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Metal-mediated cocyclization of alkynes, alkenes, and carbon
monoxide (the Pauson-Khand reaction) is becoming increas-
ingly popular as a tool for selective organic synthesis.1-8 This
method provides an easy way to prepare a cyclopentenone
skeleton from simple starting materials through a formal [2+
2 + 1] process and has been used successfully as the key step
in the synthesis of several natural products.9 In addition,
cocyclization of enynes with carbon monoxide (intramolecular
Pauson-Khand reaction) also offers a simple, efficient, and
highly selective route to bicyclic cyclopentenones. Recently,
considerable attention has been focused on a catalytic version
of the Pauson-Khand reaction. However, the catalytic systems
reported so far are strictly limited to Co10 and Ti11 catalysts.
We previously reported the [2+ 2] cycloaddition of norbornenes
with alkynes catalyzed by ruthenium complexes,12 in which
ruthenacyclopentene is a key intermediate.12c If carbon mon-
oxide is inserted into this ruthenacyclopentene, a catalytic
version of the Pauson-Khand reaction can be achieved. After
many trials, we finally found the first example of a ruthenium-
catalyzed Pauson-Khand reaction of enynes with carbon
monoxide.13 We report here the development of this new
catalyst system for the intramolecular Pauson-Khand reaction.
Treatment of dimethyl 8-nonen-3-yne-6,6-dicarboxylate (1a)

with 2 mol % Ru3(CO)12 in DMAc (N,N-dimethylacetamide)
under 15 atm of carbon monoxide gave the corresponding

bicyclic cyclopentenone2a in high yield with high selectivity
(eq 1). The effects of the catalyst and the solvent as well as

the reaction temperature were examined with1a, and the results
are listed in Table 1. An appropriate catalyst and solvent were
both critically important for a successful catalytic Pauson-
Khand reaction. For example, Cp*RuCl(cod) [Cp*) penta-
methylcyclopentadienyl, cod) cycloocta-1,5-diene], which is
an efficient catalyst for [2+ 2] cycloaddition of norbornenes
with alkynes,12c is totally ineffective in the present reaction.
When [RuCl2(CO)3]2 was used as a catalyst,2a was obtained
in 53% yield together with the byproduct3awhich is generated
by â-hydride elimination and subsequent reductive elimination/
isomerization from a ruthenacyclopentene intermediate. Inter-
estingly, Ru(cod)(cot) [cot) cycloocta-1,3,5-triene] gave a
mixture of2aand4a. At elevated temperature (160°C) using
Ru(cod)(cot) catalyst,4a was obtained in 64% yield (eq 2).

Compound4a is the dealkoxycarbonylated product of2a.
However, the simple treatment of2a in the presence of Ru-
(cod)(cot) at 160°C for 20 h under 15 atm of CO gave4a in
only 8% yield. The selective conversion of2a into 4a was
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Table 1. Ruthenium-Catalyzed Pauson-Khand Reaction of
Dimethyl 8-Nonen-3-yne-6,6-dicarboxylate (1a)a

yieldb (%)

catalyst solvent
conv. of
1ab (%) 2a 3a

Ru3(CO)12 DMAc 100 79 (75) trace
Ru3(CO)12 DMF 100 74 trace
Ru3(CO)12 THF 100 71 3
Ru3(CO)12 toluene 100 67 15
Ru3(CO)12c DMAc 100 71 trace
[RuCl2(CO)3]2 DMAc 100 53 9
Cp*RuCl(cod) DMAc 0 0 0
Ru(cod)(cot)d DMAc 100 22 trace

aRu complex (0.150 mmol as metal atom) solvent (2.0 mL),1a (2.5
mmol), CO (15 atm), 140°C, 20 h.bDetermined by GLC. Figure in
parentheses is an isolated yield.cRu3(CO)12 (0.025 mmol).dMethyl
2-ethyl-3-oxobicyclo[3.3.0]oct-1-ene-7-carboxylate (4a) was obtained
in 38% yield.
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attained by concomitant use of a catalytic amount of1a with
Ru(cod)(cot) to give4a in 79% yield, which suggests that the
active catalyst species for dealkoxycarbonylation of2a should
be formed by complexation of Ru(cod)(cot) with1a. This
reaction may offer a novel and general method for catalytic

demonoalkoxycarbonylation ofgem-diesters. As for the solvent,
a considerable amount of3a was obtained in either THF or
toluene. However, Ru3(CO)12 in an amide solvent showed the
highest catalytic activity for selective production of the desired
bicyclic cyclopentenone2a.
The results obtained for a series of enynes (1a-i) are

summarized in Table 2.14 In all cases, the starting enynes were
completely consumed to give the corresponding bicyclic cy-
clopentenones (2a-i) in good to high yields. No byproducts,
such as3a or 4a, could be detected by GLC. The reaction of
enynes with an alkyl group at either the internal or external
carbon of the olefinic moiety also proceeded smoothly to give
the corresponding bicyclic cyclopentenones exclusively (2h, h′,
andi). Note that the trimethylsilyl-substituted enyne1f, which
gave the desilylated product in the titanocene-catalyzed reaction
of enynes with silylcyanide,15 also gave the corresponding
silylated product2f in 85% isolated yield.
While the reaction mechanism is not yet clear, we now believe

that the ruthenacyclopentene, which is generated by oxidative
cyclization of enynes to ruthenium, is a key intermediate in the
present reaction. The formation of the byproduct3a can be
explained by assuming this intermediate (Vide supra).
In summary, we have developed the first and practical

ruthenium-catalyzed intramolecular Pauson-Khand reaction.
Since the Pauson-Khand reaction is a very powerful reaction,
this catalytic process could become a valuable tool in the field
of organic synthesis. The development of an enantioselective
and intermolecular version of this reaction as well as its
mechanistic aspects are the subjects of current investigation.
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Table 2. Ru3(CO)12-Catalyzed Intramolecular Pauson-Khand
Reactiona

a Ru3(CO)12 (0.050 mmol),N,N-dimethylacetamide (2.0 mL),1
(2.5 mmol), CO (15 atm), 140°C, 8 h, E) COOMe, E′ ) COOEt.
b Isolated yield.c 20 h. d THF in place of N,N-dimethylacetamide
was used.e 24 h.
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