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2 + 2-Cycloaddition reactions between allenes and alkenes
have frequently been employed for the preparation of methyl-
enecyclobutane derivatives.! Most of these addition reactions
proceed by photochemical activation.2? Thermal reactions,*3
including Lewis acid-promoted processes,’-!? are restricted to a
rather limited number of examples. The 2 + 2-thermal reaction
is thought to proceed via a two-step, diradical intermediate
mechanism.!?* Substitution on the allene not only enhances its
reactivity but also allows for the formation of a mixture of
regioisomers. Theregiochemistry is generally determined by the
initial carbon—carbon bond-forming step. Bond formation at C,
of the allene gives a 1,4-diradical which can partition between
two competitive paths to form regioisomeric products depending
on which end of the allyl radical becomes incorporated into the
cyclobutane ring. Intramolecular 2 + 2-cycloaddition of allenes
has also been studied, and this process constitutes a particularly
versatile method for the stereocontrolled synthesis of a variety of
functionalized polycyclic compounds.! In connection with our
efforts toward the development of new methodology using sulfonyl-
substituted allenes,!* we have uncovered a highly chemo- and
stereospecific intramolecular 2 + 2-cycloaddition of a phenyl-
sulfonyl-substituted allene. The results of this investigation are
reported herein.!?

Our interest in this area was initiated by a study of the reaction
of 2,3-bis(phenylsulfonyl)-1,3-butadiene (1) with soft carban-
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ions.!¢ The reaction of 1 with a series of allylsubstituted bis-
(phenylsulfonyl)methanes (2) afforded allenes 3a—d in 60-75%
yield. An analogous process also occurred when substituted
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dimethyl malonates were treated with 1 equiv of NaH in THF
at 0 °C in the presence of diene 1. The reaction proceeds by
initial attack of the carbanion onto the terminal position of the
diene followed by elimination of PhSO;- to give the phenylsulfonyl-
substituted allene.

The thermal reactions of the easily available phenylsulfonyl
allenes were performed by heating the reactants in benzene. The
only products formed in all cases (ca. 80-98% yield) corresponded
to the 2 + 2-cycloadducts 4 which were fully characterized by
their 'H and 3)C NMR spectra. The stereochemistry of
cycloadduct 4¢ was unequivocally established by X-ray crystal-
lographic analysis. Itis particularly interesting to note that only
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the C,—C; double bond of the allene participates in the cycload-
dition. In no case could any of the other regioisomer (i.e., 5) be
detected in the crude reaction mixture. This result is somewhat
surprising since phenylsulfonyl-substituted allenes react with
various 4w-systemsin a highly chemoselective fashion undergoing
cycloaddition across the C,—C; activated =-bond.!”1# MNDO
calculations indicate that the introduction of a sulfonyl group on
the allene backbone causes a significant lowering of the LUMO
energy level compared with allene (AE = 1.3 eV). The largest
LUMO coefficient resides on the central carbon and the next on
the position bearing the sulfonyl group.!7!® We believe that the
high periselectivity observed is related to stereoelectronic factors.
The primary spatial requirement for 2 + 2-cycloaddition is that
the distance between the C, carbon of the allene and the olefinic
m-bond should be sufficiently close that effective overlap of the
w-systems can occur. Evidently, it is easier for stepwise bonding
to occur in a 1,6-exo manner (leading to diradical 6) than in a
1,7-endo fashion.!®
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Another aspect of the cycloaddition worth noting is the complete
stereospecificity of the process. Heating a sample of allene 3¢
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in benzene for 7 h produced cycloadduct 4¢ as the exclusive
product. Thermolysis of 3d, on the other hand, gave rise to
diastereomer 4d in 90% with no detectable signs of 4¢. One of
the major problems in deciphering the mechanism of the
bimolecular 2 + 2-cycloaddition of allenes has been to establish
whether the reaction is concerted or involves diradical interme-
diates.? The antarafacial-suprafacial orbital interaction required
for concertedness in this class of thermal reactions is quite
reasonably achieved when an allenic linkage is involved, due to
the sp hybridization of the central carbon. However, this same
linkage may, in a stepwise mechanism, give rise to allylic
stabilization of the intermediate diradical provided initial bond
formation occurs at the central carbon. Calculations indicate
that the two mechanisms are comparable energetically,?! and,
consequently, stereochemical arguments cannot distinguish be-
tween the two options.57:22 The periselectivity encountered with
the phenylsulfonyl-substituted allene 3 strongly suggests that the
reaction proceeds in a stepwise manner, since a concerted
cycloaddition should have been expected to occur preferentially
across the more activated #-bond of the allene. Since the allene
educt 6 contains two orthogonally twisted #-bonds, the initally
formed allyl radical is also orthogonally twisted. Considering
the lack of significant stabilization of the nonallylic part of the
diradical intermediate, it might be expected to cyclize rapidly,
thereby accounting for the high stereoselectivity observed. In
fact, rotation of the allylic radical site might well be subject to
considerable barriers. The regioselectivity is probably due to
efficient radical stabilization by the PhSO; group, which, unlike
ROCO, is free from anisotropic constraints of w-overlap.

To further illustrate the scope and synthetic utility of the
intramolecular 2 + 2-process, we examined the thermal behavior
of phenylsulfonyl allenes 8-10. Heating a sample of 8 in toluene
which contained several drops of tributylamine so as to epimerize
the trans isomer gave cycloadduct 11 in 40% overall yield as a
4:] mixture of diastereomers. In the reaction of 9 where there
was potential competition between 2 + 2- and 4 + 2-processes,
only the Diels—Alder adduct 12 (100%) was observed. Incontrast
to this observation, the structurally related allene 10 preferentially
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underwent 2 + 2-cycloaddition to give 13 (trans isomer, 64%).
This is consistent with the general observation of Kanematsu
that furanyl-substituted allenes readily undergo Diels—Alder
chemistry, whereas the closely related butadienyl-substituted
systems prefer 2 + 2-cycloaddition, 42—

In conclusion, phenylsulfonyl alkenyl-substituted allenes are
conveniently prepared reagents that can serve as substrates for
intramolecular 2 + 2-cycloaddition chemistry. The resulting
cycloadducts should find useful application in organic synthesis.
Studies along these lines are in progress.
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