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Ketones with a-chiral carbon centers are an important group
of compounds in organic synthesis,[1] and many efforts have
been focused on their preparation. However, high enantiose-
lectivity has seldom been reported for the synthesis of a-
substituted ketones,[2–5] because the products undergo race-
mization of the chiral carbon center through enolization.
Installing chiral centers at the a-position of ketones in high
enantioselectivity remains a great challenge. Conversely,
asymmetric hydrogenation is a very practical method and
has attracted much attention. Many transition metals have
been used in catalysts for such conversions, and a variety of
unsaturated compounds have been hydrogenated in the
presence of chiral transition-metal complexes.[6] Among
them, chiral iridium complexes have unique properties, both
in asymmetric induction and catalytic activity.[7] Not only
alkenes but also imines and ketones are suitable substrates for
the hydrogenation reaction. Seemingly, ketones with a-chiral
carbon centers are accessible from asymmetric hydrogenation
of corresponding a-substituted a,b-unsaturated ketones.
However, few examples were found to establish chiral centers
at the a position of ketones using the hydrogenation
strategy.[8, 9] Although asymmetric hydrogenation of a,b-
unsaturated ketones has been well documented, in most
cases, the carbonyl group is reduced preferentially to afford
the allyl alcohol.[10] In studying the effectiveness of chiral
ligands in asymmetric catalysis, we investigated whether or
not the carbon–carbon double bond of a,b-unsaturated
ketones is hydrogenated selectively to provide ketones with
chiral center at the a position of carbonyl group. Herein, we
address this important issue and disclose preliminary results
on the asymmetric hydrogenation of a,b-unsaturated ketones,
using chiral iridium complexes to provide ketones with a-
carbon chiral center in high enantioselectivity.[7]

Initially, asymmetric hydrogenation of a,b-unsaturated
ketones 1 a and 2 were investigated by using 1 mol% of the Ir
catalyst 4a in dichloromethane under 50 bar of H2 pressure at
room temperature [Eq. (1)].[7d] Hydrogenation of 1 a pro-
vided the ketone 3a in 91 % ee, whereas that of 2d afforded a
mixture of the alkyl ketone, the alkyl alcohol, and residual
substrate. No reaction took place for 2a–c. These results
demonstrated that the reaction, under the aforementioned
conditions, preferentially reduces carbon–carbon double
bonds of acyclic a-substituted a,b-unsaturated ketones, such
as 1a.

Based upon these results, screening of solvents and
catalyst counterions was carried out (Table 1). Only the
reactions in weakly polar solvents toluene (Table 1, entry 2)
and CH2Cl2 (Table 1, entry 7) afforded high conversion and
high enantioselectivity, with the reaction in CH2Cl2 furnishing

Table 1: The effect of various solvents and counterions on the asym-
metric hydrogenation of a,b-unsaturated ketone 1a.[a]

Entry Solvent Counterion Conv. [%][b] ee [%][c]

1 MeOH BArF
� 0 –

2 toluene BArF
� 100 86

3 n-hexane BArF
� 6 –

4 THF BArF
� 20 n.d.[d]

5 ethyl acetate BArF
� 58 n.d.[d]

6 acetone BArF
� 0 –

7 CH2Cl2 BArF
� 100 91

8 CH2Cl2 Cl� 9 n.d.[d]

9 CH2Cl2 BF4
� 16 n.d.[d]

10 CH2Cl2 PF6
� 13 n.d.[d]

[a] 1a (0.2 mmol), 4a (1 mol%, counterions vary), H2 (50 bar) in 2 mL of
solvent at room temperature for 24 h. [b] Determined by 1H NMR
spectroscopy. [c] Determined by chiral HPLC. [d] n.d. = not determined.
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better results. Reactions in other nonpolar and polar solvents,
such as hexane, THF, ethyl acetate, MeOH, and acetone, gave
either product in low conversion or no product (Table 1,
entries 1,3–6). Among the counterions tested, only tetrakis-
[3,5-bis(trifluoromethyl)phenyl]borate (BArF) resulted in a
high-yielding, enantioselective reaction (Table 1, entries 7–
10). These results reflect the same tendency as repor-
ted.[7d, 11, 12]

The impact of changes in the phosphane ligands devel-
oped by our group,[13] having different substituents on the
oxazoline ring and different aryl groups on P , as well as
phosphinooxazoline (PHOX) ligands, was investigated.[7d,11]

(Table 2). Catalysts 4a–f, from benzylic-substituted ligands,
and catalyst 4h, from the tBu-substituted PHOX ligand,

achieved complete conversion of a,b-unsaturated ketones 1a
(Table 2, entries 1–6 and 8), whereas the conversion was only
93% using catalyst 4g, from iPr-substituted PHOX (Table 2,
entry 7). Using catalyst 4h led to formation of product 3a
with 98% ee, the highest enantioselectivity among the
catalysts screened, (Table 2, entry 8), whereas catalyst 4g
gave 3 a in only 79% ee (Table 2, entry 7). For benzylic
ligands, catalyst 4a, with iPr-substituted oxazoline, and
catalyst 4e, with iPr-substituted oxazoline and two p-anisyl
groups on P, provided 3a in 91% and 92% ee respectively
(Table 2, entries 1 and 5), whereas catalyst 4b, with Me-
substituted oxazoline, provided 3a in 34 % ee (Table 2,
entry 2). The other catalysts 4c and 4d, incorporating iBu
and tBu oxazoline substituents, afforded 3a with 89% and
86% ee (Table 2, entries 3 and 4). Notably, the two types of
ligands showed different tendencies towards enantioselectiv-
ity. Catalyst 4a, derived from benzylic substituted ligands with
iPr-substituted oxazoline, gave better enantioselectivity than
catalyst 4 g, derived from iPr-substituted PHOX (Table 2,
entry 1 vs. entry 7), whereas catalyst 4h, derived from tBu

PHOX gave better enantioselectivity than the analogous
benzylic substituted catalyst 4 d (Table 2, entry 8 vs. entry 4).

Under the above reaction conditions, different substrates
were subjected to hydrogenation using 4 h as a catalyst,
(Table 3). All reactions of ketones incorporating aryl b-
substituents, including cyclic ketones 1e, 1 f, and 1h–j
(Table 3, entries 5, 6, and 8–10) and acyclic ketones 1a–d

and 1g (Table 3, entries 1–4 and 7), afforded chiral ketones in
95–99% ee. Heteroaryl substituted 1j was also a suitable
substrate (Table 3,entry 10), affording 3j in 98 % ee. How-
ever, hydrogenation of ketone 1k, with iPr at the b position,
gave 3k in 40 % ee with 78 % conversion using catalyst 4h
(Table 3, entry 11), and with 100 % conversion but no
enantioselectivity using catalyst 4a (not shown in Table),
No reaction took place for ketone substrate 1 l, with nPr at the
b position (Table 3, entry 12). Interestingly, a,a’-bis(benzyl-
idene) ketones 1h and 1 i were smoothly hydrogenated to
provide corresponding ketones in high diastereo- and enan-

Table 2: The effect of the catalyst structures on the asymmetric hydro-
genation of a,b-unsaturated ketone 1a.[a]

Entry Catalyst Conv. [%][b] ee [%][c]

1 4a 100 91
2 4b 100 34
3 4c 100 89
4 4d 100 86
5 4e 100 92
6 4 f 100 75
7 4g 93 79
8 4h 100 98

[a] 1a (0.2 mmol), catalyst (1 mol%), H2 (50 bar) in 2 mL of CH2Cl2 at
room temperature for 24 h. BArF

�= tetrakis[3,5-bis(trifluoromethyl)phe-
nyl]borate; cod = cyclooctadiene. [b] Determined by 1H NMR spectros-
copy. [c] Determined by chiral HPLC.

Table 3: Asymmetric hydrogenation of a,b-unsaturated ketone 1 using
catalyst 4h.[a]

Under 50 bar of H2 Under ambient pressure of H2

Entry Substrate Conv. [%][b] ee [%][c] Conv. [%][b] ee [%][c]

1 1a 100 98 100 98[f ]

2 1b 100 98 100 98
3 1c 100 97 100 97[f ]

4 1d 100 98 100 98
5 1e 100 98 100 99
6 1 f 100 98 100 97[f ]

7 1g 100 97 95 97
8 1h 100 >99[d] 100 >99[f, g]

9 1 i 100 95[e, f ] 100 >99[h, i]

10 1 j 100 98 100 98[f ]

11 1k 78 40 – –
12[j] 1 l 0 – – –

[a] Conditions unless otherwise stated: substrate (0.2 mmol), catalyst
4h (1 mol%), CH2Cl2 (2 mL), room temperature for 24 h. [b] Determined
by 1H NMR spectroscopy. [c] Determined by chiral HPLC. [d] cis/trans=
1:49, determined by 1H NMR spectroscopy. [e] cis/trans= 1:10.
[f ] 3 mol% of catalyst was used. [g] cis/trans= 1:>50. [h] 5 mol% of
catalyst was used. [i] cis/trans = 1:38. [j] Catalyst 4a was used.
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tioselectivities; > 99% ee with a ratio of 1:49 in favor of the
trans product for 3h (Table 3, entry 8), and 95% ee with 1:10
diastereoselectivity in favor of the trans product for 3 i
(Table 3, entry 9). Even under 50 bar pressure of H2, no
reduction of the carbonyl group was detected by 1H NMR
spectroscopy for any substrate. These reaction conditions are
chemospecific for reduction of the carbon–carbon double
bond.

Hydrogenation under mild conditions, especially under
ambient pressure of hydrogen, is extremely desirable in
industry. Thus, the reaction was investigated at this pressure
(Table 3). Most substrates delivered the products in compa-
rable ee values or, in the cases of 1e and 1 i (Table 3, entries 5
and 9), even higher ee values than under 50 bar H2, although
higher catalyst loading was required in the reactions of 1c, 1 f,
and 1h–j (Table 3, entries 3, 6 and 8–10).

The high activity of the catalytic system is also evident in
the reaction of 1a under 20 bar of H2 using 0.3 mol % of 4h,
giving the product in 97 % ee with 84% conversion.

In summary, a method has been developed for the
installation of chiral centers at the a-position of ketones, by
Ir-catalyzed asymmetric hydrogenation of a, b-unsaturated
ketones. High enantioselectivity was achieved, even under
ambient pressure of hydrogen. The PHOX ligand with a tBu-
substituted oxazoline moiety afforded the system excellent
asymmetric induction ability. Further investigations on the
understanding and applications of these ligands in asymmetric
hydrogenation are currently in progress.
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