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Abstract: The titanium tetrachloride-promoted reaction of the (Z)- and (E)-crotylsilanes 6 and 9
with methyl propynoate (1) provides by stereospecific [2+2] cycloaddition the cis- and trans-3,4-
disubstituted cyclobutenes 7 and 10. © 1998 Elsevier Science Ltd. All rights reserved.

Allylsilanes have found a broad range of applications in synthetic organic chemistry.2 Over the past years the
Lewis acid-promoted cycloaddition of sterically hindered allylsilanes has developed to a useful synthetic
method for the stereoselective construction of carbo- and heterocyclic ring systems.3 The [3+2] cycloaddition of
allylsilanes and electron-deficient alkenes proceeds via a cationic 1,2-silyl shift and provides a stereoselective
access to silylcyclopentanes.4 The kinetic intermediates of this reaction are silylmethylcyclobutanes which are
obtained as major products depending on the substrates and reaction conditions.5:6 The Lewis acid-promoted
[2+2] cycloaddition of allylsilanes opens up a versatile synthesis of four-membered ring systems including
heterocyclic derivatives, e. g. cycloaddition to carbonyl groups and imines provides oxetanes’ and azetidines.8
The [3+2] and [2+2] cycloaddition of allylsilanes and electron-deficient alkenes were shown to be stereospecific
with respect to the configuration of the olefinic double bond.5:4k The cycloaddition products of allylsilanes are
of synthetic value because silyl groups can be converted into hydroxy groups by the Fleming-Tamao oxidation.?
Modified procedures of this transformation can be applied to oxidize the carbon—silicon bond of the sterically
hindered triphenylsilyl,!0 diisopropylsilyl,1! and tert-butyldiphenylsilyl groups!! of the cycloaddition products.
Thus cyclopentanols and cyclobutylmethanols are readily available by [3+2] and [2+2] cycloaddition of the cor-
responding allylsilanes and electron-deficient alkenes followed by the modified Fleming-Tamao oxidation.i0-12
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Scheme 1. a) TiCly, CH,Cl,, -78°C to —20°C, 19 h (98%); b) TiCly, CH;Cl,, 25°C to 40°C, 19 h (64% of 4,
anti/syn=3:1, 34% of 3)
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We have shown that the titanium tetrachloride-promoted [2+2] cycloaddition of allylsilanes and methyl
acrylates afforded the diastereoisomeric anti- and syn-silylmethylcyclobutanes in high yields.5:11 Reaction of
methyl propynoate (1) with an excess of allyltriisopropylsilane (2) at low temperatures afforded by a single
[2+2] cycloaddition quantitatively the silylmethylcyclobutene 3, while in dichloromethane at reflux a domino
[2+2] cycloaddition to the bicyclo[2.2.0}hexane 4 occurred (Scheme 1).5 We now describe the stereospecificity
of the [2+2] cycloaddition with 1 to silylmethylcyclobutenes by having £ and Z configurated double bonds in
the allylsilane moiety.
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Scheme 2. a) KOt-Bu, n-BuLi, THF, ~90°C, then i-Pr3SiCl, ~90°C, 2 h (90%); b) methy! propynoate (1), TiCly,
CH,Cl,, -78°C to —20°C, 19 h (65%).

Deprotonation of (Z)-2-butene (5) with n-butyllithium in the presence of potassium fert-butoxide (Schlosser’s
base) at —90°C and subsequent addition of chlorotriisopropylsilane provided (Z)-crotyltriisopropylsilane (6)
isomerically pure in 90% yield (Scheme 2).4h,13 The Lewis acid-promoted [2+2] cycloadditions of crotylsilanes
and methyl propynoate (1) were investigated by using our standard set of reaction conditions®> leading to the
formation of cyclobutenes as described above for the synthesis of 3. Titanium tetrachloride promoted reaction
of the (Z)-crotylsilane 6 with methyl propynoate (1) afforded stereospecifically the cis-3,4-disubstituted
cyclobutene 7 in 65% yield.14
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Scheme 3. a) KOt-Bu, n-BuLi, THF, —90°C, then i-Pr3SiCl, -90°C, 10 min (92%, E/Z = 7:1); b) methyl
propynoate (1), TiCly, CH,Cl,, —78°C to —20°C, 19 h (70%, antilsyn = 7:1); c) benzene, 80°C, 2 h (100%);
d) PTAD, CH,Cl,, —10°C to room temp., 2 h (84%).

On the other hand deprotonation of (E)-2-butene (8) by Schlosser's base at =90°C followed by addition of
chlorotriisopropylsilane provided (E)-crotyltriisopropylsilane (9) in 92% yield as a 7:1 mixture with the Z-
isomer 6 (Scheme 3).4h:13 The high degree of stereospecificity of the Lewis acid-promoted [2+2] cycloaddition
was emphasized by reaction of the (E)-crotylsilane 9 with methyl propynoate (1) in the presence of titanium



tetrachloride using our standard reaction conditions. Reaction of the 7:1 mixture of the (E)- and (2)-crotyl-
silanes 9 and 6 with methyl propynoate (1) afforded in 70% yield a 7:1 mixture of the trans-3,4-disubstituted
cyclobutene 10 and the cis-isomer 7. The pure frans-isomer 10 was isolated by flash chromatography on silica
gel at 10°C.15 When the frans-isomer 10 was allowed to stay in solution at room temperature slow electrocyclic
ring opening to a butadiene occurred. This observation was exploited for an unambiguous structure
determination of 10. Heating a solution of the trans-isomer 10 in benzene for 2 h at reflux provided
quantitatively the butadiene 11.16 Diels-Alder cycloaddition of the butadiene 11 with 4-phenyl-1,2,4-triazoline-
3,5-dione (PTAD)!7 afforded compound 12. Stereochemical assignment for 12 is based on an X-ray crystal
structure determination which unequivocally confirmed the cis relationship of the triisopropylsilylmethyl
substituent and the methyl group (Figure 1).18

Figure 1. Molecular structure of compound 12 in the crystal.

The stereochemistry of 12 is rationalized by a thermally induced conrotatory electrocyclic reactionld of the
trans-3,4-disubstituted cyclobutene 10 to the butadiene 11 and subsequent stereospecific Diels-Alder reaction.
The electrocyclic ring opening reactions of the cis-isomer 7 and the cyclobutene 3 have significantly higher
activation barriers and require 2 h in toluene at reflux in order to come to completion. The easy ring opening of
the frans-isomer 10 to the butadiene 11 not only confirms the structural assignments but also provides an access
to stereochemically defined hexa-2,4-dienylsilanes.
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