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Asymmetric hydrogenation of ketones: Tactics to achieve

high reactivity, enantioselectivity, and wide scope

By Takeshi OHKUMA�1,†

(Communicated by Ryoji NOYORI, M.J.A.)

Abstract: Ru complexes with chiral diphosphines and amine-based ligands achieve high

catalytic activity and enantioselectivity for the hydrogenation of ketones under neutral to slightly

basic conditions. The chiral environment is controllable by changing the combination of these
two ligands. A concerted six-membered transition state is proposed to be the origin of the high

reactivity. The �6-arene/TsDPEN{Ru and MsDPEN{Cp�Ir catalysts e�ect the asymmetric re-

action under slightly acidic conditions. A variety of chiral secondary alcohols are obtained in high
enantiomeric excess.
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Introduction

Asymmetric hydrogenation of ketones is among
the simplest chemical transformations, and it a�ords

optically active secondary alcohols that serve as use-

ful intermediates for the synthesis of biologically
active compounds such as medicines, perfumes, and

agrochemicals (Scheme 1).1),2) In the presence of an

appropriate chiral catalyst, molecular hydrogen (H2)
is repeatedly activated and selectively added to the

carbonyl moiety from one of two enantiofaces. An

atomic ef�ciency of 100% contributes to provide
an environmentally benign synthetic process. These

properties indicate that the asymmetric hydrogena-

tion of ketones is a suitable chemical process for the
large-scale synthesis of chiral compounds.

The ef�ciency of chiral catalysts is estimated by

the activity, enantioselectivity, and scope of sub-
strates. Highly active catalysts exhibit high turnover

number (TON) and/or turnover frequency (TOF ¼
TONeh{1 or TONes{1). The enantioselective ability
of catalysts is determined by the enantiomeric excess

(ee) of the products. Catalysts, which are applicable

to a wide range of substrates, are desirable from the

synthetic viewpoint. This review article describes our

studies of the development of ef�cient catalysts for
the asymmetric hydrogenation of ketones.3)

Early discovery of BINAP/chiral

1,2-diamine{Ru catalysts

In 1995, we reported a ternary catalyst sys-

tem consisting of RuCl2[(S)-binap](dmf)n [oligo-

meric form; BINAP ¼ 2,2’-bis(diphenylphosphino)-
1,1’-binaphthyl], (S,S)-1,2-diphenylethylenediamine

(DPEN), and KOH, which shows high activity and

enantioselectivity in the hydrogenation of ketones in
2-propanol.4) This ternary system was improved to

yield a more reactive catalyst system, RuCl2[(S)-

tolbinap][(S,S)-dpen] [TolBINAP ¼ 2,2’-bis(4-tolyl-
phosphino)-1,1’-binaphthyl] and t-C4H9OK (Scheme

2).5) When 601 g of acetophenone, a simple aroma-
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tic ketone, was hydrogenated at 45 atm of H2 at

30 �C with only 2.2 mg of the (S)-TolBINAP/(S,S)-
DPEN{Ru(II) complex for 48 h, (R)-1-phenylethanol

in 80% ee was quantitatively obtained. The TON

and TOF at 30% conversion were calculated to be
2,400,000 and 228,000 h{1 (or 63 s{1), respectively.

Thus, the highest catalytic activity in the hydroge-

nation of ketones so far reported was achieved.
As shown in Scheme 2, we have developed a

highly active catalyst for the asymmetric hydroge-

nation of ketones. However, from synthetic point of
view, optical yield of 80% was still insuf�cient. For-

tunately, this problem was resolved by replacing the

use of TolBINAP with that of 2,2’-bis(di-3,5-xylyl-
phosphino)-1,1’-binaphthyl (XylBINAP), which has

sterically more demanding 3,5-xylyl moieties on the

phosphorus atoms (Fig. 1). Thus, the hydrogena-
tion of acetophenone with RuCl2[(S)-xylbinap][(S)-

daipen] (DAIPEN ¼ 1,1-di(4-anisyl)-2-isopropyl-1,2-

ethylenediamine) and t-C4H9OK at a substrate-to-
catalyst molar ratio (S/C) of 100,000 under 8 atm of

H2 was completed in 48 h to a�ord (R)-1-phenyletha-
nol in 99% ee quantitatively (Scheme 3).6)

RuCl2(diphosphine)(1,2-diamine) is a catalyst

precursor, and addition of base in 2-propanol (basic
and reductive conditions) is required to form an

active RuH species. We proceeded to develop a RuH

complex with suf�cient stability for use as a re-
agent. The desired complex, RuH(�1-BH4)[(S)-xylbi-

nap][(S,S)-dpen], was readily prepared from the cor-

responding RuCl2 complex and an excess amount of
NaBH4 (Scheme 4).7) This complex was isolated as a

crystalline solid, and the structure was determined

by X-ray di�raction measurement. The RuH com-
plex shows high catalytic activity in 2-propanol with-

out addition of a base. Acetophenone was hydrogen-

ated with an S/C of 100,000 under 8 atm of H2 for
7 h to give the R alcohol in 99% ee quantitatively

(Scheme 4). Interestingly, an even higher level of

reactivity was achieved when a small amount of t-
C4H9OK (400 equiv to Ru) was added to the system

under otherwise identical conditions. The reaction

was completed within 45 min, without a loss of en-
antioselectivity. This �nding suggested that base

plays a positive role in the catalytic cycle.

A variety of simple ketones has been hydro-
genated with (S)-XylBINAP/(S)-DAIPEN{Ru and

(S)-XylBINAP/(S,S)-DPEN{Ru catalysts to a�ord

the chiral alcohols in excellent enantioselectivity
quantitatively.3) Typical examples are depicted in

Fig. 2. When the use of (R)-XylBINAP/(R)-

DAIPEN or the (R)-XylBINAP/(R,R)-DPEN com-
bined complex, the antipode of the chiral alcohols

was obtained. Aromatic ketones with primary and

secondary alkyl moieties were equally hydrogenated
with excellent enantioselectivity.6),7) Interestingly,

2,2,2-tri�uoroacetophenone was hydrogenated with
the same sense of enantioface selection. Substitution

of an electron-donating or electron-attracting group

at the 2’, 3’, or 4’ position of the phenyl ring exerted
little e�ect on stereoselectivity. The high degree of

carbonyl-selectivity of this reaction was noteworthy,

such that many aromatic substituents including
NH2, NO2, (CH3)2CHOCO, and the halogens of sub-

strates, were left intact.

Unsymmetrical 2-substituted benzophenones
were also found to be good substrates for stereo-

selective hydrogenation (Fig. 2).8) Even the 2-

�uorinated ketone, in which the size of �uorine atom

Scheme 2.

Fig. 1.
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is similar to that of a hydrogen atom, was converted
to the benzhydrol in 97% ee. Heteroaromatic ketones

were hydrogenated with excellent enantioselectivity

without injury at heteroaromatic moieties, which
are relatively unstable under hydrogenation con-

ditions.9) Conjugated and unconjugated ole�nic ke-

tones were selectively hydrogenated to the un-
saturated alcohols.6),10)–13) No saturation of ole�nic

linkage was observed. This chemoselectivity proved

to be quite unique, as ole�nic moieties are very easily
reduced in most traditional hydrogenation systems.

It was found that cycloalkyl methyl ketones, dial-

koxymethyl methyl ketones, and a-amino aromatic
ketones could also be hydrogenated with high en-

antioselectivity.6),14)

Mechanistic considerations

Scheme 5 shows a proposed mechanism for the

hydrogenation of ketones with the (S)-TolBINAP/
(S,S)-DPEN{Ru(II) catalyst (R ¼ H).15)–18) Com-

Scheme 4.

Scheme 3.

Fig. 2.
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plex A represents a catalyst precursor in which X,

Y ¼ Cl, Cl or �1-BH4, H, respectively. The precata-
lyst A is converted to the cationic species B under

reductive conditions with or without an additional

base in an alcoholic solvent. In the presence of H2,
species B reversibly gives the molecular hydrogen

complex C, which is converted to the active RuH2

complex D by deprotonation. This step (C!D) is
promoted by the presence of the base. A ketone im-

mediately reacts with D, a�ording the alcohol and

the 16-electron Ru{amide species E. The prompt
protonation of E in an alcoholic medium regenerates

the cationic species B, while E partially returns to D

by the reaction with H2. The E!D process is signi-
�cant under highly basic conditions.

The active RuH2 complex D has a fac-

con�guration for the hydride and two nitrogen atoms
of the diamine ligand (Scheme 5). Therefore, this

species smoothly reacts with the ketone via the peri-

cyclic six-membered transition state (TS), which is

schematically shown as F. The H�{{Ru�þ{N�{{H�þ

quadropole on the catalyst �ts with the C�þ¼O�{

dipole of the ketone, thus lowering the activation

energy. At least one ‘‘NH’’ moiety, preferably an
‘‘NH2’’ group for steric reasons, is necessary on the

diamine ligands for the creation of highly active

catalysts for the hydrogenation of ketones. Thus,
the reduction of a ketone occurs in the outer co-

ordination sphere of complex D, such that no sub-

strate{Ru interaction is involved. This unique TS
causes high carbonyl-selectivity over carbon{carbon

multiple bonds, as described above (see Fig. 2).

The asymmetric hydrogenation of acetophenone,
catalyzed by the (S)-TolBINAP/(S,S)-DPEN{Ru(II)

complex, selectively yields (R)-1-phenylethanol (see
Scheme 2). The mode of enantioface selection is ration-

alized by the use of the molecular models shown in

Fig. 3.15) The RuH2 complex with (S)-TolBINAP and
(S,S)-DPEN [(S,SS)-D] (see also Scheme 5; R ¼ H)

has a C2-symmetric structure. The skewed �ve-mem-

bered chelate ring of (S,S)-DPEN determines the
position of the respective axial and equatorial amino

protons, Hax and Heq. Here, Hax is more reactive than

is Heq, because the H�{{Ru�þ{N�{{Hax
�þ quadropole

with a smaller dihedral angle preferably interacts

with the substrate C�þ¼O�{ dipole. Acetophenone

approaches the quadropole reaction site with the
si -face (3ASi) or re-face (3ARe) as the manner

shown in Fig. 3. The TS 3ASi is preferable to the

diastereomeric TS 3ARe, because the 3ARe su�ers
extreme nonbonded repulsion between the aromatic

groups of the (S)-TolBINAP and the acetophenone

phenyl ring, resulting in selective production of the
R alcohol. The secondary attractive interaction be-

tween the NHeq and the phenyl ring of the ketone

appears to further stabilize the TS 3ASi. This me-
chanistic interpretation is supported by experimental

results showing that the Ru catalyst, with the ste-

rically more hindered XylBINAP, exhibits higher
enantioselectivity (see Schemes 2{4).

The TolBINAP/DMAPEN{Ru catalyst:

E�ect of N-substituents of diamine ligands

As schematically shown in Fig. 4, our hydro-

genation catalysts possess chiral diphosphine and dia-

mine ligands. Thus, a variety of chiral environment
can be constructed around the center metal simply

by change the combination of the two di�erent chiral

Scheme 5.
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ligands. We therefore became interested in the e�ects

of the N-substituents (R in Fig. 4) of the diamine

ligands on the enantioselectivity.19)

The hydrogenation of acetophenone with a cata-

lyst system prepared in situ from RuCl2[(S)-tolbi-

nap](dmf)n and (S,S)-DPEN [(S,S)-1a] in a base
(KOH or t-C4H9OK) containing 2-propanol gave

(R)-1-phenylethanol in 82% ee quantitatively (Scheme

6).5) The ee value was notably decreased to 22% when
the reaction was catalyzed by the Ru complex with

(S)-TolBINAP and (S,S)-N,N-dimethyl-1,2-ethyle-

nediamine [(S,S)-DMDPEN; (S,S)-1b].19) Of note,
the use of the (S)-TolBINAP/(R,R)-1b{Ru complex

a�orded the S alcohol in 79% ee. Thus, the replace-

ment of an NH2 group of the diamine 1a with the

N(CH3)2 moiety changed the matching combination
of chiral ligands from (S)-TolBINAP/(S,S)-1a to

(S)-TolBINAP/(R,R)-1b, as well as reversed the

absolute con�guration of the alcoholic product from
R to S.

A single chiral center in the ethylenediamine

suf�ces to achieve high enantioselectivity. In fact,
when acetophenone was hydrogenated with the

(S)-TolBINAP/(R)-2-dimethylamino-1-phenylethyl-

amine [(R)-DMAPEM; (R)-2a]{Ru catalyst, the S

alcohol was obtained in 91% ee.19) This ee value was

higher than that obtained (i.e., 82% ee) with the use
of the original (S)-TolBINAP/(S,S)-1a{Ru system.

The diastereomeric (S)-TolBINAP/(S)-1b{Ru cata-

lyst gave a lower optical yield of 43%. Interestingly,
the use of Ru catalysts with the more sterically hin-

dered diethylamino and dibutylamino ligands, (R)-

2b and (R)-2c, resulted in a much lower ee with the
reverse sense of enantioselection. The diamine ligand

with a relatively small pyrrolidinyl moiety, (R)-2d,

directed the same asymmetric sense as that obtained
with (R)-2a. The structure of the substituent (R)

connecting to the chiral center of diamine ligands

Fig. 3.

Fig. 4.
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had less of an e�ect on enantioselectivity. The

Ru catalysts with diamine ligands (R)-3a (R ¼
CH2C6H5) and (R)-3b (R ¼ i-C3H7) gave the S

products in 84% and 82% ee, respectively.

We applied the new (S)-TolBINAP/(R)-
DMAPEN{Ru catalyst to the asymmetric hydro-

genation of arylglyoxal dialkylacetals, a type of a-

substituted functionalized aromatic ketones.19),20) As
shown in Scheme 7, phenylglyoxal diethylacetal was

hydrogenated in the presence of RuCl2[(S)-tolbi-

nap][(R)-dmapen] (S/C ¼ 2000), and t-C4H9OK in
2-propanol gave the R hydroxy acetal in 96% ee.

The sense of enantioselection based on the phenyl

ring was the same as that obtained in the reaction
with acetophenone (see Scheme 6). The highest enan-

tioselectivity so far reported was thus achieved. The

same reaction, when catalyzed by the (R)-XylBINAP/
(R)-DAIPEN{Ru complex, resulted in only 37% ee

of the R alcohol. Substrates with CH3, Cl, and

CH3O groups on the phenyl rings were hydrogenated
in up to 98% optical yield. The naphthyl ketone and

the substrate with a cyclic acetal also reacted in the

same manner. Interestingly, the (S)-TolBINAP/(R)-
DMAPEN{Ru catalyst exhibited the same level of

activity and stereoselectivity in the reaction of aro-

matic ketones with simple primary and secondary

alkyl groups. The hydrogenation of pyruvic aldehyde

dimethylacetal and cyclohexyl methyl ketone a�orded
the alcoholic products with the same con�guration in

40% and 47% ee, respectively. This catalyst appeared

to recognize the dialkoxy methyl moieties as just
simple secondary alkyl groups, and thus the aryl

groups in the substrates were required to achieve

high enantioselectivity.
The (S)-TolBINAP/(R)-DMAPEN{Ru catalyst

was also e�ective for the enantio- and diastereo-

selective hydrogenation of a-substituted aromatic
ketones via dynamic kinetic resolution (Scheme

8).19),20) Racemic 2-(benzoylmethylamino)propiophe-

none (R1 ¼ CH3, R2 ¼ C6H5; 0.4 M) was hydrogen-
ated at 8 atm of H2 with the S/R complex in basic

2-propanol ([base] ¼ 33 mM) to a�ord the 1R,2R

amino alcohol in 98% ee with predominant syn selec-

Scheme 6.

Scheme 7.
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tivity, and the product was readily converted to

({)-pseudoephedrine, a nasal decongestant, by the
removal of a benzoyl group. The reaction of racemic

2-(pivaloylamino)propiophenone (R1 ¼ H, R2 ¼ t-

C4H9) also gave the 1R,2R product (syn:anti ¼ 96:4)
in 99% ee. On the other hand, the hydrogenation of

racemic benzoin methyl ether (R ¼ C6H5) with the

same S/R complex gave the 1R,2S methoxy alcohol
(syn:anti ¼ 3:97) in 98% ee. To the best of knowl-

edge, this is the �rst example of the highly anti-

selective asymmetric hydrogenation of the a-methoxy
ketone. Under the same conditions, racemic 2-metho-

xypropiophenone (R ¼ CH3) was converted to a 57:43

syn/anti product mixture.
For the highly enantioselective hydrogenation of

prochiral ketones (R1COR2, R1AR2), it is necessary

to precisely di�erentiate between two substituents,
R1 and R2, which connect to the carbonyl carbon.

The use of XylBINAP/DAIPEN{Ru and TolBINAP/

DMAPEN{Ru catalysts for the asymmetric reaction
has rendered the accurate distinction between sp2-

carbon groups (sp2-CG: aryl, heteroaryl, and vinyl

groups) and sp3-carbon groups (sp3-CG: primary, sec-
ondary, and some hetero-substituted alkyl groups)

possible (see Fig. 2 and Scheme 7). Some di�er-

entiation between sp2-CGs (2-substituted benzophe-
nones) as well as sp3-CGs (cycloalkyl methyl ketones)

has also been successfully carried out. However, to

date, the discrimination of aryl groups (sp2-CG) from

vinyl groups (sp2-CG) has remained dif�cult and

therefore unrealized. Indeed, the hydrogenation of
(E)-chalcone with the XylBINAP/DAIPEN{Ru cata-

lyst gave the allylic alcohol in only 45% ee.21) The

highest ee value achieved in the reduction with cate-
cholborane catalyzed by a chiral Ga complex has

been 75%.22) To date, there are still no reports in the

literature of successful attempts at enzymatic reduc-
tion achieving such discrimination. The TolBINAP/

DMAPEN{Ru catalyst has been used to realize the

highly enantioselective hydrogenation of aryl vinyl
ketones to allylic alcohols. When (E)-chalcone was hy-

drogenated with RuCl2[(S)-tolbinap][(R)-dmapen] and

t-C4H9OK at an S/C of 10,000 in 2-propanol under 40
atm of H2 at 0 �C for 3 h, the S-allylic alcohol was ob-

tained in 97% ee and 99% chemical yield accompanied

by 1% of 1,3-diphenyl-1-propanone, a saturated ketone
(Scheme 9).23) This saturated-ketone byproduct was

Scheme 8.

Scheme 9.
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formed by the isomerization of the allylic alcohol.
The sense of enantioselection was consistent with that

in the reaction of other aromatic ketones. A series

of substituted chalcones with electron-donating and
{attracting groups was converted to the desired pro-

ducts in up to 98% ee. Moreover, naphthyl and furyl

derivatives were also found to react in the same
manner.

Mechanistic considerations of hydrogenation

with the TolBINAP/DMAPEN{Ru catalyst

The hydrogenation of ketones catalyzed by the

(S)-TolBINAP/(R)-DMAPEN{Ru complex appears
to proceed through the same catalyst cycle as that

observed in the reaction with the (S)-TolBINAP/

(S,S)-DPEN{Ru catalyst, because the reaction con-
ditions and chemoselective features were found to be

the same in both cases.15),19) The trans-RuH2[(S)-

tolbinap][(R)-dmapen] complex [species D (R ¼ CH3)
in Scheme 5] is the expected active species because of

the strong �-donating property of the hydride.24),25)

Figure 5 schematically illustrates the trans-RuH2

complex (S,R)-D and two diastereomeric TSs, 5ARe

and 5ASi, of the asymmetric hydrogenation of aceto-
phenone.19) As shown in Fig. 3, hydrogenation of

the ketone proceeds through the six-membered TSs

formed by the H�{{Ru�þ{N�{{Hax
�þ quadropole and

the substrate C�þ¼O�{ dipole. In the Re-face se-

lected TS 5ARe, the CH3 group of acetophenone is

oriented to the ‘‘V-shape channel’’ of TolBINAP’s
Arax{P{Areq (Ar ¼ 4-CH3C6H4) moiety, and the

planner phenyl ring of the substrate is located on

the amino Meeq group. On the other hand, the wide-
spread phenyl ring is directed toward the narrow

TolBINAP’s V-shape channel, causing signi�cant

nonbonded repulsion in the Si-face selected TS,
5ASi. Therefore, the reaction selectively occurs via

the TS 5ARe to give (S)-1-phenylethanol (91% ee).

The mode of enantioselection gives a higher optical
yield in the reaction of aryl secondary alkyl ketones

(95{>99% ee, see Scheme 7). A secondary alkyl

group �ts in the V-shape channel in the TS 5ARe,
while steric repulsion between the secondary alkyl

group and the amino Meeq group, as well as the

repulsive interaction between the aromatic ring of
the substrate and TolBINAP’s V-shape channel,

Fig. 5.
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increases the activation energy of the TS 5ASi.

These results suggest that the (S)-TolBINAP/(R)-

DMAPEN{Ru catalyst di�erentiates between the
two carbonyl substituents primarily based on their

shape, and only to a lesser degree by their size.

The phenyl ring of (R)-DMAPEN bound to the
diamine skeleton primarily contributes to �xation of

the �ve-membered chelate structure in the TS 5ARe.

Therefore, diamines 3a (R ¼ CH2C6H5) and 3b

(R ¼ i-C3H7) exhibit basically the same ef�ciency as

that of DMAPEN (see Scheme 6).

Replacement of an NH2 group of DPEN by an
N(CH3)2 moiety dramatically changes enantioselec-

tion in the hydrogenation of acetophenone.19) The

reaction catalyzed by the original (S)-TolBINAP/
(S,S)-DPEN{Ru complex resulted in (R)-1-phenyle-

thanol in 82% ee (see Scheme 6). On the other hand,

the (S)-TolBINAP/(S,S)-DMDPEN{Ru catalyst gave
the R alcohol in only 22% ee, while the diastereo-

meric S/R,R catalyst a�orded the S alcohol in 79%

ee. The latter S/R,R catalyst showed the same sense
of enantioselection as that of the (S)-TolBINAP/

(R)-DMAPEN{Ru catalyst, albeit the optical yield

was lower (79% vs 91%). Hydrogenation with the
(S)-TolBINAP/(R,R)-DMDPEN{Ru catalyst appears

to proceed through the TS 6ARe shown in Fig. 6,

which resembles the TS 5ARe in Fig. 5. The rela-
tively low optical yield of 79% is derived from desta-

bilization of the TS 6ARe by a 1,2-repulsive interac-
tion between the C1-phenyl and the amino Meax

groups in the �ve-membered chelate ring. The reac-

tion with the (S)-TolBINAP/(S,S)-DMDPEN sys-
tem seems to occur through the TS 6BSi, in which

two CH3 groups are substituted on the N(left) atom.

This TS 6BSi is not stabilized due to lack of the NH/
� attractive interaction observed in the TS 3ASi

illustrated in Fig. 3, causing a low level of enantio-

selectivity.

The notable e�ect of the size of amino substitu-
ents on the enantioselectivity shown in Scheme 6 is

explained by the TS model 6CRe in Fig. 6. In the

reaction using the Ru catalysts with diamines 2b

(R ¼ C2H5) and 2c (R ¼ n-C4H9), the TS is destabi-

lized by a steric repulsive interaction between the

phenyl group of acetophenone and the alkyl (R)
moiety, which is bulkier than CH3 group. When a

diamine, 2d, with a small pyrrolidinyl group is used,

a comparable level of enantioselectivity to that
achieved with DMAPEN is attainable.

Due to its unique chiral environment, the (S)-

TolBINAP/(R)-DMAPEN{Ru catalyst carried out
the highly enantioselective hydrogenation of aryl

vinyl ketones to the allylic alcohols (Scheme 9).23)

An explanation for this high level of enantioselectiv-
ity is rationalized by the use of TS models illustrated

in Fig. 7. The Re-face selective TS 7ARe is favored

over the Si-face directed TS 7ASi, predominantly
a�ording the S-alcoholic product. The ‘‘sickle-shape’’

vinyl group of the substrate provides a good �t

for the TolBINAP’s V-shape channel; however, the
‘‘plate-shape’’ phenyl ring creates marked repulsion

from the V-shape channel.

The (S)-TolBINAP/(R)-DMAPEN{Ru catalyst
provides for high enantio- and diastereoselectivity in

the hydrogenation of a-substituted aromatic ketones
through dynamic kinetic resolution, as shown in

Scheme 8.19),20) The mode of enantioselectivity is

accounted for by the TS models depicted in Fig. 5.
Scheme 10 summarizes the pathway that yields b-

hetero-substituted alcohols in a diastereoselective

manner, which is interpreted by use of the Felkin{
Anh-type TS models 10Aanti and 10Bsyn.26),27) The

Fig. 6.
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syn/anti-selectivity is highly dependent on the a-
substitution pattern of the chiral ketones. The chiral

ketone [C6H5COCH(X)R] is in rapid equilibrium
under slightly basic conditions ([base] ¼ 33{34 mM).

Benzoin methyl ether (R ¼ C6H5, X ¼ OCH3) is hy-

drogenated by the RuH2 complex (S,R)-D in Fig. 5
via the six-membered TS 10Aanti, in which the

bulkier phenyl ring locates antiperiplaner to the

hydridic RuH moiety, predominantly a�ording the
anti-alcohol (Path A). It was found that the reduc-

tion of 2-methoxypropiophenone (R ¼ CH3, X ¼
OCH3) gave the corresponding alcohol in a 57:43
syn/anti ratio, due to the small size di�erence be-

tween the CH3 and OCH3 groups. These results sug-

gested that in this case, the electronegativity of the
a-substituents is not a decisive factor in diastereo-

selection, although electronegativity does frequently

control diastereoselectivity in nucleophilic addition
reactions of carbonyl compounds. The hydrogenation

of 2-(benzoylmethylamino)propiophenone (R ¼ CH3,

X ¼ N(CH3)COC6H5), catalyzed by the S/R com-
plex, occurs through the TS 10Bsyn to exclusively

a�ord the syn-alcohol. The bulky N(CH3)COC6H5

group is dominantly oriented antiperiplanar to the

Fig. 7.

Scheme 10.
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RuH moiety in this TS. Moreover, 2-(pivaloyla-
mino)propiophenone (R ¼ CH3, X ¼ NHCO-t-C4H9)

reacts in the same manner.

The TolBINAP/IPHAN{Ru and TolBINAP/

PICA{Ru catalysts: Achievement of unique

enantioselection

1-Tetralones, which are cyclic aromatic ketones
with a fused ring system, are dif�cult substrates to

hydrogenate with the original chiral diphosphine/

1,2-diamine{Ru catalysts. This problem was resolved
by the use of a chiral 1,4-diamine instead of the

1,2-diamine as a ligand. Thus, hydrogenation of

5-methoxy-1-tetralone with RuCl2[(S)-tolbinap][(R)-
iphan] [(R)-IPHAN ¼ (2R,3R,4R,5R)-3,4-O-isopropy-

lidene-2,5-diamine] (S/C ¼ 55,000) and t-C4H9OK in

2-propanol under 9 atm of H2 a�orded the R alcohol

in 98% ee quantitatively (Scheme 11).28) The �exible

seven-membered chelate ring formed by the chiral
1,4-diamine and Ru center appears to �t well with

the rigid structure of the fused bicycle of this ketone.

Indeed, the (S)-TolBINAP/(R)-IPHAN{Ru catalyst
exhibited excellent activity and enantioselectivity

for the hydrogenation of 4-, 5-, or 6-substituted 1-

tetralones. The (S)-XylBINAP and (R)-IPHAN-com-
bined catalyst gave the best results in the reaction of

1-tetralone itself and the 7-substituted analogues.

For the hydrogenation of 5,7-dimethyl-1-tetralone,
the (S)-BINAP/(R)-IPHAN combination was most

suitable. 4,5,6,7-Tetrahydrobenzofuran-4-one, a het-

eroaromatic analogue, was also hydrogenated with
the (S)-TolBINAP/(R)-IPHAN{Ru catalyst to give

the desired product in 96% ee without decomposition
of the heteroaromatic moiety. Substituted 2-cyclo-

hexenones are recognized as simpli�ed analogues of

1-tetralone. It was therefore possible to hydrogenate
2,4,4-trimethyl-2-cyclohexenone and the 3-methyl

substituted enone with the S/R catalyst to a�ord

the cyclic allylic alcohols in 96% and 80% ee, respec-
tively.

The asymmetric hydrogenation of sterically hin-

dered tert-alkyl ketones has been a persistent prob-
lem in the �eld of organic synthesis. For instance,

the reaction of pinacolone with the (S)-TolBINAP/

(S,S)-DPEN{Ru catalyst at an S/C of 2000 under
9 atm of H2 for 24 h gave (S)-3,3-dimethyl-2-butanol

in only 20% yield and 14% ee. We designed

RuCl2[(S)-tolbinap](pica) (PICA ¼ a-picolylamine;
Scheme 12) to achieve high catalytic ef�ciency, as

the PICA ligand was expected to create a large

pocket over the pyridine moiety, thereby enabling
the approach of the substrate with a bulky tert-alkyl

group.29) Indeed, the hydrogenation of pinacolone

with the (S)-TolBINAP/PICA{Ru complex at an
S/C of 100,000 in a base containing ethanol quanti-

tatively a�orded the S alcohol in 98% ee (Scheme

12). The optical yield was decreased to 36% when
the reaction was conducted in 2-propanol. This is

the only catalyst that provides high activity and

enantioselectivity for this reaction. A series of tert-
butyl ketones with alkyl, aryl, heteroaryl, and vinyl

groups was converted to the corresponding alcohol

in excellent ee. The sense of enantioselectivity, based
on the tert-butyl group, remained consistent. The

high carbonyl selectivity in the reaction of a,b-

unsaturated ketones suggests that this hydrogena-
tion also proceeded through the six-membered TS F

Scheme 11.
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illustrated in Scheme 5. Cyclic aromatic ketones, as
well as 1-adamantyl ketone, were hydrogenated in

the same manner. Interestingly, a,a-disubstituted b-

keto esters were successfully reduced with the same
sense of enantioselectivity as that seen in the re-

action of pinacolone, suggesting that the sterically

hindered ester moiety resembles a simple tert-alkyl
group.

The (S)-TolBINAP/PICA{Ru catalyst has en-

abled the asymmetric hydrogenation of acylsilanes
to chiral a-hydroxysilanes, which are chiral reagents

for stereocontrolled C{C bond formation and re-

arrangement. When benzoyl-tert-butyldimethylsilane
was hydrogenated with RuCl2[(S)-tolbinap](pica)

(S/C ¼ 10,000) and t-C4H9OK (10 mM) in ethanol

under 10 atm of H2 for 2.5 h, the desired (R)-a-
hydroxysilane was quantitatively obtained in 95% ee

(Scheme 13).30) The concentration of t-C4H9OK was

set at around 10 mM, because higher base concentra-
tion led to Si{C(OH) bond cleavage of the hydroxy-

silane via a Brook-type rearrangement.31) The enan-

tioselectivity was only slightly in�uenced by the
electronic properties of the aromatic substituents.

Acylsilanes with primary, secondary, and cyclic alkyl

groups were reduced with up to 99% optical yield.
a,b-Unsaturated acylsilanes, which easily su�er con-

jugate reduction, were predominantly converted to

the allylic a-hydroxysilanes. The allylic a-hydroxysi-
lane was readily transformed to the chiral vinylsilane

compounds without loss of optical purity, via the

Ireland{Claisen rearrangement.32)

The chiral environment of the Ru catalyst with

diphosphine and amine-based bidentate ligand is

tunable to a speci�c ketonic substrate by changing
the combination of these two ligands. For instance,

3-quinuclidinone, an amino ketone with a bicyclo[2.2.2]

skeleton, was hydrogenated with RuBr2[(S,S)-xylskew-
phos](pica) at an S/C of 100,000 in a basic ethanol

under 15 atm of H2 for 4 h to quantitatively a�ord

(R)-3-quinuclidinol in 88% ee, which was readily
puri�ed to >99% ee by recrystallization (Scheme

14).33) The high catalyst ef�ciency, reproducibility,
and operational simplicity realized 540-kg scale re-

actions in a chemical plant. This hydrogenation

approach has been commercialized for the produc-
tion of solifenacin, an M3 receptor antagonist.34)

Scheme 12.

Scheme 13.
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The h6-arene/TsDPEN{Ru and

MsDPEN{Cp�Ir catalysts: Beyond the

border between hydrogenation and

transfer hydrogenation

The asymmetric hydrogenation of ketones and

the transfer hydrogenation using 2-propanol or for-

mic acid as a reducing agent are complementary re-
actions for the synthesis of optically active alcohols.

Figure 8 shows the structures of the typical catalyst

precursors, RuCl2[(S)-binap][(S,S)-dpen]5) for hy-
drogenation, and RuCl[(S,S)-TsDpen](�6-p-cymene)

[TsDPEN ¼ N-(p-toluenesulfonyl)-1,2-diphenylethy-

lenediamine]35) for transfer hydrogenation. These two
complexes have a common partial structure (sur-

rounded by lines in Fig. 8); however, the cataly-

tic ef�ciencies of these two complexes di�er. This
di�erence in catalyst performance can be accounted

for by the reaction mechanisms described here. As

illustrated in Scheme 15, the �6-arene/TsDPEN{RuCl
complex G (X ¼ Cl) is converted to the 16-electron

amide complex H by HCl elimination in basic 2-

propanol, as shown by the broken arrow (depicting
the transfer hydrogenation mechanism).36) The com-

plex H then reacts with 2-propanol to give the active

RuH species K and acetone. A ketonic substrate is

smoothly reduced by K, resulting in the chiral alco-
hol and the regeneration of species H. In the cata-

lytic cycle of hydrogenation depicted in Scheme

5, the amide complex E is readily protonated by
2-propanol and/or protic compounds to give the

cationic species B, which activates H2 molecules to

generate the reactive RuH2 complex D through the
formation of the H2{bound compound C.15) Thus,

2-propanol is a hydride donor in the transfer hy-

drogenation, but it acts as a proton donor in the
hydrogenation.

According to the expected mechanistic proper-

ties of the reaction, we assumed that the Ru complex
G would be able to catalyze hydrogenation (not trans-

fer hydrogenation) under the appropriate cationic
conditions, shown along the unbroken line with

arrow (Scheme 15).37),38) The dissociation of X{ gives

cationic species I with a coordination site, and it ac-
cepts the H2 molecule to give J. Heterolytic cleavage

of H2 on the Ru atom forms the active RuH complex

K, which reduces the ketone to a�ord the alcoholic
product and the amide complex H. The protonation

of H in protic media regenerates the cationic species

I. The Ru complex G (X ¼ OTf ¼ OSO2CF3) shows
higher reactivity than the complex (X ¼ Cl) due to

the higher capacity for dissociation of (OTf){. The

more polar protic solvent CH3OH (e ¼ 33) is favored
over 2-propanol (e ¼ 20) for attaining high catalytic

ef�ciency.

The asymmetric hydrogenation catalyzed by the
�6-arene/TsDPEN{Ru complex proceeds under neu-

tral to slightly acidic conditions. This characteristic

rendered it possible to hydrogenate extremely base-
labile ketonic substrates. When 2.4-kg of 4-chroma-

none was reduced with Ru(OTf)[(S,S)-TsDpen](p-

cymene) at an S/C of 1000 in CH3OH under 17 atm
of H2 at 50 �C for 8 h, (S)-4-chromanol was quantita-

tively obtained in 98% ee (Scheme 16).37) The chiral

alcohol is now commercially available. Due to decom-
position of the substrate, the hydrogenation of 4-

chromanone has only rarely been performed with

the diphosphine/diamine{Ru complex in a slightly
basic alcohol.

Optically active aromatic chlorohydrins are use-

ful and versatile intermediates in the synthesis of
biologically active compounds. The asymmetric hy-

drogenation of a-chloro ketones, which are another

base-sensitive substrates, is one of the most direct
and reliable methods for the preparation of this

Scheme 14.

Fig. 8.
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important class of compounds. We found that

Ru(OTf)[(S,S)-TsDpen](p-cymene) e�ectively cata-
lyzes this asymmetric transformation.39) The re-

action of a-chloroacetophenone (208 g) with the S,S

complex (S/C ¼ 1000) in CH3OH under 10 atm of
H2 was completed in 10 h to a�ord the R alcohol

in 96% ee (Scheme 17). A series of chloro ketones

with either an electron-attracting or -donating group

on the phenyl ring was hydrogenated with high en-

antioselectivity. Ru(OTf)[(S,S)-TsDpen](mesitylene)
showed even higher enantioselective ability in some

cases. The slightly acidic reaction conditions allowed
for the hydrogenation of 2-chloro-3’-hydroxyaceto-

phenone without protection of the phenolic hydroxy

group.
a-Hydroxy aromatic ketones are similar in struc-

ture to the above-mentioned a-chloro ketones. How-

ever, hydrogenation of the hydroxy ketones was poorly
catalyzed by the Ru(OTf)(TsDpen)(p-cymene). For-

tunately, this problem was resolved by the use of an

isoelectronic Cp�Ir(OTf)(MsDpen) (Cp� ¼ pentame-
thylcyclopentadienyl, MsDPEN ¼ N-(methanesul-

fonyl)-1,2-diphenylethylenediamine) as the catalyst

(Scheme 18).40) When a-hydroxyacetophenone was
hydrogenated with Cp�Ir(OTf)[(S,S)-MsDpen] at an

S/C of 6000 in CH3OH under 10 atm of H2 at 60 �C
for 15 h, (R)-1-phenyl-1,2-ethanediol was obtained in
96% ee and 97% chemical yield. The electronic char-

acter of the catalyst notably in�uenced the reactivity

in this case. Thus, the hydrogenation catalyzed by
Cp�Ir(OTf)[(S,S)-TsDpen] (not MsDPEN) under the

Scheme 15.

Scheme 16.
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same reaction conditions gave the diol in only 12%
yield. A series of 1-aryl-1,2-ethanediols was produced

in up to 99% ee by the MsDPEN{Cp�Ir-catalyzed

hydrogenation. 1-Hydroxy-2-propanone, an aliphatic
ketone, was also reduced with good enantioselectivity.

As shown in Scheme 19, the MsDPEN{Cp�Ir

complex ef�ciently catalyzed the asymmetric hydro-
genation of aromatic heterocyclic ketones. The reac-

tion of 4-chromanone with an S/C of 5000 under 15

atm of H2 at 60 �C was completed in 24 h to a�ord
the chiral alcohol in 99% ee.41) Thus, the enantio-

selectivity was even higher than that of the reaction

with the p-cymene/TsDPEN{Ru complex (99% vs.
98%; see Scheme 16).37) The substituted 4-chroma-

nones and 4-thiochromanone were hydrogenated

with nearly perfect enantioselectivity. A cyclic keto
sulfone and a tetrahydro-4-quinolinone were also

found to be good substrates for this reaction. The hy-

drogenation of 1-tetralone (S/C ¼ 500, 15 atm H2,
24 h) gave the alcohol in only 93% ee and 88% chem-

ical yield. These results suggested that a heteroatom,

especially oxygen, in the aliphatic moiety of the ke-
tonic substrate is crucial to achieve high reactivity

and enantioselectivity with this reaction. For the

hydrogenation of 1-tetralone, use of the XylBINAP/

IPHAN{Ru catalyst is recommended (see Scheme
11).28) 3(2H )-Benzofuranones and 1-indanone were

converted to the desired alcohols in high ee by the

MsDPEN{Cp�Ir{catalyzed hydrogenation.

Conclusion

High reactivity, enantioselectivity, and appli-

cability for substrates are all desirable properties of
the asymmetric hydrogenation of ketones. The ratio-

nal design of chiral catalysts has been a key issue in

the achievement of this goal. Four types of hydro-
genation catalysts have been described in this manu-

script, i.e., 1) chiral diphosphine/diamine{Ru, 2) chi-

ral diphosphine/PICA{Ru, 3) �6-arene/TsDPEN{Ru,
and 4) MsDPEN{Cp�Ir systems.

The TolBINAP/DPEN{Ru and XylBINAP/

DAIPEN{Ru catalysts have achieved high catalytic
activity (TON ¼ 2,400,000, TOF ¼ 228,000 h{1) and

enantioselectivity (up to >99% ee) in the hydrogena-
tion of simple ketones (Type 1). A concerted six-

Scheme 17.

Scheme 18.
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membered TS is proposed. The combination of

TolBINAP and DMAPEN, an N,N-dimethyl diamine,

shows high enantioselectivity for the reaction of a-
branched aromatic ketones and aryl vinyl ketones

by the shape-selective chiral environment (Type 1).

The use of IPHAN, a chiral 1,4-diamine, instead of
1,2-diamine a�ords high enantioselectivity in the

reaction of 1-tetralones (Type 1). The TolBINAP/

PICA{Ru catalyst carries out the hydrogenation of
bulky tert-alkyl ketones and acyl silanes with high

stereoselectivity (Type 2). The XylSkewphos/PICA

combined catalyst has commercialized the hydro-
genation of 3-quinuclidinone (Type 2). The �ndings

of mechanistic studies led to the design of the p-

cymene/TsDPEN{Ru catalyst (Type 3). Slightly
acidic reaction conditions allowed for the hydro-

genation of base-labile 4-chromanone and a-chloro

ketones. The isoelctronic MsDPEN{Cp�Ir catalyst
enables the reaction of a-hydroxy ketones and cyclic

aromatic ketones (Type 4).

The four types of catalyst describes here cover
various regions of ketonic substrates. The custom

design of catalysts is expected to generate a set of

universal catalysts for the asymmetric hydrogenation
of ketones.
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