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An Intramolecular Diels—Alder Reaction of Vinylsilanes
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Summary: Dialkylvinylsilyl ethers of dienols undergo a
smooth intramolecular Diels-Alder reaction to yield a
versatile bicyclic product with an endo—exo selectivity in-
fluenced by the substituents on silicon.

The “temporary silicon connection” pioneered by Stork!®
has proven a valuable synthetic artifice, based in part on
the versatility of the silicon—carbon bond.2 Studies in this
area have highlighted the silyl ether as a tether component
for reactions such as radical cyclization! and hydro-
silylation.® Recently, several groups have described a
variation of this theme: an intramolecular Diels—Alder
(DA) reaction* in which silicon unifies a diene and a
dienophile through an unsymmetrical silyl diether or where
silicon anchors the tether to the diene.® We report here
the use of vinylsilanes as dienophiles in an intramolecular
DA reaction.® Intermolecular DA reactions with vinyl-
silane dienophiles have received modest attention,” pri-
marily as acetylene equivalents.

We envisioned that dialkylvinylsilyl halides, readily
prepared by hydrosilylation® or organometallic coupling,
would easily form an ether with a dienyl alcohol and the
resulting triene could then be thermally cyclized. The
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presence of a silicon—oxygen bond would be advantageous,
as the carbon-silicon bonds in the product could be di-
rectly transformed into a carbon-carbon bond? or a car-
bon—oxygen bond!® with retention of stereochemistry.

The efficacy of the reaction sequence was demonstrated
using the commercially available sorbyl alcohol 1 and
diphenylvinylchlorosilane 2. Triene ether 3 was taken up
in toluene and warmed to 190 °C overnight. This served
to fully convert 3 to the heterobicycle 4 as a 1:1 mixture
of isomers (NMR). Unfortunately, isolation by silica gel
chromatography was plagued by an apparently reversible
hydrolysis of one of the isomers. Isolation was therefore
postponed until after Tamao oxidation!! and diol 52 was
isolated as a 1:1 mixture of isomers.

The steps in Scheme I can be consolidated into a single
operation. Such a sequence avoids unnecessary manipu-
lations and allows the use of dimethylvinylsilyl ethers that
would be too moisture sensitive for silica gel chromatog-
raphy. In a typical protocol, a mixture of alcohol 1 and
excess triethylamine in toluene was treated with a slight
excess of dimethylvinylchlorosilane. The resulting mixture
was filtered into a resealable tube and heated to 190 °C
overnight. Upon cooling and addition of methyllithium,
trimethylsilyl-substituted alcohols 8 and 9 were isolated
in 68% overall yield (Table I, entry 2).

Additional examples of this reaction sequence are shown
in Table I. Notably, tether lengths of three or four atoms
(Table I, entries 1-4) proceed with equal efficiency. A
five-atom tether (entry 5), however, is converted only
slowly to a DA product, presumably for entropic reasons,
and substantial amounts of triene remained after the
thermolysis. Two different workup procedures, Tamao
oxidation to give a diol or addition of methyllithium to give
a trimethylsilyl-substituted alcohol, produce equivalent
yields of product.

Comparison of reactions that employ the dimethylsilyl
group with those using the diphenylsilyl group, particularly
entries 1, 2, 6, and 7, indicated that the alkyl substituent
on silicon influences the endo—exo selectivity. Stereogenic
control by a temporary, sterically-adjustable group such
as silicon would provide significant versatility in a synthetic
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5 A: asolution of the silyl ether in toluene, formed by mixing the dienol and chlorosilane with triethylamine and DMAP (cat.) in toluene
and filtering, was heated to 190 °C for 20 h, cooled, concentrated in vacuo, and then treated with KF, KHCOj;, and 30% hydrogen peroxide
in a mixture of methanol and THF (1:1) at ambient temperature (R = Me) or reflux (R = Ph). B: a solution of silyl ether in toluene, formed
by mixing the dienol and chlorosilane with triethylamine and DMAP (cat.) in toluene and filtering, was heated to 190 °C for 20 h, cooled,
and then treated with excess methyllithium at ambient temperature. °Yields of chromatographically isolated material, >95% pure, based
on the amount of starting dienol. ¢Ratios determined by GC or NMR and/or isolation of each isomer. ¢Yields based on isolated triene silyl
ether. ¢Structure determined by X-ray.?? /Only one isomer observed. ¢A 1:1 mixture of diastereomers.
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sequence. To probe this point, the known di-tert-butyl-
vinylfluorosilane'® was prepared. Although we were ini-
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tially unsure of our ability to cleanly substitute fluorine
for oxygen, in view of the relative strengths of their bonds
to silicon,'* this proved to be facile and the di-tert-bu-
tylvinyl silyl ethers of 1 and 17'® were readily prepared.
A tabulation of the endo—exo selectivity for the three vi-
nylsilanes with alcohols 1 and 17 is shown in Scheme I
With sorbyl alcohol 1, a dimethylsilyl group yields a 2:1
ratio of products in which the major isomer results from
an endo approach of the silicon. This result is consistent
with the observation that the steric influence of methyl
silanes is small,' an effect attributable to the length of the
silicon—carbon bond relative to a carbon-carbon bond.!’
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products, and the di-tert-butylsilyl group results in largely
the exo-derived product with an isomer ratio of 1:4.1% In
contrast, cycloaddition of the dimethylvinylsilyl ether of
dienol 17 yields a predominantly exo product, and in-
creasing the size of the silicon substituent progressively
increases the selectivity of the cycloaddition. Changing
methyl to phenyl changes the ratio of isomers from 1:4 to
1:10, while a di-tert-butylsilyl group results in the forma-
tion of a single isomer.!®

Entries 8 and 9 illustrate the use of a heterodiene? and
the effect of a stereogenic center. Dioxene alcohol 20,
prepared by the method of Funk,?! was subjected to our
standard conditions with both dimethyl and diphenyl-
vinylsilanes. In both cases the expected retro-DA-DA-
Tamao oxidation sequence proceeded smoothly and only
a single isomer could be detected for compound 26 or the
final product 21. The relative configurations were con-
firmed by X-ray crystallography.?? This isomer presum-
ably results from a transition state that minimizes non-
bonding interactions (Figure 1).

Initial evaluation of alkynyl silanes® as dienophiles in
this reaction sequence has found these to be similarly
useful. The rate of cycloaddition for 28 is slower than for
the vinylsilanes, requiring 72 h at 190 °C for complete
reaction. The cyclohexadiene product 29 (Scheme III) is
also more labile, suffering significantly from aromatization
under the reaction conditions. Addition of BHT (5 mol
%) to the solution largely eliminates this problem.
Thermolysis followed by treatment with methyllithium
yields cyclohexadiene 30 (55% ), contaminated with 15%
of the aromatized 31. Compound 31 is not observed in the
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crude reaction mixture but appears to have formed during
isolation. Treatment of the crude thermolysis product with
DDQ serves to aromatize cyclohexadiene 29, and 32 is
isolated in 46% yield. The heterocyclic ring of 32 is sur-
prisingly stable to chromatography, in view of our expe-
rience with 4, and does not suffer from hydrolysis of the
silyl ether during silica gel chromatography.

We have demonstrated the efficiency of an intramo-
lecular Diels-Alder reaction of vinylsilyl ethers for assem-
ble of uniquely functionalized intermediates. Several key
features of the reaction have been elucidated, including
the effect of tether length, the control of stereogenesis by
alkyl substituents on silicon, as well as by a stereogenic
center on the tether. Alkynyl silyl ethers appear to be
similarly useful.
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Summary: Addition of germanium dichloride dioxane
complex to o,8-unsaturated acetals gives §-dichloroalk-

oxygermane enol ethers via a net [2,3)-sigmatropic rear-
rangement.
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