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1,3-Dienes are the archetypal four-electron components in
Diels-Alder cycloadditions.1 In principle, similar [2+ 4]
reactions of conjugated enynes or diynes would yield strained
six-membered ring cumulenes.2 We describe here computa-
tional and experimental evidence for cumulene intermediates
in the [2 + 4] cycloadditions exemplified by eqs 1-3. The
energetic plausibility of cycloadditions proceeding through
intermediates3, 5, and7 is supported by ab initio calculations.
Vapor phase thermolysis experiments carried out with substrates
designed for intramolecular cycloaddition provide evidence for
the formation and secondary thermal reactions of these strained
cumulenes. Our experimental results include the first Diels-
Alder type reaction in which a 1,3-diyne acts as the four-electron
component, with apparent generation of an intermediate 1,2,3-
cyclohexatriene.

Scattered literature reports exist of reactions that might
correspond to eq 1 or 2.3-5 Of particular note are Butz’s initial
suggestion3c of an allene intermediate in eq 1 and Danheiser’s
recent applications of intramolecular analogues of eq 2 in the
synthesis of aromatic substances.4 The intermediacy of cyclic
allenes in these reactions remains uncertain because of their high
strain energies.2 Both protic acid and Lewis acid catalyses have
been demonstrated for enyne cycloadditions,4,5 and it seems
generally assumed that catalysis is necessary. Although we have
prepared 1,2,3-cyclohexatriene (7) as a reactive intermediate,6

there appear to be no examples of cycloadditions that correspond
to eq 3.
To determine whether strain would preclude formation of the

cyclic cumulene in a thermally activated process, thermody-
namic parameters for eqs 1-3 were estimated by ab initio
calculations. Synchronous bond formation was assumed in the

location of transition states.7 All stationary points were
optimized and characterized by Hessian analysis at the MP2-
(FC)/6-31G* level; this was followed by single-point MP4SDTQ/
6-31G* calculations.8 This level of theory correctly describes
energetics of the parent Diels-Alder reaction to within a few
kcal/mol.9-11 Predicted reaction energetics for eqs 1-3 are
summarized in Table 1. By comparison to the corresponding
cycloadditions of butadiene with ethylene7,9 or acetylene,10

activation parameters (∆G‡ and∆H‡) for eqs 1 and 2 are ca. 5
kcal/mol higher, while that for eq 3 is ca. 10 kcal/mol higher.
These increased barriers and the moderate endothermicity of
eq 1 explain why enyne cycloadditions have proven so difficult
to observe in the absence of catalysis3-5 and also suggest ready
cycloreversion of3.12 Our prediction for the exothermicity of
eq 2 is somewhat lower than Danheiser’s estimate of-29.7
kcal/mol.4 Equation 3 is predicted to be substantially endo-
thermic. From model semiempirical calculations, we estimate
that intramolecular reaction would diminish∆G‡ in each case
by 4-5 kcal/mol because of the lowered activation entropy.
We have employed flash vacuum thermolysis to investigate

intramolecular analogues of eqs 1-3.13 These conditions
facilitate the observation of predictable secondary reactions,
which should serve to implicate the cumulene intermediate.
Enynes8 and 11 were prepared by conventional alkylation
reactions, while diyne16was synthesized in several steps from
bis(trimethylsilyl)-1,3-butadiyne.14a,15 Thermolysis of8 (Scheme
1) in a flow reactor at 600°C cleanly afforded mixtures
consisting primarily of8 and a new enyne, characterized
securely as10 by synthesis of an authentic sample.14b,16 No
methylindane products were observed.17 Consistent with the
calculations described above, enyne10 must arise through
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Table 1. Predicted Reaction Energetics (kcal/mol) from ab Initio
Calculationsa,b

eq 1 eq 2 eq 3

∆HR
c -12.7 -25.4 0.63

∆H‡ c 30.8 31.5 35.8
∆GR 0.9 -13.4 13.4
∆G‡ 42.0 42.0 47.4
T∆SR -13.6 -12.0 -12.8
T∆S‡ -11.2 -10.5 -11.6

aMP4SDTQ/6-31G*//MP2/6-31G* level of calculation.b Tempera-
ture 25°C. c ∆H values calculated from total electronic energies with
ZPVE corrections.
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formation of strained allene9, followed by loss of ethylene
through cycloreversion.
Thermolysis of11 yielded methylindanes13and15, as well

as an isomer characterized as14 by spectral data and indepen-
dent synthesis.14 1,2,4-Cyclohexatriene (5) is known from
Christl’s recent work,18 and secondary reactions of12 provide
logical routes to the observed products.19 Formation of both
isomeric methylindans13 and15 was unexpected; one likely
mechanism involves a 1,2-hydrogen shift to a carbene inter-
mediate, followed by shifts of hydrogen or methyl. Dienyne
14 presumably arises through six-electron electrocyclic ring
opening of12. Danheiser has studied solution phase reactions
of 11 at 250°C and reported only aromatic product.4 Ther-
molysis of16 afforded modest amounts of indan and indene;
however, the major product was identified20 as18, which we
believe results from electrocyclic ring opening of butatriene17.
Aromatization of17 to 19 is a minor competitive process, while

20presumably derives from19by hydrogen loss. We can find
no literature precedent for this diyne cycloaddition.
We thus find that both ab initio calculations and flash

thermolysis experiments support the existence of thermally
activated [2+ 4] cycloadditions 1-3 in which an enyne or diyne
acts as the four-electron component. Observed products are
consistent with the intermediacy of strained cumulenes. We
believe that taken together with earlier literature,3-5 these
reactions compel an extension of the well-studied Diels-Alder
type cycloaddition from two generalized modes to five. At
present, we are studying the possibility that cycloaddition of a
diyne with an alkyne will give an intermediate benzyne.
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Scheme 1. Intramolecular Cycloadditions with Strained Cumulene Intermediates14b
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