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Summary: We have found a novel method for the prepa-
ration of enantiomerically pure propargylic alkylated
compounds from an achiral propargylic alcohol assisted
by a ruthenium complex bearing BINAP as a chiral
ligand. It is noteworthy that products bearing completely
opposite configurations are obtained with an almost
100% ee.

In sharp contrast to the enantioselective allylic sub-
stitution reaction of allylic alcohol derivatives with
nucleophiles catalyzed by transition-metal complexes,
which is one of the most successful and reliable methods
in asymmetric synthesis,1 the enantioselective propar-
gylic substitution reaction of propargylic alcohol deriva-
tives catalyzed by transition-metal complexes has not
yet been developed. We have recently disclosed that the
ruthenium-catalyzed propargylic substitution reaction
of propargylic alcohols with a variety of heteroatom- and
carbon-centered nucleophiles afforded the corresponding
functionalized propargylic compounds in high yields
with complete regioselectivity.2 It is noteworthy that the
reactions are catalyzed by thiolate-bridged diruthenium
complexes3 such as [Cp*RuCl(µ2-SR)]2 (Cp* ) η5-C5Me5;
R ) Me, nPr, iPr) and [Cp*RuCl(µ2-SMe)2RuCp*-
(OH2)]OTf (OTf ) OSO2CF3) but not by various monoru-
thenium complexes.2 More recently, we have prepared

several diruthenium complexes bearing chiral thiolate-
bridged ligands and applied them as catalysts to the
catalytic enantioselective propargylic alkylation of pro-
pargylic alcohols with acetone, which resulted in the
formation of the propargylic alkylated compounds in
good yields, but with only a moderate enantioselectivity
(up to 35% ee).4

Nicholas and co-workers reported the stereospecific
propargylic alkylation of chiral propargylic alcohols by
using a stoichiometric amount of [Co2(CO)5L] (L )
phosphite), but several reaction steps as well as two
separation procedures of the produced diastereoisomers
were necessary on the way to obtaining the enantio-
merically rich propargylic alkylated compounds.5 As an
alternative Nicholas reaction, Gimeno and co-workers
developed a ruthenium-assisted stoichiometric and step-
wise method for the preparation of propargylic alkylated
compounds from propargylic alcohols via ruthenium-
allenylidene complexes as key intermediates.6 High
diastereoselectivities were achieved in the reactions of
the ruthenium-allenylidene complexes with lithium
enolates.7,8 Independently, Müller and co-workers re-
ported the highly diastereoselective substitution reac-
tion of propargylic alcohol derivatives with various
nucleophiles via propargyl cations stabilized by a chro-
mium carbonyl arene moiety, (arene)Cr(CO)3.9 Thus,
successful examples of asymmetric propargylic substitu-
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tion reactions have only been limited to the diastereo-
selective reactions by using stoichiometric amounts of
transition-metal complexes.

As an extension of our ongoing study on enantiose-
lective propargylic substitution reactions, we have now
found a novel method for the preparation of enantio-
merically pure propargylic alkylated compounds from
an achiral propargylic alcohol assisted by a ruthenium
complex bearing BINAP10 as a chiral ligand. This
methodology is considered to be the first synthetic
approach to the highly enantioselective propargylic
substitution reactions. Preliminary results are described
here.

Treatment of [Ru(η5-C9H7)Cl((R)-BINAP)]11 (1), which
was newly prepared from the reaction of [Ru(η5-C9H7)-
Cl(PPh3)2] with (R)-BINAP in toluene at reflux temper-
ature for 20 h, with racemic 1-phenyl-2-propyn-1-ol (2)
in the presence of NaPF6 in MeOH at room temperature
for 20 h gave the corresponding allenylidene complex
[Ru{dCdCdCHPh}(η5-C9H7)((R)-BINAP)]PF6 (3) in 91%
yield as a single isomer (Scheme 1). The formation of 3
was confirmed by elemental analysis and IR and NMR
(1H, 13C{1H}, and 31P{1H}) spectroscopy.

The reaction of 3 with the lithium enolate 4a, which
was generated in situ from the corresponding silyl enol
ether 5a and MeLi at 0 °C, in tetrahydrofuran (THF)
at -78 °C for 30 min gave the corresponding σ-alkynyl
complex [Ru{CtCC(CH2COPh)HPh}(η5-C9H7)((R)-BI-
NAP)] (6a) as a mixture of two diastereoisomers in
quantitative yield (Scheme 2). Only moderate diaste-
reoselectivity was observed, even when the reaction was

carried out at -100 °C. It is noteworthy that the
diastereoisomers of the σ-alkynyl complex ((S)- and (R)-
6a) can be easily separated by using column chroma-
tography on SiO2. As a result, the σ-alkynyl complex
bearing an S configuration on the alkynyl ligand ((S)-
6a) was isolated in 55% yield with >99% de, while the
σ-alkynyl complex bearing an R configuration on the
alkynyl ligand ((R)-6a) was isolated in 28% yield also
with >99% de. This result indicates that each σ-alkynyl
complex can be obtained in diastereomerically pure
form.

Protonation of each of the diastereomerically pure
σ-alkynyl complexes ((S)- and (R)-6a) with HBF4‚Me2O
in diethyl ether at -20 °C for 30 min gave the corre-
sponding vinylidene complexes [Ru{dCdCHC(CH2-
COPh)HPh}(η5-C9H7)((R)-BINAP)]BF4 ((R)- and (S)-7a,
respectively) in high yield and in an enantiomerically
pure form (Scheme 3). Treatment of the vinylidene
complex bearing an R configuration on the vinylidene
ligand ((R)-7a) with acetonitrile at reflux temperature
for 30 min afforded (R)-1,3-diphenyl-4-pentyn-1-one12

((R)-8a) in 89% yield with >99% ee, together with the
formation of [Ru(NtCMe)(η5-C9H7)((R)-BINAP)]BF4 (9)
(Scheme 4). Similarly, transformation of another vi-
nylidene complex bearing an S configuration on the
vinylidene ligand ((S)-7a)) proceeded smoothly to give
(S)-1,3-diphenyl-4-pentyn-1-one ((S)-8a) in enantiomeri-
cally pure form also, together with 9. This stepwise
reaction provides both propargylic alkylated products
in enantiomerically pure form.

When the reactions of the allenylidene complex 3 with
other lithium enolates (4b,c) were investigated under
the same reaction conditions, the corresponding σ-al-
kynyl complexes [Ru{CtCC(CH2COAr)HPh}(η5-C9H7)-
((R)-BINAP)] (6b (Ar ) p-F-C6H4) and 6c (Ar ) 1-naph-
thyl)) were formed as a mixture of two diastereoisomers
quantitatively with only a low diastereoselectivity
(Scheme 5). Fortunately, in both cases, the σ-alkynyl
complexes could be easily separated by column chro-
matography on SiO2 in diastereomerically pure form.
Protonation of the isolated σ-alkynyl complexes ((S)-6b
and (S)-6c) followed by the ligand exchange reaction of
the vinylidene complexes produced ((R)-7b and (R)-7c)
with acetonitrile resulted in the formation of propargylic
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alkylated compounds ((R)-8b and (R)-8c) in enantio-
merically pure form (Scheme 6). The ruthenium complex

9 can be converted into the original ruthenium-BINAP
complex 1 by ligand exchange. In fact, we confirmed the
quantitative formation of 1 in the reaction of 9 with an
excess amount of KCl in the presence of 18-crown-6.13

Thus, a synthetic cycle for the formation of enantio-
merically pure propargylic alkylated compounds from
an achiral propargylic alcohol has been accomplished
by starting from the ruthenium-BINAP complex 1
(Scheme 7). In this pseudo-catalytic cycle, the ruthe-
nium-BINAP complex can be recovered and reused for
this asymmetric synthetic reaction. The overall process
has the potential to be a general synthetic protocol to
obtain propargylic-substituted compounds with com-
plete enantioselectivity.

In summary, we have found a novel method for the
preparation of enantiomerically pure propargylic alky-
lated compounds from an achiral propargylic alcohol
assisted by a ruthenium complex bearing BINAP as a
chiral ligand. Although four reaction steps and the
column chromatographic separation of two diastereo-
isomers are necessary to obtain the expected com-
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a Determined by 1H NMR. b After column chromatography.
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pounds, this stepwise reaction provides the first syn-
thetic approach to highly enantioselective propargylic
substitution reactions. It is also noteworthy that prod-
ucts bearing completely opposite configurations are
obtained with almost 100% ee. Further work is currently
in progress to improve the diastereoselectivity in the
reaction of the ruthenium allenylidene complexes with
lithium enolates and to broaden the scope of this
enantioselective propargylic substitution reaction by
using other nucleophiles.
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