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Methylenecyclopropanes (MCPs)1 are highly strained but readily
accessible molecules that have served as useful building blocks in
organic synthesis.1,2 MCPs undergo a variety of ring-opening
reactions in the presence of transition metal and Lewis acid catalysts
because the relief of ring strain provides a potent thermodynamic
driving force.3,4 Several pathways for the cleavage of both proximal
and distal bonds of MCPs catalyzed by transition metals have been
reported.2a,5 Herein, we report a new such reaction in which
palladium-catalyzed ring enlargement of aryl-substituted MCPs1
to the corresponding cyclobutenes2 occurs in the presence of metal
bromides in 1,2-dichloroethane (DCE) under mild conditions.

Cyclobutenes are mainly used in cycloaddition and photochemi-
cal reactions,6 and a few strategies have been reported for their
synthesis. One of the most common routes to cyclobutenes is the
photochemical or thermal [2+ 2] cycloaddition reaction of an
alkyne and an alkene.7 In our ongoing investigation of the trans-
formation of MCPs, we envisioned that, if a metal carbene inter-
mediate was generated at the C1 position of MCPs, a ring enlarge-
ment would take place to give the corresponding cyclobutene pro-
duct.8 In this paper, we disclose a new Pd-catalyzed method for
the synthesis of 1-aryl cyclobutenes.

Using(2-benzyloxy)phenylmethylenecyclopropane(1a)as the sub-
strate, we investigated the feasibility of the proposed reaction and
found the optimal reaction conditions for the formation of the cor-
respondingcyclobutene,2a. The results are summarized in Table 1.
Palladium chloride and palladium bromide catalyzed the reaction
to afford 2a in 62 and 84% yields, respectively, within 24 h at
room temperature in DCE (entries 1 and 2). Palladium acetate and
bis(triphenylphosphine)palladium chloride did not catalyze this
reaction under the same conditions (entries 3 and 4). Bis(nitrile)-
palladium halides, the more soluble Pd(II) catalysts, did not give
better results than palladium halides (entries 5-7). However, in
the presence of metal bromides such as copper bromide,9 zinc
bromide, and magnesium bromide,2a was produced in excellent
conversions and high yields under Pd(OAc)2 catalysis (entries
8-12). Chloride and iodide salts are less effective than the bromide
salts (entries 13-15). Next, we examined the effect of solvent
choice on this reaction (entries 16-22). The reaction proceeded
smoothly in THF, toluene, dichloromethane, chloroform, and
dioxane, but the yields of2awere not as high as those within DCE
(entries 16-20). In both acetonitrile and diethyl ether, only a trace
of 2a was formed (entries 21 and 22). Other metal catalysts, such
as RhCl(PPh3)3, RuCl3, PtCl2, and Au(PPh3)Cl, did not catalyze
this reaction under identical conditions.

Using the optimal reaction conditions, we carried out the
palladium-catalyzed ring enlargement of a variety of MCPs1 and
found that the corresponding cyclobutenes2 were obtained in
moderate to high yields (Table 2). The product structures were
determined by1H and 13C NMR spectroscopic data, HRMS, and
microanalysis. Furthermore, the X-ray crystal structure of2l10 was
determined and is presented in the Supporting Information.11

An electron-donating group on the aromatic ring of1 significantly
promoted the reaction, and these reactions were complete within 3

h at room temperature to give the corresponding cyclobutenes2 in
good yields and conversions (Table 2, entries 2-4, 7, 9, and 11-
15). On the other hand, having either an electron-withdrawing group
or no substituent on the aromatic ring retarded the reaction (entries
1, 5, 6, and 10). For MCP1i, higher temperature (80°C) and longer
reaction time were required to give the corresponding cyclobutenes
2i in high yield and conversion (entry 8). It should be noted that,
if R is an alkyl group, no reaction occurred even at high temperature
(80 °C).

A plausible mechanism for this unusual ring enlargement of1
to 2 is presented in Scheme 1. Regioselective bromopalladation of
MCPs15a,12with PdBr2, which might be produced in situ from Pd-
(OAc)2 and MBrn (M ) Cu, Zn, Mg, Li), affords intermediateA.13

IntermediateA undergoesâ-hydrogen elimination to form inter-
mediateB, which subsequently generates palladium carbenoidC
via hydropalladation with a reversed regioselectivity. Via anR-
bromo migration,14 C is transformed to a palladium carbeneD,15

which yields the product28 and regenerates the palladium bromide
catalyst. To test the plausibility of this proposed mechanism, we
designed a deuterium labeling experiment. When deuterated sub-
strate1a-d was subjected to the standard reaction conditions, cy-
clobutene2a-d (>99% D incorporation)16 with the deuterium at
the 2-position was obtained in 83% yield (Scheme 2). This result
is consistent with the mechanism proposed in Scheme 1.

In conclusion, we have found a versatile palladium-catalyzed
ring enlargement reaction where methylenecyclopropanes are con-
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Table 1. Optimization of Reaction Conditionsa

a Reaction conditions:1a (0.3 mmol), palladium catalyst (3 mol %), bromide
(10 mol %), solvent (2.0 mL).b Isolated yields.c Starting material consumed
after column chromatography.
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verted into the corresponding cyclobutene compounds. This rep-
resents a new ring-opening isomerization reaction pathway of meth-
ylenecyclopropane and a novel approach for the synthesis of 1-aryl-
substituted cyclobutenes. In this manner, a series of cyclobutenes
was obtained under mild conditions in moderate to good yields.
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Table 2. Ring Enlargement of MCPs 1 to Cyclobutenesa

a Reactions were carried out by use of MCP1 (0.3 mmol) in 1,2-dichloroethane
(DCE) (2.0 mL) with palladium acetate (2.0 mg, 3 mol %) and copper(II) bromide
(7.0 mg, 10 mol %).b Isolated yields.c Starting material consumed after column
chromatography.

Scheme 1. Proposed Mechanism for the Pd-Catalyzed Ring
Enlargement of MCPs to Cyclobutenes

Scheme 2. Deuterium Labeling Experiment of the Ring Enlargement
Reaction
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