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The intramolecular Diels-Alder reaction, which has received
enormous attention during the past 25 years, is a powerful meth-
od for the formation of two rings in a one-step process.1 In
many of the cases cited in the literature, particularly those in-
volving conformationally restricted substrates, temperatures in
excess of 180°C or ultrahigh pressures are required. We detail
below a general strategy for the construction of carbocyclic ring
systemsVia intramolecular ionic Diels-Alder reactions2 in
highly polar media3 which obviates the necessity for high temp-
eratures and pressures. The method featuresin situgeneration
of heteroatom-stabilized allyl cations which undergo subsequent
[4 + 2] cycloaddition at ambient temperature (cf. eq 1).

The strategy outlined in eq 1 was based, in part, on our
observation thatâ,â-disubstituted allylic alcohols give rise to
allyl cations upon exposure to concentrated solutions of lithium
perchlorate in diethyl ether containing catalytic acid.4 It was
reasoned that (1) the highly polar medium would further stabilize
the heteroatom-stabilized allyl cation2 and (2) anhydrous
lithium perchlorate would effectively sequester any water
produced, thus preventing conversion of2 to the corresponding
cyclohexenone. In a preliminary experiment, a 0.02 M solution
of 15 in diethyl ether was slowly addedVia a syringe pump (1
h) to a 5.0 M solution of lithium perchlorate in diethyl ether
containing 10 mol % trifluoroacetic acid. After 30 min at
ambient temperature, tricyclic ketone37 was isolated in 87%
yield. The exclusive formation of theexo cycloadduct3 is
undoubtedly due to an unfavorable interaction in theendo

transition state between the axial C(5) hydrogen atom and the
olefinic hydrogen atom of the diene (cf.4). Similar observations

were made with substrate5 (eq 2). When5 was subjected to
identical conditions, the reaction was facile, giving rise to a
91% yield of6 and78a in a ratio of 4:1, with the major product
being derived from anexo transition state. Both6 and7 are
stable under the reaction conditions.

Evidence that the above reactions are, indeed, ionic Diels-
Alder reactions which proceedVia heteroatom stabilized allyl
cations rather than the corresponding cyclohexenone follows
from a number of control experiments. Note that when lithium
perchlorate is excluded from the reaction (eq 2), only cyclo-
hexenone8 is isolated (>90% yield). Exposure of cyclohex-
enone86 to 5.0 M lithium perchlorate in diethyl ether containing
10 mol % trifluoroacetic acid requires 24 h to go to completion
and gives rise not to tricyclic ketones6 and7 but, instead, to
tricyclic ketone9, in which the diene migrates prior to [4+ 2]
cycloaddition.9 We were surprised to find that the intramolecular

Diels-Alder reactions of 4-substituted cyclohexenones such as
8 do not proceed in 5.0 M lithium perchlorate-diethyl ether in
the absence of protic acids. Conventional thermal cycloaddition
of 8 required 40 h at 180°C in order to realize a 53% yield of
6 and7 in a ratio of 2:1. None of theendoproduct10 could
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be detected, presumably because10 equilibrates completely to
7 under the thermal conditions. Use of Lewis acids (e.g., Et2-
AlCl) only served to decompose the starting enone.
The origin oftrans-fused product7 obtained upon exposure

of 5 to 5.0 M LiClO4-Et2O containing 10 mol % trifluoroacetic
acid warrants comment. Formation of7 appears to be the result
of theendo-derived [4+ 2] cycloadduct10undergoing complete
equilibration adjacent to the carbonyl in the highly polar
medium. Calculations indicate that7 is more stable than10
by 7.2 kcal! Alternatively,7 could ariseVia a concerted
reaction, followed by enolization of the intermediate oxonium
ion 11 to isobutyl enol ether12. Such a mechanism would also

account for the absence of10. Enol ether12has been isolated
after very short reaction times. For example, when a 0.01 M
solution of5 in 5.0 M lithium perchlorate-diethyl ether was
treated with 10 mol % trifluoroacetic acid for 1 min and
quenched with an ice-cold saturated aqueous sodium bicarbonate
solution, a 71% yield of6 and7 was isolated in a 4:1 ratio,
along with a 7% yield of enol ether12. Alternatively, trans-
fused 7 might arise from a stepwise cyclization2b,10 that
establishes thetrans stereochemistry directly, thus bypassing
both 10 and11. To test this possibility, we have examined a
case in which the initial Diels-Alder adduct cannot undergo
equilibration to a more stable cycloadduct. Slow addition of a
0.02 M solution of13 in diethyl ether to a 5.0 M solution of

lithium perchlorate in diethyl ether containing 10 mol %
trifluoroacetic acid gave rise after a total of 3 h at ambient
temperature to a 72% yield of148b and158c in a ratio of 4:1,

along with 15% of the corresponding enone. No products,
including the thermodynamically more stable tricyclic ketone
16,11 resulting from a stepwise process could be detected!

Results from other substrates are shown in Table 1. In gen-
eral, reactions are complete within 1 h after addition of the sub-
strate is complete. It is of interest to note that, in the case lead-
ing to the formation of a 6-7-6 carbocyclic ring system, only
the product derived from anendotransition state was observed.
It would thus appear that the observed cycloadducts are

derived from a concerted process. However, in one isolated
case (cf. substrate17), cycloadducts have been isolated (cf.20
and 21) which are the result of a stepwise process. When
substrate17 was exposed to 5.0 M LiClO4-Et2O containing
10% TFA for 1 h, a 56% yield of cycloadducts18 and19was
isolated in a ratio of 2:1. In addition, the partially cyclized
decalones20 and21 were isolated in 24% yield in a ratio of
1.5:1, respectively. Note that the formation of18 and 19 is
consistent with a concerted mechanism, whereas20and21are
the direct result of a competing stepwise reaction mechanism.

In summary, an efficient, synthetically useful protocol has
been developed for the construction of functionalized carbocy-
clic systems, which complements the work of Gassman.2b

Further studies are underway to examine the scope of this ionic
cycloaddition process for carbocyclic ring synthesis.
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(11) Calculations indicate that16 is more stable than15 by 2.5 kcal.

Table 1. Intramolecular Ionic Diels-Alder Reactions ofin
Situ-Generated, Heteroatom-Stabilized Silyl Cationsa

a To a 0.01 M solution of substrate in 5.0 M LiClO4-Et2O was added
10 mol % trifluoroacetic acid. After addition was complete, stirring
was continued for 1 h.b Isolated yields.c A 31% yield of the corre-
sponding cyclohexenone was isolated.
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