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Abstract: An intramolecular Lewis acid-promoted conjugate addition of a propargylic silane to a
functionalized cyclohex-2-en-1-one resulted in part in the remarkable formation of a highly fused
cyclobutene. The reaction was found to be dependent on the stoichiometry and selection of Lewis
acid.

The addition of allylic and propargylic silanes to acceptor groups is a well established process in organic
synthesis.! For example, the intermolecular addition of allylic silanes to o.p-unsaturated ketones (the Sakurai
reaction) is accomplished by fluoride ion or Lewis acid catalysis.? In a similar manner, the intramolecular addition
of allylic and propargylic silanes to cyclic enones is also promoted by treatment with Lewis acid catalysts.3
Schinzer et al. noted, however, in contrast to the intermolecular Sakurai reaction in which a wide variety of Lewis
acids may be used, that only EtAICly and TiCly were effective in promoting the intramolecular cyclization
reactions. Treatment of propargylic silanes containing appended cyclohexenones (e.g. 1) with EtAICly was
shown to be an effective method for the preparation of spirobicyclic systems with concomitant formation of a
terminal allene moiety, as shown by 2.4 The utility of terminal allenes® in synthesis led us to investigate the
preparation of highly functionalized spirocyclic allenes using the Schinzer approach. During the course of these
studies, a previously unobserved Lewis acid-promoted reaction of a propargylic silane was uncovered which
provides a highly fused cyclobutene.
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The synthesis of a cyclizable substrate which is structurally analogous to enone 1 but is more highly
functionalized was performed as outlined in Scheme 1. Protection of the primary alcohol in 3 as a
tetrahydropyranyl ether was followed by acetylide anion alkylation using (iodomethyl)trimethylsilane.®
Subsequent acid-catalyzed methanolysis of the tetrahydropyranyl protection group afforded alcohol 4 in 79%
overall yield. The corresponding bromide 5.1 and iodide 5.2 were obtained from alcohol 4 according to
literature procedures.” Alkylation reactions of keto-diester 7 using these propargylic silane-containing halides
were investigated following its preparation as follows (Scheme 1).
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Keto-diester 7 was synthesized by condensation of glutaryl dichloride with 4.0 equivalents of the dianion
derived on treatment of monoethyl malonate (6) with 2.0 equivalents of nBuLi.8 Subsequent aqueous acid work-
up resulted in spontaneous decarboxylation to give an acyclic bis(B-ketoester) as a mixture of enol and keto
tautomers. The crude product was cyclized using a procedure analogous to one developed by Heathcock? by
treatment of the tautomeric mixture with MeSO3H in benzene at room temperature. Keto-diester 7 was obtained in
67% yield following silica gel chromatography. Several acid catalysts were examined in the cyclization reaction
and all were found to be inferior to MeSO3H in promoting the formation of 7.

Scheme 1
= "on &b = on o4 X
Z - Me3Si\/\/\ “‘—’ Megsi\/\/\
3 4 5.1: X =Br
52: X=1
Me3Si
0 0
0
e.f E0,C @ g I EtO,C
EtOzc\)L —_— —
OH EtO,C U
6 Y
. g COEt

Reagents and Conditions: (a) dihydropyran (excess), PPTS (cat), CH2Cly, 25 °C, 12 h, 94%; (b) i. nBuLi, THF, 0 °C; ii.
(CH3)3S8iCH2l, 60 °C, 20 h; iii. H28O04 (cat), MeOH, 25 °C, 12 h, 84%; (c) PPh3, CBr4, CH;Cly, 0°C, 3 h, 94%; (d)
PPh3, I, imidazole, EtpO/CH3CN, 25 °C, 1 h, 89%; (e) i. nBuLi (2 eq.), THF, -65 °C; ii. CIC(O)(CH2)3C(0)Cl (0.25
eq.), THF, -65 °C, 1 h; (f) MeSO3H (3.0 eq.), C¢Hg, 25 °C, 20 min, 67% (2 steps); (g) i. NaH (1.05 eq.), DMF, 0 °C; ii.
5.2 (1.0 eq.), 25 °C, 12 h, 73%.

Having prepared 7, it was y-deprotonated by treatment with NaH to give an extended enolate with multiple
sites for alkylation. Reaction of this extended enolate with iodide 5.2 in DMF at room temperature provided good
C- vs. O-alkylation regioselectivity, and predominant alkylation of the y-position was achieved to give 8 in 73%
yield. Under these conditions, no a-alkylated product was detected, and only a minor amount (ca. 11%) of a
corresponding dienyl ether O-alkylated product was isolated. In comparison, treatment of the extended enolate of
7 with bromide 5.1 in DMF required heating for reaction to ensue and resulted in significant O-alkylation (C vs.
0, 1:1.4).

The results of the Lewis acid-promoted spirocyclization of 8 are given in Table 1. Treatment of 8 according
to Schinzer's reaction conditions* (1.0 equivalent EtAICly, CHCls, -78 ©C) yielded a single isolable product
which, unexpectedly, still possessed the trimethylsilyl group. Under these conditions, the reaction failed to go to
completion and 58% of the starting material was recovered. The product was assigned the cyclobutene structure 9
based on spectral analyses.10 The formation of the highly fused cyclobutene ring in 9 is remarkable in that there
have been no previous reports of a cyclobutene synthesis from propargylic silanes under Lewis acid
catalysis.’12 An increase in the equivalents of EtAICl; was found to increase the consumption of 8 and give a
second product, the initially anticipated terminal allene 10. The terminal allene functionality was readily identified
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Table 1. Lewis acid-promoted spirocyclization of 8.4
Lewis Acid Equivalents  Cyclobutene 9 (%) Allene 10 (%) Recovered 8 (%)

EtAICl, 1.0 30 0 58
2.0 39 14 27

5.0 13 - 72 10

Et7AIC] 2.0 52 17 40
5.0 - 55 16 23

AlICl3 2.0 12 58 17
5.0 2 50 11

TiCly 2.0 14 21 36

a All reactions were conducted in CH,Cl; at -78 °C and quenched (H20) after 8h; yields of 9 and 10 correspond
to isolated chromatographed material relative to reacted 8.

by characteristic signals in the TH NMR (8 4.42 (m, 2H)), 13C NMR (5 206.7, 104.9, 74.4) and IR (1958 cml)
spectra.19 An optimal, 72% conversion of 8 to allene 10 was obtained when a large excess (5.0 equivalents) of
EtAICl, was used; additional equivalents of EtAlICl; did not improve the overall transformation. Higher reaction
temperatures resulted in significant desilylation of 8 to yield the corresponding uncyclized terminal allene.

The dependence of Lewis acid stoichiometry on the product distribution may be attributed to the reactivity of
the incipient enolate formed on conjugate addition.'® Under conditions in which the a-ester and ketone carbonyl
moieties in 8 are fully coordinated to Lewis acid, the enolate species formed on conjugate addition of the
propargylic silane is expected to be less effective in trapping the putative vinyl carbenium intermediate,! thereby
increasing the likelihood of trimethylsilyl group elimination to form allene. If the extent of B-keto ester
complexation is reduced, a more reactive enolate species is formed and, consequently, interception of the
carbenium intermediate may proceed to form a cyclobutene. With this rationale, attenuation of enolate reactivity
by changing the Lewis acid would also be expected to influence the product distribution. Indeed, as shown in
Table 1, the use of a weaker Lewis acid, EtpAICI, resulted in a greater formation of the cyclobutene product
relative to the allene product when compared with EtAICl; under identical stoichiometry. Similarly, the use of
stronger Lewis acids (e.g. AlCl3 or TiCly) resulted in predominant allene formation, although in lower overall
yields in comparison to EtAICI,.

The possibility that cyclobutene 9 may also serve as a precursor to allene 10 was examined. Thus,
treatment of 9 with EtAICl (5.0 equivalents) in CHyCly at -78 ©C was found to provide allene 10 in 80% yield.
This observation may also account for the improved allene to cyclobutene ratios when using excess Lewis acid to
promote the spirocyclization. Interestingly, while treatment of 9 with fluoride ion may also be envisioned to result
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in desilylation and subsequent p-keto ester enolate elimination to ultimately yield allene 10, the reaction of 9 with
CsF in DMSO at room temperature resulted only in desilylation.

In conclusion, we have observed the first example of cyclobutene formation from a propargylic silane under

Sakurai reaction conditions. This new annulation reaction may provide a useful and alternative'4 route to highly

fused cyclobutenes.
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