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Chemical transformations starting from the dissociation of
carbon-carbon bonds are important and highly efficient methods
to synthesize useful organic compounds because the transformations
can change the skeletons of organic compounds directly. However,
it is generally difficult to carry out the transformations under mild
reaction conditions because carbon-carbon bonds are very strong
and are usually covered with carbon-hydrogen or other bonds.
Thus, such transformations have been limited mostly to stoichio-
metric reactions1 or to catalytic reactions using highly strained
substrates,1 such as three-membered rings,2 four-membered rings,3

norbornenes,4 and norbornadienes.5 In catalytic reactions, the release
of strain energy is the driving force to promote the reactions.
Although there have been a few reports on chemical transformations
starting from the dissociation of nonstrained carbon-carbon bonds,6

these transformations suffer from harsh reaction conditions, a long
reaction time, and the requirement of chelation.7 They also suffer
from low yields or the formation of decarboxylation products.8 We
report herein that a rhenium catalyst promotes the insertion of
terminal acetylenes into a carbon-carbon single bond next to a
carbonyl group of nonstrained cyclic compounds under mild
conditions.

The reaction of cyclohexanone-2-carboxylic acid ethyl ester1a
(1.0 equiv) with phenylacetylene2a (1.2 equiv) in the presence of
catalytic amounts of a rhenium complex, [ReBr(CO)3(thf)]2

9 (2.5
mol %), and benzyl isocyanide (5.0 mol %)10 at 40 °C for 24 h
under solvent-free conditions gave an eight-membered ring product
3a quantitatively (eq 1).11-14 Although the yield was low (2a: 1.0
equiv, 54%), this reaction proceeded even at room temperature (eq
1).

In general, an effective synthesis of medium-size cyclic com-
pounds is rather difficult because of unfavorable entropic and
enthalpic factors.15 From this view point, the yield and reaction
conditions deserve special mention (Table 1, entry 1). The formation
reaction of3a proceeded in toluene at 50°C by using ReBr(CO)5
or MnBr(CO)5 as a catalyst (5.0 mol %), although the yields of3a
were low (45 and 59%).16 When the amount of benzyl isocyanide
was increased from 5 to 10 mol % in the reaction shown in eq 1,
the reaction did not proceed. This is probably because the
coordination of the two isocyanides to the rhenium center decreased
the catalytic activity.

Treatment of1a with arylacetylenes bearing substituents, such
as electron-donating methoxy and methyl groups and electron-
withdrawing trifluoromethyl and bromo groups, at thepara-position,

afforded the corresponding eight-membered cyclic compounds in
86-97% yields (Table 1, entries 2-5). In the latter case, carbon-
bromine bond remained intact during the reaction (Table 1, entry
5). The ring-expansion reaction of1a with an enyne, 1-ethynyl-
cyclohexene, gave the corresponding eight-membered cyclic com-
pound quantitatively (Table 1, entry 6).17

Next, we investigated several cyclic dicarbonyl compounds
(Table 2). A nine-membered cyclic ester was produced at 40°C
from a seven-memberedâ-keto ester in excellent yield (Table 2,
entry 1). Although the reaction conditions were not applied to the
formation of a ten-membered ring from an eight-memberedâ-keto
ester, heating the reaction mixture of a cyclooctanone-2-carboxylic
acid ethyl ester and2a at 90°C provided a ten-membered cyclic
ester in 50% yield. The yield of the ten-membered cyclic compound
was increased to 78% in the absence of benzyl isocyanide (Table
2, entry 2).18 The reaction of a tetralone-2-carboxylic acid ethyl
ester with2a in dichloromethane gave a cyclic compound connected
with an aromatic ring in good yield (Table 2, entry 3). The
corresponding eight-membered cyclic compound was formed in
61% yield at 100°C by the reaction ofâ-diketone with2a (Table
2, entry 4).19

Although an alkenyl derivative,11 which is formed by the insertion
of phenylacetylene2a into a C-H bond of the cyclohexanone-2-
carboxylic acid ethyl ester1a, was exposed to similar reaction
conditions, the ring-expansion reaction did not proceed and the
starting material was recovered completely. This result indicates
that the ring expansion does not occur via alkenyl derivatives. The
proposed reaction mechanism is as follows (Scheme 1): (1) the

Table 1. Reactions of 1,3-Keto Ester with Several Acetylenesa

a 1a, 0.50 mmol;2, 0.60 mmol (1.2 equiv).b Isolated yield. The yield
determined by1H NMR is reported in parentheses.c Acetylene (2.0 equiv),
[ReBr(CO)3(thf)]2 (5.0 mol %), benzyl isocyanide (10 mol %).d Acetylene
(1.5 equiv).
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formation of a rhenacyclopentene intermediate by the reaction of
a rhenium catalyst,â-keto ester, and terminal acetylene. After the
formation of the rhenacyclopentene intermediate, there are two
possible pathways; the difference is the timing of reductive
elimination. Path A: (2-a) Ring opening by a retro-aldol reaction;
(3-a) isomerization; (4-a) reductive elimination. Path B: (2-b)
Reductive elimination; (3-b) ring opening by a retro-aldol reaction;
(4-b) isomerization.

Thermally prohibited [2π + 2π] cycloaddition reactions of olefins
with acetylenes occur in the presence of a ruthenium catalyst.20

From this point of view, the reaction reported here can be seen as
a rhenium-catalyzed version of the de Mayo reaction.21 The
rhenium-catalyzed reaction reported here proceeded under mild
conditions without light, and in addition, the second ring-opening
step occurred sequentially in one pot without any additives.

We have succeeded in the rhenium-catalyzed ring-expansion
reaction of strained and nonstrained cyclic compounds starting from
carbon-carbon bond fission and the construction of medium-size
rings under mild conditions. We hope that this method will become
a useful way to construct compounds having medium-size cyclic
compounds.
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Table 2. Reactions of 1,3-Dicarbonyl Compounds with
Phenylacetylenea

a 1, 0.50 mmol;2a, 0.60 mmol (1.2 equiv).b Isolated yield. The yield
determined by1H NMR is reported in parentheses.c Benzyl isocyanide was
not added.d Dichloromethane (1.0 mL) was used as a solvent.e Acetylene
(2.0 equiv) and 1,2-dichloroethane (1.0 mL) were used as a solvent.

Scheme 1. Proposed Mechanism of the Ring Expansion
Reactions
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