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Asymmetric transfer hydrogenation of cycloalkyl
vinyl ketones to allylic alcohols catalyzed by
ruthenium amido complexes†
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A chemoselective 1,2-reduction of cycloalkyl vinyl ketones via asymmetric transfer hydrogenation is

described. The reduction proceeded smoothly with a chiral diamine ruthenium complex as a catalyst and

a HCOOH–NEt3 azeotrope as both a hydrogen source and solvent under mild conditions. A wide range

of 1-cycloalkyl chiral allylic alcohols were obtained in good yields and up to 87% ee. It was found that the

alkyl group plays an important role in the enantioselectivity.

Chiral allylic alcohols are privileged structural subunits of
various natural products, as well as valuable building blocks
for a wide range of biologically active molecules, such as phar-
maceuticals and agrochemicals (Fig. 1).1 Thus, much attention
has been paid on developing efficient methods to prepare
these compounds.2 Among which, the transition-metal cata-
lyzed asymmetric hydrogenation of the carbonyl group of
enones is a direct method to produce chiral allylic alcohols.3

In 1995, a breakthrough in this field was realized with chiral
ruthenium/diphosphine/diamine complexes as catalysts,
giving the chiral allylic alcohols in up to 98% ee.4 Since then,
these types of catalysts have been widely used in the asym-
metric hydrogenation of a variety of cyclic and acyclic enones
including simple aryl vinyl ketones and alkyl vinyl ketones to
give the corresponding chiral allylic alcohols.5 In addition,
borohydride reagents were also applied in the enantioselective
1,2-reduction of enones, such as chiral oxazaborolidine cata-
lyzed reduction (Corey–Bakshi–Shibata reduction)6 and the
metal borohydride reduction catalyzed by chiral Lewis acid
complexes.7 Lately, novel chiral metal hydrides like CuH8 and
NiH9 were also developed for the 1,2-reduction of enones.
Although great progress has been achieved in the enantio-
selective 1,2-reduction of enones, several drawbacks and chal-
lenges still exist. For example, air-sensitive and expensive

chiral phosphine ligands were necessary for the formation of
metal complex catalysts. Moreover, the substrates were limited
to simple aryl vinyl ketones and alkyl vinyl ketones. Thus, the
synthesis of 1-cycloalkyl chiral allylic alcohols, important inter-
mediates of pharmaceuticals and natural products, is almost
undeveloped.9,10 Therefore, it is highly desirable to develop a
simple and inexpensive catalytic system for the 1,2-reduction
of cycloalkyl vinyl ketones under mild conditions to access
1-cycloalkyl chiral allylic alcohols.

Asymmetric transfer hydrogenation (ATH) is attractive as an
alternative to hydrogenation due to convenient operation and
avoidance of H2 gas and pressure vessels.11 Ever since the
chiral diamine ruthenium complex, a famous catalyst for ATH,
has been discovered by Noyori,12 a large number of chiral
diamine-derived Ru, Rh, and Ir complexes have been devel-
oped for the ATH of simple aryl ketones and diaryl ketones.13

However, little attention has been focused on the ATH of
enones.14 Notably, the chiral diamine ruthenium complex is
highly chemoselective for the ATH of the CvO functional
group and tolerance of the alkene.3a,15 To continue our
research interest in the asymmetric synthesis of chiral alco-
hols,16 we report a chemoselective ATH of cycloalkyl vinyl

Fig. 1 Representative pharmaceuticals and natural products containing
chiral allylic alcohols.
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ketones with a chiral diamine ruthenium complex as a catalyst
and a HCOOH–NEt3 azeotrope as a hydrogen source under
mild conditions, giving a variety of 1-cycloalkyl chiral allylic
alcohols in good yields and high enantioselectivities.

Our investigation was started with the ATH of (E)-1-cyclo-
propyl-3-phenylprop-2-en-1-one (2a) as a model reaction. To
our delight, when the bifunctional oxo-tethered ruthenium
complex (S,S)-1a was used as a catalyst with HCOOH–TEA
(molar ratio F/T = 5/2) as a hydrogen source and solvent, the
reaction performed exclusively to give the target product 3a in
71% yield and 60% ee (Table 1, entry 1). Notably, the olefin
moiety of 2a remained intact. A survey of different chiral
monosulfonyl diamine ruthenium complexes 1b–1i indicated
that (S,S)-1d was the best choice with respect to the yields and
enantioselectivities (Table 1, entries 2–9, entry 4; 90% yield,
81% ee). It was reported that the counteranion effect of these
kinds of catalysts plays an important role in the reactivity and
enantioselectivity.17 Therefore, the anion effect of ruthenium
complexes was also evaluated with catalysts (S,S)-1j and (S,S)-
1k, but no positive effect was observed (Table 1, entries 10 and
11). Kelkar and coworkers reported that both reactivity and
enantioselectivity of the ATH of imines were improved by
varying the molar ratio of F/T from 5/2 to 1.1/1.18 Then, the
reaction was attempted with an acidic mixture of F/T (molar

ratio F/T = 1.1/1) as a hydrogen source and solvent; however, a
lower yield and ee value were observed (Table 1, entry 12).
Next, the reaction was conducted with HCOONa as a hydrogen
source in an aqueous medium, such as H2O/MeOH (v/v = 1 : 1),
H2O/DMF (v/v = 1 : 1), H2O/TFE (v/v = 1 : 1), and H2O/i-PrOH
(v/v = 1 : 1), but inferior results were obtained in comparison
with the F/T system (Table 1, entries 13–16). Finally, the opti-
mized reaction conditions were set as: 5 mol% of (S,S)-1d, F/T
(5 : 2) as a hydrogen source and solvent, 40 °C, and 24 h
(Table 1, entry 4).

As shown in Scheme 1, a variety of styryl cyclopropyl
ketones 2a–2w were efficiently hydrogenated to give the corres-
ponding chiral allylic alcohols with good yields and high
enantioselectivities under the optimized reaction conditions.
In general, it was found that the substrates bearing a substitu-

Scheme 1 Substrate scope. Reaction conditions: Cyclopropyl vinyl
ketone 2 (0.2 mmol), (S,S)-1d (5 mol%), F/T (1.0 mL, molar ratio = 5 : 2),
40 °C, 24 h; isolated yield; the ee values were determined by HPLC
analysis.

Table 1 Optimization of the reaction conditionsa

Entry Cat. [H] sourceb Solvent (v/v) Yield (%) ee (%)

1 (S,S)-1a F : T (5 : 2) — 71 60
2 (S,S)-1b F : T (5 : 2) — 57 61
3 (S,S)-1c F : T (5 : 2) — 49 53
4 (S,S)-1d F : T (5 : 2) — 90 81
5 (S,S)-1e F : T (5 : 2) — 65 77
6 (S,S)-1f F : T (5 : 2) — 68 79
7 (S,S)-1g F : T (5 : 2) — 70 77
8 (S,S)-1h F : T (5 : 2) — 69 73
9 (S,S)-1i F : T (5 : 2) — 75 79
10 (S,S)-1j F : T (5 : 2) — 62 77
11 (S,S)-1k F : T (5 : 2) — 65 79
12 (S,S)-1d F : T (1.1 : 1) 76 80
13 (S,S)-1d HCOONa H2O/MeOH (1 : 1) 45 25
14 (S,S)-1d HCOONa H2O/DMF (1 : 1) 53 47
15c (S,S)-1d HCOONa H2O/TFE (1 : 1) 62 18
16 (S,S)-1d HCOONa H2O/i-PrOH (1 : 1) 52 39

a Reaction conditions: 2a (0.2 mmol), 5 mol% catalyst, 40 °C, 24 h,
1.0 mL of solvent, isolated yield, the ee values were determined by
HPLC analysis. b The data in the brackets are the molar ratio.
c TFE : CF3CH2OH.
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ent at the ortho- or meta-position on the phenyl ring gave rela-
tively higher ee than the para-substituted ones due to the
steric effect. For example, both products 3c and 3i have 85%
ee, but product 3n has only 79% ee. In addition, substrates
bearing an electron-deficient phenyl ring (2b–2e; 2h–2k;
2n–2q) gave slightly higher ee than the electron-rich ones
(2f, 2g; 2l, 2m; 2r–2t). Notably, substrate 2u with two CH3O
groups on the phenyl ring gave only 74% ee. In contrast, up to
87% ee was obtained for substrate 2w bearing two electron-
withdrawing groups, NO2 and Cl, on the phenyl ring.
Furthermore, when the R group of substrate 2 was switched to
naphthyl and furyl, the corresponding chiral allylic alcohols 3x
and 3y were obtained in 82% and 85% ee, respectively. Most
importantly, in addition to the arylvinyl cyclopropyl ketones,
the alkylvinyl cyclopropyl ketone 2z was also applicable to this
ATH, giving the chiral allylic alcohol 3z in 83% ee (Fig. 2).19

To further demonstrate the important role of cyclopropyl in
the enantioselectivity, substrates with a larger cycloalkyl like
2aa and 2ab were also investigated. As shown in Scheme 2,
product 3aa bearing a cyclobutyl was obtained with 67% ee. In
sharp contrast, a racemate of cyclohexylated product 3ab was
observed. Interestingly, when the cyclopropyl was replaced by
isopropyl, the ee value was decreased from 81% to 39%.
Moreover, the substrate containing a tert-butyl gave product
3ad in a comparable ee value to 3a. However, if the cyclopropyl
was replaced by ethyl, the racemic product 3ae was obtained.

In summary, we have developed an exclusively chemo-
selective asymmetric transfer hydrogenation of cycloalkyl vinyl

ketones to prepare 1-cycloalkyl chiral allylic alcohols. The
reduction was conducted with a chiral diamine ruthenium
complex as a catalyst and a HCOOH–NEt3 azeotrope as both a
hydrogen source and solvent under mild conditions. The
studies revealed that the alkyl group plays an important role in
the enantioselectivity.

Conflicts of interest

There are no conflicts to declare.

Acknowledgements

We are grateful for financial support from the Hubei Key
Laboratory of Natural Products Research and Development,
China Three Gorges University (NPRD 2018007), a research
fund for excellent dissertation of China Three Gorges
University (2018SSPY138), and a joint research fund from
Yichang Humanwell Pharmaceutical Co., Ltd. (SDHZ2017032).

Notes and references

1 (a) J. Tsuji, Palladium Reagents and Catalysis, VCH,
Chichester, 1997, ch. 4; (b) T. Katsuki, in Comprehensive
Asymmetric Catalysis, ed. E. N. Jacobsen, A. Pfaltz and H.
Yamamoto, Springer, Berlin, 1999, vol. 2, p. 621;
(c) R. A. Johnson and K. B. Sharpless, in Catalytic
Asymmetric Synthesis, ed. I. Ojima, Wiley-VCH, Weinheim,
2000, ch. 6A; (d) Y. Takashima and Y. Kobayashi, J. Org.
Chem., 2009, 74, 5920; (e) A. Lumbroso, M. L. Cooke and
B. Breit, Angew. Chem., Int. Ed., 2013, 52, 1890.

2 A. Lumbroso, M. L. Cooke and B. Breit, Angew. Chem., Int.
Ed., 2013, 52, 1890.

3 (a) R. Noyori and T. Ohkuma, Angew. Chem., Int. Ed., 2001,
40, 40; (b) J. H. Xie and Q. L. Zhou, Acta Chim. Sin., 2012,
70, 1427; (c) X. H. Yang, J. H. Xie and Q. L. Zhou, Org.
Chem. Front., 2014, 1, 190.

4 T. Ohkuma, H. Ooka, T. Ikariya and R. Noyori, J. Am. Chem.
Soc., 1995, 117, 10417.

5 Catalytic asymmetric hydrogenation: (a) T. Ohkuma,
H. Doucet, T. Pham, K. Mikami, T. Korenaga, M. Terada
and R. Noyori, J. Am. Chem. Soc., 1998, 120, 1086;
(b) T. Ohkuma, M. Koizumi, H. Doucet, T. Pham,
M. Kozawa, K. Murata, E. Katayama, T. Yokozawa, T. Ikariya
and R. Noyori, J. Am. Chem. Soc., 1998, 120, 13529;
(c) M. J. Burk, W. Hems, D. Herzberg, C. Malan and
A. Zanotti-Gerosa, Org. Lett., 2000, 2, 4173; (d) N. Arai,
K. Azuma, N. Nii and T. Ohkuma, Angew. Chem., Int. Ed.,
2008, 47, 7457; (e) J. Xie, X. Liu, W. Kong, S. Li and
Q. L. Zhou, J. Am. Chem. Soc., 2010, 132, 4538;
(f ) Q.-Q. Zhang, J.-H. Xie, X.-H. Yang, J.-B. Xie and
Q.-L. Zhou, Org. Lett., 2012, 14, 6158; (g) R. Patchett,
I. Magpantay, L. Saudan, C. Schotes, A. Mezzetti and
F. Santoro, Angew. Chem., Int. Ed., 2013, 52, 10352;

Fig. 2 A mode of ATH of cyclopropyl vinyl ketone.

Scheme 2 The effect of the alkyl group on the enantioselectivity.
Reaction conditions: Styryl alkyl ketone 2 (0.2 mmol), (S,S)-1d (5 mol%),
F/T (1.0 mL, molar ratio = 5 : 2), 40 °C, 24 h; isolated yield; the ee values
were determined by HPLC analysis.

Paper Organic & Biomolecular Chemistry

266 | Org. Biomol. Chem., 2019, 17, 264–267 This journal is © The Royal Society of Chemistry 2019

Pu
bl

is
he

d 
on

 0
4 

D
ec

em
be

r 
20

18
. D

ow
nl

oa
de

d 
by

 K
in

gs
 C

ol
le

ge
 L

on
do

n 
on

 1
/2

1/
20

19
 1

1:
03

:2
4 

A
M

. 
View Article Online

http://dx.doi.org/10.1039/c8ob02604a


(h) X. Chen, H. Zhou, K. Zhang, J. Li and H. Huang,
Org. Lett., 2014, 16, 3912.

6 E. J. Corey and C. J. Helal, Angew. Chem., Int. Ed., 1998, 37,
1986.

7 P. He, X. Liu, H. Zheng, W. Li, L. Lin and X. Feng,
Org. Lett., 2012, 14, 5134.

8 (a) R. Moser, Ž. V. Boškovič, C. S. Crowe and
B. H. Lipshutz, J. Am. Chem. Soc., 2010, 132, 7852;
(b) K. R. Voigtritter, N. A. Isley, R. Moser, D. H. Aue and
B. H. Lipshutz, Tetrahedron, 2012, 68, 3410.

9 F. Chen, Y. Zhang, L. Yu and S. Zhu, Angew. Chem., Int. Ed.,
2017, 56, 2022.

10 (a) M. J. Calverley, Tetrahedron, 1987, 43, 4609;
(b) K. Kragballe, Pharmacol. Toxicol., 1995, 77, 241.

11 D. Wang and D. Astruc, Chem. Rev., 2015, 115, 6621.
12 S. Hashiguchi, A. Fujii, J. Takehara, T. Ikariya and

R. Noyori, J. Am. Chem. Soc., 1995, 117, 7562.
13 Selected examples: (a) J. Hannedouche, G. J. Clarkson and

M. Wills, J. Am. Chem. Soc., 2004, 126, 986;
(b) A. M. Hayes, D. J. Morris, G. J. Clarkson and M. Wills,
J. Am. Chem. Soc., 2005, 127, 7318; (c) D. S. Matharu,
D. J. Morris, A. M. Kawamto, G. J. Clarkson and M. Wills,
Org. Lett., 2005, 7, 5489; (d) F. K. Cheung, C. Lin,
F. Minissi, A. L. Criville, M. A. Graham, D. J. Fox and
M. Wills, Org. Lett., 2007, 9, 4659; (e) T. Touge,
T. Hakamata, H. Nara, T. Kobayashi, N. Sayo, T. Saito,
Y. Kayaki and T. Ikariya, J. Am. Chem. Soc., 2011, 133,
14960; (f ) A. Bartoszewicz, N. Ahlsten and B. MartÍn-
Matute, Chem. – Eur. J., 2013, 19, 7274; (g) W.-P. Liu,

M.-L. Yuan, X.-H. Yang, K. Li, J.-H. Xie and Q.-L. Zhou,
Chem. Commun., 2015, 51, 6123; (h) C. Tian, L. Gong and
E. Meggers, Chem. Commun., 2016, 52, 4207; (i) T. Touge,
H. Nara, M. Fujiwhara, Y. Kayaki and T. Ikariya,
J. Am. Chem. Soc., 2016, 138, 10084.

14 Chiral diamine rhodium complex catalyzed chemoselective
ATH of CvC bonds of enones: X. Li, L. Li, Y. Tang,
L. Zhong, L. Cun, J. Zhu, J. Liao and J. Deng, J. Org. Chem.,
2010, 75, 2981.

15 A. Fujii, S. Hashiguchi, N. Uematsu, T. Ikariya and
R. Noyori, J. Am. Chem. Soc., 1996, 118, 2521.

16 (a) H.-F. Zhou, Q.-H. Fan, W.-J. Tang, L.-J. Xu, Y.-M. He,
G.-J. Deng, L.-W. Zhao, L.-Q. Gu and S. C. C. Albert, Adv.
Synth. Catal., 2006, 348, 2172; (b) H.-F. Zhou, Q.-H. Fan,
Y.-Y. Huang, L. Wu, Y.-M. He, W.-J. Tang, L.-Q. Gu and
S. C. C. Albert, J. Mol. Catal. A: Chem., 2007, 275, 47;
(c) B. Wang, H. Zhou, G. Lu, Q. Liu and X. Jiang, Org. Lett.,
2017, 19, 2094; (d) Q. Liu, C. Wang, H. Zhou, B. Wang, J.
Lv. L. Cao and Y. Fu, Org. Lett., 2018, 20, 971; (e) S. Liu,
H. Liu, H. Zhou, Q. Liu and J. Lv, Org. Lett., 2018, 20, 1110;
(f ) H. Liu, S. Liu, H. Zhou, Q. Liu and C. Wang, RSC Adv.,
2018, 8, 14829.

17 Z.-Y. Ding, F. Chen, J. Qin, Y.-M. He and Q. H. Fan, Angew.
Chem., Int. Ed., 2012, 51, 5706.

18 V. S. Shende, S. H. Deshpande, S. K. Shingote, A. Joseph
and A. A. Kelkar, Org. Lett., 2015, 17, 2878.

19 The absolute configuration of 3z was assigned as S by com-
parison of the sign of optical rotation and HPLC analysis
with ref. 9.

Organic & Biomolecular Chemistry Paper

This journal is © The Royal Society of Chemistry 2019 Org. Biomol. Chem., 2019, 17, 264–267 | 267

Pu
bl

is
he

d 
on

 0
4 

D
ec

em
be

r 
20

18
. D

ow
nl

oa
de

d 
by

 K
in

gs
 C

ol
le

ge
 L

on
do

n 
on

 1
/2

1/
20

19
 1

1:
03

:2
4 

A
M

. 
View Article Online

http://dx.doi.org/10.1039/c8ob02604a

	Button 1: 


