¢ 9 94

O s08 14 80
Me

92 44 77

Me Me
MeO MeO

Me
©i§ 83" 184 70
P
/@j 8 169  87%
MeO Conversion

95 43 75

OMe OMe o4 4 86
9 Me Me 03 80
MeO MeO

4 Reactions were done at 2000 £ 100 psig H; in THF with 5 & 1 mol
% (S,S,5)-1 except as noted. Numbers given for ee, time, and yield
represent averaged values for two or more runs. ® Starting material
contained 6% 7-methoxy-1,4-dihydro-2-methylnaphthalene. ¢ (R,R,R)-1
was used in this experiment; S (+) isomer was obtained. ¢ R (-) isomer
was obtained. ¢ 6.7 mol % 1. / 80 psig. £ 1800 psig. # S (+) isomer. ¢ 2400
psig, 9.6 mol % 1.

Scheme 11

successful. When it was not possible to employ the chiral HPLC
method for the determination of optical purity, the ee’s were
determined by polarimetric methods.!4

We believe that these olefins are reduced through a mechanism
similar to that suggested for the reduction of ketimines,8 involving
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transition states A and C (Scheme II). This involves approach
of the olefin from the “front” of the complex, as was previously
suggested for the hydrogenation of 1,1-disubstituted olefins by
a related zirconium catalyst system.® In this view, the less-
substituted olefin carbon bonds to the titanium center as the
hydride is transferred to the tertiary carbon. This arrangement
minimizes the steric interaction between the large substituents
on the olefin and the cyclohexyl portion of the tetrahydroindenyl
ligand. This view is also consistent with the fact that the rate of
reduction for Z olefins (via C) is slower than it is for E olefins
(via A), reflecting the energetically unfavorable interaction
between one of the large olefin substituents and the ligand in the
transition state for the Z olefin. This model suggests that the
orientation of the group on the monosubstituted end of the olefin
should control the stereochemical outcome of the reduction, as
is seen in entry 3, because the steric environment encountered by
that carbon is much more demanding than that seen at the other
olefinic carbon. This model also predicts the correct absolute
configuration of the products in entries 1, 2, and 6, as confirmed
by comparison to known rotations.!5 The absolutestereochemistry
observed in the reduction of these olefins is also of the same sense
as that seen for the reduction of ketimines with this catalyst
system.8

In conclusion, we have described the first examples of catalytic
asymmetric hydrogenation of unfunctionalized trisubstituted
olefins with high enantioselectivity. The reaction proceeds in
good chemical and excellent optical yields. Further work to
expand the scope of this catalyst system is in progress.
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