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One of the challenging goals of the synthetic chemistry is the
development of new reactions and strategies that allow for the facile
conversion of simple compounds into complex materials, medicines,
or molecules of theoretical interest. In this regard, the use of
homogeneous transition metal catalysts has been very successful.1

However, the in situ alignment of several distinct catalytic processes,
which is quite common in enzyme catalyzed reaction sequence,2 is
still in its infancy in homogeneous transition-metal catalysts.3 We
herein report on the three-step one-pot synthesis of fenestranes from
an enyne and alkyne diesters using cobalt nanoparticles and
palladium(II) as catalysts. This is a rare example of the use of
transition-metal nanoparticles as catalysts with the conventional
homogeneous catalyst, Pd(II) in the synthesis of complex organic
compounds in a one-pot reaction. In a recent paper4 we have
described the catalytic synthesis of fenestranes from dienediyne in
the presence of dicobalt octacarbonyl under carbon monoxide.
However, diendiynes have to be synthesized by multistep reactions.

We chose fenestranes as target compounds since most of the
known synthetic methods for fenestranes involve multiple steps and
have been associated with separation problems.5 Scheme 1 shows
a synthetic pathway to fenestranes. The first step is a catalytic
Pauson-Khand reaction, the second Pd(II)-catalyzed allylic alkyl-
ation, and the third another catalytic Pauson-Khand reaction.

The first and second steps were easily accomplished by using
cobalt on charcoal6 and Pd(II) catalysts,7 respectively. However,
cobalt on charcoal was not effective in the third step. It appeared
that the cobalt on charcoal system was damaged after the second
step. Thus, alternative catalysts were sought for the third step.
Recently, we recognized that cobalt nanoparticles act as catalysts
in the Pauson-Khand reaction,8 and cobalt nanoparticles9 could
be the best choice among the catalysts. As expected, cobalt
nanoparticles were tolerant of all the reaction conditions and quite
effective for both the first and third reactions. Thus, fenestranes
were prepared from readily available chemicals in a three-step one-
pot reaction.

Treatment ofa with 1 in the presence of cobalt nanoparticles
and allyl-Pd(II) complex led to the isolation of8 in 74% yield
(Scheme 2).10

Two different catalysts, cobalt nanoparticles and allyl palladium
chloride, were capable of promoting three sequential but inde-
pendent catalytic cycles in the desired chronological order, thereby
allowing a new molecular queuing process to take place. The
structure of8 was established by X-ray diffraction investigation
(Figure 1).11 The nucleophilic addition to 1,3-disubstitutedπ-
allylmetal complex afforded exclusively anR,â-unsaturated enone.12

According to Keese’s report,5b simple enone intermediates were
not suitable for a second cyclization. Thus, they prepared specially

designed enones and used them in the synthesis of fenestranes.
However, we were pleased to observe that the enone generated in
the second step was easily cyclized in the third step.

We have tested a variety of enyne substratesa-c and alkyne
diesters1-4 (Chart 1 and Table 1). The reaction ofa with 2 under* Corresponding author. E-mail: ykchung@plaza.snu.ac.kr.

Figure 1. ORTEP plot of8 showing 30% probability ellipsoids (hydrogen
atoms were omitted for clarity).
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Scheme 2
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the same conditions gave9 in 84% yield.13 However, reaction ofa
with 3 or 4 under the same conditions did not produce the
corresponding fenestranes. Instead, the Pauson-Khand reaction
product5 was obtained in 50-64% yield. Other enynesb andc
having dimethyl substitutions at the 4-position or Ph-substituted
alkyne did not afford the corresponding products. Instead, the
Pauson-Khand reaction products6 and7 were produced in 54-
70% yield. When6 and7 were treated with the palladium catalyst,
no reaction was observed, presumably due to a severe steric
hindrance. Thus, it appears that the steric effect of the substituent(s)
on the enyne substrate and alkyne diester is an important factor
for the Pd-catalyzed allylic alkylation to proceed.

In conclusion, we have shown the usefulness of the combination
of cobalt nanoparticles and Pd(II) catalysts in a three-step one-pot
reaction for the construction of tetracyclic compounds, fenestranes.
Appropriate choice of enyne and alkyne diester allowed the
realization of a carbonylative cycloaddition/allylic alkylation/
carbonylative cycloaddition sequence as a one-pot reaction. We
expect that the novel chemistry shown by the combination of cobalt
nanoparticles and Pd(II) catalysts can be extended to other systems.
Work in this direction is in progress.
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Chart 1

Table 1

entry enyne nucleophile product yielda (%)

1 a 1 8 74
2 a 2 9 84
3 a 3 5 64
4 a 4 5 50
5 b 1 6 70
6 c 1 7 54

a Isolated yield.
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