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Diastereoselective reduction of ketones to secondary
alcohols is a major subject of organic synthesis.1 This
important transformation has mainly been accomplished
by stoichiometric metal hydride reagents.2 Although a
wide range of stereoselective reducing agents are avail-
able, each reagent has a limited scope due to the inherent
chemical property as well as the difficulty in structural
modification. Development of stereoselective hydrogena-
tion catalyzed by transition metal-based molecular com-
plexes is ardently desired because of the higher structural
permutability of the catalyst, in addition to a series of
practical benefits.3,4 Here, we present some examples of
highly diastereoselective hydrogenation of ketones cata-
lyzed by a Ru(II)-phosphine-1,2-diamine combined
system,5,6 which can easily be perturbed by electronic and
steric effects (bulkiness and chirality). The synthetic
utility is further enhanced by the application of dynamic
kinetic discrimination7 of configurationally labile dia-
stereomeric, epimeric, and enantiomeric ketones.
A Ru(II) catalyst in situ formed from RuCl2(phosphine)n,

a 1,2-diamine, and KOH in a 1:1:2 molar ratio5,6 effects

facile hydrogenation of various ketones in 2-propanol
with a high substrate/catalyst molar ratio (S/C) in 1-8
atm of H2 at room temperature to give the corresponding
alcohols in a near quantitative yield. We first tested
steric requirements of the standard P(C6H5)3-NH2(CH2)2-
NH2 combined system. Hydrogenation of 4-tert-butylcy-
clohexanone (1a), a conformationally anchored substrate,
with S/C ) 500, or even 10 000 on a 30-g scale, occurred
preferentially from the less crowded equatorial direction
to give a 98.4:1.6 mixture of cis-4-tert-butylcyclohexanol
(cis-2a) and its trans isomer (eq 1).8 As expected, the
stereoselectivity of the hydrogenation of other 4-substi-
tuted cyclohexanones is controlled basically by the popu-
lation of the equatorial and axial conformers,9 leading
to a predominance of the cis alcohols (Table 1). Hydro-
genation of 3-methylcyclohexanone (3c) afforded quan-
titatively trans-4c and the cis isomer with a 96:4 dias-
tereoselectivity (eq 2). In a similar manner, 2-alkyl-
cyclohexanones (5) were hydrogenated to afford predomi-
nantly cis-6 over the trans isomers (eq 3). The diaste-
reoselectivity, observed with 5, is higher than the equi-
librium ratio of the equatorial and axial conformers.
Perhaps this is due to the repulsive interaction between
the axial R-substituent and incoming Ru hydride species
which prevents trans alcohol formation. 2-Methylcyclo-
pentanone gave the cis alcohol with a diastereoselection
as high as 99:1 (100%). Bicyclo[2.2.1]heptan-2-one pro-
duced a 99:1 mixture of the endo and exo alcohols.
Reaction of the 1-phenylethyl ketones 7a and 7b,

conformationally flexible standards, showed a high Cram
selectivity10,11 to give syn-8a,b and anti-8a,b in a 98:2
and 93:7 ratio, respectively, in >96% isolated yield (eq
4). Overall, the degrees of the kinetic diastereoface
discrimination observed with the standard Ru catalyst
system are well compared with those accomplished by
stoichiometric reduction using Selectride reagents.2
This catalyst system is characterized by the high

tunability of the stereochemical and electronic properties
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through structural modification of the phosphine and
diamine ligands. The reactive species generated in this
hydrogenation system behaves as a “bulky hydride” as
seen in eqs 1-4, but the extent of the diastereoselectivity
is also significantly affected by the electronic properties
of the phosphine ligands.12 Typically, the Cram selectiv-
ity in the hydrogenation of 3-phenyl-2-butanone (7c)
forming syn-8c and anti-8c varied from 96:4 to 95:5, 86:
14, and 78:22 with the Ru catalysts possessing P(C6H4-
p-OCH3)3, P(C6H4-p-CH3)3, P(C6H5)3, or P(C6H4-p-F)3
ligands in tandem with NH2(CH2)2NH2 (S/C ) 500, 4 atm,
28 °C). The phosphine and diamine ligands can be
chirally modified. Thus, hydrogenation of (R)-3-methyl-
cyclohexanone [(R)-9] with a Ru complex modified by (S)-
BINAP [(S)-11] and (S,S)-1,2-diphenylethylenediamine
[(S)-12]5,6 (S/C ) 500, 4 atm, 28 °C) formed a 97:3 mixture
of the trans and cis alcohols, (1R,3R)-10 and (1S,3R)-10,
respectively (eq 5). The replacement of the diphosphine
and diamine ligands to (R)-11 and (S)-1,1-bis(p-methoxy-
phenyl)-2-isopropylethylenediamine [(S)-13] in turn gave
a slightly cis-enriched mixture, (1R,3R)-10:(1S,3R)-10 )
44:56.
When a configurationally labile R-substituted ketone

is used, asymmetric transformation via in situ stereo-
mutation is possible.7 Thanks to the smooth reaction in
an alkali-containing 2-propanol, the dynamic kinetic
resolution method allows the diastereo- and enantiose-
lective synthesis of chiral alcohols having contiguous
stereogenic centers. 2,6-Dimethylcyclohexanone (14) is
in a rapid equilibrium between the cis and trans iso-
mers in 2-propanol containing KOH [diequatorial:equa-
torial,axial:diaxial ratio ) 92:8:0 (experiment)13 or 97:
3:0 (ab initio calculation)14 ], where trans-14 is expected
to be rather unreactive because of the presence of an
axially oriented methyl substituent at the R position. In

fact, hydrogenation of 14 in the presence of a RuCl2-
[P(C6H5)3]3-NH2(CH2)2NH2 catalyst at 4 atm for 8 h15
gave cis,cis-15 with 98.7% selectivity together with the
cis,trans (0.2%, much less than the equilibrium popula-
tion of trans-14) and trans,trans (1.1%) isomers (100%
combined yield) (eq 6). When enantiomerically pure (-)-
menthone [(1R,4S)-16] equilibrating with isomenthone,
a 4R epimer of 16, was subjected to hydrogenation with
an achiral RuCl2[P(C6H5)3]3-NH2(CH2)2NH2 catalyst sys-
tem at 8 atm for 9 h,15 a 93.7:6.1:0.2 mixture of (+)-
neomenthol [(1R,3S,4S)-17] and the 1R,3R,4R and
1R,3R,4S stereoisomers was obtained (eq 7). However,
with a chiral (R)-11-(S)-12 combined system,15 (1R,3S,4S)-
17 was formed exclusively.
Finally, hydrogenation of racemic 2-isopropylcyclohex-

anone [(R,S)-18] in the presence of a RuCl2[(S)-11]-
(dmf)n-(R)-12 combined catalyst5,6 at 4 atm for 11 h15
afforded quantitatively a 99.8:0.2 mixture of the cis
alcohol, (1R,2R)-19 (93% ee), and the trans, 1R,2S isomer
(28% ee) (eq 8).16 Computer-aided analysis7c of the
reaction showing an inherent 1R,2R:1S,2S:1R,2S:1S,2R
selectivity of 97.26:2.57:0.10:0.07 indicates that, under
such conditions,15 (R)-18 is hydrogenated 36 times faster
than (S)-18. The slow-reacting S substrate undergoes
in situ stereochemical inversion 47 times faster than it
is hydrogenated. The extent of the substrate-based
asymmetric induction in favor of the cis isomer is
calculated to be 192 and the catalyst-controlled asym-
metric induction (R*/S*) to be 7.2.
Supporting Information Available: Hydrogention pro-

cedures and analytical data of the hydrogenation products (7
pages).
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Table 1. Diastereoselective Hydrogenation of
Cyclohexanonesa

ketone alcohol

formula -∆G°, kcal/mol (ratio)b % yieldc cis:transc

1a 7.62 (100:0) >99 (96) 98.4:1.6
1c 1.76 (95:5) 97 92:8
1d 2.66 (99:1) >99 (96) 96:4
3c 1.18 (88:12) 100 4:96
5b 0.63 (74:26) >99 (95)d >99.8:0.2
5c 2.16 (97:3) 95e 98:2

a A 5 mmol-scale reaction in 2-propanol. [Ketone] ) 0.8-1.0
M, 4 atm of H2, 28 °C, 1 h. Substrate: RuCl2[P(C6H5)3]3:
NH2(CH2)2NH2:KOH ) 500:1:1:2. b Free energy difference between
the axial and equatorial conformation estimated by ab initio MO
calculation at the MP2/6-31G* level using the Gaussian 94
program.14 The equatorial:axial ratio is given in parentheses.
c Determined by GC. Isolated yield is given in parentheses.
d Reaction for 9 h. e Reaction for 2.5 h.
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