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Abstract: In the presence of electron-rich alkenes, electro- and
ambiphilic homoallylic radicals, generated by homolytic decomposition
of the corresponding xanthates, undergo annulation with inverse
electron-demand, and afford cyclopentane derivatives in moderate to
good yields.

Free-radical reactions owe a significant part of their increasing
popularity in the synthetic community to the possibility of sequencing,
i.e. of performing multiple structural transformations via radical
intermediates in a one-pot reaction.1 A particularly useful application of
this principle is a free radical annulation which allows for the
construction of 5-membered carbocycles by an addition/cyclization
tandem, starting from two acyclic, unsaturated fragments, and formally
represents a synthetic equivalent of a homopolar 3+2 cycloaddition
(Scheme 1).2 However, due to the inherently nucleophilic character of
simple alkyl radicals, sequential reactions of this type have mostly been
restricted to electron-rich radicals and electron-deficient alkenes as the
reaction partners. Radical additions with inverse electron demand
(electron-deficient radicals with electron-rich alkenes) are possible, but
incompatible with most widely used (rapid) chain transfer agents, like
tributyltin hydride or thiohydroxamic esters: electron-withdrawing
substituents at a radical centre stabilise the radical, decelerate
intermolecular addition, and favour its direct reaction with a transfer
agent instead. Annulations with inverse electron demand have been
successfully performed when electrophilic 3-butenyl radicals were
generated from vinylcyclopropanes (via the fragmentation of the
corresponding cyclopropylmethyl radicals),3 and also in the reactions of
propargyl and allyl α-iodomalonates and malonodinitriles with electron-
rich alkenes, under the conditions of iodine transfer, which afforded
cyclopentane derivatives in good yields.4 However, some of the
aforementioned radical precursors are unstable and somewhat difficult
to prepare and purify. We endeavoured to investigate the alternative
methods of generation of carbon radicals for annulation reactions with
reversed electronic requirements, using readily available and stable
radical precursors, which would also be applicable to monosubstituted
radicals. In that respect, group-transfer reactions of xanthates seemed
promising.5

Scheme 1

The principle of the envisaged annulation sequence is displayed in
Scheme 2. In the presence of electron-rich alkene 3, electron-deficient
initial radical 2, formed from 1 under homolytic conditions, should
undergo addition/cyclization sequence giving rise to cyclopentylmethyl
radical 5. As the final radical 5 is non-stabilized and much more reactive

than the initial one 2, thermodynamically favourable group transfer
reaction is expected to proceed efficiently, with the formation of the
final product 6, and regeneration of 2 which continues the chain.
Starting compound 1 acts as both the radical precursor and transfer
agent. The absence of an external transfer agent is essential for the
success of the overall sequence, as the intermolecular addition of
stabilized radical 2 is not expected to be very fast; however, the transfer
step being reversible and degenerate, it does not compete with the
addition, and gives the initial radical 2 long enough life-time to undergo
even relatively slow reactions.

Scheme 2

To test the feasibility of this conception, four xanthate precursors, with
one or two electron-withdrawing groups at the proradical carbon atom
were prepared (Scheme 3). While 7 and 8 were obtained according to
previously described methods,6 ester and malonate xanthate derivatives
10 and 12 were synthesised directly from 9 and 11, by the reactions of
their enolates with diethyl dithiobis(thioformate) 13.7 This is a direct
way of transforming carbanionic centres into proradical ones, resulting
in the "umpolung" of active methylene compounds.

Given the known sensitivity of xanthates to UV light, the first annulation
experiment was performed by simply irradiating a deaerated solution of
7 in 5 mol eq of allyl acetate, (in an NMR tube), by a 250 W high
pressure mercury lamp (Method A). Under these conditions the
consumption of the starting xanthate was complete within 45 min.
Purification of the reaction mixture by column chromatography afforded
the desired cyclopentane derivative 15b in 59% isolated yield (Scheme
4, R= CH2OAc, Z= CO2Et).8 The generality of this procedure was then
tested by submitting various combinations of xanthate precursors 7, 8,
10, 12, and alkene acceptors 14a-f to the same reaction conditions: in all
cases cyclopentane derivatives were isolated in moderate to good yields.
The results of these experiments are summarised in Table 1. The longest
reaction times and the lowest yields were observed when cyclopentene
14f was used as a radicophilic acceptor, which can be explained by the
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increased steric hindrance of 1,2-disubstituted alkene (entries 8, 9, 13,
and 18). Annulation reactions could also be performed, with comparable
efficiency, with chemical initiation (Method B),9 but cleaner reactions
and superior yields were obtained when the reactions were promoted by
a visible light irradiation at room temperature (Method C).10 With
respect to radical annulations with normal electronic requirements, two
features are of note: a) reactions can be run at high concentrations of
reactants; b) no second addition of the final radical 4 to radicophilic
alkene occurs (in "standard" annulation procedures preventing this step
requires further sophistication of the reaction sequence, through the
introduction of β-elimination as the final step, stabilization of the final
radical, etc.).

Almost all cyclized products were obtained and isolated as inseparable
mixtures of diastereoisomers. However, in some cases it was possible to
separate a single diastereoisomer by careful column chromatography,
and fully assign all signals in the NMR spectra. The lack of
stereoselectivity observed in these reactions reflects the inherent
reactivity of the corresponding ∆6-hexenyl radicals 4, and it is unlikely
that the diastereoselectivity could be significantly improved by changing
the reaction conditions. We hoped, however, that the reactions of cyclic
precursors and/or cyclic alkene acceptors, leading to the formation of
bicyclic frameworks, might proceed with a higher level of
stereoselectivity, due to additional conformational constraints in
transition states for both cyclization and group-transfer steps.11 In that
respect, it is noteworthy that the reaction of malonate derivative 12 with
cyclopentene proceeded with complete stereoselectivity, and afforded a
single isomer 16c (tentatively assigned as "all cis")12 in 30% isolated
yield (entry 18). The reaction of 10 with allyl acetate afforded 17b as a
1:1 mixture of diastereoisomers (entry 19; 8 diastereoisomers with cis
ring junction are possible); other bicyclic products, however, were
obtained as complex mixtures of diastereoisomers. Surprisingly, cyclic
xanthate precursor 10 failed to react with cyclopentene, probably due to
increased steric hindrance.

To summarise, homoallylic xanthates can serve as synthetically useful
precursors of electrophilic alkyl radicals for annulation reactions with
inverse electron demand. The ready availability of these compounds,
very mild reaction conditions, and the simplicity of the experimental
procedure make the described protocol a potentially useful complement
to the already known methods for the construction of cyclopentane
derivatives.
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