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ABSTRACT

Novel cycloaddition reactions between fulvenes and various alkenes and alkynes are promoted by the use of microwave irradiation. These
processes result in the formation of intriguing polycyclic ring systems such as those found in isobarbatene, alcyopterosin, and enokipodin
A. Importantly, these reactions do not occur under conventional thermolytic conditions.

In 1986, Gedye and Giguere independently reported that
organic reactions could be accelerated by microwave ir-
radiation.1 In general, microwave-assisted organic reactions
(MOREs)2 are faster and more efficient than their conven-
tional counterparts.3 The origin of this rate enhancement is
debatable. Some have attributed it to a radiation effect known
as the “microwave effect”,4 while others refer to “hot spots”5

generated within the medium. Regardless of the explanation,
there are many documented cases of improvement or
inversion of stereo-, regio-, or chemoselectivity6 when
microwaves are used instead of conventional heating.7 While

selectivity and yield may be affected, the microwave products
retain the general backbone structure of the thermal products
(e.g., cis/trans, syn/anti, endo/exo). Herein we report that for
certain cycloadditions of fulvenes, the use of microwave
irradiation instead of conventional heating leads to the
formation of structurally unrelated products.These results
suggest that microwaVe irradiation can in fact alter the
reaction pathway.

Under conventional heating (C6H6, 80 °C, 8 h), 6,6-
dimethylfulvene reacts with dimethyl maleate to afford the
Diels-Alder adduct3 in 84% yield (Table 1, entry 2).

During our studies of fulvene chemistry,8 we subjected a
DMSO solution of 6,6-dimethylfulvene and dimethyl maleate
to microwave irradiation for 2 h.9,10Surprisingly, the tandem
[6+4]-[4+2] cycloaddition products1 and2 were obtained
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in 30% (Table 1, entry 1). In fact, the combined yield of1
and2 increased to 65% when 2 equiv of 6,6-dimethylfulvene
were used. Reductive cleavage of1 in the presence of Li/
NH3 (55% yield) followed by selective hydrogenation of the
disubstituted alkene (H2, Pd-C) provided diester5 in 85%
yield. Ozonolysis of5 afforded ketoester6 in 60% yield.
The tricyclo[5.3.0.12,5]alkane structure of6 was unambigu-
ously assigned using single-crystal X-ray analysis (Scheme
1). As shown in Scheme 2, a plausible mechanism for the
formation of 1 under microwave irradiation involves the
competitive and reversible formation of Diels-Alder adduct
3 and facile dimerization of fulvene via a [6+4]-cycloaddition
pathway to give the dimer7 (pathway A).11 Subsequently,
[4+2]-cycloaddition of7 with dimethyl maleate occurs to
generate adducts1 and2.

Alternatively, dimerization of fulvene via [4+2]-cyclo-
addition affords adduct8, which can be transformed to dimer
7 by a [3,3]-sigmatropic rearrangement and a 1,5-hydrogen
shift (pathwayB). As a third alternative, an acid-catalyzed
Wagner-Meerwein rearrangement pathway can be envisaged
(pathwayC). Accordingly, acid-catalyzed reaction of3 will
generate norbornyl cation9 and could lead to10 by a 1,2-
alkyl shift. Cation 10 would then undergo the [4+3]-
cycloaddition with fulvene to provide11 and12. However,
we have found that treatment of3 with acid (PTSA, HCl, or

H2SO4) in the presence of dimethylfulvene in refluxing C6H6

leads to complete recovery of the starting materials. In
addition, inclusion of acid in the microwave irradiation
reaction of3 with dimethylfulvene did not result in a rate
enhancement during the formation of1 and 2. These
observations help rule out pathwayC. We also reacted a
series of homologous alkenes and alkynes with dimethyl-
fulvene using microwave heating (Table 1). Interestingly,
different mechanistic pathways are followed in these pro-
cesses. For example, reaction of 6,6-dimethylfulvene with
maleic anhydride under microwave conditions gave the
[4+2]-cycloadduct13, an analogue of the natural product
alcyopterosin20 (Table 1, entry 3).21 Maleic anhydride appears
to add across the C-1 methyl and C-6 atom of the fulvene.
This is the first example of a fulvene reacting in such a
manner to afford a hydrindane system. In addition, reaction
of maleic anhydride with dimethylfulvene under conventional
heating has been reported to give the Diels-Alder adduct
14 in 67% yield (Table 1, entry 4). A possible mechanism
for the formation of13 involves microwave-induced isomer-
ization of 6,6-dimethylfulvene to 2-isopropenyl-cyclopenta-
1,3-diene followed by trapping with maleic anhydride via
[4+2]-cycloaddition. Reaction of 6,6-dimethylfulvene with
2(5H)-furanone under microwave conditions afforded adducts
15 and16 in a 1:2 ratio. These products may also arise by

Scheme 1

Scheme 2
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initial isomerization of the fulvene to 2-isopropenylcyclo-
penta-1,3-diene, followed by trapping with furanone via
[4+2]-cycloaddition across C-3 and C-5 of fulvene, i.e., C-4
and C-6 of 2-isopropenyl-cyclopenta-1,3-diene. Reaction of
6,6-dimethylfulvene with 2(5H)-furanone under conventional
heating conditions afforded fulvene dimerization exclusively
(Table 1, entry 6). Microwave reaction of 6,6-dimethylful-

vene with maleimide yielded18 and19 in 74% yield and in
a 3:1 ratio (Table 1, entry 7). In the presence of 2 equiv of
dimethylfulvene, the yield of19 increased to 80%. The
structure of19 was determined by X-ray analysis (Figure
1). Reaction of dimethylfulvene with maleimide, under
conventional heating conditions, gave adduct18 in 89% yield
(Table 1, entry 8), while reaction of fulvene with dimethyl

Table 1. Reactions of Fulvenes with Alkenes or Alkynes

a Isolated yield based on starting fulvene.b Two equivalents of fulvene were used.c Recovered 50% of starting fulvene and 25% of fulvene dimer.
d Yield for 19; 2 equiv of fulvene were used.e From this work; no yield was reported in the literature.f Complicated mixtures. Method A: Microwave
irradiation. Method B: Conventional oil bath heating in C6H6. Method C: Conventional oil bath heating in DMSO.
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acetylenedicarboxylate or methyl propiolate gave the [4+2]-
adducts20 and 21, respectively, under both microwave
irradiation and conventional heating conditions (Table 1,
entries 9 and 10).

Reaction of 6-methylfulvene and maleic anhydride also
gave the [4+2]-adduct 22 under both microwave and
conventional heating conditions (Table 1, entry 11). The
reason for the dramatic differences seen in reactions of
6-methylfulvene and 6,6-dimethylfulvene (Table 1, entry 3)

is not clear. This may be a result of the lower reactivity of
methylfulvene by isomerization to 2-vinyl-cyclopenta-1,3-
diene. Reaction of fulvene23with maleic anhydride afforded
adducts24 and25 in a 1:1 ratio, which is different from the
results produced by conventional heating (Table 1, entries
12 and 13). A similar outcome is seen in the reaction of
6,6-dimethylfulvene with maleic anhydride (Table 1, entries
3 and 4). Reaction of 6,6-dimethylfulvene and benzoquinone
under microwave conditions afforded the hetero-[2+3]-
adduct27 in a 60% yield (Table 1, entry 14). Adduct27 is
a structural analogue of aplysin and pannellin22 and differs
completely from the well-known thermal Diels-Alder cy-
cloaddition products of fulvenes and benzoquinone (Table
1, entry 15).

In summary, the processes are facile methods for the
synthesis of densely functionalized polycyclic ring systems.
The study further demonstrates that microwave irradiation
not only enhances the rates of reactions but can also effect
reactions by giving rise to products that do not form under
conventional thermolytic conditions. Mechanistic studies and
applications of this work to the synthesis of naturally
occurring compounds are currently under active investigation.
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Figure 1. ORTEP plots for X-ray crystal structures of19 and27.
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