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ABSTRACT

The poly(ethylene glycol)-supported ruthenium precatalyst shown above is highly effective for asymmetric transfer hydrogenation of
unfunctionalized aromatic ketones by HCOONa in neat water, affording fast rates, good to excellent enantioselectivities, and outstanding
reusability.

Asymmetric transfer hydrogenation of ketones has recently
emerged as an alternative method to asymmetric hydrogena-
tion for the production of chiral alcohols due to its operational
simplicity and the easy availability of reductants.1 Among
the various chiral catalysts reported, the most notable is the
ruthenium catalyst Ru-TsDPEN (TsDPEN) N-(p-toluene-
sulfonyl)-1,2-diphenylethylenediamine) developed by Noyori,
Ikariya, Hashiguchi, and co-workers.2 This catalyst and
related variants have since been applied by Noyori, Ikariya,
and others to a wide range of prochiral ketones and imines,
leading to good to excellent ees in 2-propanol and the

HCOOH-NEt3 azeotropic mixture, which have been used
almost exclusively as hydrogen donor as well as solvent for
the ruthenium catalyst.3-6 In terms of catalyst activity and
reusability, there is still room for improvement, however.
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Herein we report that, when carried out in water, the ketone
reduction can be drastically accelerated with the additional
benefit of very easy catalyst recycle.

As with most other homogeneous catalysts, the Noyori-
Ikariya Ru-TsDPEN catalyst cannot be easily separated from
products. To address the challenge, various immobilized
TsDPEN and related ligands have been reported. However,
few have been demonstrated to be both effective and
recyclable, and none appears to be more active than TsDPEN
itself.5,6 As part of a program aimed at developing supported
chiral diamines,7 we recently reported that the poly(ethylene
glycol)-supported TsDPEN, PTsDPEN, is effective in the
Ru(II)-catalyzed asymmetric reduction of unfunctionalized
aromatic ketones by HCOOH-NEt3; however, catalyst
recycle appears to be possible only when some water is
present as a cosolvent.7a In its absence, much reduced
conversions and ees were observed. We now disclose that
water is in fact an excellent solvent for the Ru-PTsDPEN-
catalyzed reaction with HCOONa as a reductant. Very
recently, we have shown that the unmodified Ru-TsDPEN
is also highly effective for ketone reduction by HCOONa in
water;8 however, recycle of the catalyst proved to be difficult
due to the catalyst being soluble in common solvents, which
renders catalyst separation by extraction impossible.

We set out by examining the asymmetric transfer hydro-
genation of acetophenone to 1-phenylethanol. The precatalyst
was generated by reacting the polymer-supported ligand
PTsDPEN with [RuCl2(p-cymene)]2 in water at 40°C for 1

h with no need for additional base.9,10 The transfer hydro-
genation started with the introduction of 5 equiv of HCOONa
(2.5 M) and acetophenone (0.5 M). To our delight, the
reaction proceeded to give a 99% conversion at a substrate/
catalyst (S/C) ratio of 100 and 40°C in 1 h, furnishing (R)-
1-phenylethanol in 92% ee (entry 1, Table 1). In comparison

with the HCOOH-Et3N azeotrope solvent using similarly
prepared catalyst11 or using the Ru-TsDPEN catalyst,10 the
current system affords a reduced ee, but a much faster rate.
This is evident from the time-conversion diagram shown
in Figure 1. With the azeotrope as both reductant and solvent,
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Table 1. Asymmetric Transfer Hydrogenation of
Acetophenone under Various Conditionsa

entry S/C
[HCOONa]

(M)
temp
(°C)

time
(h)

conversionb

(%)
eeb

(%)

1 100 2.5 40 1 99 92
2 100 2.5 22 8 >99 93
3 100 1.0 40 4 >99 89
4 100 5.0 40 1 >99 93
5c 100 2.5 22 8 >99 94
6 1000 5.0 40 12 >99 89
7d 1000 5.0 40 44 >99 89
8e 1000 5.0 40 44 36 75
9f 1000 40 12 34 89g

a For detailed procedures, see ref 9.b Determined by GC. The alcohol
configuration wasR and was determined by comparison of GC retention
time or sign of optical rotation with literature data.c Sodium dodecyl sulfate
(4 mol %) was added.d Performed in CH2Cl2-H2O (1:1). e Performed in
toluene-H2O (1:1). f According to Wills’s procedure, iniPrOH with (1R,2S)-
(+)-amino-2-indanol as a ligand.4h g (S)-Isomer formed.
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Table 1 also shows the effect of other variables on the
reaction. Thus, lowering the temperature to 22°C yielded a
slightly higher ee at a longer time. The reaction is also
affected by the concentration of the formate, with a lower
concentration yielding a slower reduction and a lower ee
(entries 1, 3, and 4), but it does not appear to be much
affected by adding a surfactant (entry 5). Similar observations
have been made with the ruthenium catalysts containing
proline amides6c and a water-soluble, sulfonated TsDPEN.6a

However, surfactants have proved to be important with these
catalysts, particularly in the case of the latter. In our case,
PEG itself can serve as a phase-transfer catalyst,12,15 facilitat-
ing the transfer of ketones to water. The reaction was also
feasible at a higher S/C ratio of 1000, though a prolonged
reaction time was necessary (entry 6). The benefit of using
neat water as the solvent is further seen in entries 7 and 8,
where dichloromethane and toluene were introduced into the
aqueous solution, respectively, creating a biphasic system
in both cases. The presence of the organic solvents brought
about a much slower reaction and, unexpectedly, resulted in
a significant reduction in ee in the case of toluene. Although
the decrease in rates may be ascribed to substrate diffusion
control, a homogeneous mixture of H2O-CH3CN led to a
similar, slow reaction. The advantage of the current system
over one of the most active asymmetric transfer catalysts, a
complex similar to Ru-TsDPEN but containing aâ-amino
alcohol ligand, is seen by comparing entries 9 and 6.4h

Encouraged by the results, the reduction was extended to
other nonfunctionalized aromatic ketones. Table 2 sum-

marizes the results obtained. As can be seen, various ketones,
including 2-substituted, electron-rich, and electron-deficient
variants, were reduced with good to excellent ee values using
HCOONa as the reductant and neat water as the solvent. At
the room temperature of 22°C, the reactions took longer
times to complete than at 40°C but gave slightly higher
ees. As in the case of acetophenone, a most notable feature
of these reactions is their rates, which are much faster than
those observed with the same Ru-PTsDPEN catalyst in the
HCOOH-NEt3 azeotrope. Thus, for example, when carried
out in the azeotrope at 50°C at S/C) 100 (1 M substrate),
the reduction of 4′-methylacetophenone with Ru-PTsDPEN
led to a conversion of 75% in 30 h and an ee value of 88%.7a

In sharp contrast, when switched to aqueous HCOONa, the
same catalyst afforded a conversion of 99% and an ee of
86% in 18 h at a lower temperature of 22°C. Another
remarkable example is seen in the reduction of 1-indanone
with Ru-PTsDPEN, which led to a 71% conversion and
88% ee in 25 h at 50°C in HCOOH-NEt3,7a but a complete
reaction with an increased ee of 92% in 3 h at 40°C in
water.

The PEG-supported TsDPEN was designed to facilitate
catalyst/product separation. However, as indicated above,
when the reduction was carried out in the HCOOH-NEt3
azeotrope, catalyst recycle led quickly to loss of catalyst
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Figure 1. Conversion-time diagram for the reduction of acetophe-
none (0.5 M) in HCOONa-water with Ru-PTsDPEN9 and in
HCOOH-NEt3 with Ru-TsDPEN10 and Ru-PTsDPEN11 at 40
°C.

Table 2. Asymmetric Transfer Hydrogenation of Ketones with
Ru-PTsDPEN by HCOONa in Watera

ketoneb

temp
(°C)

time
(h)

conversionc

(%)
eec

(%)

Acp 22 8 >99 93
Acp 40 1 99 (98) 92
2′-chloro-acp 22 13 >99 91
2′-chloro-acp 40 1.5 100 (99) 85
4′-chloro-acp 22 13 >99 (98) 90
4′-trifluoromethyl-acp 22 12 >99 (91) 85
3′-methoxy-acp 22 18 98 (97) 90
4′-methyl-acp 22 18 >99 (99) 86
1′-acetonaphthone 22 36 85 (91) 88
2′-acetonaphthone 22 36 >99 94
2′-acetonaphthone 40 8 88 (87) 92
2-acetylfuran 22 18 98 (87) 91
1-indanone 22 18 >99 93
1-indanone 40 3 100 (98) 92
1-tetralone 22 18 >99 94
1-tetralone 40 3 98 (97) 92

a Reactions were performed at the temperatures indicated, using 1 mmol
of ketone, 5 equiv of HCOONa, and a S/C ratio of 100 in 2 mL of water.
b Acp ) acetophenone.c Determined by GC equipped with a chiral column.
Numbers in brackets refer to isolated yields for reactions performed at 40
°C (for details, see Supporting Information). The alcohol configuration was
R.
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activity and enantioselectivity, presumably due to the
decomposition of active Ru-PTsDEPEN complexes.7a In the
aqueous-phase reaction, the ruthenium catalyst is certainly
more stable. In fact, the reduction with Ru-PTsDEPEN can
be run in water in the open air without much compromise
in conversion and ee (95% conversion and 91% ee in 1.5 h
with S/C ) 100 and 5 equiv of HCOONa).

With a stable catalyst system in hand, separation and
recycle of the catalyst becomes much easier to perform. Thus,
in the end of a reduction, a solvent of low polarity such as
diethyl ether can be added to precipitate the Ru(II)-
PTsDPEN catalyst.12 In the particular case of acetophenone
reduction, we measured the leached ruthenium; ICP analysis
showed that 0.4 mol % ruthenium had leached into the
organic phase (diethyl ether).

A demonstration of the excellent recyclability of the
catalyst is shown in Figure 2. As can be seen, the im-
mobilized catalyst can be reused more than 10 times with
no loss in enantioselectivity. Toward the end of the recycle
(runs 12-14), longer reaction times were necessary to deliver
the observed conversions. This decrease in catalytic activity
is most likely due to catalyst loss during solvent extraction
rather than its decomposition, as the ees remained literally
unchanged even at the 14th run. To the best of our
knowledge, this represents the most efficient catalyst system
in transfer hydrogenation in terms of catalyst recyclability
and activity5,6 and a novel example of water-accelerated
reactions in aqueous catalysis.13

In conclusion, this work demonstrates that the Ru-
PTsDPEN catalyst is highly effective for the asymmetric
transfer hydrogenation of ketones by formate in water, in
which it is stable, recyclable, and capable of delivering good
to excellent enantioselectivities. A most interesting question
arising from the work is how water stabilizes the ruthenium
catalyst and accelerates the reaction.14 This and the possible

application of the catalytic system to other reactions are being
explored in our lab.
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Figure 2. Conversions (grey bar) and ees (black bar) (%) against
number of runs in the reduction of acetophenone by HCOONa with
Ru-PTsDPEN in water at 40°C.9
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