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Asymmetric transfer hydrogenation (ATH) is frequently carried out in the azeotropic mixture of formic
acid (F) and triethylamine (T), where the F/T molar ratio is 2.5. This study shows that the F/T ratio affects
both the reduction rate and enantioselectivity, with the optimum ratio being 0.2 in the ATH of ketones
with the Ru-TsDPEN catalyst. Under such conditions, a range of substrates have been reduced, affording
high yields and good to excellent enantioselectivities. In comparison with the common azeotropic F-T
system, the reduction is faster. This protocol improves both the classic azeotropic and the aqueous-
formate system when using water-insoluble ketones.

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

ATH has emerged as a powerful and practical tool for reduction
reactions in both academia and industry. It is simple to oper-
ate, requiring neither the hazardous hydrogen gas nor pressure
vessels, and there are a number of chemicals that are easily avail-
able and can be used as hydrogen donors [1]. The first example
of ATH appeared as enantioface discriminating reduction in the
1970s from the groups of Ohkubo and Sinou, who explored the
catalysis with [RuCl,(PPhs)3] in the presence of a chiral monophos-
phine or chiral hydrogen donor [2]. However, the optical purity of
products was generally low before the 1990s, with few ee values
exceeding 90% [3]. Among the catalysts developed for ATH so far,
the most notable and successful one is the TsDPEN-coordinated
(TsDPEN = N-(p-toluenesulfonyl)-1,2-diphenylethylenediamine, 1)
Ru(Il) complex (Ru-1) discovered by Noyori and co-workers in 1995
[4]. The application of the TsDPEN type ligand has led to the reduc-
tion of a wide range of substrates containing C=X (X=0, N, C)
bonds with excellent ee’s (up to 99%), including especially aromatic
ketones and imines [5]. This significant breakthrough has inspired
intense research into this field. As a result, a variety of related
metal catalysts have been developed. Generally, the catalysts of
choice are complexes based on the platinum metals rhodium [6]
iridium [7] and ruthenium [8]. While other catalysts such as iron
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complexes and organocatalysts have been reported, their reduction
rates and/or enantioselectivities are generally inferior [9-12].

The reaction medium and hydrogen sources employed are
also important for the ATH reactions. Most often, the metal-
catalyzed ATH reactions are performed in 2-propanol (IPA) or in
the azeotropic mixture of formic acid (HCOOH) and triethylamine
(NEts) (F-T), in which the F/T molar ratio is 2.5:1 [5d,h,i,8a,c,13]. A
drawback regarding ATH in IPA is the reversibility of the reduction
process. The equilibrium is regulated by the oxidation poten-
tials of the relevant carbinol/ketone couples. The reaction gives a
high stereoselectivity at low conversions, but the reverse reaction
gets faster and the enantioselectivity declines as the conversion
increases [14]. To optimize the conversion in IPA, the catalytic
reaction is generally performed at a low substrate concentration.
The azeotropic F-T, which acts as both the solvent and hydrogen
donor, is a better hydrogen-donor than IPA because the result-
ing carbon dioxide is thermodynamically much more stable and
can be removed, thus making the reaction irreversible. Further-
more, it gives a single phase at room temperature and is miscible
with many organic compounds at 20-60 °C, allowing for high sub-
strate concentrations without reverse reaction and racemization.
The main drawback for ATH in the azeotropic F-T is that some
catalysts undergo fast decomposition in it and some may lose com-
pletely the catalytic activity [14]. Another downside is that a long
induction period may exist, necessitating a long reaction time to
achieve good conversion [15].

Recently, we reported that water can be used as green solvent in
ATH catalyzed by Ru(II), Rh(IIl) and Ir(Ill) complexes [50,8d,15-20].
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The reduction affords fast reaction rate, excellent enantioselectiv-
ity and high chemoselectivity in a short reaction time for a wide
range of substrates at substrate to catalyst ratios (S/C) ranging
from 100:1 to 10,000:1. Moreover, it is easy to conduct, requir-
ing no modification to the ligands, no organic solvents, and often
no inert gas protection throughout. Additional advantage includes
the use of HCO,Na, a safe inexpensive reductant. This aqueous-
phase reduction provides a new method that is simple, economical
and eco-friendly, and can be readily adopted for laboratory syn-
thesis and commercial scale production of chiral alcohols [16f,17].
However, not all ketones can be reduced in water with high con-
version and good ee’s, partly due to their limited solubility in water
[1,5h,u,9¢,14,16d,18]. Although surfactant can be used for ATH in
water, [6b,18¢,19] they obviously add further complication to the
reaction.

During our study, we found that the pH of the reaction
solution plays a crucial role in the catalyst performance in the
aqueous-phase ATH [15,16a,c]. Both the reduction rate and enan-
tioselectivity can be dependent on the solution pH. Further studies
have revealed that this pH regulation is common for ATH of ketones
and imines in water [5u,6b,1,8d,n,0,9e,j-1,n,10,12b,15,16,18d,20].
These observations prompted us to investigate the effect of the
F/T molar ratios on ATH of ketones in F-T mixtures, in the hope
to improve this powerful transformation. Surprisingly somehow,
there are only two examples in the literature, where the F/T ratio
was reduced to 1/1, and in each case, only one ketone substrate was
examined [21].

2. Experimental
2.1. Instruments

TH (400 MHz, 298K) and 13C (100 MHz, 298 K) NMR spectra
were recorded on a 400 MHz Bruker spectrometer in CDCl3 solu-
tion. Chemical shifts are reported as & (inppm) relative to the
residual solvent (CDCl3) peak for 'H and !3C. Gas chromatographic
(GC) analyses for chiral alcohol products were performed on a
Varian CP-3380 GC equipped with a Chrompack Chirasil-Dex CB
column (25 m x 0.25 mm, 80 psi helium carrier gas, 60 psi hydrogen
gas and 250 °C injector temperature) or a GILSON UV/VIS-151 HPLC
equipped with a Chiral OD or OD-H column (ambient temperature,
254 nm detection). MS spectra were measured on Finnigan Mat TSQ
700 instrument. Analytical TLC was carried out utilizing 0.25 mm
precoated plates (silica gel 60 UV,54) and spots were visualized by
use of UV light and silica-I, revelation. Column chromatography
was performed with silica gel 60 (70-230 mesh, Fluka).

2.2. Chemicals

[RuCl,(p-cymene)],, [Cp*RhCl; ], [Cp*IrCl; |,, TSDPEN, ketones,
HCOONa, HCOOH, NEts, and N,N-diisopropylethylamine were pur-
chased from Johnson Matthey, Aldrich, Fluka, Strem, or Lancaster,
and used without further purification unless otherwise noted.
Water was deionized before use as solvent.

2.3. General procedure for preparation of catalysts

All the reactions were carried out under a nitrogen atmosphere
using standard Schlenk techniques, and all glassware was oven-
dried for a minimum of two hours before use, unless otherwise
stated.

The M-1 catalysts were generated in situ by reacting M
(JRuCly(p-cymene)],, [Cp*RhCly ],, or [Cp*IrCl; )5, 0.005 mmol) and
1 ((R,R)-TsDPEN, 0.012 mmol) in 2 mL of solvent. After stirring the

mixture at 40 °C for 0.5 h, the suspension was directly used for the
subsequent reduction reactions.

2.4. General procedure for ATH of ketones

A typical procedure for the ATH of acetophenone (acp) with Ru-
1 in a F-T mixture is as follows. The precatalyst was prepared by
reacting [RuCl,(p-cymene)]; (3.1 mg, 0.005 mmol) and 1 (4.4 mg,
0,012 mmol) in degassed F-T (2 mL) with different F/T molar ratios
(0.09/1 to 4.6/1) at 40°C for 0.5h under N,. Then acp (0.11 mL,
1 mmol) was added and the reaction mixture was allowed to react
at 40°C for a certain period of time, and monitored by analytical
TLC. The reaction mixture was then cooled to room temperature,
followed by extraction with CH,Cl, (DCM, 3 x 3 mL). The organic
phase was then collected, a small amount of which was passed
though a short silica gel column before being subjected to GC analy-
sis. For isolation, the mixture was then dried over Na,;SQOy, filtered,
concentrated and purified by silica gel column using hexane and
ethyl acetate as eluent to give the expected product. The prod-
ucts were routinely analyzed by comparing their GC/HPLC and
NMR ('H and 13C) data with the literature data, and additionally
by mass spectroscopy and elemental analysis when it was neces-
sary. The stereochemistry of products was assigned by comparing
the GC/HPLC retention time with the literature data. The products
under question have been reported in the literature [5,14-17].
(R)-1-Phenylethanol: [5j,16¢] GC (Chirasil Dex CB): carrier gas:
helium, 80 psi; injector temperature: 250 °C; column temperature:
120°C; 8.17 min (R); 8.29 min (S). "H NMR (400 MHz, CDCl3/TMS):
6=1.49 (d, J=6.5Hz, 3 H), 1.83 (bs, 1 H), 4.88 (q, J=6.5Hz, 1 H),
7.24-7.28 (m, 2 H), 7.32-7.38 ppm (m, 3 H). 13C NMR (100 MHz,
CDCl3/TMS): §=25.5,70.8,125.8,127.8,128.9,146.2 ppm. MS CIm/z
(%): 140 ([M+NH4*], 29), 122 (M*, 100). Elemental analysis calcd (%)
for CgH100 (122.16): C, 78.65; H, 8.25. Found: C, 78.47; H, 8.35.
(R)-1-(4'-Nitrophenyl)ethanol, (Entry 1, Table 2):[16c] GC
(Chirasil Dex CB): carrier gas: helium, 80 psi; injector temperature:
250°C; column temperature: 175°C; 8.36 min (R); 9.27 min (S).
HPLC (Chiral OD); eluent: 2-propanol/hexane 5/95; tempt, r.t.; flow
rate, 1.0 mL/min; detection, 254 nm light): 15.40 min (S), 16.41 min
(R). TH NMR (400 MHz, CDCl5/TMS): §=1.52 (d, J=6.5Hz, 3 H), 2.10
(bs,1H),5.03(q,J=6.5Hz, 1 H), 7.52-7.58 (m, 2 H), 8.19-8.23 ppm
(m, 2 H). 13C NMR (100 MHz, CDCl3/TMS): §=25.9, 69.9, 124.2,
126.5, 147.6, 153.4 ppm. Elemental analysis calcd (%) for CgHgNO3
(167.16): C,57.48; H,5.43; N, 8.38. Found: C,57.30; H, 5.50; N, 8.44.
(R)-1-(4’-Chlorophenyl)ethanol (Entry 2, Table 2): [5j,16¢] GC
(Chirasil Dex CB): carrier gas: helium, 80 psi; injection tempera-
ture: 250°C; column temperature: 150°C; 5.01 min (R); 5.17 min
(S). 'H NMR (400 MHz, CDCl3/TMS): §=1.45 (d, J=6.0Hz, 3 H),
2.04 (bs, 1 H), 4.85 (q, J=6.0Hz, 1 H), 7.26-7.32 ppm (m, 4 H).
13C NMR (100 MHz, CDCl5/TMS): §=25.7, 70.1, 127.4, 129.0, 133.5,
144.6 ppm. MS CI m/z (%):174 ([M+NH4*], 100), 156 (M*, 37). Ele-
mental analysis calcd (%) for CgHgCIO (156.61): C, 61.35; H, 5.79.
Found: C, 61.29; H, 5.58.
(R)-1-(4'-Trifluoromethylphenyl)ethanol (Entry 3, Table 2):
[15b,16¢] GC (Chirasil Dex CB; carrier gas: helium, 80 psi; injection
temperature: 250°C; column temperature: 150°C; 2.75min (R),
3.02 min (S). "H NMR (400 MHz, CDCl5/TMS): §=1.50 (d, J=6.0Hz,
3 H), 2.11 (bs, 1 H), 495 (q, J=6.0Hz, 1 H), 7.48 (d, J=8.0Hz,
2H), 7.60 ppm (d, J=8.0 Hz, 2 H); 13C NMR (100 MHz, CDCl3/TMS):
8=258, 70.2, 124.6 (q, YJc.r=271.0Hz), 125.8 (q, 3Jc.r=4.0Hz),
126.0, 130.0 (q, 2Jcf =32.0Hz), 150.1 ppm. MS CI m/z (%): 190 (M*,
100). Elemental analysis calcd (%) for CgHgF30 (190.16): C, 56.84;
H, 4.77. Found: C, 56.75; H, 4.65.
(R)-4'-(1-Hydroxy-1-phenylethyl)benzonitrile (Entry 4,
Table 2): [5j,16c] GC (Chirasil Dex CB): carrier gas: helium, 40 psi;
injection temperature: 250°C; column temperature: 150°C;
19.77min (R); 25.47min (S). 'TH NMR (400 MHz, CDCl3/TMS):
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6=1.49(d,J=6.6Hz, 3 H), 2.05(d,J=4.4Hz, 1 H), 4.96 (q,/=6.6 Hz,
1H),7.48 (d,J=8.0Hz, 2 H), 7.36 ppm (d, J=8.0 Hz, 2 H); 13C NMR
(100 MHz, CDCI3/TMS): §=25.42, 69.67, 111.09, 118.86, 126.07,
132.36,151.09 ppm.

(R)-1-(Pyridin-2-yl)ethanol (Entry 5, Table 2): [15,16c] GC
(Chirasil Dex CB): carrier gas: helium, 40 psi; injection tempera-
ture: 250 °C; column temperature: 100 °C; 22.50 min (R); 23.00 min
(S). TH NMR (400 MHz, CDCl3/TMS): §=1.51 (d, J=6.5Hz, 3 H), 4.37
(bs, 1H),4.90(q,J=6.5Hz,1H),7.19(dd,J=7.5Hz,4.8 Hz, 1 H), 7.30
(d,J=8.0Hz, 1 H), 7.65-7.72 (m, 1 H), 8.52 ppm (d, J=4.8 Hz, 1 H).
13C NMR (100 MHz, CDCl3/TMS): §=24.7, 68.9, 119.8, 122.2, 136.8,
148.1, 163.2 ppm. MS CI m/z (%): 123 (M*, 100). Elemental analysis
calcd (%) for C;HgNO (123.15): C, 68.27; H, 7.37; N, 11.37. Found:
C,68.23; H, 7.38; N, 11.36.

(R)-1-(Pyridin-3-yl)ethanol (Entry 6, Table 2): [15,16c] GC
(Chirasil Dex CB): carrier gas: helium, 80 psi; injection tempera-
ture: 250°C; column temperature: 130°C; 8.51 min (R); 8.94 min
(S). TH NMR (400 MHz, CDCl3/TMS): §=1.53 (d, J=6.5Hz, 3 H), 4.65
(bs, 1 H), 4.87 (q,J=6.5Hz, 1 H), 7.22 (dd, J=7.8 Hz, 4.80Hz, 1 H),
7.71-7.75 (m, 1 H), 8.32 (dd, J=4.8Hz, 1.8Hz, 1 H), 8.42 ppm (d,
J=2.0Hz,1H).13CNMR (100 MHz, CDCl3/TMS): § =25.1,67.3,123.6,
133.7, 142.0, 146.9, 147.8 ppm. MS CI m/z (%): 123 (M*, 100). Ele-
mental analysis calcd (%) for C;HgNO (123.15): C, 68.27; H, 7.37; N,
11.37. Found: C, 68.28; H, 7.29; N, 11.33.

(R)-1-(3’-Bromophenyl)ethanol (Entry 7, Table 2): [16c] GC
(Chirasil Dex CB): carrier gas: helium, 80 psi; injection temperature:
250°C; column temperature: 150°C; 10.146 min (R), 11.140 min
(S). TH NMR (400 MHz, CDCl3/TMS): §=1.53 (d,]=6.5Hz, 3 H), 2.58
(bs, 1 H), 4.95 (q, J=6.5Hz, 1 H), 7.10 (dd, J=7.5Hz, 1.50Hz, 1H),
7.14-7.20 (m, 1 H), 7.32 (dd, J=4.8 Hz, 1.50 Hz, 1 H), 7.32-7.38 ppm
(m, 1 H). 13C NMR (100 MHz, CDCl3/TMS): §=24.4, 70.8, 122.4,
125.6,128.9,129.5,133.8, 148.7 ppm. MS CI m/z (%): 201 (M*, 100).
Elemental analysis calcd (%) for CgHgBrO (201.06): C,47.79; H, 4.51.
Found: C, 47.65; H, 4.44.

(R)-1-(3'-Nitrophenyl)ethanol (Entry 8, Table 2): [15,16c] GC
(Chirasil Dex CB): carrier gas: helium, 80 psi; injection temperature:
250°C; column temperature: 160°C; 7.94min (R); 8.40 min (S).
HPLC (Chiral OD); eluent: 2-propanol/hexane 5/95; tempt, r.t.; flow
rate, 1.0 mL/min; detection, 254 nm light): 14.80 min (S), 15.71 min
(R). TH NMR (400 MHz, CDCl3/TMS): §=1.54(d, J=6.5Hz, 3 H), 1.99
(d,J=3.3Hz,1H),5.03(q,/J=6.5Hz, 1H), 7.53 (t,]=8.0Hz, 1 H), 7.72
(d,J=6.8Hz,1H),8.13(dd, J=7.8 Hz, 1.5Hz, 1 H), 8.27 ppm (s, 1H).
13C NMR (100 MHz, CDCl3/TMS): §=25.56, 69.46, 120.47, 122.42,
129.48, 131.60 ppm.

(R)-1-(4'-Methylphenyl)ethanol (Entry 9, Table 2): [15]j,16c]
GC (Chirasil Dex CB): carrier gas: helium, 80 psi; injection temper-
ature: 250 °C; column temperature: 120°C; 5.85 min (R); 6.28 min
(S). "TH NMR (400 MHz, CDCl3/TMS): §=1.47 (d, J=6.0Hz, 3 H),
1.91 (bs, 1 H), 2.35 (s, 3 H), 4.85 (q, J=6.0Hz, 1 H), 7.13-7.19 (m,
2 H), 7.24-7.28 ppm (m, 2 H). 13C NMR (100 MHz, CDCl3/TMS):
§=21.5, 25.5,70.7, 125.8, 129.6, 137.6, 143.3 ppm. MS CI m/z (%):
154 ([M+NH4*], 100), 136 (M*, 80). Elemental analysis calcd (%) for
C9H1,0(136.19): C, 79.37; H, 8.88. Found: C, 79.35; H, 8.85.

(R)-1-(4'-Methoxyphenyl)ethanol (Entry 10, Table 2):
[15j,16¢] GC (Chirasil Dex CB): carrier gas: helium, 80 psi; injection
temperature: 250°C; column temperature: 130°C; 12.10 min (R);
13.10 min (S). '"H NMR (400 MHz, CDCl3/TMS): §=1.5 (d, J=6.4 Hz,
3 H), 2.39 (bs, 1 H), 3.79 (s, 3 H), 4.83 (q, J=6.4Hz, 1 H), 6.87 (d,
J=8.7Hz, 2 H), 7.28 ppm (d, J=8.7Hz, 2 H). 13C NMR (100 MHz,
CDCl3/TMS): § =24.8,55.2,69.8,113.8, 126.5, 137.8, 159.0 ppm. MS
Clm/z (%): 152 (M*, 100). Elemental analysis calcd (%) for CgH120,
(152.19): C, 71.03; H, 7.95. Found: C, 70.95; H, 7.88.

(R)-1-(2’-Nitrophenyl)ethanol: [15,16c] GC (Chirasil Dex CB):
carrier gas: helium, 80 psi; injection temperature: 250°C; col-
umn temperature: 150°C; 8.84min (R), 10.25 min(S). '"H NMR
(400 MHz, CDCl3/TMS): §=1.58 (d, J=6.3Hz, 3 H), 2.36 (bs, 1

H), 542 (q, J=6.3Hz, 1 H), 7.24 (t, J=8.0Hz, 1 H), 7.65 (t,
J=8.0Hz, 1 H), 7.84 (d, J=8.0Hz, 1 H), 7.90 ppm (d, J=8.0Hz, 1 H).
13C NMR (100 MHz, CDCl3/TMS): §=24.19, 65.59, 124.33, 127.58,
128.13,133.63, 140.89, 147.88 ppm.

(1R,1'R)-1,1'-(1,3-Phenylene)diethanol (Entries 1-2, Table 3):
[51,24] GC(Chirasil Dex CB, 80 psi helium as carrier gas, 250 °Cinjec-
tion temperature, 160 °C column temperature): (meso) 11.00 min;
(5, S) 11.20 min; (R, R) 11.35 min. '"H NMR (400 MHz, CDCl3/TMS):
6=1.48 (d, J=6.8Hz, 6 H), 2.17 (bs, 2 H), 4.87 (q, J=6.8Hz, 2 H),
7.24-7.27(m, 2 H), 7.30-7.34 (m, 1 H), 7.37 ppm (s, 1 H). 13C NMR
(100 MHz, CDCI3/TMS): §=25.16, 70.36, 122.44, 124.53, 128.65,
146.10 ppm. MS CIl m/z (%): 166.2 (M*, 100).

(1R,1'R)-1,1'-(1,4-Phenylene)diethanol (Entries 3-4, Table 3):
[51,24] GC (Chirasil Dex CB, 80psi helium as carrier gas, 250°C
injection temperature, 160 °C column temperature): 160°C, (R, R)
15.99 min; (meso) 17.50 min; (S, S) 17.92 min. '"H NMR (400 MHz,
CDCl3/TMS): §=1.50 (d, J=1.6 Hz, 6 H), 4.85-4.93 (m, 2 H), 1.82 (s,
2 H), 7.36 ppm (s, 4 H). 13C NMR (100 MHz, CDCl3/TMS): §=25.1,
25., 70.2, 125.6, 145.1 ppm. MS CI m/z (%): 166.1 (M*, 6), 131.0
[(M—(OH) x 2)*, 100].

(1R,1'R)-1,1'-(Biphenyl-4,4'-diyl)diethanol = (Entries 5-6,
Table 3): [24] GC (Chirasil Dex CB, 80 psi helium as carrier gas,
250°Cinjection temperature, 168 °C column temperature): 168 °C,
(R, R) 36.02 min; (S, S) 38.50 min. 'H NMR (400 MHz, CDCl3/TMS):
6=1.54 (d, J=6.6Hz, 6 H), 1.84 (d, J=2.6Hz, 2 H), 4.93-4.99 (m,
2H), 7.45 (d, J=8.0Hz, 4 H), 7.58 ppm (d, J=8.0Hz, 4 H). 13C NMR
(100 MHz, CDCl3/TMS): §=25.2, 70.2, 125.9, 127.2 ppm. MS Cl m/z
(%): 242.2 (M*, 6), 207.1 [(M-(OH) x 2)*, 100].

(R)-1-(9'-Phenanthryl)ethanol (1st, Scheme 2): [16c] HPLC
(Chiral OD-H); eluent: 2-propanol/hexane 5/95; tempt, r.t.; flow
rate, 1.0 mL/min; detection, 254 nm light): 22.49 min (R); 26.99 min
(S). TH NMR (400 MHz, CDClI3/TMS): §=1.72 (d, J=6.5Hz, 3 H),
2.0 (bs, 1 H), 5.67 (q, J=6.5Hz, 1 H), 7.57-7.68 (m, 4 H), 7.89 (d,
J=6.5Hz,1H),7.93(s,1H),8.15(d,J=8.0Hz, 1 H), 8.65(d,/=8.0Hz,
1H), 8.74 ppm (d, J=8.0Hz, 1H). 13C NMR (100 MHz, CDCl3/TMS):
8=24.15, 67.24, 122.46, 122.75, 123.37, 123.90, 126.31, 126.64,
126.78, 128.79, 129.59, 130.04, 130.79, 131.53, 139.50 ppm. MS CI
m(z (%): 222.3 (M*, 11), 205.3 [(M-OH)*, 100].

(R)-1,2-Diphenylethan-1-ol (2nd, Scheme 2): [16¢,g] HPLC
(Chiral OD-H); eluent: 2-propanol/hexane 5/95; tempt, r.t.; flow
rate, 1.0 mL/min; detection, 254 nm light): 12.99 min (R); 16.47 min
(S). "TH NMR (400 MHz, CDCl3/TMS): §=1.96 (bs, 1 H), 2.99 (dd,
J=14.0Hz, 8.0Hz, 1H), 3.05 (dd, J=14.0Hz, 5.2Hz, 1H), 4.90 (dd,
J=8.0Hz, J=4.8Hz, 1 H), 7.19-7.38ppm (m, 10 H). 13C NMR
(100 MHz, CDCl3/TMS): §=47.0, 76.2, 126.8, 127.5, 128.5, 129.3,
129.4, 130.4, 138.9, 144.7 ppm; MS CI m/z (%): 198 (M*, 100), 181
(32). Elemental analysis calcd (%) for C14H140(198.26): C, 84.81; H,
7.12. Found: C, 84.70; H, 7.18.

(R)-1-(4'-Biphenylyl)-1-ethanol (3rd, Scheme 2): [22,23] HPLC
(Chiral OD-H); eluent: 2-propanol/hexane 5/95; tempt, r.t.; flow
rate, 1.0 mL/min; detection, 254 nm light): 15.80 min (S), 16.68 min
(R). "TH NMR (400 MHz, CDCl3/TMS): §=1.54(d, J=6.0 Hz, 3 H), 1.85
(bs, 1H), 4.95 (q, J=6.0Hz, 1 H), 7.32-7.38 (m, 1 H), 7.41-7.47 (m,
4 H),7.58 ppm (d,J=8.0Hz, 4 H). 13C NMR (100 MHz, CDCl3/TMS):
§=25.2,70.2, 125.9, 127.1, 127.3, 128.8, 140.5, 140.9, 144.8 ppm.
MS CI m/z (%): 198.2 (M*, 13), 181.2 [(M-OH)", 100].

3. Results and discussion

The experiment was conducted initially using acp as a model
substrate. The M-1 catalyst was prepared in situ from a metal pre-
cursor (M, 0.005mmol; see Section 2.3) and ligand 1 (TsDPEN,
0.012mmol) in 2mL of a solvent to be used for the ATH. After
stirring at 40°C for 1h, the suspension was used directly for the
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Fig. 1. Conversion (a) and ee (b) versus reaction time for ATH of acp with Ru-1 in F-T mixtures at different initial F/T ratios at 40 °C.

subsequent reduction reactions without any further purification.
The precatalyst can be isolated with high yield [15,16a,c].

Using a simply mixed F-T solution at different initial F/T molar
ratios, ATH of acp catalyzed by Ru-1 was carried out to examine the
effects of the F/T ratio on the performance of this catalyst. Repre-
sentative results are shown in Fig. 1. As can be seen, the reduction
of acp requires a very long time to achieve a high conversion under
acidic conditions. The higher the F/T ratios, the longer the reaction
takes. For example, ATH of acp gave 39% conversion in 150h at a
initial F/T molar ratio of 4.6/1 (Fig. 1a). It is noteworthy that there
exists a very long induction period for the reduction under these
conditions. Thus, the reaction afforded less than 1% conversion in
the first 48 h and 4% conversion in 60 h. Thereafter, the reaction
speeded up, achieving over 30% conversion in 12 h. The reaction
was sluggish again after 70 h, possibly due to insufficient hydrogen
source. It has been revealed that formic acid can be decomposed
by the catalyst to produce CO, and H, during the reaction, which
would result in a decrease in the F/T ratio with time and thereby
initiate the reaction [15,16¢]. Similar induction periods were also
observed from the reduction carried out at initial F/T molar ratio of
3.7/1 and 3.1/1 (Fig. 1a). When the initial F/T ratios were lowered,
meaning that the reaction media became more basic, the reaction
rate increased significantly. The average reaction rate increased 4
times when the initial molar ratio of F/T varied from 3.7/1 to 0.2/1.

I cO
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In particular, when the F/T ratio was lowered to 0.9/1-0.2/1, the
reduction started immediately and completed in a short reaction
time (Fig. 1a). However, the reaction was incomplete at the F/T
ratio of 0.09/1 after 2 h, possibly due to the hydrogen source being
exhausted; the total quantity of HCOOH was only 1.2 equivalents
relative to the substrate in this case.

Interestingly, as shown in Fig. 1b, the ee’s of the product varied
dramatically as well when the initial F/T ratio was higher (From
4.6/1 to 3.1/1, Fig. 1b), whilst it remained high in the cases of lower
F/T ratios (F/T<2.5/1, Fig. 1b). This finding resembles that made in
aqueous ATH [15,16] but is the first one revealed for ATH in a F-T
mixture. On the basis of previous studies of ATH in water, [15,16a,c]
we propose that two different catalytic cycles are likely to operate
in this reduction, depending on the F/T molar ratios (Scheme 1).
ATH of acp at low F/T ratios is more efficient, affording faster rates
and higher enantioselectivities (Cycle I, Scheme 1). At higher F/T
ratios, protonation occurs at both the hydride and TsDPEN ligands,
driving the catalyst into a less active and less enantioselective cycle
(Cycle II, Scheme 1). Our results thus show that the catalysis in
F-T mixtures is similar to that in water, where both the reaction
rates and enantioselectivities are pH-regulated [8,15,16d]. Taken
together, the screening suggests that in terms of reaction rate and
enantioselectivity, the optimum F/T molar ratio is 0.2/1. Hereafter,
this mixture will be referred to as 0.2 F/T.
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Scheme 1. Proposed catalytic cycles for ATH of acp under near neutral (I) and acidic (II) conditions in a F-T solution.
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Table 1
Comparison of ATH of acp with M-1 under various conditions.?

Q OH

M-1 ~
S/C 100, 40 °C ©/\

Entry Catalysts Solvent Time (h) Conv. (%)° Ee (%)°
1 Ru-1 IPA 24 81 89
2 Ru-1 2.5F/Td 16 98 97
3 Ru-1 H,0-HCOONa® 1 >99 94
4 Ru-1 H,0-2.5 F/Tf 12 98 97
5 Ru-1 0.2 F/T8 5 >99 97
6 Ru-1 0.2 F/DM 5 98 97
7 Rh-1 0.2 F/T 80 >99 86
8 Ir-1 0.2 F/T 23 74 82

2 Reaction conditions: 1 mmol acp, 0.01 mmol M-1, 2 mL solution, 40 °C.

b Determined by GC equipped with a chiral column. The alcohol configuration
was R.

¢ 0.01 equiv. KOH was added.

d Azeotropic F/T solution.

¢ 5equiv. HCOONa.

f Vazeotrope = VH20 =1mL

& HCOOH/Et3N=0.2/1.

b HCOOH/N,N-diisopropylethylamine =0.2/1.

Other reaction conditions were also compared. As shown in
Table 1, the performance of the Ru-1 catalyst is much better than
that of Rh-1 and Ir-1 under the optimized conditions (0.2 F/T). Ru-
1 delivered >99% conversion with 97% ee in 5h (Entry 5, Table 1)
while Rh-1 and Ir-1 afforded >99% conversion with 86% ee in 80 h
(Entry 7, Table 1) and 74% conversion with 82% ee in 23 h (Entry 8,
Table 1), respectively. The poor performance of Rh-1 and Ir-1 may
be due to there being different optimum pH windows for them.
These results are again reminiscent of the ATH of ketones in water
with these catalysts [8d,15,16]. Comparison of the Ru-1 catalyzed
ATH of acp in different reaction media show that the reaction run
in IPA gave the poorest performance (entry 1, Table 1), while the
reduction in water afforded the fastest rate (entry 3, Table 1). The
reaction in the azeotropic F-T (2.5 F/T) was markedly slower (entry
2, Table 1) than in the 0.2 F/T, while adding water to the 2.5 F/T
shortened the reaction time by 4 h. The ATH of acp in a HCOOH and
N,N-diisopropylethylamine mixture with a molar ratio of 0.2 gave a
faster reaction as well, affording 98% conversion and 97% ee in 5 h.

The comparison above shows that the 0.2 F/T affords faster
reduction than the azeotropic 2.5 F/T without compromising the
ee. In the previous two studies, the F/T ratio was set at 1:1 and
the reduction was also shown to be faster than in 2.5 F/T [21].
These results clearly establish that the ATH could be made faster
with a smaller amount of HCO, H. Although the M-1 (M =Ru, Rh, Ir)
catalyzed ATH of ketones in water has proved to be successful as
aforementioned, not all ketones can be reduced efficiently in aque-
ous solution to give high conversion and ee values. Combining M-1
with 0.2 F/T could provide a new option, however.

Aiming to determine the potential applicability of the protocol,
the reduction was then extended to a range of aromatic ketones,
using the simply mixed 0.2 F|T as reductant and solvent. The results
of the ATH are summarized in Table 2 and Scheme 2. As shown
in Table 2, for the simple ketones, the Ru-1 catalyzed reduction
furnished high conversions within 5 h and the enantioselectivities
were excellent in most cases. For instance, 4'-nitro-acp, 4’-chloro-
acp, 4'-(trifluoromethyl)-acp and 4’-acetylbenzonitrile were all
converted into the corresponding alcohols in 99% conversion and
up to 99% ee in 5 h (Entries 1-4, Table 2). In contrast, it took 24 h to
achieve 99% conversion and 88% ee for the reduction of 4’-CF3-acp
in the azeotropic 2.5 F/T solution (2.5 F/T) [13e]. The reduction of 4'-
chloro-acp and 4’-acetylbenzonitrile afforded full conversion and
95% eein 24 h, and >99% conversion and 90% ee in 21 hiin the 2.5 F/T,
respectively [5,13,j,b]. When it comes to the meta-substituted acp,

Table 2
ATH of simple ketones with Ru-1in 0.2 F/T.2
Entry Ketones Time (h) Conv. (%)P Ee (%)°
(0]
OzN/ij)k 5 >99 (96) 99
o]
c/ﬁj)k 5 99 (95) 944
(o)
F3C/©)J\ 5 >99 (87) 954
o
Nc/ij)k 5 >99 (95) 88d
(o]
a
XN 5 93 (89) >99
(e}
=
|
N 5 98 (93) 88d
(o]
Br\©)k
5 >99 (93) 944
(0]
OZNO)k
5 >99 (94) 75
o
Me/©)J\ 50 97(91) 93d
Qi
~ MeO 50 (86) 95

2 Reaction condition: 1 mmol acp,1% mmol Ru-1, 2mL 0.2 F/T at 40°C.

b Determined by GC or NMR. The number in bracket refers to the isolated yield.

¢ Determined by GC with a chiral column. The alcohol configuration was R and
was determined by comparison of GC retention time or sign of optical rotation with
literature data.

d Determined by HPLC with a chiral OD-H or OD column.

for example, 3’-Br-acp and 3’-NO;-acp, the ketones were almost
fully converted with ee’s of 94% and 75% in 5 h, respectively (Entries
7 and 8, Table 2). The heterocyclic 2’-acetylpyridine gave a 93% con-
versionand >99% ee in 5 h (Entry 5, Table 2), while 3’-acetylpyridine
afforded 98% conversion and 88% ee at the same reaction time
(Entry 6, Table 2). However, 4'-Me-acp and 4'-MeO-acp, which are
often problematic in ATH, required 50h to achieve a conversion
of >90% (Entries 9 and 10, Table 2). For comparison, when using
the 2.5 F/T, ATH of the 4-OMe-acp took 65 h to arrive at a similar
conversion [4]. There appeared to be strong correlation between
the electronic properties of the substitutes with the reaction rate
but none with enantioselectivity. Thus with electron withdrawing
substituted group, such as NO,-, CF5- and CN-, the reaction gave
fast reaction rate while with electron donating group, such as Me-
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5 h, 93% yield, 98% ee

OH

S/C=100, 40 °C
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Water, 8h, 33% yield, 91% ee

Scheme 2. ATH of water-insoluble ketones in 0.2 F/T.

and MeO-, the reaction rate decreased dramatically (e.g. Entries
1-4 vs 9 and 10). Steric bulk inhibits the reduction as well. The
reduction of isobutyrophenone afforded only 2% conversion and
87% ee in 5h and it took 80 h to complete the ATH of 2’-NO,-acp,
affording 78% ee. Furthermore, there was no reaction observed for
ketones with very bulky substitutions at either the o methyl posi-
tion or the phenyl ring. For instance, 2’-benzoyl-5-norbornene and

4'-tert-butyl-2,6-dimethyl-3,5-dinitro-acp could not be reduced at
all under these conditions.

Comparing ATH of 4’-acetylbiphenyl in different reaction media
showed that the aqueous reduction by HCOONa afforded (R)-1-(4'-
biphenylyl)-1-ethanol with a lower yield 33% and an ee value of
91% in 8 h, demonstrating that not all the ketones are suitable for
reduction in water. In contrast, an isolated yield of 93% and an ee

Table 3
ATH of diketones with Ru-1 in F-T mixture.?
Entry Diketones Products F/T ratio Time (h) Yield® (%) Ee® (%) dec
1 o OH 0.2 25 90 >99 90/10
2 B 2.54 95 63 >99 90/10
o
HO'
3 o OH 0.2 25 91 >99 94/6
4 2.54 95 44 >99 94/6
¢} HO,
5 o QH 0.2 25 94 >99 >99
2.54 25 30 >99 >99

o OH

2 Reaction Conditions: 1 mmol diketone, 1% mmol Ru-1, in a 4 mL of F/T solution at 40°C.

b Isolated yield.
¢ Determined by GC or HPLC equipped with chiral column.
d Azeotropic F/T mixture.
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value of 97% were achieved within 6h in the 0.2 F/T. Scale up is
also possible, as demonstrated by the ATH of 4’-acetylbiphenyl. The
reduction of 2 g of this ketone afforded 93% isolated yield and 96%
ee in 11 h under the conditions shown in Table 2. Matsumura et al.
reported the same reduction with trichlorosilane as reductant in
CHCl3 at room temperature, furnishing 93% yield and 95% ee in 6 h
[22]. Furthermore, this result compares favorably to that obtained
with the enzyme C. laurentii, which afforded 34% isolated yield and
99% ee at 35°Cin 36 h [23].

Diketones can also be reduced efficiently to chiral diols with
excellent ee and de values under the current conditions (Table 3).
There are few example of ATH of diketones in the literature [5,24l].
Hence a comparison was made with the ATH of diketones run in the
2.5 F|T. As shown in Table 3, whilst there is no difference in the de
and ee, the reduction in the 0.2 F/T proceeded at significantly faster
rates as compared with the same transformation in the azeotrope.
For instance, (1R,1'R)-1,1’-(1,3-phenylene)diethanol and (1R,1'R)-
1,1’-(1,4-phenylene)diethanol were produced with isolated yields
of 90% and 91% in 25h in the 0.2 F/T solution (Entries 1 and 3,
Table 3). In contrast, the reduction in the 2.5 F/T afforded much
lower isolated yields in a longer reaction time (Entries 2 and 4,
Table 3).

4. Conclusion

A simple, easy-to-operate reduction system for the ATH of
ketones has been developed. The Ru-1/0.2 F/T system is particularly
suited to those ketones that are insoluble in water or are slow to be
reduced in or sensitive to the azeotropic 2.5 F/T. In comparison with
the commonly-used azeotropic 2.5 F/T system, this new protocol is
more efficient and easy to scale-up. Whilst ATH in azeotropic 2.5
F/T has been widely exploited, the effect of the F/T molar ratios on
the efficacy of the reduction has seldom been subjected to scrutiny.
This study shows that the F/T ratio has a significant effect on both
the ATH rate and enantioselectivity, a finding reminiscent of the pH-
dependence of ATH in aqueous media and of value to laboratory or
commercial applications of ATH.

Acknowledgements

Financial support from the Graduate School of Xi’an Jiaotong
University and the Scholarship Award for Excellent Doctoral Stu-
dent granted by the Ministry of Education of China are gratefully
acknowledged. Thanks also go to the University of Liverpool for
financial support.

References

[1] R. Malacea, R. Poli, E. Manoury, Coord. Chem. Rev. 254 (2010) 729-752.

[2] (a) K. Ohkubo, K. Hirata, K. Yoshinaga, M. Okada, Chem. Lett. 5 (1976), 183-184;
(b) G. Descotes, D. Sinou, Tetrahedron Lett. (1976) 4083-4086.

[3] RAW. Johnstone, A.H. Wilby, L.D. Entwistle, Chem. Rev. 85 (1985) 129-170.

[4] S. Hashiguchi, A. Fujii, J. Takehara, T. Ikariya, R. Noyori, J. Am. Chem. Soc. 117

(1995) 7562-7563.

(a) R. Noyori, M. Yamakawa, S. Hashiguchi, J. Org. Chem. 66 (2001), 7931-7944;

(b) K. Matsumura, S. Hashiguchi, T. Ikariya, R. Noyori, J. Am. Chem. Soc. 119

(1997) 8738-8739;

(c) KJ. Haack, S. Hashiguchi, A. Fujii, T. Ikariya, R. Noyori, Angew. Chem. Int. Ed.

36 (1997) 285-288;

(d) S. Hashiguchi, A. Fujii, K.J. Haack, K. Matsumura, T. Ikariya, R. Noyori, Angew.

Chem. Int. Ed. 36 (1997) 288-290;

(e) S. Hashiguchi, N. Uematsu, R. Noyori, J. Synth. Org. Chem. Jpn. 55 (1997)

99-109;

(f) R. Noyori, S. Hashiguchi, Acc. Chem. Res. 30 (1997) 97-102;

(g) S. Inoue, K. Nomura, S. Hashiguchi, R. Noyori, Y. Izawa, Chem. Lett. (1997)

957-958;

(h) S.Hashiguchi, A. Fujii, R. Noyori, J. Synth. Org. Chem. Jpn. 54 (1996) 818-828;

(i) N. Uematsu, A. Fujii, S. Hashiguchi, T. Ikariya, R. Noyori, J]. Am. Chem. Soc.

118 (1996) 4916-4917;

(j) A. Fujii, S. Hashiguchi, N. Uematsu, T. Ikariya, R. Noyori, J. Am. Chem. Soc.

118 (1996) 2521-2522;

(k) J. Takehara, S. Hashiguchi, A. Fujii, S. Inoue, T. Ikariya, R. Noyori, Chem.

(51

Commun. (1996) 233-234;
(1) T. Ohkuma, H. Ooka, S. Hashiguchi, T. Ikariya, R. Noyori, J. Am. Chem. Soc.
117 (1995) 2675-2676;
(m) K. Everaere, A. Mortreux, J.F. Carpentier, Adv. Synth. Catal. 345 (2003)
67-77;
(n) Y.C. Chen, D. Xue, ].G. Deng, X. Cui, J. Zhu, Y.Z. Jiang, Tetrahedron Lett. 45
(2004) 1555-1558;
(0) X.G. Li, X.F. Wu, W.P. Chen, F.E. Hancock, F. King, ].L. Xiao, Org. Lett. 6 (2004)
3321-3324;
(p) J. Zhang, P.G. Blazecka, M.M. Bruend], Y. Huang, ]. Org. Chem. 74 (2009)
1411-1414;
(q) C.V. Ursini, F. Mazzeo, J.A.R. Rodrigues, Tetrahedron: Asymmetry 17 (2006)
3335-3340;
(r) RV. Wisman, J.G. de Vries, B.]. Deelman, H.]. Heeres, Org. Process Res. Dev.
10 (2006) 423-429;
(s) Y.D. Ju, LW. Xu, L. Li, G.Q. Lai, H.Y. Qiu, ].X. Jiang, Y.X. Lu, Tetrahedron Lett.
49 (2008) 6773-6777;
(t)C.A.Sandoval, Y.H. Li, K.L. Ding, R. Noyori, Chem. Asian J. 3 (2008) 1801-1810;
(u) C. Wang, X.F. Wu, J.L. Xiao, Chem. Asian J. 3 (2008) 1750-1770;
(v) Z.Q. Zhou, Q.0. Ma, Y. Sun, A.Q. Zhang, L. Li, Heteroat. Chem. 21 (2010)
505-514.
[6] (a) K. Mikami, K. Wakabayashi, Y. Yusa, K. Aikawa, Chem. Commun. (2006)
2365-2367;
(b) L. Jiang, T.F. Wu, Y.C. Chen, ]J. Zhu, J.G. Deng, Org. Biomol. Chem. 4 (2006)
3319-3324;
(c) R. Jiang, X.L. Sun, W. He, H. Chen, Y.Q. Kuang, Appl. Organomet. Chem. 23
(2009) 179-182;
(d) T. Hamada, T. Torii, T. Onishi, K. Izawa, T. Ikariya, J. Org. Chem. 69 (2004)
7391-7394;
(e) G. Vo-Thanh, A. Aupoix, C. Bournaud, Eur. J. Org. Chem. (2011) 2772-2776;
(f) F. Tinnis, H. Adolfsson, Org. Biomol. Chem. 8 (2010) 4536-4539;
(g)R.Montalvo-Gonzalez, D. Chavez, G. Aguirre, M. Parra-Hake, R. Somanathan,
J. Braz. Chem. Soc. 21 (2010) 431-435;
(h) J. Han, S. Kang, H.K. Lee, Chem. Commun. 47 (2011) 4004-4006;
(i) S. Kang, J. Han, E.S. Lee, E.B. Choi, HK. Lee, Org. Lett. 12 (2010) 4184-4187;
(j) D.S. Matharu, D.J. Morris, A.M. Kawamoto, G.J. Clarkson, M. Wills, Org. Lett.
7 (2005) 5489-5491;
(k) N.A. Cortez, G. Aguirre, M. Parra-Hake, R. Somanathan, Tetrahedron Lett. 48
(2007) 4335-4338.
(a)
(
(

[

[7] J.S. Chen, Y.Y. Li, Z.R. Dong, B.Z. Li, ].X. Gao, Tetrahedron Lett. 45 (2004)
8415-8418;
b) C. Diez, U. Nagel, Appl. Organomet. Chem. 24 (2010) 509-516;
c) ZR. Dong, Y.Y. Li, J.S. Chen, B.Z. Li, Y. Xing, ].X. Gao, Org. Lett. 7 (2005)
1043-1045;
(d) H.W. Krause, A.K. Bhatnagar, J. Organomet. Chem. 302 (1986) 265-267;
(e)Y.Y.Li, H.Zhang, ].S. Chen, X.L. Liao, Z.R. Dong, ].X. Gao, J. Mol. Catal. A: Chem.
218(2004) 153-156;
(f) D.G.L Petra, P.C]J. Kamer, A.L. Spek, H.E. Schoemaker, P.W.N.M. van Leeuwen,
J. Org. Chem. 65 (2000) 3010-3017;
(g) R. Spogliarich, G. Zassinovich, J. Kaspar, M. Graziani, J. Mol. Catal. 16 (1982)
359-361;
(h) X.Y. Sun, G. Manos, ]. Blacker, J. Martin, A. Gavriilidis, Org. Process Res. Dev.
8(2004) 909-914;
(i) T. Thorpe, J. Blacker, S.M. Brown, C. Bubert, ]. Crosby, S. Fitzjohn, ].P. Mux-
worthy, J.M.]. Williams, Tetrahedron Lett. 42 (2001) 4041-4043;
(j) X.Q. Zhang, Y.Y. Li, Z.R. Dong, W.Y. Shen, Z.B. Cheng, ].X. Gao, ]. Mol. Catal. A:
Chem. 307 (2009) 149-153;
(k) X.Q. Zhang, Y.Y. Li, H. Zhang, ].X. Gao, Tetrahedron: Asymmetry 18 (2007)
2049-2054;
(1) G.F. Zi, C.L. Yin, Acta Chim. Sinica 56 (1998) 484-488.
[8] (a) X.H. Cheng, P.N. Horton, M.B. Hursthouse, K.K. Hii, Tetrahedron: Asymmetry
15 (2004) 2241-2246;
(b) J. Hannedouche, G.. Clarkson, M. Wills, J. Am. Chem. Soc. 126 (2004)
986-987;
(c) F.X. Cheung, A.M. Hayes, J. Hannedouche, A.S.Y. Yim, M. Wills, ]. Org. Chem.
70 (2005) 3188-3197;
(d) X.F. Wu, D. Vinci, T. Ikariya, J.L. Xiao, Chem. Commun. (2005) 4447-4449;
(e) T. Ohkuma, N. Utsumi, K. Tsutsumi, K. Murata, C. Sandoval, R. Noyori, J. Am.
Chem. Soc. 128 (2006) 8724-8725;
(f) F.X. Cheung, C.X. Lin, F. Minissi, A.L. Criville, M.A. Graham, D.J. Fox, M. Wills,
Org. Lett. 9 (2007) 4659-4662;
(g) S. Enthaler, B. Hagemann, S. Bhor, G. Anilkumar, M.K. Tse, B. Bitterlich, K.
Junge, G. Erre, M. Beller, Adv. Synth. Catal. 349 (2007) 853-860;
(h) C.A.Madrigal, A. Garcia-Fernandez, ]. Gimeno, E. Lastra, J. Organomet. Chem.
693 (2008) 2535-2540;
(i) D. Guijarro, O. Pablo, M. Yus, Tetrahedron Lett. 50 (2009) 5386-5388;
(j) J- Li, Y.M. Zhang, D.F. Han, Q. Gao, C. Li, J. Mol. Catal. A: Chem. 298 (2009)
31-35;
(k) S. Parambadath, A.P. Singh, Catal. Today 141 (2009) 161-167;
(1) M. Watanabe, K. Murata, J. Synth. Org. Chem. Jpn. 67 (2009) 397-399;
(m) S.Y. Bai, H.Q. Yang, P. Wang, J.S. Gao, B. Li, Q.H. Yang, C. Li, Chem. Commun.
46 (2010) 8145-8147;
(n) Z.H. Weng, S. Muratsugu, N. Ishiguro, S. Ohkoshi, M. Tada, Dalton Trans. 40
2011) 2338-2347.
) N. Meyer, A.J. Lough, R.H. Morris, Chem. Eur. J. 15 (2009) 5605-5610;

(
[9] (a
(b) A. Mikhailine, AJ. Lough, R.H. Morris, J. Am. Chem. Soc. 131 (2009)



140 X. Zhou et al. / Journal of Molecular Catalysis A: Chemical 357 (2012) 133-140

1394-1395;

(c) R-H. Morris, Chem. Soc. Rev. 38 (2009) 2282-2291;

(d) Y.Q. Sun, G.H. Liu, H.Y. Gu, T.Z. Huang, Y.L. Zhang, H.X. Li, Chem. Commun.
47 (2011) 2583-2585;

(e) F. Wang, H. Liu, L.F. Cun, J. Zhu, J.G. Deng, Y.Z. Jiang, ]. Org. Chem. 70 (2005)
9424-9429;

(f) P.F. Yan, C.H. Nie, G.M. Li, G.F. Hou, W.B. Sun, J.S. Gao, Appl. Organomet.
Chem. 20 (2006) 338-343;

(g) X.C. Zhang, Y. Wu, F. Yu, EF. Wy, J. Wu, A.S.C. Chan, Chem. Eur. J. 15 (2009)
5888-5891;

(h) S. Bastin, RJ. Eaves, C.W. Edwards, O. Ichihara, M. Whittaker, M. Wills, J. Org.
Chem. 69 (2004) 5405-5412;

(i) X.G. Li, W.P. Chen, W. Hems, F. King, J.L. Xiao, Tetrahedron Lett. 45 (2004)
951-953;

(j) Y. Arakawa, N. Haraguchi, S. Itsuno, Tetrahedron Lett. 47 (2006) 3239-3243;
(k) Y. Arakawa, A. Chiba, N. Haraguchi, S. Itsuno, Adv. Synth. Catal. 350 (2008)
2295-2304;

(1) N. Haraguchi, K. Tsuru, Y. Arakawa, S. Itsuno, Org. Biomol. Chem. 7 (2009)
69-75;

(m)J. Dimroth, J. Keilitz, U. Schedler, R. Schomacker, R. Haag, Adv. Synth. Catal.
352 (2010) 2497-2506;

(n) N. Haraguchi, A. Nishiyama, S. Itsuno, J. Polym. Sci. Pol. Chem. 48 (2010)
3340-3349;

(0) R. Schomacker, J. Dimroth, U. Schedler, J. Keilitz, R. Haag, Adv. Synth. Catal.
353(2011) 1335-1344.

[10] Y. Xing, J.S. Chen, ZR. Dong, Y.Y. Li, ] X. Gao, Tetrahedron Lett. 47 (2006)
4501-4503.

[11] H. Zhang, C.B. Yang, Y.Y. Li, Z.R. Donga, J.X. Gao, H. Nakamura, K. Murata, T.
Ikariya, Chem. Commun. (2003) 142-143.

[12] (a) ZK. Yu, W. Ye, M. Zhao, W.M. Du, Q.B. Jiang, K.K. Wu, P. Wu, Chem. Eur. J.
17 (2011) 4737-4741;

(b) Z.Q. Zhou, L.H. Wu, Catal. Commun. 9 (2008) 2539-2542.

(a)J. Cossy, F. Eustache, P.I. Dalko, Tetrahedron Lett. 42 (2001) 5005-5007;

(b) Y.C. Chen, T.F. Wu, ].G. Deng, H. Liu, X. Cui, ]J. Zhu, Y.Z. Jiang, M.C.K. Choi,

A.S.C. Chan, J. Org. Chem. 67 (2002) 5301-5306;

(c) K. Kriis, T. Kanger, M. Lopp, Tetrahedron: Asymmetry 15 (2004) 2687-2691;

(d) I. Kawasaki, K. Tsunoda, T. Tsuji, T. Yamaguchi, H. Shibuta, N. Uchida, M.

Yamashita, S. Ohta, Chem. Commun. (2005) 2134-2136;

(e) D.S. Matharu, D.J. Morris, GJ. Clarkson, M. Wills, Chem. Commun. (2006)

3232-3234;

(f) Z.H. Ding, J. Yang, T. Wang, Z.X. Shen, Y.W. Zhang, Chem. Commun. (2009)

571-573;

(g) H.C. Dai, X.P. Hu, H.L. Chen, C.M. Bai, Z. Zheng, J. Mol. Catal. A: Chem. 209

(2004) 19-22;

(h) N.A. Cortez, G. Aguirre, M. Parra-Hake, R. Somanathan, Tetrahedron: Asym-

metry 19 (2008) 1304-1309.

[14] S. Gladiali, E. Alberico, Chem. Soc. Rev. 35 (2006) 226-236.

[15] (a)X.F.Wu, X.G.Li, F.King, ].L. Xiao, Angew. Chem. Int. Ed. 44 (2005) 3407-3411;
(b) X.F. Wy, J.K. Liu, D. Di Tommaso, J.A. Iggo, C.R.A. Catlow, J. Bacsa, ].L. Xiao,
Chem. Eur. J. 14 (2008) 7699-7715.

[16] (a) X.F. Wu, X.G. Li, W. Hems, F. King, ].L. Xiao, Org. Biomol. Chem. 2 (2004)
1818-1821;

(b) X.F. Wu, X.H. Li, M. McConville, O. Saidi, ].L. Xiao, ]. Mol. Catal. A: Chem. 247
(2006) 153-158;

(c) X.F. Wu, X.H. Li, A. Zanotti-Gerosa, A. Pettman, J.K. Liu, AJ. Mills, ].L. Xiao,
Chem. Eur. . 14 (2008) 2209-2222;

(d) X.F. Wu, C. Wang, J.L. Xiao, Platinum Met. Rev. 54 (2010) 3-19;

(13]

(e) X.F. Wu, J.L. Xiao, Chem. Commun. (2007) 2449-2466;
(f) J. Xiao, X. Wu, A. Zanotti-Gerosa, F. Hancock, Chim. Oggi. 23 (2005) 50-55;
(g) X.H. Li, J. Blacker, I. Houson, X.F. Wu, ].L. Xiao, Synlett (2006) 1155-1160.
[17] T.Ikariya, A.J. Blacker, Acc. Chem. Res. 40 (2007) 1300-1308.
[18] (a) H.U. Blaser, C. Malan, B. Pugin, F. Spindler, H. Steiner, M. Studer, Adv. Synth.
Catal. 345 (2003) 103-151;
(b) AS.C. Chan, Q.H. Fan, Y.M. Li, Chem. Rev. 102 (2002) 3385-3465;
(c) Y.F. Tang, ].G. Deng, Prog. Nat. Chem. 22 (2010) 1242-1253;
(d) M. Lemaire, C. Saluzzo, Adv. Synth. Catal. 344 (2002) 915-928;
(e) Y.P. Li, X.Y. Yang, Y.W. Meij, Y. Yu, ]. Xiao, J.A. Luo, Y. Yang, S.M. Wu, Int. J.
Infect. Dis. 14 (2010) E828-E837.
[19] Y.C. Chen, L. Jiang, T.F. Wu, J. Zhu, ].G. Deng, Org. Biomol. Chem. 4 (2006)
3319-3324.
[20] (a) K. Ahlford, J. Lind, L. Maler, H. Adolfsson, Green Chem. 10 (2008)
832-835;
(b)E.Alza, A. Bastero, S.Jansat, M.A. Pericas, Tetrahedron: Asymmetry 19 (2008)
374-378;
(c) J. Canivet, G. Suss-Fink, Green Chem. 9 (2007) 391-397;
(d) N.A. Cortez, G. Aguirre, M. Parra-Hake, R. Somanathan, Tetrahedron Lett. 50
(2009) 2228-2231;
(e) N.A. Cortez, R. Rodriguez-Apodaca, G. Aguirre, M. Parra-Hake, T. Cole, R.
Somanathan, Tetrahedron Lett. 47 (2006) 8515-8518;
(f) E. Fuglseth, E. Sundby, B.H. Hoff, ]. Fluorine Chem. 130 (2009) 600-603;
(g)X.S.Li,WJ.Shan, F.C. Meng, Y.U. Wu, F. Mao, ]. Organomet. Chem. 696 (2011)
1687-1690;
(h)J.T. Liy, Y.G. Zhou, Y.N. Wu, X.S. Li, A.S.C. Chan, Tetrahedron: Asymmetry 19
(2008) 832-837;
(i) P.N. Liy, J.G. Deng, Y.Q. Tu, S.H. Wang, Chem. Commun. (2004) 2070-2071;
(j) P.N. Liu, P.M. Gu, ].G. Deng, Y.Q. Tu, Y.P. Ma, Eur. J. Org. Chem. (2005)
3221-3227;
(k) J.C. Mao, J. Guo, Chirality 22 (2010) 173-181;
(1)J.C. Mao, B.S. Wan, F. Wu, S.W. Lu, Tetrahedron Lett. 46 (2005) 7341-7344;
(m) WJ. Shan, F.C. Meng, Y.U. Wu, F. Mao, X.S. Li, J. Organomet. Chem. 696
(2011) 1687-1690;
(n) C. Wang, C.Q. Li, X.F. Wu, A. Pettman, J.L. Xiao, Angew. Chem. Int. Ed. 48
(2009) 6524-6528;
(0) J.S. Wu, F. Wang, Y.P. Ma, X.C. Cui, L.F. Cun, J. Zhu, J.G. Deng, B.L. Yu, Chem.
Commun. (2006) 1766-1768;
(p) Y.U. Wu, CJ. Lu, WJ. Shan, X.S. Li, Tetrahedron: Asymmetry 20 (2009)
584-587;
(q) L. Yin, X. Jia, X.S. Li, A.S.C. Chan, Tetrahedron: Asymmetry 20 (2009)
2033-2037;
(r) Z.Q. Zhou, Y. Sun, Catal. Commun. 10 (2009) 1685-1688.
[21] (a) M. Miyagi, J. Takehara, S. Collet, K. Okano, Org. Process Res. Dev. 4 (2000)
346-348;
(b) K. Tanaka, M. Katsurada, F. Ohno, Y. Shiga, M. Oda, ]. Org. Chem. 65 (2000)
432-437.
[22] Y. Matsumura, K. Ogura, Y. Kouchi, F. Iwasaki, O. Onomura, Org. Lett. 8 (2006)
3789-3792.
[23] E.B. Kurbanoglu, K. Zilbeyaz, N.I. Kurbanoglu, Tetrahedron: Asymmetry 22
(2011) 345-350.
(a) P.V. Ramachandran, G.M. Chen, Z.H. Lu, H.C. Brown, Tetrahedron Lett. 37
(1996) 3795-3798;
(b)].S. Wallace, B.W. Baldwin, CJ. Morrow, J. Org. Chem. 57 (1992) 5231-5239.

[24]



	Varying the ratio of formic acid to triethylamine impacts on asymmetric transfer hydrogenation of ketones
	1 Introduction
	2 Experimental
	2.1 Instruments
	2.2 Chemicals
	2.3 General procedure for preparation of catalysts
	2.4 General procedure for ATH of ketones

	3 Results and discussion
	4 Conclusion
	Acknowledgements
	References


