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The use of ring strain is a proven strategy in facilitating
the construction of complex molecules.1 As there are only a
few methods to generate cyclobutenes,2 developing new
means to produce this functionality could provide unique
opportunities in synthesis. Recently, we reported that
cyclobutadiene underwent an effective intramolecular cy-
cloaddition with olefins to afford highly functionalized
cyclobutene-containing products (eq 1).3 To expand further
the scope and utility of this reaction, we report herein the
first intramolecular cycloadditions between cyclobutadiene
and various dienes to provide novel, cyclobutene-containing
products (eqs 2 and 3).4 Considering the known intermo-
lecular chemistry between these functional groups,5 we
expected that the formal “[4 + 2]” product 4 (eq 2) would
predominate over the “[2 + 2]” cycloadduct 5 (eq 3).6

The preparation of the substrates7 and their subsequent
cycloaddition chemistry are summarized in Table 1. Treat-
ment of dienyl ether 8 with ceric ammonium nitrate (CAN)
in acetone at room temperature, in fact, provided a 1:2.6

mixture of [4 + 2] (9) and [2 + 2] (10) cycloadducts (entry
1). A possible explanation for these results was that the
rate of formation of the [2 + 2] product was significantly
faster than that of the [4 + 2] reaction and that the majority
of compound 9 was formed through a subsequent Cope
rearrangement of cycloadduct 10 (Scheme 1).8 In this
regard, we found that heating the [2 + 2] product 10 to 130
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Table 1. Intramolecular Cyclobutadiene-Diene
Cycloadditions

a Isolated yields. b See ref 7 and Supporting Information for
substrate syntheses. c Reaction conditions: CAN (4-5 equiv),
acetone (1-2 mM), rt, 15-20 min. d MeOH, CAN (55 equiv), reflux,
slow addition.
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°C in pentane provided the observed [4 + 2] cycloadduct 9
in 86% yield (eq 4). It is, therefore, possible that during the
course of the cycloaddition some cerium intermediate cata-
lyzed a room temperature-rearrangement of the [2 + 2]
adduct 10 to provide the [4 + 2] product 9.8c However,
oxidative cycloaddition of substrate 13 in the presence of
compound 10 provided cycloadducts 14 and 15, as well as
recovered 10, with no trace of the [4 + 2] product (9). Since
cycloadduct 10 did not rearrange to compound 9 under the
reaction conditions, it appeared that products 9 and 10 were
formed independently and concurrently in the cycloaddition
reaction. In any event, based on the thermal rearrangement
(eq 4), as well as NMR analyses,9 we assigned the relative
stereochemistry of cycloadduct 9 to be consistent with an
endo cycloaddition process.

Since substituents might influence the mode of cycload-
dition, substrate 11 was prepared to decrease hindrance
about the diene, as well as to separate the allylic oxygen
and diene by one methylene group.10 As shown in Table 1,
whereas cycloaddition of substrate 8 provided both the [2 +
2] and the [4 + 2] products (entry 1), cycloaddition of the
homologated compound 11 afforded only the [4 + 2] com-
pound 12 in 66% yield (entry 2).

We next investigated cycloadditions between cyclobuta-
diene and aromatic compounds. While the furanyl11 (13,
entry 3) and anthracenyl substrates (16, entry 4) underwent
intramolecular cycloadditions, neither the naphthyl (18,
entry 5) nor the phenyl substrates (not shown) afforded any
of the desired cycloadducts. In the case of furanyl substrate
13, a 3.5:1 mixture of compounds 14:15 was obtained in 45%
yield. As in the earlier example (entry 1), heating the [2 +
2] product 15 resulted in the stereospecific formation of the
endo [4 + 2] cycloadduct 14 in 89% yield (eq 5).

Substrates 19 and 21 were designed to investigate regio-
and diastereoselectivity of the cycloaddition in substituted

systems (entries 6 and 7). Oxidation of 19 afforded only
compound 20 where the cycloaddition occurred away from
the methyl substitutent on the cyclobutadiene. Compared
to entry 3, it is also noteworthy that no [2 + 2] product was
observed in this transformation. As shown in entry 7,
cycloaddition of 21 produced cyclobutene 22 as a single
diastereomer, albeit in moderate yield.

Compound 23 (entry 8)12 was prepared to investigate the
feasibility of a type II intramolecular Diels-Alder reaction.13

Subjection of 23 to the usual oxidative conditions yielded
only a trace amount of an intramolecular cycloadduct;
however, slow addition of substrate 23 to a refluxing
methanolic solution of a large excess of CAN (i.e., 55 equiv)
resulted in a relatively low yield of the unexpected cycload-
duct 24. If the energy differences in the transition states
to form the expected cycloadduct 25 and observed product
24 are reflected in the stability of the cycloadducts, it may
be of relevance to note that the conformational minima of
compound 25 in an endo or exo geometry are significantly
higher in energy than the endo conformation of isomer 24
(Scheme 2).14 Alternatively, we cannot rule out the pos-
sibility that compound 24 was formed through the [2 + 2]
cycloadduct 26 which experiences a facile Cope rearrange-
ment under the refluxing methanolic reaction conditions.

In summary, we have demonstrated a new intramolecular
cycloaddition between cyclobutadiene and a variety of
tethered dienes to afford novel, cyclobutene-containing cy-
cloadducts. Further studies on the scope of this reaction,
as well as subsequent transformations of the highly func-
tionalized cycloadducts for the efficient construction of
molecular targets of significance are in progress.
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