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The invention of new methods for the construction of five-
membered rings continues to be a problem of considerable
importance in organic synthesis.1 Only a few [4+1] annulation
strategies have been reported to date, one example being the
methodology based on oxyanion and carbanion-accelerated vi-
nylcyclopropane rearrangements developed in our laboratory.2,3

In this paper, we now report a stereoselective [4+1] annulation
strategy for the synthesis of substituted cyclopentenones based
on the reaction of (trialkylsilyl)vinylketenes (“TAS-vinylketenes”)
with nucleophilic “carbenoid” reagents such as sulfur ylides and
diazo compounds (eq 1).

Vinylketenes4 function as versatile four-carbon building blocks
in a variety of useful annulation strategies leading to four-,5a

six-,5a,b and eight-membered carbocycles.5c Our plan for the
application of vinylketenes to the synthesis of five-membered
rings called for their reaction with nucleophilic carbenoid reagents
to generate dienolate species that would then cyclize to the desired
cyclopentenones. Like most ketenes, however, vinylketenes are
rarely isolable species and usually must be generated as transient
intermediates for in situ trapping by ketenophilicπ bonds. For
the proposed [4+1] annulation, we therefore focused our attention
on reactions ofTAS-Vinylketenes. The remarkable ability of silyl
substituents to stabilize ketenes and suppress their tendency to
undergo dimerization and [2+2] cycloaddition is well docu-
mented4 and has been exploited, for example, by Tidwell for the
synthesis of stable silylated bisketenes6 and in our laboratory for
the generation and isolation of (trimethylsilyl)vinylketene.7

Several classes of carbanionic nucleophiles are known to add

smoothly to simple silylketenes (including (trimethylsilyl)ketene
itself),8 and we therefore anticipated that TAS-vinylketenes would
participate in the proposed [4+1] annulation provided that
carbenoid reagents of suitable reactivity could be identified.

The TAS-vinylketenes (1a-1d) required for this study were
prepared via the photochemical Wolff rearrangement ofR′-silyl-
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Table 1. [4+1] Cyclopentenone Annulationa

a See Supporting Information for detailed procedures.b Reaction
conditions: for Me2SCH2, THF-DMSO (entries 1 and 7) or DME
(entry 9), 0-25 °C; for Me2SOCH2, DMSO-THF, 0-25 °C; for
Ph2SCHCH3, DME, -50 to -20 °C; for Ph2SCMe2, THF, -20 to 25
°C; for CH2N2, CH2Cl2, -120 to 25°C, 3 h; for Me3SiCHN2, CH2Cl2,
25 °C, 21-32 h. c Isolated yield.
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R′-diazo-R,â-unsaturated ketones,9 which are themselves readily
available by silylation of the corresponding diazoketones.10

Among the several classes of carbenoid reagents we have
examined, sulfur ylides11 and diazo compounds have thus far
proved most effective for the desired [4+1] annulation.12 Table
1 delineates the scope of this new route to substituted cyclopen-
tenones. In a typical reaction, addition of 1.05 equiv of
dimethylsulfonium methylide to1a in 1:1 THF-DMSO at 0-25
°C for 1.5 h gave the desired cyclopentenone2a in 75% yield
after chromatographic purification. Dimethyloxosulfonium me-
thylide also combines with1a to produce this cyclopentenone,
though in lower yield (entry 2). Protodesilylation of annulation
product2a was readily achieved by exposure to methanesulfonic
acid in methanol at 25°C for 3 h toafford 3,4-dimethylcyclo-
pentenone in 95% yield.

As indicated in Table 1, diazomethane reacts with TAS-
vinylketenes in a similar fashion, as does commercially available
(trimethylsilyl)diazomethane.13 However, all attempts to employ
higher diazoalkanes and substituted TMS-diazomethanes in the
[4+1] annulation have been unsuccessful; in each case no
significant reaction occurred and the TAS-vinylketene was
recovered unchanged. Fortunately, substituted sulfur ylides11,14

are more nucleophilic and do react with TAS-vinylketenes in the
desired fashion, providing access to highly substituted cyclopen-
tenones in good yield (entries 5 and 6). A notable feature of
annulations involving substituted carbenoid reagents is the
exclusive formation of trans-4,5-substituted cyclopentenones
(entries 4, 5, 8, 10, and 11).

Scheme 1 outlines several alternative pathways to account for
the mechanistic course of the [4+1] annulation. Addition of a
carbenoid reagent to the vinylketene should be highly stereose-

lective due to the shielding effect of the bulky trialkylsilyl group
and should result in the formation of the (Z)-enolate 9.8b

Cyclization of this intermediate could produce the five-membered
ring product directly, although the planar structure of the dienolate
system in9 may not allow it to achieve an arrangement in which
theπ electrons are suitably situated for direct backside displace-
ment of the leaving group. An alternative pathway involves
ionization to produce the 2-oxidopentadienylic cation11, which
can then undergo conrotatory 4π electrocyclic closure15,16 to
generate the cyclopentenone product. A third pathway, proceed-
ing via the cyclopropanone intermediate10, cannot be excluded,
particularly in view of the finding that diazomethane adds to
(trimethylsilyl)ketene to generate (trimethylsilyl)cyclopropanone
in good yield.17

The stereochemical outcome of the reactions of substituted
sulfur ylides and diazo compounds (entries 4, 5, 10, and 11) is
consistent with a mechanism involving stereospecific conrotatory
electrocyclic ring closure if one assumes that ionization of the
initial dienolate intermediate occurs to generate a 2-oxidopenta-
dienylic cation11with the C-1 substituent cis to the oxygen atom
to minimize nonbonded interactions. If a mechanism involving
concerted electrocyclization is indeed operative, then [4+1]
annulations beginning with TAS-vinylketenes withZ-substituted
alkenyl groups should afford cis-4,5-substituted cyclopentenones.
Studies are underway in our laboratory to test this hypothesis
and to demonstrate the utility of the [4+1] annulation strategy in
the total synthesis of cyclopentanoid natural products.
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