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ABSTRACT

Enantioselective hydrogenation of alkynyl ketones catalyzed by Ru(OTf)(TsDPEN)(η6-p-cymene) (TsDPEN = N-(p-toluenesulfonyl)-1,2-
diphenylethylenediamine) affords the propargylic alcohols in up to 97% ee. The alkynyl moieties are left intact in most cases. The reaction can be
conductedwith a substrate-to-catalystmolar ratio as high as 5000under 10 atmofH2. Themodeof enantioselection is elucidatedwith the transition state
models directed by the CH/π attractive interaction between the substrate and the catalytic species.

Optically active propargylic alcohols are synthetically
important compounds that can be transformed to a variety
of chiral molecules.1 Asymmetric hydrogenation of alky-
nyl ketones 1 is one of the most direct and atom-efficient
reactions to produce these useful compounds. To our
knowledge, however, there have been no successful reports
of this reaction,2,3 probably due to three hardly dissolved
problems (Figure 1). (1) Chemoselective hydrogenation of
the carbonyl groups over the alkynyl moieties activated by
the electron-withdrawing acyl functionalities is difficult.

The alkynyl groups of propargylic alcohols, the desired
product, are also highly reactive under conventional hy-
drogenation conditions.4 (2) Many alkynyl ketones are
significantly labile under basic and/or reductive condi-
tions, and the decomposed compounds tend to inhibit
the catalyst performance. (3) Differentiation between the
similarly sized alkyl and alkynyl groups is hardly achieved,
resulting in insufficient enantioselectivity.
We have studied asymmetric hydrogenation of ketones

catalyzed by the η6-arene/TsDPEN�Ru(II) (TsDPEN=
N-(p-toluenesulfonyl)-1,2-diphenylethylenediamine)5 and
MsDPEN�Cp*Ir(III) (MsDPEN=N-(methanesulfonyl)-
1,2-diphenylethylenediamine)6 complexes.7 The catalytic
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reaction proceeds under neutral to slightly acidic condi-
tions. A series of base-labile ketones, includingR-chloro and
R-hydroxy ketones5b,6a as well as aromatic heterocyclic
ketones,5a,6b was smoothly hydrogenated with high enan-
tioselectivity.We expected that the features of these catalysts
would meet the requirements for the asymmetric hydroge-
nation of alkynyl ketones 1.
Asymmetric hydrogenation of 4-(tert-butyldimethylsilyl)-

but-3-yn-2-one (1a, 1.54 mmol, Scheme 1) with Ru(OTf)-
[(S,S)-TsDPEN](η6-p-cymene)8 [(S,S)-3, 1.5 μmol, sub-
strate-to-catalyst molar ratio (S/C) = 1000] in methanol
(4.8mL) under 10 atm ofH2 at 50 �Cwas completed in 15 h
to afford the S propargylic alcohol 2a in 97% ee (Table 1,
entry 1). The reaction with an S/C of 5000 under 50 atm
ofH2 for 40hgave2a in 95%eequantitatively (entry 2).The
silylated propargylic alcohols are useful precursors of chiral
allenylmetal reagents.9 The isoelectronic complex Cp*Ir-
(OTf)[(S,S)-MsDPEN] [(S,S)-4], which efficiently catalyzes
the asymmetric hydrogenation of R-hydroxy ketones and
aromatic heterocyclic ketones,6 exhibited relatively lower
reactivity and enantioselectivity for this reaction (entry 3).
When the reactionwas not completed, the recovered ketone
contained a small amount of the dimethyl acetal. The
hydrogenation of the ethyl and n-nonyl ketones, 1b and 1c,
with theRu complex 3was somewhat slower than that of the
methyl ketone 1a, so that a condition of 20 atm of H2 was
required to achieve a high yield of >90% in 15 h (entries 4
and 5). The high level of enantioselectivity (>95%) was
maintained. The cyclohexyl ketone 1d, a secondary alkyl
ketone, was smoothly converted to the alcohol 2d in 96%

ee under the regular conditions (entry 6). Interestingly,
the degree and sense of enantioselectivity were consistent
through the reaction of 1a�1d, although the relative size
of R2 toward the alkynyl moiety varied in these substrates.
The reaction rate and the enantioselectivity were signifi-
cantly decreased in the hydrogenation of the phenyl ketone
1e (entry 7). The hydrogenation of R-chloro ketone 1f

required a lower temperature (30 �C) and a larger catalyst
loading (S/C=200) to achieve complete conversion; these
conditions yielded the chlorohydrin 2f in 96% ee.2a,10 The
chloro-substituent did not affect the enantioselection.
The chlorohydrin 2f is known to be converted to the chiral
alkynyl epoxide.10

The tert-butyldiphenylsilyl (TBDPS) ethynyl and the
triisopropylsilyl (TIPS) ethynyl ketones, 1g and 1h, were
also quantitatively hydrogenated at an S/C of 1000 under
the regular conditions to give the propargylic alcohols
2g and 2h in 95% ee and 96% ee, respectively (Table 1,
entries 9 and 10). The hydrogenation of trimethylsilyl
(TMS) ethynyl ketone 1i did not complete with an S/C
of 200, although the level of enantioselectivity remained
high (entry 11). The lower conversion may have been due
to inhibition of the desilylated compounds formed in the
reaction.11Thephenyl ethynyl ketone 1jwas hydrogenated
with an S/C of 200 to afford 2j in 78% yield and in 92%
ee accompanied by 0.7% of the 1,4-reduction product
(Z)-4-phenyl-3-buten-2-one (entry 12). Thehydrogenation
of 40-Cl and 40-CH3O substituted phenyl ethynyl ketones,
1k and 1l, also afforded the propargylic alcohols 2j and
2k in high yield with the 1,4-reduction products in 3% and

Figure 1. Problems in the realization of enantioselective hydro-
genation of alkynyl ketones 1.

Scheme 1. Asymmetric Hydrogenation of Alkynyl Ketones 1
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1% yields, respectively (entries 13 and 14). The stronger
electron-donating ability of the 40-substituent appeared
to increase the enantioselectivity (2k: 4-Cl, 88% ee; 2j:
4-H, 92% ee; 2l: 4-CH3O, 94% ee). The tert-butyl ethynyl
ketone 1mwas hardly reducible, so that 2m in 89% ee was
obtained in 61% yield with 4% of the 1,4-reduced com-
pound and undefined products (ca. 4�5%) under 20 atm
of H2 at an S/C of 200 (entry 15). The reaction of 10-
cyclohexenyl ethynyl ketone 1n selectively afforded the
alcohol with an ene-yne moiety in 95% ee (entry 16). No
diene compounds were observed.
Previous mechanistic studies on the asymmetric hydro-

genation of acetophenone, a simple aromatic ketone, with
the Ru catalyst 3 revealed that the active RuH(TsDPEN)-
(η6-p-cymene) reduces theketone in the catalytic cycle.5a,12,13

The reaction of alkynyl ketones using the Ru catalyst 3

appears to proceed through the same reaction mechanism

(see the Supporting Information). Figure 2 illustrates the
diastereomeric transition state models, TSA and TSB, for
hydrogenation of the alkynyl ketone 1 with the RuH[(S,S)-
TsDPEN] species. The Hδ��Ruδþ�Nδ��Hδþ quadrupole
of the Ru species and the CδþdOδ� dipole form six-mem-
bered pericyclic structures.7,12,13 Ketone is hydrogenated in
the outer coordination sphere of the active species, where
neither carbonyl/Ru nor alkynyl/Ru interaction is involved.
This characteristic TS structure results in the high chemos-
electivity of carbonyl groups over the alkynyl moieties.14

The TSA is expected to be stabilized by the attractive
CH/π interaction between the p-cymene (arene) CH and
the alkynylπ-systemas previously proposed for the reaction
of the aromatic ketone.12,13 Thus, the major enantiomer
of propargylic alcohol 2 is produced through the TSA. The
consistentlyhighenantioselectivity through the reactions of
alkynyl ketones 1a�1dwith alkyl groups of various sizes as
R2 (Table 1, entries 1 and 4�6) supports these TS models.
The low enantioselectivity in the reaction of the alkynyl
phenyl ketone 1e, which has π-systems on both sides of the
carbonyl moiety, can be explained by using these models
(Table 1, entry 7). The observation that the electron-rich 40-
CH3O-substituted phenyl ethynyl ketone 1l was hydroge-
nated with higher enantioselectivity than that of the reac-
tion of the electron-deficient 40-Cl-substituted substrate 1k
is also reasonable according to the CH/π interaction-
directed enantioselection (Table 1, entries 13 and 14).
In summary, we have described the first example of the

highly enantioselective hydrogenation of alkynyl ketones
catalyzed by the η6-arene/TsDPEN�Ru(II) triflate 3.
The reaction is conducted with an S/C as high as 5000 to

Table 1. Asymmetric Hydrogenation of Alkynyl Ketones 1with
Chiral Ru or Ir Catalysta

entry 1 cat. S/Cb

H2,

atm

%

yieldc
%

eed

1 1a 3 1000 10 94 97

2e 1a 3 5000 50 96 95

3 1a 4 1000 10 73 93

4 1b 3 1000 20 91 95

5 1c 3 1000 20 94 96

6 1d 3 1000 10 94 96

7 1e 3 100 10 16 9

8f 1f 3 200 10 94 96

9 1g 3 1000 10 98 95

10 1h 3 1000 10 98 96

11 1i 3 200 10 63 93

12 1j 3 200 10 78 92

13 1k 3 200 10 92 88

14 1l 3 200 10 88 94

15 1m 3 200 20 61g 89

16 1n 3 200 10 78 95

aUnless otherwise stated, the reactions were conducted using 0.3�
1.5 mmol of 1 in CH3OH containing (S,S)-3 or -4 under H2 at 50 �C for
15�24 h. bSubstrate-to-catalyst molar ratio. c Isolated yield. dDeter-
mined by chiral GC or HPLC analysis of 2 or their derivatives. See the
Supporting Information for details. eThis reaction using 8.46 mmol of 1a
was conducted for 40 h. fReaction at 30 �C. gA small amount (ca. 4�5%)
of impurity was included.

Figure 2. Diastereomeric transition state models (TSs) in the
hydrogenation of 1 with (S,S)-3.
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afford the propargylic alcohols in up to 97% ee. The
C�C triple bonds are left intact in most cases, although
these functionalities in the alkynyl ketones (substrates)
and the propargylic alcohols (products) are extremely
reactive to the hydrogenation with the conventional
catalysts. A series of alkyl alkynyl ketones including
R-chloro ketone and the substrate with an ene-yne
moiety are converted to the desired propargylic alcohols
in high yield. The mode of enantioselection is elucidated
with the transition state models directed by the CH/π
attractive interaction.
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