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Abstract—Polar bisphosphonic acid-derived Ru(BINAP)(DPEN)Cl2 precatalysts were synthesized and immobilized in room tem-
perature ionic liquids (RTILs) for asymmetric hydrogenation of aromatic ketones with ee values of up to 98.7%. The performance
of the Ru catalysts is highly dependent on the nature of imidazolium ILs. For the imidazolium ILs without acidic protons, both ILs
and Ru catalysts were recycled by simple extraction and reused. Such a simple immobilization approach also prevented the leaching
of Ru (and Ru catalysts) into the chiral secondary alcohol products, and should prove desirable for the production of pharmaceu-
tical intermediates that are free from metal contaminants.
� 2004 Elsevier Ltd. All rights reserved.
Catalytic asymmetric hydrogenation has been estab-
lished as one of the most important methods for the syn-
thesis of chiral molecules over the past three decades.1

Elegant work by Noyori et al. has recently demonstrated
the efficient synthesis of a variety of chiral secondary
alcohols via the asymmetric hydrogenation of simple ke-
tones by the Ru(XylBINAP)(DAIPEN)Cl2 (XylBINAP
is (R)-2,2 0-bis[bis(3,5-dimethylphenyl)phosphino]-1,1 0-
binaphthalene and DAIPEN is (2R)-1,1-bis(4-methoxy-
phenyl)-3-methyl-1,2-butanediamine) precatalyst via an
interesting catalytic pathway.2 Compared to heteroge-
neous catalysts widely used for the production of com-
modity chemicals, homogeneous asymmetric catalysts
are however often very expensive and difficult to recycle
and reuse. Immobilization of homogeneous asymmetric
catalysts on solid supports or liquid biphasic systems
represents an interesting approach to catalyst recycle
and reuse.3 Room temperature ionic liquids (RTILs)
have recently been explored as interesting alternatives
to organic solvents as reaction media because they are
environmentally benign and are easy to prepare and
modify to impart desirable characteristics.4 These fea-
tures particularly make RTILs ideal solvents for the
synthesis of high-value chiral organic compounds via
catalytic processes. In ideal scenarios, not only high
enantioselectivity can be obtained but also both ILs
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and asymmetric catalysts can be recycled and reused.5

Herein we wish to report the immobilization of polar
bisphosphonic acid-derived Ru(BINAP)(DPEN)Cl2
precatalysts (DPEN is (R,R)-1,2-diphenylethylenedi-
amine) in RTILs for enantioselective hydrogenation of
aromatic ketones.

Two polar Ru precatalysts [((R)-L1)Ru((R,R)-
DPEN)Cl2], (R,RR)-1, and [((R)-L2)Ru((R,R)-
DPEN)Cl2], (R,RR)-2, were synthesized according to
our recently reported procedures5d,6 by first treating
2,20-bis(diphenylphosphino)-1,10-binaphthyl-4,40-bisphos-
phonic acid (L1) or 2,2 0-bis(diphenylphosphino)-1,1 0-
binaphthyl-6,6 0-bisphosphonic acid (L2) with [Ru(benz-
ene)Cl2]2 followed by the addition of (R,R)-DPEN,
respectively (Scheme 1).5,7 These polar precatalysts were
used for the catalytic studies with the hope of facilitating
the immobilization of the catalysts in the IL phase by
taking advantage of their insolubility in the solvents
used to extract the chiral alcohol products. Three differ-
ent imidazolium RTILs, n-butyl-3-methylimidazolium
tetrafluoroborate (BMImBF4), n-butyl-3-methylimi-
dazolium hexafluorophosphate (BMImPF6), and n-prop-
yl-2,3-dimethylimidazolium bis(trifluoromethylsulfon-
yl)amide (DMPIIm) were first used for this study
(Scheme 2).

As shown in Table 1, a variety of aromatic ketones were
hydrogenated with both (R,RR)-1 and (R,RR)-2 in a
mixture of RTIL–isopropanol. Asymmetric hydrogen-
ation reactions of aromatic ketones were carried out in
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Table 1. Asymmetric hydrogenation of aromatic ketonesa

2 mol% KOtBuAr

O

R

H2

Ar

OH

R

0.1 % Ru(Lx)(DPEN)Cl2+ (Lx = BINAP, L1, or L2)

Substrate BINAP L1 ee% (conversion%) L2 ee% (conversion%) L1

IPAb IPAb BMImBF4 DMPIImb BMImPF6 IPAb BMImPF4 DMPIImb BMImPF6 BDMImBF4
b

Ar = 1-naphthyl, R = Me 96.7 99 98.5 (22) 98.5 93.9 (86) 96.6 94.3 (>99) 97.3 97.9 (32) 92.9

98.3c 92.3 (5)c 96.7c

Ar = 2-naphthyl, R = Me 68.9 97.9 96.3 (68) 96.7 80.5 (>99) 82.6 83.9 (>99) 80.1 — —

Ar = Ph, R = Me 77.5 97.1 93.1 (49) 96.1 78.9 (97) 81.3 74.7 (77) 76.2 94.7 (66) —

Ar = 4 0-tBu–Ph, R = Me 83.9 99.1 98.7 (>99) 98.1 93.7 (>99) 91.6 94.1 (>99) 92.5 — 98.3

Ar = 4 0-MeO–Ph, R = Me 52.3 95.4 96.7 (41) 93.3 75.9 (37) 80.7 81.9 (60) 78.7 46.1 (>99) 93.1

Ar = 4 0-Cl–Ph, R = Me 54.5 95.8 93.3 (>99) 93.7 56.9 (93) 52.5 60.9 (>99) 53.4 92.9 (61) 89.2

Ar = 4 0Me–Ph, R = Me 72.9 97.4 95.9 (28) 96.5 64.7 (39) 78.1 81.1 (>99) 78.1 95.5 (45) 94.7

Ar = Ph, R = Et 83.3 94.2 91.7 (23) 92.9 82.7 (83) 83.0 82.1 (23) 83.8 86.9 (35) —

Ar = Ph, R = cyclo-Pr 51.9 91 88.7 (11) 89.3 62.5 (44) 59.5 79.7 (23) 56.1 86.9 (15) 80.3

a The ee values were determined by chiral GC on a Supelco b-Dex 120 column. The absolute configurations of the products are identical to those

obtained by the Ru[(R)-BINAP][(R,R)-DPEN]Cl2 precatalyst.
b All the conversions were >99% unless indicated otherwise (inside the parentheses).
c 0.01 mol% Catalyst loading.
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the presence of 0.1 mol% of precatalysts 1 and 2 in the
presence of KOtBu in both isopropanol and mixtures
of RTIL–isopropanol.8 Very high ee�s (up to 98.7%)
were obtained with precatalyst 1 in isopropanol and
RTIL–isopropanol mixed solvents, and there is very
small difference between ee�s for the reactions in isopro-
panol alone and in RTIL–isopropanol. Precatalyst 2
afforded much lower ee�s than 1. The ee�s afforded by
2 are comparable to those of the Ru(BINAP)-
(DPEN)Cl2 precatalyst. The greatly enhanced ee�s ob-
served for precatalyst 1 in RTIL–isopropanol mixed
solvents are consistent with our earlier studies of homo-
geneous asymmetric hydrogenation of aromatic ketones
by the catalysts derived from 4,4 0-disubstituted
BINAPs.6 Our earlier single crystal X-ray diffraction
studies indicated that the bulky substituents on the
4,4 0-positions will have significant repulsive interactions
with the aryl ring of the aromatic ketone in the
disfavored transition state and thus lead to the
enhancement of enantioselectivity.

The catalytic activities however vary greatly among
the RTIL–isopropanol systems. Mixture solvents of
BMImBF4/isopropanol or BMImPF6/isopropanol gave
low activity for a number of substrates, while a mixture
of DMPIIm and isopropanol gave high catalyst activity
(complete conversions) for all the substrates studied.
The low conversions observed for BMImBF4 and
BMImPF6 could be a result of catalyst poisoning by
BF�

4 or PF�
6 anions. Alternatively, the strong base co-

catalyst can deprotonate the imidazolium ions to gener-
ate Arduango carbenes, which can in turn poison the
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catalyst. In contrast to BMImBF4 and BMImPF6,
DMPIIm lacks acidic proton and BF�

4 and PF�
6 anions.

To elucidate which mechanism is at work, we have car-
ried out hydrogenation of aromatic ketones in a mixture
of n-butyl-2,3-dimethylimidazolium tetrafluoroborate
(BDMImBF4) and isopropanol. Interestingly, complete
conversions were obtained for all the substrates tested
under the same conditions (although with slightly lower
ee�s) (see the last column in Table 1). This control experi-
ment supported the argument that the generation of
Arduango carbenes under catalytic conditions is respon-
sible for the low catalytic activity observed for the reac-
tions carried out in BMImBF4 and BMImPF6. This
work thus shows that the nature of RTILs can have a
significant influence on their performance in catalytic
reactions.

We have also demonstrated that both DMPIIm and cata-
lyst 1 can be recycled and reused several times for
asymmetric hydrogenation of 1-acetonaphthone in a
mixture of DMPIIm/isopropanol.9 With 0.1 mol% cata-
lyst loading, 1-acetonaphthone was hydrogenated at
98.5% ee and 100% conversion, 98.1% ee and 100% con-
version, 95.9% ee and 92% conversion, 94.5% ee and
40% conversion, 93.1% ee and 32% conversion, and
92.9% ee and 32% conversion, for six consecutive runs.
Direct current plasma (DCP) spectroscopy further
showed that no appreciable leaching of Ru occurred
during the extraction of organic products. We estimated
from DCP experiments that less than 0.01% of the Ru
catalyst has leached into the chiral alcohol phase from
the DMPIIm phase.

In summary, we have successfully applied polar phos-
phonic acid-derived Ru(BINAP)(DPEN)Cl2 systems
for asymmetric hydrogenation of aromatic ketones in
RTILs with high ee�s. Both RTIL and RTIL-immobi-
lized catalysts were recycled and reused with no appre-
ciable leaching of Ru into the chiral alcohol products.
We believe that immobilization of homogeneous asym-
metric catalysts in RTILs represents an interesting
approach toward catalyst recycle and reuse and
preventing the leaching of toxic metals into the organic
products.
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