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Chiral propargylic alcohols are useful building blocks for the
synthesis of various biologically active1 and structurally interest-
ing compounds.2 Compounds of this important class had been
prepared by stoichiometric asymmetric reduction of acetylenic
ketones with chirally modified metal hydrides,3 reductive
cleavage of chiral acetylenic acetals,4 enantioselective alkyny-
lation of aldehydes,5 or enzymatic transformations6 until Corey
and Parker developed the catalytic asymmetric hydroboration
of R,â-ynones with chiral oxazaborolidines.7 Although asym-
metric hydrogenation would be the most straightforward ap-
proach, none of the currently available catalyst systems can
convert R,â-acetylenic ketones to propargylic alcohols in a
chemoselective and enantioselective manner.8 Here, we describe

the first asymmetrictransfer hydrogenationof acetylenic ketones
using chiral Ru(II) catalysts and 2-propanol as the hydrogen
donor.9 This method allows highly selective reduction of
structurally diverse acetylenic ketones to propargylic alcohols
of high enantiomeric purity leaving the CtC bond intact (eq
1).

A search for the appropriate conditions using1a, known as
a difficult substrate,10 revealed that the chiral 16-electron Ru
complexes311 are excellent catalysts for the carbonyl-selective
asymmetric reduction with 2-propanol (method A). The asym-
metric reaction, normally with a 0.1 to 1 M 2-propanol solution
of the ketone, proceeds under neutral conditions at room
temperature with a substrate/catalyst molar ratio (S/C) of 100-
200, or even 1000 in certain cases, giving2a in up to 98% ee
(enantiomeric excess) and in>99% yield. The Ru catalysts3
can be conveniently generatedin situby mixing the 18-electron
precursors4 and KOH in a 1:1.2 molar ratio (method B)12 or
simply [RuCl2(η6-arene)]2 (5), (1S,2S)- or (1R,2R)-N-(p-toluene-
sulfonyl)-1,2-diphenylethylenediamine, and KOH in 2-propanol
(Ru:diamine:KOH) 1:1:2.5) (method C), only if a ketonic
substrate is insensitive to the KOH treatment. The mesitylene
andp-cymene complexes3aand3bworked equally well, while
the former was somewhat more reactive. A combined catalyst
system consisting of [RuCl2(η6-C6(CH3)6)]2, (1S,2S)-2-(methyl-
amino)-1,2-diphenylethanol, and KOH (Ru:amino alcohol:KOH
) 1:1:2.5) is also usable (method D).13

Various achiral acetylenic ketones1 can be reduced to chiral
propargylic alcohols2 in good yields.14 Table 1 lists some
examples. The ee values are consistently high regardless of
the bulkiness of R2 substituents from methyl10 to tert-butyl. Both
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aryl- and alkylethynyl ketones serve as good substrates.
Although unsubstituted ethynyl ketones are not usable, the
silylated compounds are reduced easily under neutral conditions
with the preformed catalysts3.11 The precursor of the lower
side chain unit of prostaglandins, (S)- or (R)-2j,15 of high
enantiomeric purity can be prepared by this method. However,
the starting materials should be carefully purified, because
terminal acetylenes are strong inhibitors of this catalytic reaction.
The asymmetric transfer hydrogenation of acetylenic ketones

with a preexisting stereogenic center leads to diastereomeric
propargylic alcohols. When the chiral ketone (S)-6 with 98%
ee was reduced with 2-propanol containing (R,R)-3b (S/C )
100, [ketone]) 0.1 M, 28°C, 2 h), (3S,4S)-7 with >99% ee
was produced in>97% yield together with small amounts of
other stereoisomers. In a similar manner, reduction of (S)-6
with the enantiomeric catalyst (S,S)-3b (S/C) 50, 5 h) gave

(3R,4S)-7 in >99% ee and>97% yield. Thus, the carbonyl
diastereofaces in (S)-6 are efficiently differentiated by the
chirality of the Ru template, while the adjacent nitrogen-
substituted stereogenic center does not play any significant role.
The reaction of racemic6 in 2-propanol containing (R,R)-3b
(S/C) 100) indicated that theSenantiomer is four times more
reactive than theR isomer.
2-Propanol is the best hydrogen donor. Attempted reduction

using a 2 Msolution of1a in a 1:1 formic acid/triethylamine
mixture16 containing (S,S)-4b (S/C) 200, THF, 28°C, 20 h)
gave (S)-2a in 91% ee but only 55% yield. Similarly, reaction
of 1g (S/C) 100) afforded (S)-2g in 97% ee and 60% yield.
The success of the asymmetric reaction in 2-propanol relies

on the appropriate chiral structures of the Ru complexes,
mechanism-based functional group discrimination11a allowing
the selective saturation of the carbonyl group, and suitable
thermodynamic and kinetic parameters. Hydrogen transfer
between secondary alcohols and ketones is reversible. Fortu-
nately, in comparison to the reduction of aromatic ketones,12

the ynone/ynol thermodynamic balance that limits the product
yield favors the reduced form more. Thus, the reaction using
a 1 M (not 0.1 M) 2-propanol solution of1acatalyzed by (S,S)-
4a (method B, S/C) 200) gave2a in up to 99% yield.
Furthermore, reduction of1acatalyzed by (S,S)-3b afforded (S)-
2a in 94% ee, even when the reaction was conducted with a
substrate concentration as high as 5 M (S/C) 200). This ee
value is lower than 97% obtained with a 0.1 M solution but is
still synthetically useful.
A separate structural study revealed the cause of the catalyst

deactivation. Treatment of (S,S)-3b with a 1 Msolution of1a
in 2-propanol (ketone/Ru) 10, 28 °C, 12 h) produced the
orange-yellow complex (S,S)-8, mp 160-162 °C dec, in 88%
isolated yield. The structure of (S,S)-8 posessing theR

configuration at Ru was confirmed by X-ray crystallographic
analysis. The 16-electron complex (S,S)-3b11adehydrogenates
2-propanol, giving the 18-electron Ru hydride intermediate (S,S)-
9, which is responsible for carbonyl reduction of the ynone.
The hydride complex, however, partly undergoes irreversible
addition across the triple bond to result in the catalytically
inactive alkenyl complex (S,S)-8. This side reaction becomes
serious with a high substrate concentration. Overall, the high
catalytic efficiency, enantioselectivity, and operational conven-
ience are obtained with 0.1 (S/C) 200) to 1 M (S/C) 100)
concentrations of an ynone in 2-propanol.
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-50.0 (c 1.50, ether) (lit.6c [R]D25 -50.6 (c 1.475, ether),>95% ee (S)).
The ee value was determined by HPLC analysis (Chiralcel OD, 20%
2-propanol in hexane, 0.5 mL/min,λ ) 254 nm,tR ) 19.5 min,S isomer,
11.8 min,R isomer).
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Table 1. Asymmetric Transfer Hydrogenation ofR,â-Acetylenic
Ketones Catalyzed by Chiral Ruthenium(II) Complexesa

Ru catalyst product2

substrate complex methodb time (h) yield (%)c ee (%)d confige

1a (S,S)-3a A 20 87 98 S
1a (S,S)-3b A 20 >99 97 S
1a (1 M) (S,S)-3b A 20 94 96 S
1a (5 M) (S,S)-3b A 41 58 94 S
1a (S,S)-4a B 4 >99 97 S
1a (1 M) (S,S)-4a B 63 99 95 S
1a (S,S)-4b B 18 94 96 S
1a 5f C 18 >99 98 S
1a 5g C 18 90 97 S
1a 5h D 18 93 90 S
1b (S,S)-4a B 12 97 97 S
1c (S,S)-4a B 5 98 99 Si

1d (S,S)-4a B 13 >99 98 Sj

1e (S,S)-4a Bk 13 84 98 S
1f (S,S)-4a B 6 70 98l S
1g (S,S)-4a B 6 90 >99l S
1g (1 M) (S,S)-4a Bk 13 85 99l S
1h (S,S)-3b A 12 >99 98m S
1h (S,S)-3b An 27 86 98m S
1i (S,S)-3b A 12 >99 97o S
1j (1 M) (S,S)-3b Ak 12 99 94o Sp

1j (R,R)-3b A 15 98 99o Rp

1k (S,S)-3b A 12 >99 99q Si

aUnless otherwise specified, the reaction was carried out at 28°C
using a 0.1 M solution of the ketone in 2-propanol with S/C) 200.
bMethod A,1:3 ) 200:1; method B,1:4:KOH ) 200:1:1.2; method
C,1:5:(1S,2S)-N-(p-toluenesulfonyl)-1,2-diphenylethylenediamine:KOH
) 200:0.5:1:2.5; method D,1:5:(1S,2S)-2-(methylamino)-1,2-diphen-
ylethanol:KOH) 200:0.5:1:2.5.c Isolated yield after flash chroma-
tography on silica gel.dHPLC analysis using a Daicel Chiralcel OD
column unless otherwise specified.eDetermined by the sign of rotation
of the isolated product.f η6-arene) mesitylene.g η6-arene) p-cymene.
h η6-arene) hexamethylbenzene.i Determined after conversion to the
methyl (S)-2-(benzoyloxy)-3-methylbutyrate.j Determined after conver-
sion to the methyl (S)-O-benzoylhexahydromandelate.k S/C ) 100.
l Capillary GLC using a Chrompack Cp-Cyclodextrin-â-236-M-19
column.mHPLC analysis of the corresponding 3,5-dinitrobenzoate
using a Chiralcel OD-H column.n S/C ) 1000.oHPLC analysis of
the corresponding benzoate using a Chiralcel OJ-R column.pDeter-
mined after hydrolysis to (S)- or (R)-1-octyn-3-ol.qHPLC using two
Chiralpak AD columns.
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