


1. Introduction

Catalysis plays a vital role in chemical synthesis. In
particular, efficient molecular organometallic catalysis[1] pro-
vides a logical basis for molecular science and related
technologies. Although selectivity, particularly in the control
of absolute stereochemistry,[2, 3] is a major concern in modern
organic synthesis, reactivity and productivity are also impor-
tant in making reactions efficient and practical.[4, 5]

A useful catalysis must show a high turnover number
(TON), defined as mols of product per mol of catalyst, and a
high turnover frequency (TOF), defined as TON per h or s. In
addition, reactions should be operationally simple, safe, and

environmentally friendly. These important attributes can be
obtained only by designing suitable molecular catalysts and
reaction conditions through a deep understanding of, or a
unique insight into, the catalytic cycle. In fact, to a large extent
the discovery of efficient catalytic reactions still relies on
serendipity but originates from sound, comprehensive chem-
ical knowledge.

Combinatorial approaches coupled with high-throughput
screening techniques obviously facilitate the discovery proc-
ess[6] but their powers are still that not evident in the field of
molecular catalysis. Most excellent new catalysts are opti-
mized forms of existing catalysts rather than being truly novel.
Neither current sophisticated quantum theory nor elaborate
force field methods or combinations thereof can yet predict
the best catalyst.

Hydrogen (H2) is the simplest molecule and its properties
are fully understood. Because this clean resource is available
in abundance at a very low cost, catalytic hydrogenation is a
core technology in both research and industry.[4, 5, 7, 8] Never-
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theless, the ways to manipulate H2 chemically have remained
limited. During our studies on homogeneous hydrogenation
over two decades,[2, 9±11] our approaches and our choices,
particularly chiral multiplication,[2] have been solely intuitive.
Herein we describe the discovery and development of an
uncommonly practical homogeneous hydrogenation process.
The relative and absolute stereochemistry can be controlled
efficiently and flexibly by molecular engineering. Prior to this,
no general catalysts that effect selective ketone hydrogena-
tion have existed.[10±13]

1.1. Research Background

Asymmetric catalysis is having a revolutionary impact on
the chemical synthesis of chiral compounds.[2, 3, 5, 14, 15]

Scheme 1 illustrates the situation of our research project on
asymmetric hydrogenation in the early 1990s.[9±11] The BI-
NAP ± RuII complexes[16] effect highly enantioselective hydro-
genation of various b-keto esters to chiral b-hydroxy esters.[17]

By combining this asymmetric reaction with dynamic kinetic
resolution,[18, 19] an important industrial process was realized.
Thus, asymmetric hydrogenation of methyl a-(benzamidome-
thyl)acetoacetate utilizing in situ stereochemical inversion of
the configurationally labile substrate leads selectively to the
2S,3R-configured erythro isomer of the four possible stereo-
isomers.[20±23] Takasago International Co. commercialized this
enantio- and diastereoselective hydrogenation method for the
production of a chiral intermediate for the synthesis of
carbapenem antibiotics (Scheme 1).[4d, 5a, 9±11] However, this
significant reaction is merely one of the applications of the
BINAP ± Ru-catalyzed asymmetric hydrogenation of func-
tionalized ketones which are generalized in Scheme 2.[9±11] The
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Scheme 1. Industrial application of BINAP ± Ru catalyzed hydrogenation
to the asymmetric synthesis of carbapenem antibiotics.

reaction is optimized in alcoholic solvents. In a similar
manner, a large range of functionalized olefins can be
hydrogenated with a high level of enantioselectivity.[9, 10, 11c]

A wide variety of in situ prepared and preformed BINAP ±
RuII complexes can be used for these reactions.[11, 12i, 22, 24]

Scheme 3 presents our proposed mechanism for the asym-
metric reaction of b-keto esters.[10c] The hydrogenation
probably proceeds via a RuII monohydride 2 formed by the
heterolysis of a hydrogen molecule by the ruthenium dichlor-
ide 1. The Ru hydride 2 interacts reversibly with the keto ester
to form the chelating complex 3. Protonation of the keto
oxygen changes the geometry of 3 from the s to the p complex
and, at the same time, increases the electrophilicity of the
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Scheme 2. General BINAP ± Ru catalyzed asymmetric hydrogenation of
functionalized ketones.

Scheme 3. Mechanism of (R)-BINAP ± Ru catalyzed hydrogenation of b-
keto esters; a) catalytic cycle and b) enantio-determining transition states.

carbonyl carbon, facilitating intramolecular hydride trans-
fer.[25, 26] The resulting Ru ± hydroxy ester complex 4 readily
releases the chiral product by the action of solvent molecules.
The cationic ruthenium species 5 reacts with hydrogen to
revert back to 2, completing the catalytic cycle. When an (R)-
BINAP ± Ru complex is used, the R product is obtained in
>99 % ee. Structures TSR and TSS illustrated in Scheme 3 b
show the diastereomeric transition states that provide a
distinct bias for the stereo-determining hydride-transfer
step.[9g, 10c, 18, 26] The C2 symmetry of (R)-BINAP binding to
the RuII center provides a chiral backbone with a fixed l-
oriented seven-membered chelate ring.[27] In TSR leading to
the R product, the chiral template accommodates the keto
ester in such a way as to minimize the nonbonded interaction
with the equatorial phenyl rings, while diastereomeric TSS

undergoes a significant nonbonded repulsion between the R
group and the phenyl ring.[9g, 10c, 18, 26] The presence of an
additional substituent at C-2 induces further erythro/threo
diastereoselection,[23] enabling the asymmetric synthesis
shown in Scheme 1. The coordination of the ester carbonyl
oxygen to the ruthenium center not only accelerates the
reaction but also makes a highly organized, stereo-differ-
entiating transition state.

Noteworthy is that methyl 3-oxobutyrate is hydrogenated
even in aqueous acetone containing [RuCl2{(R)-binap}(dmf)n]
to give (R)-methyl-3-hydroxybutyrate in 97 % ee.[28] Acetone,
the simplest, unfunctionalized ketone, is almost inert under
such reaction conditions. This is a pivotal feature of our earlier
BINAP ± Ru chemistry.

1.2. Historical Aspects of Ketone Hydrogenation

Ketones are the most common unsaturated substrates. In
spite of extensive studies, only a limited number of transition
metal catalysts were known to exhibit satisfactory activity in
hydrogenation of simple ketones that have no functionality
close to the carbonyl group.[7, 8, 11] Schrock and Osborn found
that [RhH2{P(C6H5)(CH3)2}2L2]X (L� solvent, X�PF6 or
ClO4) effectively reduces acetone under 1 atm of H2 in the
presence of a small amount of water.[29] Tani and Otsuka
achieved hydrogenation of ketonic substrates using a cationic
rhodium complex with a fully alkylated bidentate diphos-
phane (Scheme 4).[30] In these cases, the high basicity of the
ligands[31] increases the electron density of the rhodium center
so that the oxidative addition of H2 might be accelerated.[30, 32]

A bipyridine-based rhodium complex showed high catalytic

O OH

+ H2
CH3OH

1 atm

[RhCl2(bpy)2]Cl•2H2O + NaOH

[Rh]

[Rh] TOF [h–1]

569

372

[Rh(dipb)(nbd)]ClO4

Scheme 4. Hydrogenation of acetophenone catalyzed by rhodium com-
plexes. NBD� norbornadiene, DIPB� 1,4-bis(diisopropylphosphino)bu-
tane, bpy�bipyridine.
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activity in the presence of methanolic NaOH (Scheme 4),[33]

where the [Rh(bpy)2]� species (bpy� bipyridine) was pro-
posed as a catalyst.[34] [Rh2Cl2(OCOH)2(bpy)2][35] and a
[RhClP(C6H5)3(cod)]/NaBH4 combined system[36] (cod� cy-
cloocta-1,5-diene) also effected hydrogenation under basic
conditions. Some phosphane ± ruthenium complexes were
known to hydrogenate simple ketones,[37, 38] but their activities
were normally lower than those of the rhodium complexes.
Grey, Pez, and Wallo claimed that K2[Ru2H4{P(C6H5)2}-
{P(C6H5)3}3] ´ 2 O(CH2CH2OCH3)2, an anionic ruthenium
complex, coupled with [18]crown-6 acts as a catalyst in the
hydrogenation of acetone in toluene at 7 atm and 85 8C
(Scheme 5).[39] Later Halpern and Linn concluded that the
actual active species is neutral [RuH4{P(C6H5)3}3] complex.[40]

A trinuclear ruthenium complex, [{RuHCl(dppb)}3] (dppb�
1,1'-bis(diphenylphosphanyl)butane) as reported by James
et al. , slowly catalyzes hydrogenation of acetophenone under
1 atm of H2 at 50 8C in N,N-dimethylacetamide (Sche-
me 5 b).[41] Thus, synthetically versatile catalyst systems re-
mained unknown.

Scheme 5. Ruthenium complexes for the hydrogenation of simple ketones.

Asymmetric hydrogenation of simple achiral ketones was
even more difficult.[11] Although it appears to be simple, in
fact, it is a serious challenge for synthetic chemists. In 1985,
MarkoÂ et al. reported that a BDPP ± RhI complex in methanol
and triethylamine at a substrate to catalyst ratio (S/C) of 100/1
catalyzes hydrogenation of acetophenone under 69 atm H2

and 50 8C to afford 1-phenylethanol in 82 % ee (Scheme 6).[42]

Based on this observation, various chiral phosphane ± rhodi-
um,[43, 44] ±iridium,[45] and ±ruthenium complexes[46, 47] were

O OH
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69 atm

82% ee
72%

S/C = 100/1

(C2H5)3N
CH3OH

(S,S)-BDPP–Rh

Scheme 6. Asymmetric hydrogenation of acetophenone with a BDPP ± Rh
catalyst. Conditions: (S,S)-BDPP ± Rh� 1/2[RhCl(nbd)]2�(S,S)-BDPP
(Scheme 7), ketone:Rh:amine� 100:1:5, 50 8C, 24 h.

devised for asymmetric hydrogenation (Scheme 7), however,
the number of substrates giving reasonable enantioselectivity
was limited and the reactivity and selectivity remained
unsatisfactory. Therefore, asymmetric hydroboration[48±53] and
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hydrosilylation[54, 55] as well as transfer hydrogenation[11b,c, 56±58]

using organic hydrogen donors have been utilized as the
major tools for catalytic conversion of ketones into chiral
secondary alcohols.[59, 60] Obviously a direct and practical
hydrogenation method was needed.

1.3. Early Attempts

Conventional diphosphane ± ruthenium(ii) complexes were
mostly useless for the hydrogenation of simple ketones. Since
the hydrogen molecule is readily activated by ruthenium
complexes regardless of the substrate structures (Scheme 2
and 3), the lack of reactivity of simple ketones is merely
because of the absence of coordinating heteroatoms near the
carbonyl group. A new way to catalytically activate the
carbonyl group was needed. Despite insufficient mechanistic
information about ketone hydrogenation, our initial attempts
were directed toward designing new ruthenium catalysts.

Since electrophilic metals tend to form s complexes rather
than p complexes with carbonyl compounds,[61, 62] the relative
locations of the nucleophile and carbonyl carbon are inap-
propriate for reaction. This may also be the case in catalytic
hydrogenation which involves metal hydride species MH. As
illustrated in Scheme 8 a, the delivery of hydride from the
metal center to the carbonyl carbon is difficult for geometric
reasons. The requisite interaction between the MÿH bond and
p face of the C�O group is achieved only through drastic
geometric changes of the ground-state s structures. The
ground-state p complexation is achieved only with electro-
positive transition metals and carbonyl compounds with a
low-lying LUMO, which facilitate the metal to substrate
backbonding.[63] Furthermore, the resulting metal alkoxide
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Scheme 8. Hydride transfer from the metal center M to the carbonyl
carbon. LH�protic neutral ligand.

intermediate may undergo reverse b-elimination,[64] unless
some subsequent process rapidly cleaves the OÿM bond.

Although most textbooks state that reactions between
carbonyl compounds and metal alkyls or hydrides occur with a
1:1 C�O:metal stoichiometry, the simple [p2�s2] process
may be kinetically unfavorable.[65] Instead, many organo-
metallic reactions are now considered to involve two metal
centers in the transition states, in which one metal carries a
nucleophile and the other interacts with the carbonyl oxygen
atom enhancing the nucleophilicity of the carbon atom.[48, 65±67]

Protonation or hydrogen bonding to the carbonyl oxygen
atom would also facilitate the p-face attack of a nucleophile
on the metal center. In fact, unlike in the reaction of a
functionalized ketone (Scheme 2),[25, 26] addition of strong
acids does not assist hydrogenation of acetophenone in the
presence of [RuCl2{(R)-binap}(dmf)n], because the bimolec-
ular reaction between a RuH intermediate and the protonated
ketone, both present in low concentrations in a catalytic
reaction system, is unfavorable. However, if the anionic ligand
on the metal center, for example, X in [RuHX(binap)(solv)2],
is protic, then it might facilitate the hydride delivery with the
aid of ligand/substrate hydrogen bonding (Scheme 8 b). Fur-
thermore, unlike the pathway involving metal alkoxide
intermediates, such a process would produce alcohol products
directly without a subsequent reaction.

In this context, we anticipated that the requisite BINAP ±
Ru complexes could form by ligand-exchange reactions
between the BINAP ± Ru diacetate complex and hydroxy
carboxylic acid, amino acids, phosphoric acid, hydroxy
phosphonic acids, etc. Reaction of the BINAP ± Ru dichloride
and sodium or potassium salts of weak acids would also lead
to the corresponding ligand-exchange products under ther-
modynamic control. Thus, various (pre)catalysts were pre-
pared in situ and tested in the asymmetric hydrogenation of
acetophenone. Of more than 200 such experiments the best

results were with a catalyst prepared in situ from [Ru-
(OCOCH3)2{(R)-xylbinap}][16] and phenylphosphonic acid in
a 1:2 ratio (Scheme 9).[68] This catalyst system effected hydro-
genation of acetophenone with an S/C ratio of 700/1 in 1,2-
dichloroethane under 100 atm H2 at 100 8C for 18 h to afford
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Scheme 9. Asymmetric hydrogenation of acetophenone catalyzed by a
XylBINAP ± Ru diacetate complex aided by phenylphosphonic acid.
Conditions: 100 8C, 18 h.

(S)-1-phenylethanol in 78 % ee and in 99.4 % yield. The
phosphonic acid appeared to activate the chiral diphos-
phane ± ruthenium complex probably by the formation of a
RuH ± phosphonate complex in which the anionic ligand has
an additional OH group which interacts with the carbonyl
oxygen. Although this was a positive result, the enantiose-
lectivity was moderate and the reaction was rather slow.
Despite the sustained efforts of our able young collaborators
for many years, the efficiency did not meet the standards
required by modern organic synthesis.[2, 14, 15]

2. Hydrogenation of Simple Ketones

2.1. Conceptual Turning Point: Metal ± Ligand
Cooperation in Molecular Functions

Although the early efforts to achieve efficient asymmetric
hydrogenation of acetophenone were not fruitful, the failure
provided us with the opportunity for a new discovery. We set a
more ambitious goal for ourselves, namely replacing a range
of metal hydride reductions by catalytic hydrogenation. For
over half a century the selective reduction of carbonyl
compounds to alcohols has relied heavily on the use of the
hydrides of boron, aluminum, and silicon,[48±55, 59, 60] however,
for scientific, technical, and economic reasons, particularly for
large-scale reactions, homogeneous hydrogenation is obvi-
ously more desirable than stoichiometric hydride reduction.
Heterogeneous hydrogenation[8, 13, 69] is technically advanta-
geous but often nonselective and/or the reaction course is less
predictable.

The mechanism of homogeneous hydrogenation is known.
Our first task was to generate high reactivity by designing
molecular catalysts, we concentrated on the use of protic,
neutral ligands. Most hydrogenation catalysts that have been
developed utilize aprotic neutral ligands (L) such as tertiary
phosphanes, phosphites, tertiary amines, ethers and dienes, or

Angew. Chem. Int. Ed. 2001, 40, 40 ± 73 45
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anionic ligands (X) including halides, alkoxides, and carbox-
ylates.[3d, 15i, 70] On the other hand, the use of protic neutral
ligands (LH) such as alcohols had been largely unexplored.
The LH ligands were considered as mere spectators or weak
donors, often indicated as solvent molecules (solv), whose
liberation from metals forms catalytically active, coordina-
tively unsaturated complexes. We were intrigued to see if the
characteristics of LH could be utilized in a more positive
fashion.

Hydrogen bonding is an ubiquitous electrostatic interaction
that is very important in chemistry. If strength of hydrogen
bonding is greater in the transition state than in the ground-
state molecules, then hydrogen bonding must contribute to
the acceleration of chemical reactions. Scheme 8 b illustrates a
possible hydrogen-bond-assisted hydride transfer from M to a
carbonyl carbon atom. The alcohol product may form in
either the inner or outer coordination sphere of the MH
species. The presence of the LH ´´´ OC hydrogen bond
facilitates the interaction between the MÿH linkage and the
p face of the C�O unit.[71] This is an extension of the idea
given in Section 1.3 but is more concrete.[72] In this context, we
were impressed by the origin of the anticancer activity of
cisplatin, cis-[PtCl2(NH3)2], and its analogues which utilize
ammonia or primary or secondary amines as ligands, but not
tertiary amines.[73] A free NH proton is not a strong hydrogen-
bond donor, however, when the nitrogen atom interacts with
the Pt center, the NH group has increased acidity allowing for
interaction with a phosphate moiety in DNA. As a conse-
quence, the DNA double-stranded structure is perturbed and
the Pt center forms a complex with a guanine moiety. Thus,
the Pt metal and protic neutral ligand cooperate in developing
antitumor activity. We anticipated that this chemical principle
based on an NH function could be utilized for homogeneous
hydrogenation by metal ± ligand difunctional catalysis.

2.2. Discovery of a Highly Reactive Catalyst System

Based on the above concept, we pursued the catalytic
saturation of C�O bonds by using both hydrogen gas (hydro-
genation) and stable organic compounds, including 2-prop-
anol (transfer hydrogenation),[11b,c, 58a] with the aid of RuII

complexes. In our search for a reactive catalyst system, we
used a standard system of 1.4m acetophenone solution in
2-propanol containing [RuCl2{P(C6H5)3}3] and KOH
(ketone:Ru:base� 5000:1:20).[74]

A combined system of a transition metal complex and an
alkaline base in 2-propanol has frequently been used for the
transfer hydrogenation of ketones.[11b,c, 56±58] In fact, under such
conditions even in the absence of hydrogen gas, the reduction
of acetophenone proceeded with a TOF of 70 hÿ1 at 28 8C
(Scheme 10). However, the addition of one equivalent of
ethylenediamine retarded the transfer hydrogenation, the
TOF being only 7 hÿ1 under otherwise identical conditions.
This was surprising because other experiments showed that
structurally similar compounds, ethanolamine and N-tosyl-
ethylenediamine, significantly accelerate the transfer hydro-
genation of simple ketones catalyzed by [{RuCl2(h6-arene)}2]
and KOH or other strong bases.[58, 75] More significantly,

Scheme 10. Reduction of acetophenone catalyzed by a ruthenium com-
plex. TOF�moles of product/mole of Ru�h. Conditions:
Ketone:[RuCl2{P(C6H5)3}3]� 5000:1, [ketone]� 1.4m, 28 8C, common (but
not always utilized) reagents: 20 equivalents of KOH, 1 equivalent of
NH2(CH2)2NH2, 3 atm H2.

however, ethylenediamine enormously accelerated hydroge-
nation with molecular hydrogen giving a TOF number of
6 700 hÿ1 at 3 atm (Scheme 10).[76] This is a net hydrogenation;
the absence of transfer hydrogenation was confirmed by a
deuterium-labeling experiment using [2-D]2-propanol which
yielded no deuterated 1-phenylethanol or acetone.[74] How-
ever, formation of a reactive ruthenium hydride species from
the ruthenium chloride precatalyst in the induction step might
be facilitated by the 2-propanol solvent.[58, 77, 78] It should be
noted that [RuCl2{P(C6H5)3}3] is a poor catalyst for ketone
hydrogenation; without ethylenediamine or KOH, the TOF
remained less than 5 hÿ1. The TOF of 70 hÿ1 obtained with
KOH but without the diamine is probably a result of
background transfer hydrogenation with 2-propanol.[78] Thus,
both the organic and inorganic bases are necessary for the
catalytic hydrogenation. A minimum of 2 equivalents of a
strong base is required to generate sufficient activity. As to the
chelating diamine auxiliary, at least one primary or secondary
amine end is necessary; N,N,N'N'-tetramethylethylenedi-
amine (TMEDA), for example, is totally ineffective. 2-Prop-
anol is the solvent of choice, although various alcohols and
DMF can also be used. The rate is highly sensitive to the
pressure of hydrogen, and hydrogenation with an S/C of 500/1
at 1 atm gave a TOF of only 880 hÿ1 but a TOF of 23 000 hÿ1

was obtained with an S/C of 10 000/1 at 50 atm.
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Subsequently we found that the preformed trans-[RuCl2

(phosphane)2(1,2-diamine)] complexes (Scheme 11) serve as
stable precatalysts and effect the even more rapid and
productive hydrogenation of ketones.[79±81] For example, when

Ru
Ar3P

Ar3P

Cl

Cl

H2
N

N
Ru

Ar3P

Ar3P

H

X

H2
N

N
Ru

Ar3P

X

H

Ar3P

H2
N

N
H2 H2

trans

H2

cis

precatalyst catalyst

Scheme 11. Structures of a catalyst precursor and possible calalytic
(reducing) species. Ar� 4-CH3C6H4, X�H, OR.

a 2.1m solution of cyclohexanone in 2-propanol con-
taining trans-[RuCl2{P(C6H4-4-CH3)3}2{NH2(CH2)2NH2}] and
(CH3)3COK (ketone:Ru:base� 100 000:1:450) was stirred
under 10 atm of hydrogen at 60 8C for 2 h, cyclohexanol was
produced in 96 % yield. The reaction rate and productivity are
some two orders of magnitude higher than those obtained
with the ruthenium complexes generated in situ; the reaction
took place with an initial TOF of 563 000 hÿ1 or 156 sÿ1.[79, 82]

Thus, the phosphane/diamine ruthenium complexes are
among the most reactive (pre)catalysts for the homogeneous
hydrogenation of ketones (compare the TOF with the values
in Scheme 10).

This hydrogenation of ketones does not proceed via their
enol forms. In the presence of trans-[RuCl2{P(C6H4-4-
CH3)3}2{NH2(CH2)2NH2}] and (CH3)3COK with an S/C ratio
as high as 20 000/1 various benzophenone derivatives are
cleanly converted into benzhydrols under 8 atm H2 and 23 ±
35 8C.[83] Scheme 12 illustrates the corresponding reaction of

O OH

200 g 203 g, 100%

[Ru]
H2+

Scheme 12. Hydrogenation of benzophenone with a phosphane/diamine ±
ruthenium catalyst. Conditions: [Ru]� trans-[RuCl2{P(C6H4-4-
CH3)3}2{NH2(CH2)2NH2}] (46 mg), (CH3)3COK (0.49 g),
ketone:Ru:base� 20000:1:80, [ketone]� 2.7m, (CH3)2CHOH (200 mL),
8 atm H2, 35 8C, 48 h.

parent benzophenone; also sterically hindered ortho-substi-
tuted benzophenones can be employed as substrates. Unlike
many other hydrogenation methods, this reaction did not
produce any diphenylmethane products. The reaction does
not require a homogeneous 2-propanol solution of ketonic
substrates, sparingly soluble solid benzophenones can be
subjected to the reaction as a slurry whereby a high reaction
rate is maintained. Benzhydrols are used widely as inter-
mediates for the commercial synthesis of pharmaceuticals as
illustrated in Scheme 13.[84] This method is particularly useful
for the large-scale synthesis of benzhydrols.

Substrates possessing an electron-withdrawing group are
more reactive than those with an electron-donating substitu-

N

Cl

N
CH3

N

N

N

N
O

O

N
H

OCH3

O

NO2

N

F F

N

N

N

N NH

O

homochlorcyclizine
antihistaminic agent

bifonazole
antimycotic agent

oxatomide
antihistaminic agent

manidipine
antihypertensive agent

flunarizine
calcium antagonist

Scheme 13. Pharmaceutically important benzhydryl compounds.

ent; p-trifluoromethylbenzophenone was hydrogenated
11 times faster than the p-methoxy ketone at 5 atm and
28 8C, but this is unimportant from a synthetic point of view.
Competition experiments using an equimolar mixture of
benzophenone and a series of para-substituted derivatives and
trans-[RuCl2{P(C6H4-4-CH3)3}2{NH2(CH2)2NH2}] showed a
linear relationship between the relative rate and sp constant
with a1value of �1.78 (Scheme 14).[83] Similarly, hydrogena-
tion of acetophenone derivatives gave a1value of �0.99. The
electron influence is smaller than that observed with the
NaBH4 reduction of acetophenones, 1��3.1.[85] Although
the actual catalyst formed under the hydrogenation condi-
tions remains to be elucidated, we consider that the reducing
species is a ruthenium hydride or dihydride formulated as
trans- or cis-[RuHX(phosphane)2(diamine)] (X�H or OR)
(Scheme 11). Since the isolated phosphane/diamine rutheni-
um complexes and in situ formed complexes exhibit very
similar selectivity (see Section 3.5), the same reactive species
would be generated during the hydrogenation reaction. trans-
[RuHCl{P(C6H5)3}2{NH2(CH2)2NH2}] showed no catalytic
activity for the hydrogenation of acetophenone in the absence
of a strong base.[28]
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Scheme 14. Hammett plots for hydrogenation of para-substituted aceto-
phenones (&) and benzophenones (~) with trans-[RuCl2{P(C6H4-4-
CH3)3}2{NH2(CH2)2NH2}] and (CH3)3COK in (CH3)2CHOH (5 atm H2,
28 8C). Reduction of para-substituted acetophenones with NaBH4

[85] is
shown by *.

3. Chemoselective Hydrogenation

Many kinds of ketonic substrates exist. We first raised the
very simple question of how to reduce the carbonyl group in
olefinic ketones such as C6H5COCH2CH2CH�CH2. Various
metal hydride reagents, including NaBH4 and LiAlH4,
saturate the C�O linkage selectively.[86] On the other hand,
despite a century of extensive efforts in hydrogenation
chemistry, there are no general catalysts effecting selective
hydrogenation of a carbonyl function in the presence of an
olefinic linkage.[11a, 58] Currently available catalyst systems,
either homogeneous or heterogeneous, are mostly selective
for C�C bonds.[7, 8, 87] A notable exception is the two-phase
hydrogenation of a,b-unsaturated aldehydes to allyl alcohols
catalyzed by a water-soluble P(C6H4-3-SO3Na)3 ± Ru catalyst
which is used in industrial processes.[88±91] Scheme 15 gives
some examples of aldehyde-selective hydrogenations. How-
ever, keto groups in a,b-enones are much less reactive. An
iridium catalyst with a sterically demanding phosphane ligand
effects a carbonyl-selective hydrogenation of benzalacetone
(Scheme 15 b).[92, 93] Some unconjugated enals and enones are
converted preferentially into the unsaturated alcohols with
Cu,[94] Ir,[95] and Rh[33b] catalysts.[96] However, the scope of
these reactions is unclear. Thus, this selectivity problem has
received only fragmentary attention in spite of its significance.
Development of general and reliable hydrogenation catalysts
with excellent carbonyl selectivity is highly desirable partic-
ularly for practical reasons. A system comprising trans-
[RuCl2(phosphane)2(1,2-diamine)] and an alkaline base or a

R1 R1 OH

R2 R2

O

O OH

O OH

>95% conversion

H2

toluene/H2O

toluene

97% selectivity

benzene, (CH3)3COH

98% yield

RuCl3 + P(C6H4-3-SO3Na)3

R1 R2 C=O selectivity [%]

C6H5 H 98

H 99

(CH3)2C=CH(CH2)2 CH3 98

CH3

P(C6H5)2C2H5

H2
[{Ir(OCH3)(cod)}2] +

[{CuHP(C6H5)3}6] + P(CH3)2C6H5

H2

a)

b)

c)

Scheme 15. Selected examples of carbonyl-selective hydrogenation of
olefinic aldehydes and ketones.

ternary system consisting of [RuCl2(phosphane)3], 1,2-di-
amine, and a strong base was a major breakthrough.

First, we compared the reactivity of 1-octene and hepta-
nal.[97] [RuCl2{P(C6H5)3}3] is an excellent catalyst for hydro-
genation of terminal olefins[7, 37, 98] but very inactive for
reaction of carbonyl compounds. An intermolecular competi-
tion experiment using an equimolar mixture of 1-octene and
heptanal with [RuCl2{P(C6H5)3}3] in a 2-propanol/toluene
mixture under 4 atm of H2 and 28 8C showed that 1-octene is
250 times more reactive than heptanal (Scheme 16 a). How-
ever, when one equivalent of ethylenediamine and two
equivalents of KOH with respect to ruthenium (not sub-

O

OH

H

X

CH3

X

6:1 (CH3)2CHOH/toluene
28 °C

+

+

0.2% [RuCl2{P(C6H5)3}3]
4 atm H2 

Additive t [min] C=C:C=O

NH2(CH2)2NH2 + KOH

150

10

250:1

1:1500
(Ru:diamine:KOH = 1:1:2)

X = O, CH2 X = O, CH2
kC=O/kC=C = 450 kC=O/kC=C = 1500

a) Aliphatic series

b) Aromatic series

Scheme 16. The diamine effect on the relative reactivities of olefins and
carbonyl compounds in ruthenium catalyzed hydrogenation.
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strates) were added, the selectivity was reversed dramatically,
hydrogenating the aldehyde 1500 times faster than the olefin.
Thus, the combined effects of the diamine and KOH has been
proven to decelerate olefin hydrogenation catalyzed by
[RuCl2{P(C6H5)3}3] and in turn accelerate aldehyde hydro-
genation. Very small quantities of the diamine and inorganic
base change the C�O/C�C selectivity profile by a factor of
375 000. This marked effect reflects differences in the
mechanism in the presence or absence of the basic agents.
In a similar manner, the hydrogenation of a mixture of styrene
and benzaldehyde proceeded with a C�O/C�C selectivity of
450/1 to give mostly benzyl alcohol (Scheme 16 b). Acetophe-
none was hydrogenated 1500 times faster than a-methylstyr-
ene.[28]

This selective hydrogenation is applicable to a variety of
carbonyl compounds having an unsaturated carbon ± carbon
bond.[97] Scheme 17 illustrates examples of intramolecular

O OH

OH

n-C3H7

O

n-C3H7

O OH

100%

97.4%

99.5%

[Ru]
H2

(CH2)6 (CH2)6

(98.2%)

(98.6%)

[Ru]
H2

[Ru]
H2

(100%)

Scheme 17. Carbonyl-selective hydrogenation of unsaturated ketones.
Conditions: [Ru]� [RuCl2{P(C6H5)3}3], NH2(CH2)2NH2, KOH,
ketone:Ru:diamine:KOH� 500:1:1:2, (CH3)2CHOH or a 6:1
(CH3)2CHOH/toluene mixture, 4 atm H2, 28 8C. The selectivity is given
in parentheses.

C�O/C�C competition effecting selective conversion of
unsaturated ketones into unsaturated alcohols. The hydro-
genation with S/C ratios of 500 /1 to 10 000/1 took place
smoothly at 1 ± 8 atm, and very rapidly at 50 atm, giving a near
quantitative yield. Aliphatic and aromatic ketones with an
unconjugated terminal olefinic bond were hydrogenated
preferentially at the carbonyl site and the products were
98 ± 100 % pure. Although [RuCl2{P(C6H5)3}3] is known to
isomerize terminal olefins to internal olefins during hydro-
genation,[37] no migration of C�C bonds took place under the
conditions employed. Internal acetylenic bonds are also
tolerated, while terminal acetylenes and a,b-acetylenic ke-
tones diminish the catalytic activity of the ruthenium com-
plexes.[99] The excellent C�O selectivity is reminiscent of that
attained by the stoichiometric NaBH4 reduction. The chemo-
selectivity arises mainly from the electrophilic reactivity of
carbonyl carbon versus the nucleophilic reactivity of an
olefinic bond.

In contrast in a,b-unsaturated aldehydes and ketones the
carbonyl carbon reacts only with nucleophiles, while the
olefinic part reacts with both nucleophiles and electrophiles.
As shown in Table 1, conjugated enals including 2-undecenal,

cinnamaldehyde, and citral were hydrogenated to the corre-
sponding allyl alcohols with excellent chemoselectivity.[97]

Benzalacetone (30.0 g), an open-chain a,b-enone, was hydro-
genated under 4 atm H2 (28 8C, 18 h) in 2-propanol (100 mL)
containing [RuCl2{P(C6H5)3}3] (19.7 mg), ethylenediamine
(1.2 mg), and KOH (2.3 mg) with an S/C ratio of 10 000/1 to
the corresponding allyl alcohol (29.4 g) with a 97 % isolated
yield. Hydrogenation of 1-acetylcyclohexene, another type of
a,b-enone, also showed a very high C�O selectivity (Table 1
entry 6). b-Ionone, a dienone, exhibited perfect selectivity,
forming only b-ionol (Table 1 entry 5). There are some
problems with this hydrogenation of 2-cyclohexenones; as
with NaBH4, simple 2-cyclohexenone (entry 7) underwent
1,2- and 1,4-reduction competitively to give a 7:3 mixture of
unsaturated and saturated alcohols. However, a perfect keto
selectivity was obtained by introducing a methyl group at the
b position, the hydrogenation of 3-methyl-2-cyclohexenone
gave solely the allyl alcohol (entry 8).
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Table 1. Carbonyl-selective hydrogenation of a,b-unsaturated carbonyl
compounds.[a]

Substrate Conversion [%] C�O selectivity [%][b]

100 100

99.7 99.8

100 100

[c]

100 > 99.9

> 99 100

98.2 99.6

100 70

9.8 > 99.9

[a] Reactions were conducted at 4 or 8 atm of H2 and at 28 8C in 2-propanol
or a 6:1 2-propanol/toluene mixture containing [RuCl2{P(C6H5)3}3],
NH2(CH2)2NH2, and KOH. Ketone:Ru:diamine:KOH� 500:1:1:2. [b] A
percent distribution of the unsaturated alcohol relative to all the hydro-
genated products. [c] Ketone:Ru:diamine:KOH� 10000:1:1:2.
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4. Diastereoselective Hydrogenation

Diastereoselective conversion of ketones into secondary
alcohols is a major subject in organic synthesis. This desired
stereoselectivity was accomplished by stoichiometric reac-
tions with boron-based hydride reagents.[86, 100±103] Although
various hydride reagents are available, each one has a limited
scope of reaction linked to its inherent chemical properties
and the difficulties in modifying its structure.

The new hydrogenation reaction using a phosphane/di-
amine ± ruthenium catalyst system is a beneficial tool for the
diastereoselective reduction of simple ketones. First, when
4-tert-butylcyclohexanone (30 g) was hydrogenated with the
standard [RuCl2{P(C6H5)3}3]/NH2(CH2)2NH2/KOH system
(S/C� 10 000/1) under 4 atm H2 and 28 8C, a 98.4:1.6 mixture
of cis-4-tert-butylcyclohexanol and its trans isomer was
obtained (Scheme 18).[104, 105] Thus, in the conformationally

O

R R

OH

H

H H

R yield [%] cis:trans

(CH3)3C >99

C6H5 >99 96:4

CH3 97 92:8

OH >99 83:17

H2+
[Ru]

100:0

99:1

95:5

Alcohol

eq:ax

98.4:1.6

ketone

Scheme 18. Diastereoselective hydrogenation of 4-substituted cyclohex-
anones. Conditions: [Ru]� [RuCl2{P(C6H5)3}3], NH2(CH2)2NH2, KOH,
ketone:Ru:diamine:KOH� 10 000:1:1:2, (CH3)2CHOH, 4 atm H2, 28 8C.

anchored substrate the ruthenium hydride species appeared
to approach the carbonyl carbon atom preferentially from the
less-crowded equatorial side.[106] Use of preformed trans-
[RuCl2{P(C6H4-4-CH3)3}2{NH2(CH2)2NH2}] effected rapid hy-
drogenation in 2-propanol containing (CH3)3COK
(ketone:Ru:base� 50 000:1:250, 10 atm H2, 60 8C) with a
cis :trans selectivity of 97:3. The TOF was 178 000 hÿ1 or
49 sÿ1.[79] Similar cis selectivity was attained earlier by
heterogeneous Rh[107] and PtO2

[108] catalysts.[8, 69a] Homoge-
neous hydrogenation with certain Rh[29, 30a, 32a] or Cu cata-
lysts[94, 109] tends to result in trans selectivity.

Scheme 18 shows the diastereoselectivity of reactions of
various 4-substituted cyclohexanones.[104] With conformation-
ally flexible substrates, the extent of stereoselection is
essentially controlled by the relative populations of the
equatorial and axial conformers,[110] resulting in a predom-
inance of the cis alcohols. Reaction of 4-phenylcyclohexanone
with either the in situ catalyst or the preformed catalyst gave a
96:4 mixture of the cis and trans alcohols.

In a similar manner, some other cyclic ketones are hydro-
genated with a high diastereoselectivity (Scheme 19).[104]

Reaction of 3-methylcyclohexanone gave trans-3-methylcy-
clohexanol and the cis isomer with a 96:4 selectivity and a
100 % yield. There is a conformational reason for this trans

O O

O

O

R

H
O

R

H

cis:trans = 4:96 cis:trans = 99:1 endo:exo = 99:1

reactive unreactive

R eq:ax cis:trans

(CH3)2CH 74:26 >99.8:0.2
CH3 97:3 98:2

Ketone Alcohol

Scheme 19. Diastereoselective hydrogenation of cyclic ketones. Condi-
tions: [RuCl2{P(C6H5)3}3], NH2(CH2)2NH2, KOH, (CH3)2CHOH, 4 atm,
28 8C.

preference. Cyclohexanones alkylated in the 2-position were
hydrogenated to give predominantly the cis alcohol. Notably,
hydrogenation of 2-isopropylcyclohexanone gave the cis and
trans alcohols in a >99.8:0.2 ratio. The selectivity is much
higher than the equatorial:axial equilibrium ratio of
74:26,[111, 112] and this is probably a result of the repulsive
interaction between the axial 2-isopropyl substituent and
incoming ruthenium hydride species which prevents the trans
alcohol formation. 2-Methylcyclopentanone afforded the cis
alcohol with a diastereoselectivity of 99:1 and bicyclo[2.2.1]-
heptan-2-one showed a 99:1 endo :exo selectivity. Scheme 20
illustrates the stereoselective synthesis of a substitute for

H
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H

H

O

H

H

H

HOH

H
OH

H

H2 (50 atm)

+

(CH3)2CHOH

97%, trans:cis = 90:10

[RuCl2{P(C6H5)3}3]

+

NH2(CH2)3NH2, KOH

R
S

R
R

R
S

R
R

Scheme 20. Fragrance synthesis by ruthenium-catalyzed diastereoselective
hydrogenation. The products shown are substitutes for a and b-santarol.

a- and b-santarol, an expensive fragrance from sandalwood
oil, by hydrogenation of a 3-substituted cyclohexanone.[113]

The substrate is a diastereomeric mixture, because the
isocamphyl group is derived from a natural source, while the
product alcohols have a 1,3-trans relationship regardless of the
chirality of the C-3 substituent.

A high degree of Cram selectivity[23, 114±117] was seen in the
hydrogenation of open-chain chiral ketones.[28, 104] As shown
in Scheme 21, in the reactions of conformationally flexible
1-phenylethyl ketones, the syn alcohols predominate. This
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n-C4H9 93:7

CH3 96:4

CH3 86:14
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Ar ν [cm–1][a]

C6H5

C6H5

C6H5

C6H4-4-OCH3

C6H4-4-FCH3

2068.9

2066.1

2071.3 78:22

CH3 95:5C6H4-4-CH3 2066.7

cyclo-C6H11 C6H5 96:4

(E)-C6H5CH=CH C6H5 75:25
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[RuCl2(PAr3)3]

Scheme 21. Diastereoselective hydrogenation of acyclic ketones of type
1-phenylethylketone. Conditions: S/C� 500/1, (CH3)2CHOH, 4 atm H2,
28 8C. [a] nCO(A1) for [Ni(CO)3(PAr3)] in CH2Cl2 (Tolman, 1977[31]).

and the foregoing stereoselective reactions indicate that the
reactive species generated in this hydrogenation behave as
ªbulky hydridesº. The levels of the diastereoface selectivity
attained with the standard triphenylphosphane/ethylenedi-
amine ± ruthenium catalyst compare well with those of
stoichiometric reduction using l-Selectride reagents.[101] A
major beneficial characteristic of this catalyst system is the
high tunability of its stereochemical and electronic properties
through structural modifications of the phosphane and
diamine ligands. The stereoselectivity was subtly influenced
by the electronic properties of the phosphane ligands.[31] Thus,
although the Cram selectivity in the reaction of 3-phenyl-2-
butanone (R�CH3, Scheme 21) with the standard catalyst
remained 86:14, it was improved simply by using electron-
donating triarylphosphane ligands in tandem with ethylenedi-
amine and reached 96:4 (see Scheme 21).[104]

Diastereoselectivity in the hydrogenation of a chiral
ketonic substrate is affected profoundly by the chirality of
the phosphane and diamine ligands.[118] A typical example is
given in Scheme 22. Thus hydrogenation of (R)-3-methylcy-
clohexanone with a ruthenium complex modified by (S)-
BINAP and (S,S)-DPEN[16, 119] formed a 97:3 mixture of the
trans (1R,3R) and cis (1S,3R) alcohols, respectively.[104] When
the diphosphane and diamine were replaced by (R)-BINAP
and (S)-DAIPEN,[16, 120] a slightly cis-enriched (44:56) product
mixture was obtained.

O OHOH

+ H2 +

Ru complex

[RuCl2{(S)-binap}(dmf)n]

trans cis

trans:cis

Ru complex

97:3

[RuCl2{(R)-binap}(dmf)n] (S)-DAIPEN 44:56

R R R

R Sdiamine, KOH

Diamine

(S,S)-DPEN

Scheme 22. Multiple stereodifferentiation in hydrogenation of a chiral
ketone. Conditions: S/C� 500/1, (CH3)2CHOH, 4 atm H2, 28 8C.

5. Enantioselective Hydrogenation

A major goal of our endeavor is the development of an
asymmetric hydrogenation with a wide scope of applica-
tion.[121] Over the last 15 years a variety of chiral catalysts have
been developed,[2, 3, 9±14] in particular BINAP-based catalysts
have displayed excellent stereoinductive properties. No single
catalyst, however, can be universal because of the structurally
diverse array of unsaturated substrates. To obtain a highly
enantioselecive reaction, the correct catalyst as well as
appropriate reaction conditions must be selected, depending
on the structures and properties of the ketonic substrates. This
new hydrogenation system has the flexibility to cope with such
diverse situations through modification of catalyst structures
and reaction parameters. A wide range of chiral ruthenium
catalysts can be prepared by different combinations of chiral
phosphane and diamine ligands (Scheme 23). Both in situ
generated complexes[74] and preformed complexes[79, 80, 122] are
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H2N
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H2N
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OCH3P(C6H5)2

P(C6H5)2

P(C6H5)2

P(C6H5)2
O

O

PAr2

PAr2

H2

Ar2

Ar2

[RuCl2(diphosphane)Ln]

+
1,2-diamine

Diphosphane: 1,2-Diamine:

(S)-BINAP:  Ar = C6H5

(S)-TolBINAP:  Ar = 4-CH3C6H4

(S)-XylBINAP:  Ar = 3,5-(CH3)2C6H3

(S,S)-DIOP

(S,S)-CHIRAPHOS

(S,S)-DPEN

(S,S)-cyclohexane-1,2-diamine

(S)-DAIPEN

Scheme 23. Synthesis of shelf-stable trans-[RuCl2(diphosphane)(1,2-di-
amine)] complexes. For the abbreviation of the ligands, see ref [16].

usable, although the latter exhibit a higher TON. An X-ray
analysis of the isolated (R)-TolBINAP/(R,R)-DPEN ± ruthe-
nium complex shows a distorted octahedral coordination
geometry of the ruthenium center, to which both the
diphosphane and diamine ligands are coordinated in a l

fashion (Scheme 24a).[79, 123] In the R/S,S diastereomer
(Scheme 24 b), the TolBINAP ligand forms a l seven-mem-
bered structure, while the DPEN ligand assumes a d five-
membered ring. 1H and 31P NMR spectral analyses of these
compounds showed that they exist as a single conformer in
[D6]benzene. Although all the isolated complexes possess a
trans-dichloro OC-6-13 geometry, this does not secure the
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Scheme 24. Molecular structures of a) trans-[RuCl2{(R)-tolbinap}{(R,R)-
dpen}] and b) trans-[RuCl2{(R)-tolbinap}{(S,S)-dpen}]. All the hydrogen
atoms except for the amino and methine groups of DPEN are omitted for
clarity.

stereochemistry of the reactive hydride species (see
Scheme 11). Depending on the structures of the phosphane
and diamine ligands as well as the properties of the anionic
ligands, several diastereomers are possible.

5.1. Aromatic Ketones

The pioneering work of MarkoÂ et al.[42, 124] spurred research
on the asymmetric hydrogenation of simple aromatic ketones
but without significant success (Schemes 6 and 9). The
enantioselectivity and/or reactivity was insufficient in most
cases. We found that hydrogenation of 1'-acetonaphthone
with a catalyst system consisting of [RuCl2{(S)-binap}(dmf)n],
(S,S)-DPEN, and KOH (1:1:2 mol ratio) in 2-propanol under
4 atm H2 and 28 8C afforded the R alcohol in 97 % ee in
quantitative yield.[74] The high degree of enantioselectivity is a
result of the synergistic effects of the chiral diphosphane and
diamine,[118] as illustrated in Scheme 25. Replacement of the
S,S diamine by the R,R enantiomer led to the R alcohol in only
14 % ee. A combination of the (S)-BINAP ± Ru complex and
achiral ethylenediamine or achiral [RuCl2{P(C6H5)3}3] and
(S,S)-DPEN formed the R alcohol with a moderate ee value.
The (R)-1-(1-naphthyl)ethanol product has been utilized for
desymmetrization of prochiral 3-substituted glutaric anhy-
drides giving chiral building blocks for the synthesis of

O OH

+ H2

P(C6H5)3

(S)-BINAP

(S)-BINAP

(S)-BINAP

(S,S)-DPEN

(R,R)-DPEN

NH2(CH2)2NH2

(S,S)-DPEN

(Di)phosphane Diamine ee [%]

97

14

57

75

diamine, KOH
[RuCl2(phosphane)n]

Scheme 25. Double stereodifferentiation in the asymmetric hydrogenation
of 1'-acetonaphthone catalyzed by chiral phosphane/diamine ± ruthenium
complexes. Conditions: ketone:Ru:KOH� 500:1:1:2, (CH3)2CHOH, 4 atm
H2, 28 8C.

(�)-compactin, an HMG-CoA-reductase inhibitor, and
1233A, a hypocholesterolemic agent.[125]

Rapid, highly productive asymmetric hydrogenation is
achievable with a preformed diphosphane/diamine ± rutheni-
um complex (Scheme 26).[79] Thus, reaction using a 2.1m
2-propanol solution of the same ketone with trans-
[RuCl2{(S)-tolbinap}{(S,S)-dpen}] and (CH3)3COK (S/C�
50 000/1) under 10 atm H2 and 80 8C proceeded with an initial
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30 °C, 48 h
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TOF = 63 s–1

(S,SS)-[Ru]:

Ar = 4-CH3C6H4

(S,SS)-[Ru] (2.2 mg)
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Ar2

80 °C, 1 h
(CH3)2CHOH

Scheme 26. Rapid, productive, and enantioselective hydrogenation of
aromatic ketones.

TOF of 259 000 hÿ1 or 72 sÿ1, and after 1 h afforded the R
alcohol in 91 % ee and a 93 % yield.[126] In a similar manner,
when a mixture of acetophenone (601 g), the (S)-TolBINAP/
(S,S)-DPEN ± ruthenium complex (2.2 mg), and (CH3)3COK
(5.6 g) in 2-propanol (1.5 L) was stirred under 45 atm H2 at
30 8C for 48 h, the R alcohol is obtained with 80 % ee and a
100 % yield.[127] The substrate concentration was as high as
30 % (w/v). Under such conditions, the TON is at least
2 400 000, while the TOF at 30 % conversion is 228 000 hÿ1 or
63 sÿ1.[79] In contrast, b-keto esters, the best substrates for the
standard BINAP ± Ru catalyzed hydrogenation (see
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Schemes 1 and 3), are not hydrogenated under these
new catalytic conditions.

Although the extent of enantioselectivity obtained
with the TolBINAP/DPEN system was unsatisfactory, it
was improved greatly by combining (S)-XylBINAP and
(S)-DAIPEN (or R and R).[16] The latter C1 symmetric
diamine is obtained readily from leucine.[120] The
utility of the XylBINAP/DAIPEN complex in reactions
of type ilustrated in Eq. (1) is shown in Table 2 and

Table 3.[28, 74, 79, 126] This combination very often gave the
best result;[128] for example, by this simple method
reactions with an S/C ratio of 100 000/1 gave various
ring-substituted 1-phenylethanols with high ee values.
Thus, hydrogenation of acetophenone with trans-
[RuCl2{(S)-xylbinap}{(S)-daipen}] and (CH3)3COK
with an S/C of 100 000/1 under 8 atm H2 afforded the
R alcohol in 99 % ee.[128] Although the catalyst possesses
bulky diphosphane and diamine ligands, the reaction of
acetophenone is only 1.3 times slower than that with
the sterically less demanding TolBINAP/DPEN ± ru-
thenium complex under otherwise identical reaction
conditions.

With the use of the XylBINAP/DAIPEN ± ruthenium
complex, various ortho-, meta-, and para-substituted
acetophenones have been hydrogenated with consis-
tently high enantioselectivity (Table 2).[128] This hydro-
genation tolerates many ring substituents including F,
Cl, Br, I, CF3, OCH3, COOCH(CH3)2, NO2, NH2,
N(CH3)2, and NHCOCH3. Esters can also be used,
although they undergo transesterification with the
2-propanol solvent. The acid-sensitive compound
1-(3,4,5-trimethoxyphenyl)ethanol was obtained in
99 % ee (Table 3). The electronic effects of para and
meta substituents on the ee values are relatively small
and steric hindrance resulting from bulky ortho-sub-
stitutents is not significant either. Higher analogues of
acetophenone are also hydrogenated with high enan-
tioselectivity, the one exception being pivalophenone
which was almost inert under the standard reaction
conditions. Hydrogenation of 3-butenyl phenyl ketone,
an unsaturated aromatic ketone, gives a chiral alcohol
selectively leaving the olefinic bond intact (Table 3).[97]

The reaction is also applicable to 2,2,2-trifluoroaceto-
phenone and its derivatives (Scheme 27)[128] and
unlike the reaction with many boron-based reducing
agents,[48, 129, 130] the asymmetric sence is identical to that
observed with nonfluorinated acetophenones.

The Horeau effect is sometimes applicable to increase
enantioselectivity (Scheme 28).[131, 132] Hydrogenation of ace-
tophenone and its para-substituted derivatives with an (S)-
TolBINAP/(S)-DAIPEN (not XylBINAP/DAIPEN) com-
bined system gave the R alcohols normally with less than
90 % ee. However, reaction of 1,4-diacetylbenzene afforded
enantiomerically pure R,R diol in 85 % yield at the expense of

the minor S alcohol formed initially in the second hydro-
genation (Scheme 28).[74] In a similar manner, triple hydro-
genation of 1,3,5-triacetylbenzene with (S)-BINAP/(S,S)-
DPEN gave the enantiomerically pure R,R,R triol in 67 %
yield.[133]

This asymmetric reaction is normally achieved by the
tandem use of a chiral diphosphane and chiral 1,2-diamine but
some chiral P,N ligands may also be used. Thus, a ruthenium
complex generated in situ from a [{RuCl2(h6-arene)}2] and
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Table 2. ee Values for the asymmetric hydrogenation of aromatic ketones
catalyzed by diphosphane/diamine ± ruthenium complexes as in Eq (1).The abbre-
viations for the ligands are given in ref [16].

Alcohol R or X (S)-XylBINAP/
(S)-DAIPEN

(S)-TolBINAP/
(S)-DAIPEN

(S)-BINAP/
(S,S)-DPEN

CH3 99 91 87[a]

C2H5 99 92
n-C3H7 94
n-C4H9 90[b]

C6H5CH2 98
(CH3)2CH 99
Cyclopropyl 96 92
(CH3)3C 61[c]

CH3 99 99 95
F 97 82
Cl 98 94
Br 96 98
CF3 99 99
CH3O 92 82
CH3CONH 98 86

CH3 100 87
F 98 88
Br 99.5 77
CF3 99 83
CH3O 99 88 88[a]

CH3 98 84 94[a]

C2H5 97 89[a]

n-C4H9 98 93
(CH3)2CHCH2 96[d]

cyclo-C6H11 95
(CH3)3C 96
C6H5 97 87
F 97 73
Br 99.6 84[a]

I 99 83 71[a]

CF3 99.6 78
CH3O 100 86 92[a]

(CH3)2CHOCO 99
(CH3)2NCO 88
NO2 99.8 83[a]

NH2 99
CH3CONH 95
(CH3)2N 94[a]

CH3 95
F 99[e] 92
Cl 99[e] 86[d] 87[a]

CH3O 95

CH3 99[e] 99
F 97 77
Cl 96[e] 94
CF3 99.5

[a] With (S)-BINAP/(S)-DAIPEN. [b] With (S)-BINAP/(S)-DAMEN. [c] Under
50 atm H2, 6 % yield. Absolute configuration undetermined. [d] With(S)-TolBI-
NAP/(S,S)-DPEN. [e] With (S)-XylBINAP/(S,S)-DPEN.
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CF3

O

CF3

OH

X X

+ H2

X ee [%]

H
Cl
Br
CH3O

96
94
94
96

(S,S)-[Ru]

Scheme 27. Asymmetric hydrogenation of 2,2,2-trifluoroacetophenones.
Conditions: (S,S)-[Ru]� trans-[RuCl2{(S)-xylbinap}{(S)-daipen}],
(CH3)3COK, (CH3)2CHOH, 8 ± 10 atm H2, 28 8C.

O

O OH

OH

O

O

O

OH

OH

HO

>99% ee
dl :meso = 85:15

(S,S)-[Ru]

R,R,R (100% ee):R,R,S (83% ee) = 67:33

H2

(S,SS)-[Ru]
H2

a)

b)

Scheme 28. The Horeau effect in asymmetric hydrogenation of a) 1,4-
diacetylbenzene and b) 1,3,5-triacetylbenzene. Conditions: a) (S,S)-[Ru]�
[RuCl2{(S)-tolbinap}(dmf)n], (S)-DAIPEN, KOH, (CH3)2CHOH, 4 atm
H2, 28 8C; b) (S,SS)-[Ru]� [RuCl2{(S)-binap}(dmf)n], (S,S)-DPEN, KOH,
(CH3)2CHOH, 8 atm H2, 28 8C.

(S)-1-(2-(diphenylphosphano)phenyl)ethylamine (Ru:P,N li-
gand in a 1:2 mol ratio) had activity similar to the BINAP/
DPEN ± ruthenium complex in the hydrogenation of aceto-
phenone, although the ee value of the S product was only
35 %.[28] Further structural elaboration is necessary for devel-
oping an efficient asymmetric reaction. It is relevant that a
PennPhos/rhodium catalyst developed by Zhang et al. pro-
motes hydrogenation of several aromatic ketones with up to
96 % ee (S/C� 100/1, 30 atm H2).[43]

a-Tetralone is a difficult substrate, its hydrogenation using
an (R)-XylBINAP/(S,S)-DPEN/KOH combined catalyst
(S/C� 1000/1, 15 atm H2, 30 8C, 6 h) gave the S alcohol in
only 82 % ee (Scheme 29).[28] For the asymmetric hydrogena-
tion of 1,2-benzocycloalken-3-ones, better enantioselectivity

O
X

OH
X

*+ H2

X Catalyst (S/C)

[RuCl2{(R)-xylbinap}{(S,S)-dpen}]

yield [%] ee [%]

H

CH3O

NO2

+ KOH (1000/1)
81 82 (S)

H [Ir{(R)-binap}(cod)]BF4
+ P[C6H4-2-N(CH3)2]2C6H5 (190/1–230/1)

88 95 (R)

[Ir{(R)-binap}(cod)]BF4
+ P[C6H4-2-N(CH3)2]2C6H5 (190/1–230/1)

[Ir{(R)-binap}(cod)]BF4
+ P[C6H4-2-N(CH3)2]2C6H5 (190/1–230/1)

74 95 (—)

64 94 (—)

[Ru] or [Ir]

Alcohol

Scheme 29. Asymmetric hydrogenation of a-tetralones.

was obtained by the [Ir{(R)-binap}(cod)]BF4/P[C6H4-2-N-
(CH3)2]2C6H5 mixed system of Takaya et al. (S/C� 200/1),
although the reaction requires a hydrogen pressure of
>50 atm and a temperature as high as 90 8C.[45] This catalyst
system, however, is not appropriate for the asymmetric
hydrogenation of simple aryl alkyl ketones, for example
acetophenone and valerophenone gave the alcohols in only 54
and 3 % ee, respectively.[134] Benzo-fused cyclic ketones are
converted enantioselectively into the chiral alcohols by
various methods: our Ru-catalyzed transfer hydrogenation
with 2-propanol or formic acid (S/C� 200/1),[58a, 135] Corey
hydroboration (S/C� 4/1 ± 100/1),[48, 136, 137] Mukaiyama co-
balt-aided NaBH4 reduction (S/C� 20/1),[49] and Rh-catalyzed
hydrosilylation (S/C� 100/1)[55b,e,g] as well as stoichiometric
aluminum hydride or organoboron reduction.[138, 139]

Use of trans-[RuCl2{(S)-xylbinap}][{(S)-daipen}] allows
for asymmetric hydrogenation of ortho-substituted benzo-
phenones with an S/C ratio of up to 20 000/1.[83, 140, 141] Some
examples are given in Scheme 30.[126] The (S)-2-methyl-
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Table 3. ee Values for the asymmetric hydrogenation of aromatic ketones catalyzed by diphosphane/diamine ± ruthenium complexes as in Eq (1).The
abbreviations for the ligands are given in ref [16].

Product alcohol Ligand combination ee [%] Product alcohol Ligand combination ee [%]

(S)-TolBINAP/(S,S)-DPEN 98 (S)-TolBINAP/(S)-DAIPEN 98
(S)-BINAP/(S,S)-DPEN 97 (S)-XylBINAP/(S)-DAIPEN 98
(S)-XylBINAP/(S,S)-DPEN 99

(S)-TolBINAP/(S)-DAIPEN 99 (S)-XylBINAP/(S)-DAIPEN 99

(S)-BINAP/(S)-DAIPEN 90[a] (S)-TolBINAP/(S)-DAIPEN 87

[a] The C�O selectivity was 98.9 %.
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OX OHX

Y Y

H2

CH3

F

Br

CH3O

93[a]

97

96

99.4

Cl 97

(S,S)-[Ru]

Y

Br 98[b]

H
H
H
H
CH3

H

X ee [%]

Scheme 30. Asymmetric hydrogenation of ortho-substituted benzophe-
nones. Conditions: (S,S)-[Ru]� trans-[RuCl2{(S)-xylbinap}{(S)-daipen}],
(CH3)3COK, (CH3)2CHOH, 8 atm H2, 28 ± 35 8C. [a] A precursor of (S)-
orphenadrine, see Scheme 31. [b] A precursor of (R)-neobenodine, see
Scheme 31.

benzhydrol thus obtained is a precursor of (S)-orphenadrine
which has potent antihistaminic and anticholinergic activity
(see Scheme 31).[142] The methyl, fluoro, chloro, and bromo
derivatives exhibit the same sense of asymmetric induction,
which indicates that the possible ruthenium/heteroatom
interaction is not the origin of the enantioselection.

As might be expected, simple meta- and para-substituted
benzophenones were hydrogenated with low or only moder-
ate enantioselectivity. The highest ee value was 47 %, ob-
tained with p-trifluoromethylbenzophenone. However, the
antihistaminic (R)-neobenodine (Scheme 31)[142] has been
synthesized using asymmetric hydrogenation of o-bromo-p'-
methylbenzophenone as a key step.[83]

O

R2

N(CH3)2
P(C6H5)2

N
H

N

O

R1

R2
H

H

H

H3CO

O

O

HO

X

O

OH

OH O

OO

OH

O

HO NH2

R1

Fe

chiral ligand

arcine:  R1 = CH3O, R2 = H
reserpinine:  R1 = H, R2 = CH3O

S

R

α-tocopherol (vitamin E)

S

adriamycin:  X = OH
daunorubicin:  X = H

(S)-orphenadrine:  R1 = CH3, R2 = H
(R)-neobenodine:  R1 = H, R2 = CH3

H3CO

Scheme 31. Products obtained by routes involving asymmetric hydro-
genation catalyzed by chiral diphosphane/diamine ± ruthenium complexes.

In the presence of the (S)-TolBINAP/(S)-DAIPEN catalyst,
ferrocenyl phenyl ketone was hydrogenated to give the S
alcohol in 95 % ee.[83] This alcohol can be converted into a
chiral ferrocenylphosphane with retention of configuration
(Scheme 31).[143, 83]

5.2. Heteroaromatic Ketones

Various ketones possessing an electron-rich or -deficient
heterocycle substituent can be used as substrates
(Scheme 32).[144] When a 5m solution of 2-acetylfuran

O

S
OH

S

OH

N
OH

N

OH

N

OH

N

S
OH

O
OH

N
OHOH

OH

O
OH

O
OH

N
OH

N
OHCH3

N
OH

+ H2

99% ee

99.7% ee

96% ee 99.6% ee 99.8% ee

96% ee

99% ee

dl :meso = 100:0
100% ee

Het Het

[a]

[a]

98% ee

97% ee

94% ee

(S,S)-[Ru]

R R

97% ee

*

98% ee

p-CH3C6H4SO2
[b]

Scheme 32. Asymmetric hydrogenation of heteroaromatic ketones. Usu-
ally yields of >96% are obtained. Conditions: (S,S)-[Ru]� trans-
[RuCl2{(S)-xylbinap}{(S)-daipen}], (CH3)3COK, (CH3)2CHOH, 8 atm H2,
25 ± 30 8C. [a] B[OCH(CH3)2]3 was added (ketone:Ru:borate� 2000:1:20).
[b] 61% yield. Absolute configuration undetermined. Het� heteroaryl.

(110 g) in 2-propanol was hydrogenated with an (S)-XylBI-
NAP/(S)-DAIPEN ± ruthenium catalyst at an S/C of 40 000/1,
(R)-1-(2-furyl)ethanol was obtained in 99 % ee without re-
duction of the furan ring.[126, 145] Hydrogenation of 2- and
3-acetylthiophenes gave the chiral alcohols in >99 % ee, the
sulfur-containing heterocycles did not disturb the catalytic
activity. Although hydrogenation of 2-acetylthiazole and
2-acetylpyridine was sluggish under the standard conditions,
in the presence of B[OCH(CH3)2]3 (ketone:Ru:borate�
2000:1:20)[53, 139] the reaction gave the corresponding chiral
alcohols quantitatively. The reactions of 3- and 4-acetylpyr-
idines gave the chiral alcohols in high yield and ee values
without B[OCH(CH3)2]3. Double hydrogenation of 2,6-diac-
ethylpyridine gave the enantiomerically pure R,R diol.[144, 146]

In all cases, the sense of asymmetric induction was identical to
that observed with aromatic ketones. This method, like
asymmetric hydroboration, is very general.[48, 51c, 139, 141i, 147] A
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combination of BICP (a chiral 1,4-diphosphane) and DPEN
also gives enantioselective hydrogenation of acetylthio-
phenes.[47] 2-Acetylfuran is reduced enantioselectively by
asymmetric hydrogenation using a PennPhos/rhodium com-
plex[43] or by transfer hydrogenation with formic acid,
catalyzed by a chiral ruthenium complex.[135b]

Chiral 1-(3-pyridyl)- and 1-(4-pyridyl)ethanols have been
used for stereoselective condensation with racemic a-arylcar-
boxylic anhydrides to give the diastereomerically enriched
esters.[148] (R)-1-(3-Pyridyl)ethanol is an intermediate in the
synthesis of heteroyohimbine alkaloids such as arcin and
reserpinin (Scheme 31),[149] the (S,S)- or (R,R)-2,6-di(1-hy-
droxyethyl)pyridines serve as a key precursor of C2 symmetric
P,N,P-tridentate ligands,[150] and the alkyl(2-thiazolyl)metha-
nol products can be converted into synthetically useful chiral
a-hydroxy aldehydes.[151]

5.3. Cyclopropyl Ketones

Hydrogenation of cyclopropyl methyl ketone in the pres-
ence of the (S)-XylBINAP/(S)-DAIPEN catalyst and
(CH3)3COK proceeded without cleavage of the cyclopropane
ring, forming the R alcohol in 95 % ee (Scheme 33).[128] The
cyclopropyl group exerts an electronic effect in the transition
state thus generating the stereochemical bias.[141f] Cyclopropyl
phenyl ketone gave the alcohol in 96 % ee with an opposite
sense of asymmetric induction.[128] Hydrogenation of 1-acetyl-
1-methylcyclopropane gave the alcohol (with an unknown
absolute configuration) in 98 % ee.[28] The structurally similar
pinacolone was inert under these conditions.

O OH
R1 R1

+ H2R2 R2*

ee [%]

CH3 95 (R)
C6H5 96 (R)

R1

H
H
CH3 CH3 98 (—)

(S,S)-[Ru]

R2

Scheme 33. Asymmetric hydrogenation of cyclopropyl ketones. Condi-
tions: (S,S)-[Ru]� trans-[RuCl2{(S)-xylbinap}{(S)-daipen}], (CH3)3COK,
(CH3)2CHOH, 8 or 10 atm H2, 28 8C.

5.4. Dialkyl Ketones

Asymmetric hydrogenation of simple dialkyl ketones is still
difficult. Hydrogenation of cyclohexyl methyl ketone cata-
lyzed by the (R)-XylBINAP/(R)-DAIPEN complex and
(CH3)3COK (S/C� 10 000/1) gave an S alcohol in 85 % ee
(Scheme 34), while 2-nonanone gave nearly racemic 2-non-
anol.[128] Hydrogenation of 4-phenyl-2-butanone with (R)-
XylBINAP/(S,S)-DPEN catalyst gave 4-phenyl-2-butanol in
51 % ee.[28] Currently, the best catalyst for this purpose is a
PennPhos ± rhodium complex, although an improvement in
catalytic activity (S/C� 100/1) is desirable.[43] A DEGU-
PHOS ± rhodium complex hydrogenates pinacolone to give
the alcohol in 84 % ee.[44] Heterogeneous hydrogenation of
2-alkanones in the presence of a tartaric acid modified Raney

R

O

R

OH

*
+ H2

R Catalyst (S/C)

(R,S,R,S)-Me-PennPhos–Rh (100/1)

yield [%]

n-C4H9

C6H5(CH2)2

C6H5(CH2)2

96 75 (S)

n-C7H15 (R)-XylBINAP/(R)-DAIPEN Ru (2000/1) 100 1

(R,S,R,S)-Me-PennPhos–Rh (100/1)

(R)-XylBINAP/(S,S)-DPEN Ru (1000/1)

99 73 (S)

100 51

(CH3)2CH (R,S,R,S)-Me-PennPhos–Rh (100/1) 99 84 (S)

(CH3)3C (R,S,R,S)-Me-PennPhos–Rh (100/1) 51 94 (S)

cyclo-C6H11 (R,S,R,S)-Me-PennPhos–Rh (100/1) 90 92 (S)

cyclo-C6H11 (R)-XylBINAP/(R)-DAIPEN Ru (10 000/1) 99 85 (S)

[Rh] or [Ru]

Alcohol

ee [%]

Scheme 34. Asymmetric hydrogenation of dialkyl ketones. For the struc-
tures of the chiral ligands, see Schemes 7 and 23.

Ni and an excess amount of pivalic acid gives 2-alkanols in up
to 85 % ee.[152] 2,5-Dimethylborolane is known to reduce a
variety of alkanones to afford the chiral alkanols with a high
optical purity.[53]

5.5. Amino Ketones

Kumada and co-workers pioneered the development of
asymmetric hydrogenation of 2-(alkylamino)acetophenone
derivatives catalyzed by chiral ferrocenylphosphane-based
rhodium complexes.[153] In this regard, Achiwa�s MCCPM-
rhodium complex catalyzed hydrogenation of 2-(diethylami-
no)acetophenone hydrochloride in methanol (S/C of 100 000/1
20 atm of H2, 50 8C, 20 h) in a 96 % optical yield.[154] Some
related examples are given in Scheme 35.[153±155] BINAP ± Ru

R1 NR2

O

R1 NR2

OH
H2

[Ru] or [Rh]

*

R NR2 Catalyst ee [%]

CH3 N(CH3)2 (S)-BINAP–Ru 99 (S)
CH3 N(CH3)2•HCl (S)-Cy,Cy-

oxoProNOP–Rh
97 (S)

C6H5 NH2•HCl (R)-MOC-BIMOP–Rh 93 (R)

C6H5 NH2•HCl (S)-Cy,Cy-
oxoProNOP–Rh

93 (S)

C6H5 NHCH2C6H5•HCl (2S,4S)-MCCPM–Rh 93 (S)

C6H5 N(CH3)2 (S)-BINAP–Ru 95 (S)

C6H5 N(CH3)2HCl (S)-Cp,Cp-
IndoNOP–Rh

>99 (S)

C6H5 N(C2H5)2•HCl (2S,4S)-MCCPM–Rh 97 (S)

3,4-(OH)2-
C6H3

NHCH3•HCl (R)-(S)-BPPFOH–Rh 95 (R)

+

2-naphthyl N(C2H5)2 (S,S)-DIOP–Rh 95 (+)

Alcohol

2 2

Scheme 35. Asymmetric hydrogenation of a-amino ketones with chiral
ruthenium and rhodium catalysts. For the structures of the chiral ligands,
see Schemes 7 and 23.

catalysts also gave highly enantioselective hydrogenation of
a-dialkylamino ketones (S/C� 1000/1) (see Scheme 2),[22, 156]

but the catalytic activity was modest requiring a hydrogen
pressure as high as 100 atm. The XylBINAP/DAIPEN ± ru-
thenium complex appears to be an efficient catalyst for this
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purpose. For example, hydrogenation of a-(dimethylamino)-
acetone with the R,R catalyst and with an S/C of 2000/1 under
8 atm of H2 gave the S alcohol in 92 % ee (Scheme 36).[157] The
reaction does not involve the coordination of the amino group
to the ruthenium center; thus, the sense of enantioselection is
opposite to that of the reaction with the diamine-free
BINAP ± Ru catalysts which is triggered by nitrogen/ruthe-
nium interaction as seen with b-keto ester substrates (see
Scheme 3).[9±11] 2-(Dimethylamino)acetophenone was hydro-
genated under 8 atm of H2 with the R,R catalyst to give the R
alcohol in 93 % ee (Scheme 36). The hydrogenation using an

N(CH3)R
O

N(CH3)R
OH

NR1R2
O

NR1R2
OH

NCH3

O
NCH3

OCO2CH3

O

+ H2
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(R,R)-[Ru]

CH3 92

C6H5 81

ee [%]R

R1 R2

CH3 CH3 93

COCH3 CH3 99

COC6H5 H 95

CH3 99.8

CO2C(CH3)3 CH3 99

ee [%]

(R,R)-[Ru]

+ H2
(R,R)-[Ru]

99% ee

R1 R2 ee [%]

COC6H5

Scheme 36. Asymmetric hydrogenation of a-amino ketones. Condi-
tions: (R,R)-[Ru]� trans-[RuCl2{(R)-xylbinap}{(R)-daipen}], (CH3)3COK,
(CH3)2CHOH, S/C� 2000/1, 8 atm H2, 25 8C.

a-amido ketone was applied to the enantioselective synthesis
of (R)-denopamine, a b1-receptor agonist used for treating
congestive heart failure (Scheme 37).[157±159] Again, in this
hydrogenation the protected 2-aminoacetophenone behaves
as a simple aromatic ketone and the amide group does not
exert any directive influence.

The XylBINAP/DAIPEN ± ruthenium complex was utiliz-
ed successfully for the asymmetric hydrogenation of certain b-
or g-amino ketones. Hydrogenation of 3-(dimethylamino)-
propiophenone with an (S)-XylBINAP/(S)-DAIPEN ruthe-
nium complex with an S/C ratio of 10 000/1 gave the
corresponding R amino alcohol in 97.5 % ee (Scheme 38),[157]

which is a synthetic intermediate of (R)-fluoxetine, a selective
serotonin-uptake inhibitor.[160] Eli Lilly sells racemic fluox-
etine hydrochloride as the antidepressant Prozac with a
market value of $2.6 billion (1997).[161] However, the R
enantiomer is more potent. Furthermore, as illustrated in
Scheme 38, asymmetric hydrogenation of a g-amino ketone
(S/C� 10 000/1) allows for the direct asymmetric synthesis of
the potent antipsychotic BMS 181100.[157, 162] This approach
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Scheme 37. Asymmetric synthesis of (R)-denopamine. Conditions of
hydrogenation: (R,R)-[Ru]� trans-[RuCl2{(R)-xylbinap}{(R)-daipen}],
(CH3)3COK, (CH3)2CHOH, S/C� 2000/1, 8 atm H2, 25 8C.
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Scheme 38. Asymmetric hydrogenation of b- and g-amino ketones includ-
ing application to the synthesis of fluoxetine and BMS 181100. Conditions
of hydrogenation: (S,S)-[Ru]� trans-[RuCl2{(S)-xylbinap}{(S)-daipen}],
(CH3)3COK, (CH3)2CHOH, S/C� 2000/1 or 10 000/1, 8 atm H2, 25 8C.

is superior to the reaction using chiral rhodium complexes
that requires a high catalyst loading (S/C� 200/1 ± 1000/1) and
relatively high H2 pressure (30 ± 50 atm).[155d, 163]

Thus, this asymmetric hydrogenation is applicable to the
synthesis of a wide variety of important pharmaceutical chiral
amino alcohols and their derivatives.
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5.6. a-Alkoxy Ketones

a-Phenoxyacetone and 2-methoxyacetophenone were hy-
drogenated under 8 atm of H2 in the presence of the (R)-
XylBINAP/(R)-DAIPEN complex to give the corresponding
S and R alcohols in 80 and 95 % ee, respectively
(Scheme 39).[28] Hydrogenation of pyruvic aldehyde dimethyl-
acetal gave the S alcohol in 98 % ee,[28] while the reduction of

R1

OR2
O

R1

OR2
OH

R1

OR2
O

R1

OR2
OH

H2

R1 R2

H C6H5 80

OCH3 CH3 98

+ H2

+

(R,R)-[Ru]

(R,R)-[Ru]

ee [%]

R1 R2

H CH3 95

OC2H5 C2H5 37

ee [%]

Scheme 39. Asymmetric hydrogenation of a-alkoxy ketones. Condi-
tions: (R,R)-[Ru]� trans-[RuCl2{(R)-xylbinap}{(R)-daipen}], (CH3)3COK,
(CH3)2CHOH, S/C� 2000/1, 8 atm H2, 25 ± 28 8C.

2,2-diethoxyacetophenone gave the R alcohol in only
37 % ee.[28] Thus, the alkoxy or phenoxy group possesses a
significant strereo-directing ability but its function is not
coordinative in nature. The effect of a phenyl group is
overwhelming. It is relevant that certain chiral rhodium
complexes are known to hydrogenate pyruvic aldehyde
dimethylacetal in up to 75 % ee.[164] Cinchona modified Pt/
Al2O3 catalysts provide the chiral alcohol in up to 97 % ee.[165]

5.7. Olefinic Ketones

Efficient asymmetric hydrogenation of a,b-unsaturated
ketones is an enduring problem in organic chemistry and
has been our cardinal focus. Chiral allyl alcohol products are
important not only for their own sake but also in connection
with Claisen technology and various SN2' substitution reac-
tions.[166±168] This transformation has been achieved only by
stoichiometric use of metal hydride reagents.[51a, 55d,e,h, 130a, 136,

138, 141f, 169±171] Alternatively, chiral allyl alcohols are obtained
by the Sharpless kinetic resolution (acyclic compounds)[172] or
our ruthenium-catalyzed hydrogenation[173] or our transfer
hydrogenation (cyclic substrates).[174] The ideal stereoselec-
tive hydrogenation of alkenyl ketones, however, was difficult
because of the conformational flexibility and the presence of
two kinds of unsaturated groups, C�C and C�O, the former
having higher reactivity in conventional hydrogenation. A
BINAP ± Ir complex is known to hydrogenate benzalacetone
in 65 % optical yield and 97 % keto selectivity.[93] Earlier we
found that hydrogenation of the same ketone with an in situ
generated BINAP/DPEN ± ruthenium catalyst in 2-propanol

containing KOH showed perfect keto selectivity but with only
70 % optical yield.[97] In addition, some simple enones are
highly sensitive to basic conditions, hampering the utility of
our original procedure.

Fortunately, this long-standing problem has now been
solved by the development of the XylBINAP/DAIPEN ± ru-
thenium catalyst and by the use of K2CO3, a weak base
cocatalyst, in place of conventional KOH or (CH3)3COK.[128]

Thus, reaction of benzalacetone (100 g) in 2-propanol
(150 mL) containing the (S)-XylBINAP/(S)-DAIPEN ± ru-
thenium catalyst (8.3 mg) and K2CO3 (9.4 g) under 80 atm
of H2 (S/C� 100 000/1, 2.7m solution) gave the R alcohol in
97 % ee (Scheme 40 a). With an S/C of 10 000/1 hydrogenation
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Scheme 40. ruthenium-catalyzed asymmetric hydrogenation of a) benz-
alacetone ((CH3)2CHOH, 80 atm H2, 30 8C, 100 % yield) and b) geraniol
and nerol (CH3OH, 30 atm H2, 18 ± 20 8C, 97 ± 100 % yield).

was accomplished smoothly under 10 atm of H2. The absence
of any trace of C�C reduction products is noteworthy, because
the related diamine-free BINAP ± Ru complexes, developed
in our laboratories, exhibit eminent catalytic activity for the
hydrogenation of the C�C unit of allyl alcohols such as
geraniol and nerol (Scheme 40 b).[175] The chemistries of both
systems are thus entirely different.
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Scheme 41 illustrates asymmetric hydrogenation of struc-
turally flexible enones with various substitution patterns to
the corresponding chiral allyl alcohols.[126, 128] Highly base-
sensitive 3-nonen-2-one is convertible to the allyl alcohol in
97 % ee by using a dilute (0.1m) 2-propanol solution to
minimize undesired polymerization. Hydrogenation of (E)-
6-methyl-2-hepten-4-one catalyzed with an (R)-XylBINAP/
(R)-DAIPEN ± ruthenium catalyst afforded the S allyl alcohol
with 90 % ee, which serves as a key building block for the
preparation of the side chain of a-tocopherol (vitamin E; see
Scheme 31).[128, 176] More substituted, less base-sensitive
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+
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*
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Scheme 41. Asymmetric hydrogenation of a,b-olefinic ketones. The yields
are >96 %. Conditions: (S,S)-[Ru]� trans-[RuCl2{(S)-xylbinap}{(S)-
daipen}], K2CO3 or (CH3)3COK, (CH3)2CHOH, 8 ± 10 atm H2 (S/C�
2000/1 ± 13000/1) or 80 atm H2 (S/C� 100 000/1), 25 ± 30 8C. [a] Absolute
configuration undetermined. [b] A precursor of a-tocopherol side chain,
see Scheme 31. [c] Reduction with an (S)-XylBINAP/(S,S)-DPEN ± ruthe-
nium catalyst. [d] The S enantiomer obtained with an (R)-BINAP/(R)-
DAIPEN ± ruthenium catalyst is a precursor of anthracycline antibiotics,
see Scheme 31.

enones can be hydrogenated more rapidly and conveniently
by using a strong-base cocatalyst. 1-Acetylcycloalkenes were
hydrogenated to 1-hydroxyethylcycloalkenes with high ee -
values. This method allows asymmetric synthesis of a key
intermediate for anthracycline antibiotics (adriamycin and
daunorubicin in Scheme 31).[97, 177] b-Ionone, a dienone, is
converted into b-ionol in 94 % ee and the hydrogenation of
(E)-4-(2-thienyl)-3-buten-2-one gave the chiral allyl alcohol
without saturation of the olefinic bond or the thiophene
ring.[28] Here the combination of the S diphosphane and S
diamine (or R and R) is crucial for obtaining a high level of
enantioselection, as has been observed in the reactions of

aromatic ketones. Differentiation between aromatic and vinyl
groups is difficult. Chalcone was hydrogenated to the allyl
alcohol in only 42 % ee.[28] Simple vinyl ketones undergo both
1,2- and 1,4-hydrogenation competitively. For example, the
reaction of 2-methyl-1-decen-3-one under 8 atm H2 with an
(S)-XylBINAP/(S)-DAIPEN catalyst gave a mixture of the
expected R allyl alcohol (99% ee), saturated ketone, and
saturated alcohol in a 59:40.5:0.5 ratio.[28]

(R)-Pulegone, a chiral s-cis enone, was hydrogenated
smoothly under 8 atm H2 by using a simple (S)-BINAP/
(S,S)-DPEN catalyst system to give a 98:2 mixture of the
1R,5R and 1S,5R alcohols in 97 % yield together with 1.8 % of
other minor products (Scheme 42).[178] Use of an (R)-BINAP/
(R,R)-DPEN system led to somewhat lower diastereoselec-
tivity (1R,5R :1S,5R� 95:5) with concomitant formation of
(1S,2S,5R)-2-isopropenyl-5-methylcyclohexanol (9.7 %).

O OH

+ H2

97%

R R

R

1R,5R:1S,5R = 98:2

(S,SS)-[Ru]

Scheme 42. Diastereoselective hydrogenation of pulegone. Condi-
tions: (S,SS)-[Ru]� [RuCl2{(S)-binap}(dmf)n], (S,S)-DPEN, KOH,
(CH3)2CHOH, S/C� 250/1, 8 atm H2, 28 8C.

Certain cyclic enones can also be hydrogenated with high
enantioselection. Scheme 43 shows the useful application of
this method to Mori chemistry.[179] When 2,4,4-trimethyl-2-
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O
O
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*
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Scheme 43. Combination of the ruthenium-catalyzed asymmetric hydro-
genation and Mori chemistry. Conditions of hydrogenation: (S,RR)-[Ru]�
trans-[RuCl2{(S)-tolbinap}{(R,R)-dpen}], (CH3)3COK, (CH3)2CHOH,
S/C� 10 000/1 at 10 atm H2 and 28 8C or S/C� 500/1 at 8 atm H2 and 0 8C.
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cyclohexenonewas hydrogenated by using the (S)-TolBINAP/
(R,R)-DPEN ± ruthenium catalyst in 2-propanol containing
(CH3)3COK with an S/C of 10 000/1 under 10 atm H2 at room
temperature, the C�O group was selectively saturated to give
(R)-2,4,4-trimethyl-2-cyclohexenol with 94 % ee and in 100 %
yield.[79, 178] No conjugate reduction product was detected. The
ee value was increased to 96 % by lowering the temperature to
0 8C.[180] The R and S alcohols, coupled with the Claisen
reaction, can be converted into a series of carotenoid-derived
odorants and other bioactive terpenes.[179, 181] The selectivity of
this catalytic reaction appears to depend on the synergistic
effects of the chiral diphosphane and diamine ligands as well
as the structures of ketones. In this case, unlike the asym-
metric reactions described above, the combined use of the (S)-
BINAP and (R,R)-DPEN (or R and S,S) is necessary for the
high stereoselection. A reaction using the R diphosphane and
the R,R diamine gave the S alcohol in only 26 % ee.[79, 178] In
addition, the ee value obtained with the BINAP/DPEN
catalyst was superior to the 80 % ee obtained with the (S)-
XylBINAP/(R,R)-DPEN system.[28]

The presence of the methyl substituent at the C-2 position is
crucial for efficient generation of the C-1 stereogenic center.
Hydrogenation of simple 2-cyclohexenone under 4 atm H2

with an (R)-BINAP/(R,R)-DPEN system gave a mixture of
(R)-2-cyclohexenol in 58 % ee (65 % yield), cyclohexanol
(2 %), and polymeric material (30 %).[178, 182] In the presence
of the same catalyst, 3-methyl-2-cyclohexenol gave (R)-3-
methyl-2-cyclohexenol with 45 % ee in 99 % yield. Reaction of
4,4-dimethyl-2-cyclohexenone with an (S)-BINAP/(R,R)-
DPEN system produced (S)-4,4-dimethyl-2-cyclohexenol in
only 47 % ee in 100 % yield. Thus, more suitable catalysts and
conditions need to be developed for these enone substrates.
Currently, efficient catalytic access to 2-unsubstituted 2-cyclo-
hexenols with high enantiomeric purity is limited to kinetic
resolution by asymmetric hydrogenation[173] or transfer hydro-
genation catalyzed by chiral ruthenium catalysts.[174]

(R)-Carvone a compound which possesses three unsatu-
rated bonds and a C-5 stereogenic center poses many
selectivity problems: 1) 1,2 versus 1,4 selectivity in the a,b-
enone moiety, 2) chemoselectivity between the conjugated
and isolated C�C linkage, and 3) cis versus trans diastereo-
selectivity with respect to the C-5 substituent in the C�O
saturation. With no control over selectivity, 17 different
hydrogenation products are possible! In fact, hydrogenation
of the dienone under 4 atm H2 with an (S)-BINAP/(R,R)-
DPEN combined system resulted in perfect chemo- and
diastereoselectivity, giving solely (1R,5R)-carveol in 100 %
yield (Scheme 44).[178] The 5R configuration of the chiral
ketone significantly affects the rate and stereoselectivity.
Thus, in the presence of the (R)-BINAP/(S,S)-DPEN com-
bined system, the R dienone was hydrogenated rather slowly,
giving a 34:66 mixture of the 1R,5R (cis) and 1S,5R (trans)
alcohols. Use of the achiral P(C6H5)3/NH2(CH2)2NH2 system
gives the allyl alcohol in 93 % yield (cis :trans� 81:19) in
addition to 7 % of the 2,3-saturated 1S,2R,5R product arising
from 1,4-addition followed by diastereoselective C�O hydro-
genation. Notably, hydrogenation of carvone with
[RhCl{P(C6H5)3}3] in toluene takes place selectively at the
nonconjugated C�C bond to give (R)-5-isopropyl-2-methyl-2-
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Scheme 44. Stereoselective hydrogenation of (R)-carvone.

cyclohexenone((R)-dihydrocarvone).[183] Stoichiometric re-
duction of carvone with l-Selectride in THF at ÿ78 8C is
known to give the 1,4-reduction product, (R)-isopropenyl-2-
methylcyclohexanone (trans :cis� 81:19) exclusively,[178, 184]

whereas the use of an equimolar mixture of NaBH4 and
CeCl3 in methanol gives a 97:3 mixture of (1R,5R)-carveol and
the 1S,5R isomer quantitatively.[178, 185]

Asymmetric methods for hydrogenating a,b-acetylenic
ketones to chiral propargyl alcohols are still unavailable.[99]

Enantioselective reduction requires ruthenium-catalyzed
transfer hydrogenation employing 2-propanol[186] or the use
of metal hydride reagents.[169c, 187±190]

5.8. 1-Deuteriobenzaldehydes

Chiral 1-deuterio alcohols are useful for mechanistic studies
of various chemical and biochemical reactions.[191] Hydro-
genation of 1-deuterio-o-methylbenzaldehyde with an (S)-
TolBINAP/(S)-DAIPEN ruthenium complex in the presence
of base at 28 8C and 8 atm H2 gave the (S)-alcohol in 89 % ee
(Scheme 45).[28] The asymmetric sense was opposite to that in
the hydrogenation of o-methylacetophenone with the same
catalyst system (R alcohol in 99 % ee, see Table 2).[79] The
XylBINAP/DAIPEN system showed lower selectivity. Simple
1-deuteriobenzaldehyde was hydrogenated in only 46 % ee.[28]

In comparison, hydrogenation of 1-deuteriobenzaldehydes
with [Ru(OCOCH3)2{(R)-binap}] in the presence of a strong
acid gave (S)-1-deuterio alcohols in up to 89 % ee
(Scheme 45).[192] At present, transfer hydrogenation using a
chiral arene ± ruthenium complex and 2-propanol or formic
acid is better than hydrogenation.[193] The Corey, Bakshi,
Shibata (CBS) reduction of aldehydes[48] using a deuterated
catecholborane gives the chiral deuterated primary alcohols
in up to 95 % ee.[136c]
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Scheme 45. Asymmetric hydrogenation of 1-deuteriobenzaldehydes with
chiral ruthenium complexes.

6. Asymmetric Activation

Racemic catalysts normally give racemic products. How-
ever, sometimes the chemical attributes of enantiomeric
molecules can be affected strongly by a surrounding non-
racemic compound.[132] Diastereomeric interactions lead to
unequal stabilities (KR*,R* vs KS*,R*) and reactivities (kR*,R* vs
kS*,R*) of the associates, resulting in unique chemical conse-
quences. As schematically illustrated in Scheme 46, when one
of the enantiomeric catalysts can be selectively deactivated by
a nonracemic compound acting as a ªpoisonº, asymmetric
catalysis can be achieved by the remaining enantiomer.[194]

Another useful strategy employing racemic compounds is the
asymmetric activation of an inactive racemic metal complex
by a nonracemic compound,[76, 195] which we call a ªvitamerº
(Scheme 46 b). Thus, a diastereomeric catalyst, formed by
enantioselective activation of racemic metal complexes, if its
architecture is suitable, can promote a highly selective
asymmetric reaction. This has been realized by the activation
of racemic diphosphane ± ruthenium complexes with an
enantiomerically pure 1,2-diamine as a vitamer.

The target was the challenging allyl alcohol, (R)- or (S)-
2,4,4-trimethyl-2-cyclohexenol. As described in Section 1.1,
racemic [RuCl2(tolbinap)(dmf)n][24a,b] is a feeble catalyst for
hydrogenation of unfunctionalized ketones. However, when
2,4,4-trimethyl-2-cyclohexenone was hydrogenated in the
presence of (S,S)-DPEN (diamine/ruthenium� 1/1), and
KOH under 8 atm H2 and 0 8C, the S allyl alcohol was
obtained in 95 % ee in 100 % yield (Scheme 47).[180] The
ee value is close to the 96 % attained with the enantiomeri-
cally pure (R)-TolBINAP/(S,S)-DPEN system. The reaction
using the diastereomeric R/R,R phosphane ± diamine combi-
nation occurred rather slowly to give the S alcohol in only
26 % ee. As illustrated in Scheme 47, increasing the amount of
added (S,S)-DPEN enhanced the rate of hydrogenation,
reaching a near maximum value with a molar ratio of
diamine:ruthenium of 1:1.[180] The ee value of the S alcohol,
on the other hand, was consistently high from the beginning
(diamine/ruthenium >0.25). Thus, under this hydrogenation

a) Asymmetric deactivation (chiral poisoning)

R + R

active "poison"

R R

inactive

KR,R

S + R

active

S R

inactive

KS,R

KR,R > KS,R

b)  Asymmetric activation

R + R

inactive "vitamer"

R R

highly active

KR,R

S + R

inactive

S R

weakly active

KS,R

KR,R  kR,R > KS,R  kS,R••

Scheme 46. Strategies for asymmetric catalysis using racemic metal
complexes. a) Asymmetric deactivation and b) asymmetric activation by
nonracemic compounds.

Scheme 47. Asymmetric hydrogenation of a cyclohexenone using a
racemic TolBINAP ± Ru complex and an enantiomerically pure diamine.
v0 (&)� Initial rate in moles of product/mol of Ru�min. x� Mol diamine
per mol Ru. *� ee Value. Conditions: 7/1 (CH3)2CHOH/toluene, S/C�
500/1, 8 atm H2, 0 8C.

condition the (S,S)-DPEN vitamer effectively activated the
(R)-TolBINAP ± ruthenium enantiomer of the racemate. A
mixed-ligand complex prepared from equimolar amounts of
the racemic TolBINAP ± ruthenium complex and (S,S)-DPEN
resulted in enantioselective hydrogenation even in the
presence of an equimolar amount of (R,R)-DPEN. This result
indicates that the initial interaction of the [RuCl2(diphos-
phane)] complex with DPEN is virtually irreversible, as was
also demonstrated by a 31P NMR study.

Scheme 48 provides the simplest explanation of the mech-
anism of asymmetric activation of the racemic TolBINAP ±
ruthenium complex, although molecular association of the
catalysts or its precursors may lead to further complicated
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Scheme 48. Mechanism of asymmetric activation.

nonlinear effects.[132, 196] The observed enantioselectivity of
hydrogenation reflects the relative TOFs of the competing
R,SS and S,SS catalytic cycles, and the ratio is determined by
the relative concentrations and reactivities of the coexisting
diastereomeric diphosphane/diamine ± ruthenium catalysts.
The TolBINAPÿRu dichloride complex which exists as
aggregates is almost inactive for the hydrogenation of
ketones. Under the reaction conditions, the labile solvent
ligands (solv) are displaced by (S,S)-DPEN to generate a
monomeric TolBINAP/DPEN complex. The equilibrium lies
far toward the mixed-ligand complex, regardless of the
chirality of the ligands forming the diastereomeric (R,SS)-
and (S,SS)-RuCl2 complexes[197] with 31P NMR chemical shifts
(1/7 (CD3)2CDOD/C6D5CD3) of d �45.8 and 46.2, respec-
tively. The real catalysts, ruthenium hydride or dihydride
species (see Scheme 11) are formed from the dichloride under
the basic reductive conditions. The R,SS cycle with an S :R
enantioselectivity of 98:2 turns-over 121 times faster than the
S,SS cycle having an S :R selectivity of 37:63.[180]

Noteworthy is that the relative significance of the diaster-
eomeric cycles, R,SS and S,SS, as well as the direction and
degree of asymmetric induction is highly dependent on the
structures of the ketonic substrates. When o-methylacetophe-
none was used as the hydrogenation substrate, (S,S)-DPEN
enhanced the activity of the (S)-TolBINAP ± Ru complex

more than the (R)-TolBINAP ± Ru enantiomer. The hydro-
genation catalyzed by racemic TolBINAP ± Ru complex and
(S,S)-DPEN gave the R alcohol in 90 % ee and in 100 % yield
(Scheme 49).[180] In this case, unlike the above reaction, the
S,SS cycle with an S :R enantioselectivity of 1.3:98.7 occurred
13 times faster than the R,SS cycle with an S :R selectivity of
54:46.

O OH

+

90% ee

H2

[RuCl2{(±)-tolbinap}(dmf)n]
(S,S)-DPEN, (CH3)3COK

100%

Scheme 49. Asymmetric hydrogenation of an aromatic ketone using a
racemic TolBINAP ± Ru complex and an enantiomerically pure diamine.
Conditions: 7/1 (CH3)2CHOH/toluene, S/C� 500/1, 4 atm H2, 0 8C.

2,2'-Bis(3,5-dimethylphenyl)phosphino-1,1'-biphenyl (DM-
BIPHEP) is a conformationally flexible diphosphane
(Scheme 50).[198] When it was combined with (S,S)-DPEN in
the formation of the ruthenium complex, the diastereomeric
DM-BIPHEP/(S,S)-DPEN ± RuCl2 complexes[197] were pro-
duced in a 3:1 ratio, in which the major S/S,S complex was
more reactive in the hydrogenation of aromatic ketones.[199]

Hydrogenation of 1'-acetonaphthone using a mixture of DM-
BIPHEP ± RuCl2 complex, (S,S)-DPEN, and KOH gave the R
alcohol in 92 % ee and >99 % yield.

O OH

PAr2

PAr2

PAr2

PAr2

92% ee

[RuCl2(dm-biphep)(dmf)n]
(S,S)-DPEN, KOH

>99%

H2

(S)-DM-BIPHEP (R)-DM-BIPHEP

Scheme 50. Asymmetric hydrogenation of an aromatic ketone using a
racemic phosphane ± ruthenium complex and a nonracemic diamine.
Conditions: (CH3)2CHOH, Ru:DPEN:KOH� 1:1:2, S/C� 250/1, 40 atm
H2, ÿ35 8C. Ar� 3,5-(CH3)2C6H3.

Thus, enantiomer-selective activation of racemic metal
complexes by a chiral vitamer is becoming a viable approach
for practical asymmetric catalysis when enantiomerically pure
ligands are not readily available.

7. Dynamic Kinetic Discrimination of Stereoisomers

The greatest advantage of this hydrogenation method is the
flexible molecular design of the mixed-ligand ruthenium
catalysts. The stabilities of product-determining transition
states are determined variably by stereo- and electro-com-
plementary assemblies of the (di)phospanes, diamines, and
other ligands on the ruthenium center and the ketonic
substrate. In addition, the reaction conditions can be highly
optimized. These attributes allow for systematic variation of
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reactivity and selectivity. The described diastereo- and
enantioselectivity, when coupled with appropriate kinetic
parameters, leads to a new type of stereoselective hydro-
genation of ketones. In general, stereoisomeric ketones react
at different rates. Thus, when a configurationally labile a-
substituted ketone is used, dynamic kinetic discrimina-
tion[18±22] of the stereoisomers is achievable by hydrogenation.
The key is the facile configurational inversion of the ketonic
substrate, which is facilitated by an alkaline base in a protic
solvent.

7.1. Diastereomers

2,6-Dimethylcyclohexanone undergoes highly diastereose-
lective hydrogenation by kinetic discrimination of the dia-
stereomers.[104] In 2-propanol containing KOH this ketone is
in rapid equilibrium between the cis and trans isomers. The
diequatorial:equatorial,axial:diaxial ratios are 92:8:0 (experi-
ment) or 97:3:0 (ab initio MO calculation).[104, 111, 112] However,
the trans isomer is rather unreactive because the equatorial
approach of the ruthenium hydride species to the carbonyl
carbon is blocked by the axially oriented methyl substituent at
the a position, as shown in Scheme 19, while there is no such
problem in the cis isomer with two equatorial methyl groups.
Therefore, hydrogenation in the presence of a
[RuCl2{P(C6H5)3}3]/NH2(CH2)2NH2/KOH catalyst system
(Ru:base 1:20 instead of the standard 1:2 ratio) in 2-propanol
under 4 atm H2 gave the cis,cis (98.7 %), trans,trans (1.1 %),
and cis,trans alcohols (0.2 %; Scheme 51). The distribution of
the cis,trans isomer (0.2 %) was much less than the equili-
brium population of the trans-dimethyl ketone (8 %).

7.2. Epimers

(ÿ)-Menthone has a stable 1R stereogenic center and an
unstable 4S center, in equilibrium with isomenthone, the 4R
epimer. As illustrated in Scheme 52, when this ketone was
subjected to hydrogenation with an achiral [RuCl2-
{P(C6H5)3}3]3/NH2(CH2)2NH2 catalyst, a 93.7:6.1:0.2 mixture
of (�)-neomenthol with the 1R,3S,4S configuration, menthol
(the 1R,3R,4R isomer), and neoisomenthol (the 1R,3R,4S

O

OH

H

H

OH

OH

H

H

OH

O

+ + +

cis
trans

fast

cis,cis
98.7%

trans,trans
1.1% cis,trans cis,trans

0.2%

92:8

H2, [Ru]

slow slow slow

Scheme 51. Dynamic kinetic discrimination of diastereomeric
ketones by ruthenium-catalyzed hydrogenation. Conditions: [Ru]�
[RuCl2{P(C6H5)3}3], NH2(CH2)2NH2, KOH (1:1:20), (CH3)2CHOH, S/C�
500/1, 4 atm H2, 28 8C.

O OH

O O O

+ H2

1R,3S,4S
100% yield

1 1

4 4

1R,4S + 1R,4R

1R,3S,4S:1R,3R,4R:1R,3R,4SPhosphane Diamine

P(C6H5)3 93.7:6.1:0.2NH2(CH2)2NH2

(R)-BINAP (S,S)-DPEN 100:0:0

3

reactive reactiveunreactive

(CH3)2CHOH

phosphane–Ru
diamine, KOH

Scheme 52. Dynamic kinetic discrimination of epimeric ketones by
ruthenium-catalyzed hydrogenation.

isomer) was produced.[104] The high 1,2-cis stereoselectivity
induced by the C-4 isopropyl group is not surprising
(Scheme 19). Although the achiral catalyst showed a high
stereodistinction, it became more evident when a chiral
system was employed for the reaction of the chiral, non-
racemic ketone. In fact, hydrogenation with a chiral (R)-
BINAP/(S,S)-DPEN system led exclusively to (�)-neomen-
thol (Scheme 52). The overall stereochemical outcome is
determined by the structural characteristics of the substrate
and catalyst as well as the kinetic parameters affecting the
epimerization and hydrogenation of the ketone.

7.3. Enantiomers

As expected, certain racemic ketones can be resolved
kinetically. For example, when racemic carvone was hydro-
genated with an (S)-BINAP/(R,R)-DPEN ± ruthenium cata-
lyst in 2-propanol containing KOH, it gave, at 54 % con-
version, the starting (S)-carvone in 94 % ee (46%) together
with (1R,5R)-carveol in 93 % ee (50 %) and some other minor
alcohols (3.7%) (Scheme 53).[178] The extent of the enantiom-
er differentiation, kfast/kslow, was calculated to be 33.[200]

Dynamic kinetic resolution provides a stereoselective
method to convert racemic ketones with an a-stereogenic
center into a single stereoisomer of the four possible
isomers.[18±22] Thus, as shown in Scheme 54, racemic 2-phenyl-
propiophenone hydrogenated with an (S)-XylBINAP/(S)-
DAIPEN ± ruthenium catalyst under basic, protic conditions

Scheme 53. Kinetic resolution of carvone by ruthenium-catalyzed hydro-
genation. Conditions: (CH3)2CHOH, S/C� 1000/1, 4 atm H2, 28 8C.
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O OH

H2+(±)-

syn:anti = 99:1
1R,2R, 96% ee

96%

(S,S)-[Ru]

Scheme 54. Dynamic kinetic resolution of a racemic acyclic
ketone. Conditions: (S,S)-[Ru]� trans-[RuCl2{(S)-xylbinap}{(S)-daipen}],
(CH3)3COK (1:10), [ketone]� 0.2m in (CH3)2CHOH, S/C� 1000/1, 4 atm
H2, 28 8C.

gave a 99:1 mixture of (1R,2R)-1,2-diphenyl-1-propanol (syn)
in 96 % ee and the 1R,2S isomer (anti) in 39 % ee.[28] A very
high Cram selectivity was seen, as with an achiral catalyst
(Scheme 21). The degree and sense of enantioselectivity are
consistent with those in reactions of simple aromatic ketones
(Table 2).

Hydrogenation of racemic 2-isopropylcyclohexanone in the
presence of an (S)-BINAP/(R,R)-DPEN ± ruthenium catalyst
under 4 atm of H2 gave quantitatively a 99.8:0.2 mixture of the
cis 1R,2R alcohol in 93 % ee, and the trans 1R,2S isomer in
28 % ee (Scheme 55).[104] The predominance of the cis product
is in accord with the diastereoselectivity observed in the
achiral hydrogenation of 2-substituted cyclohexanones (see
Scheme 19). Scheme 55 explains why this hydrogenation

O OH

O OH OH

O OH OH

H2

cis:trans = 99.8:0.2
1R,2R, 93% ee

(±)-

100% yield

+

+ H2

PRR, 96.3 PRS, 0.07

+ H2

+

+

PSR, 0.13 PSS, 3.5

fast

kinv kinv

SR

SS

kinv/kS = 47

Ccat = 7.2

Csub = 192

kR

kS

w = 0.9726 x = 0.0007

y = 0.0010 z = 0.0257

(S,RR)-[Ru]

kR/kS = 36

slow

Scheme 55. Dynamic kinetic resolution of a racemic cyclic ketone.
Conditions: (S,RR)-[Ru]� [RuCl2{(S)-binap}(dmf)n], (R,R)-DPEN, KOH
(1:1:20), [ketone]� 0.8m in (CH3)2CHOH, S/C� 500/1, 4 atm H2, 28 8C.

proceeds with such a high stereoselectivity giving 96.3 % of
the 1R,2R alcohol of the four possible stereoisomers. Com-
puter-aided analysis[18, 21] of the reaction revealed that 1) the
inherent, highest 1R,2R :1S,2S :1R,2S :1S,2R selectivity at time
t� 0 (w:x :y :z partition parameter, where the R and S
enantiomers are assumed to exist in equal amounts) is
97.26:2.57:0.10:0.07; 2) under this reaction condition, the R

ketone is hydrogenated 36 times faster than the S isomer;
3) the slow-reacting S substrate undergoes in situ stereo-
chemical inversion 47 times faster than it is hydrogenated;
4) the extent of the substrate-based asymmetric induction (cis/
trans) is 192 in favor of the cis isomer; and 5) the catalyst-
controlled asymmetric induction (R/S) is 7.2/1. Thus, the
kinetic and stereochemical factors are well coordinated to
accomplish this diastereo- and enantioselective hydrogena-
tion.[104]

This methodology was successfully applied to the asym-
metric synthesis of sanfetrinem and its metabolically
labile ester which has potent antibacterial activity
(Scheme 56).[201, 202] The key step is the hydrogenation of
racemic 2-methoxycyclohexanone with an (S)-XylBINAP/
(S,S)-DPEN catalyst leading to (1R,2S)-2-methoxycyclohex-
anol with near-perfect stereoselectivity.

Thus, the synthetic utility of this hydrogenation is greatly
enhanced by the application of dynamic kinetic resolution of
configurationally labile diastereomeric, epimeric, and enan-
tiomeric ketones.

Scheme 56. Dynamic kinetic resolution of racemic cyclic ketones and the
application to the asymmetric synthesis of a carbapenem antibiotic.
Conditions for reduction of 2-methoxycyclohexanone: (S,SS)-[Ru]�
[NH2(C2H5)2][{RuCl[(S)-xylbinap]}2(m-Cl)3], (S,S)-DPEN, KOH,
(CH3)2CHOH, 50 atm H2, 5 8C. Conditions for reaction of the amino
ketone: (S,R)-[Ru]� trans-[RuCl2{(S)-xylbinap}{(R)-daipen}], KOH
(1:200), [ketone]� 0.2m in (CH3)2CHOH, S/C� 300/1, 8 atm H2, 25 8C.

8. Metal-Ligand Difunctional Catalysis: Origin of
the High Rate and Chemoselectivity

Homogeneous hydrogenation of simple ketones is gener-
ally conceived to occur by a [p2�s2] pathway as depicted in
Scheme 57,[29, 30, 39, 203] although there are some mechanistic
constraints, as noted earlier in Scheme 8 a. Certain transition
metal complexes cleave molecular hydrogen to generate
metal hydrides.[64, 77] The metal monohydride, MH, generated
by heterolysis of H2 first forms a s or p complex with a ketonic
substrate.[61±63] The conversion into a metal alkoxide inter-
mediate[204] is followed by hydrogenolysis or protonolysis of
the MÿO bond to give an alcohol product. Alternatively,
oxidative addition of H2 to a metal catalyst generates a metal
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Scheme 57. Putative pathways of homogeneous hydrogenation of ketones
by transition metal monohydride and dihydride species.

dihydride, MH2.[7a, 64] Subsequent reaction with a ketone,
giving an alkoxy metal hydride, followed by reductive
elimination, forms an alcohol product. In both cases, the
ability of transition metals to form p complexes,[63] in the
ground state and/or the transition state, their Lewis acidity, as
well as their oxophilicity contributes to the carbonyl reduc-
tion.

We believe, however, that the rapid hydrogenation occurs
by an entirely different mechanism, that is catalysis with a
metal-ligand difunctionality. Scheme 58 presents our current
view of the mechanism. First, [RuCl2(PR3)2{NH2(CH2)2NH2}]
(6) is converted into [RuHX(PR3)2{NH2(CH2)2NH2}] (7; X�
H or OR) in the presence of an alkaline base and a hydride
source (H2 and a trace of 2-propanol).[58, 77, 78] The major role
of the strong base (2 equivalents relative to Ru) is to
neutralize HCl formed in this process. The catalytic cycle
involves two ground-state components, 7 and 8, which are
linked by transition states TS1 and TS2. The NH proton in 7
plays a key role in hydrogen delivery to ketones, while the
amide nitrogen in 8 cleaves H2. The high turnover efficiency
relies on the universal functions of the complexes 7 and 8, in
which the metal centers and the ligands directly cooperate in
the bond-breaking and -forming reactions. The operation of
the metal-ligand difunctional mechanism has been substanti-
ated experimentally (structures and kinetics[205]) and theoret-

Scheme 58. Metal-ligand difunctional mechanism for hydrogenation of
ketones. X�H, OR etc.

ically(ab initio MO and DFT[206]) in the closely related RuII-
catalyzed transfer hydrogenation of ketones with 2-propanol.
Although several diastereomers are possible for the reducing
species 7 (see Scheme 11), the hydride and two nitrogen
atoms must have a fac relationship in the octahedral
geometry. The 18-electron ruthenium hydride 7 reacts with a
ketonic substrate via a six-membered, pericyclic transition
state TS1, giving a product alcohol and the 16-electron
complex 8.[58, 205, 206] The hydrogenative reactivity of coordi-
natively saturated 7 originates from the charge-alternating
Hdÿ-Rud�-Ndÿ-Hd� arrangement. Thus, the hydride ligand at
the ruthenium center possesses sufficient nucleophilicity,
while the NH moiety exhibits a unique hydrogen-bonding
ability[71, 73, 207] to activate the carbonyl substrate. The structure
of the 1,4-dipole fits well with the carbonyl dipole, stabilizing
the pericyclic transition state TS1. The NH ´´´ O hydrogen
bonding not only perturbs the electronic properties of the
C�O bond but also creates a three-dimensional assembly
appropriate for hydride transfer to the p face. The 16-electron
complex 8 can form an the 18-electron complex with a Ru�N
bond (resonance), since the amide nitrogen can donate its free
electron pair (the nonbonding electrons) to the electron-
deficient ruthenium center.[205, 208, 209] Because of this unique
Rud�-Ndÿ dipolar bond, 8 splits H2 molecules in a heterolytic
manner[210] via transition state TS2 thus restoring the ruthe-
nium hydride 7. In view of the marked dependency of the rate
on hydrogen pressure this H2 cleavage would be the turnover-
limiting step. Alternatively, 7 may be regenerated from 8 and
H2 by way of 9 and 10 by the action of a protic medium and
base. Most notably, unlike in conventional metal hydride
reactions (see Scheme 57), the carbonyl oxygen does not
interact with the metal center. Neither a ketone/ruthenium
complex nor a ruthenium alkoxide are involved in this
reaction mechanism. The alcohol forms directly from the
ketone. Alcohols may add across the polar RuÿN bond of 8
but in a reversible manner, where the resulting ruthenium
alkoxides act merely as reservoirs for 8. Therefore, the ketone
reduction does not require any coordinative unsaturation at
the ruthenium center but rather occurs in an outer coordina-
tion sphere of the 18-electron complex 7 (see Scheme 8b).
This is the main origin of the high rate of this catalytic
hydrogenation. Furthermore, this nonclassical mechanistic
model also explains the uncommon functional selectivity in
favor of the C�O group.

9. Conclusion

Homogeneous hydrogenation has remained underutilized
in chemical synthesis largely a result of insufficient selectivity
as well as low TON and TOF. However, we are now close to
achieving the ambitious goal which was set some years ago.
First, unlike classical hydrogenation catalysts, the phosphane/
1,2-diamine ± ruthenium complexes catalyze efficient hydro-
genation of a large variety of simple ketones. In view of the
existence of so many ketonic compounds, the full scope of the
usefulness of the new homogeneous hydrogenation has not
been defined. This catalysis can replace most of the current
stoichiometric hydride reductions, particularly for large-scale
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reactions.[4, 5] This method is general but also remarkably
selective. The selectivities rival those of the best metal hydride
reductions. The high C�O/C�C selectivity is similar to that of
NaBH4 reduction.[86] In addition, this hydrogenation tolerates
various substituents including F, Cl, Br, I, CF3, OCH3,
OCH2C6H5, COOCH(CH3)2, NO2, NH2, NR2, and NR1COR2

(R1�H, alkyl; R2� alkyl, aryl), and various heterocyclic
groups. The hydrogenation is also diastereoselective, to an
extent which compares well with that of the reagent l-
Selectride.[101] Furthermore, asymmetric hydrogenation is
performed by using appropriate chiral diphosphanes and
1,2-diamines, where structural permutations are virtually
unlimited. Also, the scope of the ketonic substrates showing
high enantioselectivity is very wide. This catalytic reaction is
rapid and productive and, therefore, is truly efficient. The
reaction can normally be performed with <8 atm of H2 and at
room temperature with a high S/C ratio (up to 2 400 000/1
under 45 atm of H2) and a substrate concentration as high as
30 % (w/v), leading to very high volumetric productivity.

Asymmetric catalysis is ªfour-dimensional chemistryº.[2]

The high efficiency can only be achieved through the
coordination of both an ideal three-dimensional structure
(x, y, z) and suitable kinetics (t). To achieve maximum chiral
multiplication, efficient catalyst systems must be created that
permit precise discrimination among the enantiotopic atoms,
groups, or faces in achiral molecules with a very high turnover
efficiency. Special molecular design to stabilize stereochem-
istry-determining transition states is of prime importance.
Metal-ligand difunctional catalysis provides a new basis for
developing efficient catalytic reactions. Furthermore, suitable
kinetic parameters must be selected to facilitate the catalytic
cycle. The BINAP ± RuCl2 complexes are effective for asym-
metric hydrogenation of both functionalized ketones and
simple ketones. Notably, however, the former reaction (see
Scheme 2) is markedly accelerated by the addition of a strong
acid,[25, 26] while the latter reaction requires the presence of a
strong base.

New technologies must meet technical, economic, and
environmental requirements. Because chemical products tend
to be more dependent on catalytic synthesis, better catalytic
efficiency leads directly to a number of scientific and
economic benefits. In particular, enantioselective catalysis is
rapidly becoming more important in the areas of pharma-
ceuticals, agrochemicals, flavors, and fragrances which require
high degrees of chemical precision.[4, 5] In this regard, molec-
ular catalysis is complementary to biotechnology.[211] Further-
more, creation of some chiral polymers, advanced materials
with nonlinear optical properties, ferroelectric liquid crystals,
etc. also relies on the availability of chiral building blocks.
Therefore de novo development of efficient catalysts must
have a significant impact on chemical research and industry.
Although the art and science of asymmetric catalysis has
reached a very sophisticated level, relatively few homoge-
neous enantioselective catalysts have been used on an
industrial scale.[4, 5, 7] This practical asymmetric hydrogenation
has a very wide scope and provides entry to a diverse array of
significant chiral substances. Finally, hydrogenation is ªgreenº
chemistry that eliminates the use and generation of hazardous
substances. In comparison to conventional stoichiometric

hydride reductions, waste is greatly reduced by using this
catalytic method.
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