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Approaches to construct complex organic molecules, such as
carbocyclic compounds, from simple starting materials as
building blocks are of great interest. Five-membered carbo-
cycles are especially important, and remarkable progress has
been made in their syntheses.[1] Among them, [3+2] cyclo-
addition reactions have been studied intensively because the
five-membered carbocycles can be derived from simpler
molecules.[2] The synthesis of five-membered carbocycles
starting from allenes have also been reported; for example
(trimethylsilyl)cyclopentene annulation mediated by titanium
complexes, gold-catalyzed [3+2] cycloaddition of enones/
enals with allenyl methoxymethyl ethers, and cobalt-cata-
lyzed reductive [3+2] cycloaddition of allenes and enones.[3]

Herein, we report the unprecedented synthesis of polysubsti-
tuted cyclopentenes from b-ketoesters and aliphatic allenes.

Previous work on the use of rhenium complexes in organic
synthesis, including our own studies on the reactions of
acetylenes and olefins,[4, 5] led us to envisage the reactivity of
rhenium complexes towards allenes. By heating a mixture of
b-ketoester 1a and allene 2a in toluene in the presence of
rhenium complex [{ReBr(CO)3(thf)}2], the insertion of 2a
into either the C�H bond at the a-position[4a] or the carbon–
carbon bond[4b] of 1 a was expected. After carrying out the
above reaction, C�H insertion product 4 a was produced in
27% yield in addition to the unexpected formation of
cyclopentene 3a in 32 % yield [Eq. (1)].[3] The structure of
3a was determined by both NMR spectroscopy and single-
crystal X-ray crystallographic analysis (Figure 1). For struc-
ture 3a, both the regiochemistry and the stereochemistry at
the three carbon centers was defined.

Additional investigation of the catalysts showed that
treatment of b-ketoester 1a and allene 2 a with [ReBr(CO)5]
(5.0 mol%) furnished the desired product in 35 % yield. The
yield of 3a was improved to 76% by using [Re2(CO)10]
(2.5 mol%) instead of [ReBr(CO)5]. Gratifyingly, the yield
was improved to 85 % by heating 1a and 2 a under solvent free
conditions [Eq. (1)]. Notably, we detected another isomer

peak in the GC-MS analysis, but it was less than 1% yield.
Changing the electronic properties of the rhenium complexes
by using phosphine ligands ([ReCl3(PPh3)2(NCMe)], [ReCl3-
(PMe2Ph)3], and [ReOCl3(PPh3)2]) afforded decomposition
products of allenes. Other metal complexes, such as
[Mn2(CO)10], [MnBr(CO)5], and [Ru3(CO)12] were also
ineffective.

Once the optimal catalyst and reaction conditions were
identified, we investigated the scope and limitations of this
new synthetic method for making cyclopentenes using
b-ketoesters and aliphatic allenes. Aliphatic allenes reacted
with b-ketoesters in the presence of 2.5 mol% of the
[Re2(CO)10] catalyst to furnish the corresponding cyclopen-
tene derivatives in moderate to excellent yields (61–91%)
(Table 1). Cyclopentene 3b was isolated in 80 % yield from
the reaction of active methylene compound 1a with allene 2b
(entry 1). Ester and silyloxy groups are tolerated under the
reaction conditions as evidenced by the high yields of
products, 3c and 3d, respectively (entries 2 and 3).[6] Active
methylene compound 1b also served as a good coupling
partner to give cyclopentene 3e in 61% yield. (entry 4).
Changing the substituent from the ethyl group of the

Figure 1. X-ray crystal structure of 3a.[17] Thermal ellipsoids set at 50%
probability.
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b-ketoester to a bulkier tert-butyl group (entry 5) did not
affect the reaction significantly, and cyclopentene 3 f was
obtained in 68 % yield. The use of 1d and 1 e as substrates
indicated that the presence of an olefin within the ester group
did not disrupt the reaction and cyclopentenes 3g and 3h
were obtained in 62% and 76% yields, respectively (entries 6
and 7). Changing the substituent at the ketone part of the
b-ketoester afforded a cycloadduct 3j in 69% yield (entry 8).
Interestingly, cyclic b-ketoesters, 1g and 1h, participated in
the annulation reaction, and bicyclic compounds, 3j, 3k, and

3 l, were obtained in 76 %, 91 %,
and 63 % yields, respectively
(entries 9–11).[7]

The utility of the present annu-
lation reaction was demonstrated in
the stereoselective synthesis of the
spirocyclic compound 3m as shown
in Equation (2).[8]

Transition-metal-catalyzed
hydrocarbonation reactions of
allenes with active methylene com-
pounds have been reported,[9] and
the reactions formally occur at
three carbon atoms (a-, b-, and
g-positions) (Figure 2, left).[10] In
contrast, the reaction in Equa-
tion (1) proceeded at the b, g, and
adjacent methylene positions of the
allene (Figure 2, right).[11]

We conducted several experi-
ments to obtain information on the
reaction mechanism because the
annulation occurs at an unusual
site of the terminal allenes. Firstly,
the possibility of a rhenium-cata-
lyzed isomerization of aliphatic
allenes to 1,3-dienes[12] at the initial
step was examined. Treatment of
allene 2a with a catalytic amount of
[Re2(CO)10] (2.5 mol% or
25 mol%) at 115 8C in the absence
of a b-ketoester, did not produce
1,3-diene derivative 5. In addition,
heating a mixture of 5 (E/Z 1:1.2)
and 1a in the presence of
[Re2(CO)10] (2.5 mol%) for
30 hours did not produce the corre-
sponding cyclopentene derivative
3a ; the starting materials were
recovered almost quantitatively.[13]

These results clearly suggest that
the present annulation reaction
does not proceed by the isomeriza-
tion of allene to 1,3-butadiene
derivative 5.

Since compound 4a was
obtained as a by-product, its role
in the synthesis was investigated by

Table 1: Rhenium-catalyzed formation of cyclopentenes.[a]

Entry 1 2 (R4) 3 Yield [%][b]

1

1a 2b (nC9H19) 3b 80

2

1a 2c (AcO(CH2)3) 3c 73

3

1a 2d (tBuMe2SiO(CH2)3) 3d 74

4

1b 2a (PhCH2) 3e 61

5

1c R3 = tBu 2a 3 f R3 = tBu 68
6 1d R3 = CH2CH=CH2 2a 3g R3 = CH2CH=CH2 62[c]

7 1e R3 = (CH2)4CH=CH2 2a 3h R3 = (CH2)4CH=CH2 76[d]

8

1 f 2a 3 i 69

9

1g 2a 3 j 76

10 1g 2c 3k 91

11

1h 2a 3 l 63[3]

[a] 1a (1.0 equiv), 2 (1.2 equiv). [b] Yield of isolated product. [c] 1d (1.2 equiv), 2a (1.0 equiv). 48 h.
[d] 48 h. [e] 48 h, see Ref. [7].
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heating it in the presence of a catalytic amount of [Re2(CO)10]
or [{ReBr(CO)3(thf)}2]. Upon heating, the reaction did not
proceed and the recovery of 4 a was almost quantitative
[Eq. (3)]. This result indicates that the cyclopentene adduct
3a was not generated by intramolecular cyclization of 4a.

We performed a deuterium labeling experiment using
(4,4-2H2)-phenethyl allenes ([D2]-2a), which would enable us
to determine where a proton of an adjacent methylene moiety
of the allene is transferred [Eq. (4)]. Formation of cyclo-
pentenes [D2]-3a having a monodeuterated methyl group at
C3 indicates that the proton of the methylene is transferred
exclusively to the terminal carbon atom of the allene.

At present, we do not have enough experimental evidence
to fully describe the reaction mechanism, especially in terms
of the stereoselectivity at C5; however, we believe that the
mechanism shown in Scheme 1 is operative.[14] Although the
active rhenium species is not still clear,[15] we believe that the
initial step in the reaction is the formation of rhenacyclopen-
tane intermediate A from the rhenium catalyst, b-ketoester,
and allene.[4a, b, 16] At this stage, the cis stereochemical relation-
ship between the hydroxy and ester groups of the product is
controlled by hydrogen bonding between the two groups.
b-Hydride elimination of A gives intermediate B having a
diene moiety. Insertion of an exo double bond of B into the
Re�D gives p-allyl rhenium intermediate C. The s-allyl
intermediate D, derived by rearrangement of C, undergoes a
final reductive elimination to give the product and regenerate
the rhenium catalyst.

In summary, we have developed a novel stereoselective
annulation method for construction of cyclopentene frame-
works containing multiple stereogenic centers. The reaction
proceeds with a commercially available [Re2(CO)10] catalyst,
is operationally simple, and is atom economical. We hope the

result provides new insights into the reactivity of unactivated
allenes bearing an adjacent methylene moiety.

Experimental Section
A mixture of 1a (72.1 mg, 0.500 mmol), 2a (87.0 mg, 0.600 mmol),
and [Re2(CO)10] (8.2 mg, 0.0125 mmol) was stirred in an oil bath
heated to 115 8C for 30 h. After completion of the reaction, the
mixture was purified by silica gel column chromatography using
hexane/ethyl acetate (20:1!10:1) as the eluent to give 3a (122 mg,
85% yield).
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