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ABSTRACT

Reaction of 1,6-enynes with a hydrosilane in the presence of immobilized cobalt/rhodium bimetallic nanoparticles gives 2-methyl-1-silylmethylidene-
2-cyclopentanes in the absence of carbon monoxide and 2-formylmethyl-1-silylmethylidene-2-cyclopentanes under 1 atm of carbon monoxide,
respectively.

The development of efficient synthetic methods in the
construction of carbocycles and heterocycles has been the
subject of extensive study because of their relevance to
medicine and functional materials.1 Among numerous avail-
able methods, the transition-metal-mediated cyclization reac-
tion has attracted much attention and become one of the most
popular.2 However, considerable effort is still being devoted
to developing more efficient and practical methods for the
synthesis of cyclic organic compounds from readily available
starting materials. Recently, transition-metal-catalyzed cy-
clization/hydrosilylation reactions have become well devel-

oped.3 Particularly, carbonylative silylcarbocyclization pro-
cesses are useful because of the reactivity of the silylated
carbocycles bearing an aldehyde group formed in these
transformations. Unfortunately, the reaction conditions re-
quire high pressures (20-36 atm) of carbon monoxide.3b,d

Such reaction conditions may limit the range of functional
groups that are tolerated.

Recently, the chemistry of transition-metal nanoparticles
has been rapidly developed4 and their use has widened to
many catalytic reactions including oxidation, hydrogenation,
Pauson-Khand reactions, reductive Pauson-Khand reac-
tions, etc.5 Very recently, we found6 that cobalt/rhodium
nanoparticles (Co2Rh2) derived from Co2Rh2(CO)12 were
quite useful catalysts in Pauson-Khand-type reactions. While
we were investigating the use of Co2Rh2 as a catalyst, we
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found that Co2Rh2 catalyzed the silylcarbocyclization of 1,6-
enynes to silylated carbocycles and carbonylative silylcar-
bocyclization of 1,6-enynes to silylated carbocycles bearing
an aldehyde group under 1 atm of carbon monoxide. Here
we report the use of cobalt/rhodium heterobimetallic nano-
particles in the catalytic silylcarbocyclization of enynes with
and without carbon monoxide.

A toluene solution of1a, triethylsilane, and a catalytic
amount of Co2Rh2 was heated for 18 h at 65°C under 1 atm
of CO (eq 1).7 Chromatographic separation of the reaction
products through silica gel gave two products, a carbonylative
silylcarbocyclized product2 and a silylcarbocyclized product
3 in 54 and 41% yields, respectively. Some variable factors
were examined for exploring the optimal reaction conditions
to obtain 2 or 3 as the sole product. The results are
summarized in Table 1. As the pressure of CO increased to
5 atm in toluene solution at 65°C (entry 2),2 was obtained
as the sole product in the dramatically increased yield of
96%. A further increase of CO pressure led to the isolation
of 2 in 98% yield with no formation of3 (entry 3). However,
the use of high CO pressure is cumbersome with laboratory
facilities. Thus, the use of 1 atm of CO is much preferred.
When 1,4-dioxane was used as a reaction medium at 105
°C under 1 atm of CO (entry 4), a high yield (93%) of2
was obtained. Interestingly, when the reaction was carried
out in hexane at room temperature in the absence of carbon
monoxide (entry 5),3 was obtained as the sole product in
90% yield. Thus, we established the following preliminary
reaction conditions: under 1 atm of CO, in 1,4-dioxane, at

105°C, for 12 h for carbonylative silylcarbocyclization, and
in hexane, at 22°C, for 2 h for silylcarbocyclization.
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mmol), and catalyst (10 mg, 0.029 mmol) were dissolved in 10 mL of 1,4-
dioxane2. The resulting solution was heated to 105°C for 12 h. Evaporation
followed by chromatography on a silica gel column eluting with hexane/
diethyl ether (v/v 10:1) gave a product and the catalyst.

Table 1. Co2Rh2-Catalyzed Silylcarbocyclization Reaction of 1,6-Enynea

yields (%)b

entry catalyst solvent
CO

(atm)
temp
(°C)

time
(h) 2 3

1 Co2Rh2 toluene 1 65 12 54 41
2 Co2Rh2 toluene 5 65 12 96
3 Co2Rh2 toluene 10 65 18 98
4 Co2Rh2 1,4-dioxane 1 105 12 93
5 Co2Rh2 hexane 22 2 90
6 recovered from # 4 1,4-dioxane 1 105 12 92
7 recovered from # 6 1,4-dioxane 1 105 12 93
8 recovered from # 7 1,4-dioxane 1 105 12 91
9 recovered from # 8 1,4-dioxane 1 105 12 90

a Reaction conditions: substrate (0.65 mmol) and catalyst (0.029 mmol).b Isolated yields.

Table 2. Co2Rh2-Catalyzed Carbonylative Silylcarbocyclization
of 1,6-Enynesa

a Reaction conditions: an enyne substrate (0.20 g, 0.65 mmol), R3SiH
(3.25 mmol), and catalyst (10 mg, 0.029 mmol), 1,4-dioxane, 1 atm CO,
105 °C, 12 h.b Isolated yields.
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To check the recyclability, Co2Rh2 catalyst was separated
and reused several times for the carbonylative silylcarbocy-
clization reaction. The results shown in Table 1 confirm that
the catalyst maintained its high activity even after being
recycled five times.

The scope of the carbonylative silylcarbocyclization reac-
tion has been investigated, and the results are summarized
in Table 2. All terminal 1,6-enynes bridged by carbon,
nitrogen, or oxygen atoms were good substrates. They gave
the expected 2-formylmethyl-1-silylmethylidene-2-cyclopen-
tanes and their heteroatom congeners in high yields (up to
98%). A 1,6-enyne bearing an internal acetylene moiety has
also been employed (entry 6); the expected product was
obtained in 87% yield. The reaction tolerates various
functional groups, including ester, ether, and sulfonamide.
We also tested enynes having a substituted alkene moiety,
which were known to be inactive under Ojima’s silylcar-
bocyclization reaction conditions.3b The expected products
were obtained in 58 and 23% yields, respectively (entries 7
and 8). The relatively lower yields are presumably due to
the steric hindrance of the methyl group.

We next screened the 1,6-enyne for the silylcarbocycliza-
tion reaction (Table 3). All terminal 1,6-enynes bridged by
carbon, nitrogen, or oxygen atoms and 1,6-enynes having
internal alkynes were good substrates. The expectedexo-

silylmethylenecyclopentanes or their heteroatom congeners
were obtained in high yields (83-97%). We also tested
enynes having a substituted alkene moiety under our reaction
conditions. In contrast to the carbonylative silylcarbocy-
clization, they were inactive under our reaction conditions.

Ojima and his group are pioneers8 in this research field
and have been in the forefront of the study of silylcarbocy-
clization and carbonylative silylcarbocyclization of 1,6-
enynes.3b,cAccording to their reports,3b their optimal reaction
conditions for silylcarbocyclization were quite mild, but those
for the carbonylative silylcarbocyclization seemed to be
cumbersome. Thus, compared to the previous studies,3b,dour
reaction conditions for carbonylative silylcarbocyclization
reaction are much milder and simpler to achieve. Moreover,
our catalyst can be recycled many times without losing
catalytic activity.

Ojima et al.3b proposed a plausible reaction mechanism.
Recently, silylcarbocyclization of 1,6-enynes catalyzed by
a cationic rhodium bis(phosphine) complex was reported by
Widenhoefer et al.9 They also proposed a working reaction
mechanism that was almost the same as that proposed by
Ojima et al. We expect that a plausible reaction mechanism
will follow those of other studies (Scheme 1).
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Table 3. Co2Rh2-Catalyzed Silylcarbocyclization of
1,6-Enynesa

a Reaction conditions: an enyne substrate (0.20 g, 0.65 mmol), R3SiH
(3.25 mmol), and catalyst (10 mg, 0.029 mmol), hexane, 22°C, 2 h.
b Isolated yields.

Scheme 1
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In conclusion, we have demonstrated that immobilized
cobalt-rhodium bimetallic nanoparticles are quite useful
catalysts in the silylcarbocyclization reaction and carbony-
lative silylcarbocyclization reaction of 1,6-enynes. A judi-
cious choice of the reaction conditions allows the reaction
pathway to be controlled to give 2-methyl-1-silylmeth-
ylidene-2-cyclopentane or 2-formylmethyl-1-silylmethylidene-
2-cyclopentane as the sole product. Some substrates known
to be inactive in homogeneous catalysis can be carbonyla-
tively silylcarbocyclized in reasonable yields. This method
has several advantages such as reusability, mild reaction
conditions, and no requirement for additives.
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