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Palladium-catalyzed asymmetric hydrogenation of
2-aryl cyclic ketones for the synthesis of trans
cycloalkanols through dynamic kinetic resolution
under acidic conditions†

Xiang Li,ab Zi-Biao Zhao, b Mu-Wang Chen, b Bo Wu,b Han Wang,a

Chang-Bin Yu *b and Yong-Gui Zhou *ab

The first efficient palladium-catalyzed asymmetric hydrogenation of

2-aryl cyclic ketones has been described through dynamic kinetic

resolution under acidic conditions, providing a facile access to chiral

trans cycloalkanol derivatives with excellent enantioselectivities.

The significance of chiral cycloalkanols with two contiguous
stereocenters has been widely recognized in natural products,
pharmaceuticals and other bioactive molecules.1 Transition
metal-catalyzed asymmetric hydrogenation of corresponding
cyclic ketones is one of the most efficient and facile methods
because of their high atom economy and environmental
friendliness.2 In the past decades, asymmetric hydrogenation of
2-substituted cyclic ketones was usually carried out under basic
conditions using chiral metal complexes such as ruthenium3–5 or
iridium6 or copper7 via dynamic kinetic resolution (DKR),8,9 and
cis selective products were obtained due to the steric hindrance
effect of the substituents (Scheme 1a). To the best of our knowl-
edge, although the asymmetric hydrogenation of linear ketones to
construct anti alkanols has obtained success,10 there are rare
examples for the synthesis of trans selective products through
asymmetric hydrogenation of 2-substituted cyclic ketones except a
directing ester group11 in the 2-position. Therefore, the develop-
ment of transition metal-catalyzed asymmetric hydrogenation to
construct the chiral trans cycloalkanols through DKR is highly
desired.

In recent years, our group has been working on palladium-
catalyzed asymmetric hydrogenation.2f,12 Lately, we disclosed a
palladium-catalyzed asymmetric hydrogenative desymmetriza-
tion of 2-aryl-1,3-cyclopentanediones, giving the trans 2-aryl
substituted b-hydroxy ketones, the possible reason ascribes to
the interaction between palladium and aromatic ring during

the hydrogenation transition state.13 Thus, we envisioned
whether the palladium/acid co-catalysis system could be used
for the asymmetric hydrogenation of simple 2-aryl substituted
cyclic ketones14 to construct trans cycloalkanols through the
interaction between the palladium and the aromatic ring
(Scheme 1b). However, there are some challenges in this topic:
(1) the interaction is very weak between metal palladium and
aryl ring; (2) the racemization of 2-aryl cyclic ketones under
acidic conditions is more difficult than that in basic conditions;
(3) secondary alcohols are unstable in the presence of strong
acid, which would be leading to dehydration. In order to verify
the hypothesis, we firstly performed the racemization experi-
ments of chiral ketone (S)-3. When benzoic acid was used, the ee
value of ketone (S)-3 was maintained. Almost racemic product
was obtained in the presence of strong acidic TsOH�H2O. The
results of experiments showed that the ketones were able to
fast racemize via an enol intermediate under strong acidic

Scheme 1 Metal-catalyzed asymmetric hydrogenation of 2-substituted
cyclic ketones.
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conditions (Scheme 2), which provide a prerequisite for the
asymmetric hydrogenation of ketones through DKR. Herein,
we report a palladium-catalyzed asymmetric hydrogenation of
2-aryl cyclic ketones to construct trans cycloalkanols through
DKR under acidic conditions.

At the outset, 2-(naphthalen-1-yl)cyclohexan-1-one 1a was
chosen as a model substrate for condition optimization. We
found that 81% yield of 2a with 13% ee and 6 : 1 trans/cis ratio
could be obtained when acid was not added (Table 1, entry 1).
Considering the importance of acid for racemization, we turned
our attention to the evaluation of acids. To our delight, the
anticipated product 2a was obtained with 83% ee and 4 20 : 1
trans/cis ratio in the presence of TsOH�H2O (entry 2). However,
other acids including Zn(OTf)2, PhCO2H and CF3CO2H, exhib-
ited the lower stereoselectivities (entries 3–5). We further
investigated the effect of the amount of acid (entries 6–7).
Gratifyingly, increasing the amount of acid to 50 mol%,

the ee value of the product was increased to 91% (entry 6).
Subsequently, some commercially available chiral diphosphine
ligands were screened. Among them, (R)-SegPhos L1 proved to
be a suitable ligand in view of yield and enantioselectivity
(entries 8–10). To further improve enantioselectivity and yield,
the effect of temperature was examined (entries 11–13). When
the reaction was conducted at 30 1C, the desired product was
obtained in 92% yield with 97% ee and 420 : 1 trans/cis ratio
(entry 13). Therefore, the optimal conditions were established
as Pd(OCOCF3)2 (5 mol%)/(R)-SegPhos (6 mol%)/TsOH�H2O
(50 mol%)/TFE/H2 (100 psi)/30 1C. The absolute configuration
of hydrogenation product 2a was determined to be (1R,2S)-2a
by comparison with the value of optical rotations reported in
the literature.15

With the optimized reaction conditions established, we
investigated the substrate scope of the reaction. The results
were summarized in Scheme 3. Substrates 1b and 1c bearing
polycyclic aryls exhibited comparable trans selectivities and yields
with 1a albeit with the lower enantioselectivities. Subsequently,
we explored the effect of substituents on the naphthyl ring.
Various groups at para-position including MeO–, Me–, and
F– were compatible under the standard reaction conditions,
furnishing the products with excellent yields and stereoselec-
tivities (2d–f). Furthermore, phenyl substrate 1g was favorable
reaction partners, and the reaction proceeded smoothly in high
yield and stereoselectivity (91% yield, 88% ee, 4 20 : 1 trans/cis
ratio). The presence of a MeO– or a CF3– at ortho-position of
phenyl ring, incomplete conversion and slightly lower diastereo-
selectivity were observed (2h–i). A methyl group at the ortho-, meta-
or para-position of phenyl ring had a marginal effect on the
reactivities and enantioselectivities (2j–l). Both electron-donating
and electron-withdrawing groups at para-position were compati-
ble, giving the desirable products in high yields and stereoselec-
tivities (2m–p). In addition, it was also suitable to have two
substituents on the phenyl ring (2q). When benzyl group was
introduced, low conversion was observed, the stereoselectivity was
also low, which indicated that the aryl on 2-position was very crucial
to activity and enantioselectivity (2r). This catalytic system is not well
compatible for the hydrogenation of 5-membered and 7-membered
ketones. Although the desirable products could be successfully
obtained under modified conditions, the yields were low due to
incomplete conversion (2s–t).

To further illustrate the reaction process, asymmetric hydro-
genation of chiral ketone (S)-3 was performed by using ligands
(R)- or (S)-SegPhos under the optimal conditions. The products
with opposite configuration could be obtained with the same ee
values (Scheme 4), respectively, indicating that the chiral ketone
(S)-3 was initially racemized via keto–enol tautomerism, and
then further hydrogenated. The above experimental results
showed that the asymmetric hydrogenation of 2-aryl substituted
cyclic ketones undergoes dynamic kinetic resolution process
under palladium/acid conditions.

This reaction could be also scaled up smoothly, when
substrate 1a and 1d were conducted at 1.5 mmol scale, both
activity and enantioselectivity maintained. Considering that
hydroxyl group is versatile functional group, further transformations

Scheme 2 Racemization experiments of chiral ketone (S)-3.

Table 1 Optimization of the reaction conditionsa

Entry Acid L trans : cisb 2ab (%) Eec (%)

1 None L1 6 : 1 81 13
2 TsOH�H2O L1 420 : 1 82 83
3 Zn(OTf)2 L1 6 : 1 77 12
4 PhCO2H L1 4 : 1 80 21
5 CF3CO2H L1 2 : 1 63 33
6d TsOH�H2O L1 420 : 1 76 91
7e TsOH�H2O L1 420 : 1 63 89
8d TsOH�H2O L2 420 : 1 81 89
9d TsOH�H2O L3 420 : 1 71 87
10d TsOH�H2O L4 420 : 1 73 83
11df TsOH�H2O L1 420 : 1 86 94
12dg TsOH�H2O L1 420 : 1 90 95
13dh TsOH�H2O L1 420 : 1 92 (91)i 97

a Reaction conditions: 1a (0.2 mmol), Pd(OCOCF3)2 (5 mol%), L
(6 mol%), acid (20 mol%), TFE (2.0 mL), 60 1C, H2 (100 psi), 24 h. All
the conversions 495%. b Determined by 1H NMR analysis using the
dibromomethane as the internal standard. c Determined by chiral
HPLC analysis. d TsOH�H2O (50 mol%). e TsOH�H2O (100 mol%).
f 50 1C. g 40 1C. h 30 1C. i Isolated yield.
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of chiral product 2a was conducted (Scheme 5). Firstly, chlorina-
tion of cyclic alcohol 2a using PPh3-NCS afforded chloroalkane 4
with 84% yield and 95% ee. In addition, esterification of 2a with
methanesulfonyl chloride followed by a nucleophilic substitu-
tion with NaN3 furnished the chiral azide product 5 (81% yield,
97% ee) without loss of optical purity, which can be further
converted into amine or triazole derivatives.16

In summary, we have successfully developed the first palladium-
catalyzed asymmetric hydrogenation of 2-aryl cyclic ketones via
dynamic kinetic resolution under acidic conditions. A series of
cyclic ketones were hydrogenated to construct chiral trans
cycloalkanols with two contiguous stereocenters in high yields
with excellent enantioselectivities and trans selectivities.17 Nota-
bly, the Brønsted acids had a significant influence in the reaction
and accelerated the racemization of the substrates. Further
investigations on the asymmetric synthesis of trans cycloalkanol
derivatives with multiple chiral stereocenters under acidic con-
ditions are being performed.
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A. B. E. Minidis and J. E. Bäckvall, Chem. Soc. Rev., 2001, 30, 321.

9 (a) H. Pellissier, Tetrahedron, 2003, 59, 8291; (b) E. Vedejs and
M. Jure, Angew. Chem., Int. Ed., 2005, 44, 3974.

10 (a) K. Makino, T. Goto, Y. Hiroki and Y. Hamada, Angew. Chem., Int.
Ed., 2004, 43, 882; (b) A. Lei, S. Wu, M. He and X. Zhang, J. Am. Chem.
Soc., 2004, 126, 1626; (c) O. Labeeuw, P. Phansavath and J. P. Genêt,
Tetrahedron: Asymmetry, 2004, 15, 1899; (d) K. Makino, Y. Hiroki and
Y. Hamada, J. Am. Chem. Soc., 2005, 127, 5784; (e) K. Makino, T. Fujii
and Y. Hamada, Tetrahedron: Asymmetry, 2006, 17, 481; ( f ) K. Makino,
M. Iwasaki and Y. Hamada, Org. Lett., 2006, 8, 4573; (g) N. Arai,
H. Ooka, K. Azuma, T. Yabuuchi, N. Kurono, T. Inoue and T. Ohkuma,
Org. Lett., 2007, 9, 939; (h) Y. Hamada, Y. Koseki, T. Fujii, T. Maeda,
T. Hibino and K. Makino, Chem. Commun., 2008, 6206; (i) I. Plantan,
M. Stephan, U. Urleb and B. Mohar, Tetrahedron Lett., 2009, 50, 2676;
( j) T. Hibino, K. Makino, T. Sugiyama and Y. Hamada, ChemCatChem,
2009, 1, 237.

11 (a) R. Noyori, T. Ikeda, T. Ohkuma, M. Widhalm, M. Kitamura,
H. Takaya, S. Akutagawa, N. Sayo, T. Saito, T. Taketomi and
H. Kumobayashi, J. Am. Chem. Soc., 1989, 111, 9134; (b) J. P. Genêt,
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