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Abstract—A novel method for the rapid assembly of a-methylene-c-butyrolactones, using a tandem Claisen–ene rearrangement as a
key step, is presented. The importance of the structure of the Lewis acid promoters and the mechanism of action of Et2AlSPh are
discussed.
� 2005 Elsevier Ltd. All rights reserved.
a-Methylene-c-butyrolactones are ubiquitous subunits
in a wide variety of biologically active natural products.1

In particular, there are numerous examples in which the
c-butyrolactone fragment is part of a more complex ring
system, such as in zempoalin A 12 and vernomenin 23

(Fig. 1). The widespread occurrence of c-butyrolactones
has stimulated the emergence of many elegant methods
for their efficient construction.4

As part of an ongoing research programme, aimed at the
rapid and flexible synthesis of some of these naturally
occurring compounds, we have recently reported com-
plementary methodologies for the assembly of substi-
tuted a-methylene-c-butyrolactones.5 Our strategies
rested upon an initial ene reaction6 between a variety
of aldehydes 3 and the functionalised allylsilane 4,
affording the (Z)-homoallylic alcohols 5, followed by
their subsequent transformation into the desired prod-
ucts 9, according to the protocol depicted in Figure 2.
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Figure 1. Selected natural products.
In an antithetic sense, our disconnection of a-methylene-
c-butyrolactones involves the concomitant cleavage of
the O1–C2 and C4–C5 bonds of 9, leading directly to
aldehyde 3 and allylsilane 4. Closer examination of the
structures of zempoalin A 1 and vernomenin 2 revealed
the presence, in both natural products, of a four carbon
side chain connected at C5 of the lactone residue and
bearing c,d-unsaturation. Application of the above-
mentioned retron to 10 generates the annelating agent
4 and the unsaturated aldehyde 11, which can be
obtained by a Claisen rearrangement7 of the allyl vinyl
ether 12, itself readily available from the corresponding
allylic alcohol 13 (Fig. 3).

Although a variety of Lewis acids are known to catalyse
efficiently the carbonyl–ene8 or the Claisen9 rearrange-
ment, to the best of our knowledge, only one example
of a copper-complex that promotes both reactions
simultaneously has been reported.10 Therefore, the
establishment of a tandem Claisen–ene process that
would lead in a single operation to the unsaturated
adducts 10, might be a useful addition to the methods
currently available in organic synthesis.

Accordingly, several allyl vinyl ethers were prepared
from the corresponding allylic alcohols11 and treated
with a variety of Lewis acids. Extensive screening exper-
iments revealed that only one catalyst, Et2AlSPh,12 effi-
ciently promoted the Claisen rearrangement of 14,
affording the desired aldehyde 15 in 80% yield (Fig. 4).

Unfortunately, Et2AlSPh did not catalyse the sub-
sequent ene reaction. In stark contrast, Et2AlCl promoted
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Figure 2. Connective synthesis of a-methylene-c-butyrolactones.
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Figure 3. Retrosynthetic analysis.
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Figure 4. Testing the Lewis acids.
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Figure 5. One-pot Claisen–ene rearrangement.
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the condensation of 15 with allylsilane 4, but was com-
pletely inert towards the Claisen rearrangement. Such
a dichotomous behaviour, displayed by two closely re-
lated Lewis acids, was puzzling and the Claisen rear-
rangement of 14, catalysed by Et2AlSPh, was carefully
reinvestigated. Much to our surprise, and though the
starting material 14 rapidly disappeared, no aldehyde
could be observed in the crude reaction mixture before
work-up. However, after aqueous acidic treatment, 15
was produced in high yield. This experiment strongly
suggested that a stable intermediate, generated under
these reaction conditions, was subsequently transformed
into the desired aldehyde 15 upon work-up. Spectro-
scopic analysis of the crude product revealed this inter-
mediate to be O,S-aluminium acetal 17.13 The inability
of Et2AlSPh to catalyse the ene reaction can now be
fully understood. Indeed, after promoting the Claisen
rearrangement of the allylvinyl ether 14, this Lewis acid
rapidly reacts with the in situ generated aldehyde 15,
forming the corresponding O,S-aluminium acetal 17,
which is inert towards allylsilane 4 (Fig. 5).

It thus transpires that, in order to successfully realise the
desired tandem Claisen–ene rearrangement, it is impera-
tive to regenerate aldehyde 15 from the tetrahedral inter-
mediate 17, before the addition of the ene partner 4.
Gratifyingly, this transformation could be efficiently
achieved by adding PhSCl to O,S-aluminium acetal 17.
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Interestingly, Et2AlCl, the most competent catalyst for
the ene reaction, is co-produced at the same time. The
long sought—after homoallylic alcohol 16 can now be
obtained in a single operation, by initially treating the
allyl vinyl ether 14 with Et2AlSPh, followed by the addi-
tion of PhSCl and, after a few minutes, of allylsilane 4.
Some selected examples of this novel tandem Claisen–
ene methodology are displayed in Table 1.
Table 1. Tandem Claisen–ene transformation of allylvinyl ether 12
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a All yields are for pure, isolated products.
b Claisen rearrangement performed at rt.
c Claisen rearrangement performed at reflux.

Table 2. Formation of the corresponding a-methylene-c-butyrolactones 20
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Figure 6. Application to a model synthesis.
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necessary to carry out the Claisen rearrangement at a
higher temperature (Table 1, entries 3 and 4). In all
cases, the decomposition of the tetrahedral intermediate
occurs quantitatively at �78 �C, upon addition of
PhSCl.

The x-unsaturated homoallylic ethers 18 thus obtained
were converted into the corresponding a-methylene-c-
butyrolactones 20 in good overall yields (Table 2).

This three step, two operations protocol is performed
without isolation of the intermediate b 0-hydroxy enal
19. A single chromatographic purification, at the end
of this sequence, is sufficient to produce analytically
pure 20.

To illustrate the power of this approach, the simplified
model of the zempoalin A 1 and vernomenin 2 middle
core 25 was readily assembled (Fig. 6).

The Claisen rearrangement of vinyl ether 21, promoted
by Et2AlSPh, smoothly afforded the tetrahedral interme-
diate 22, which upon treatment with PhSCl at �78 �C,
decomposed into the corresponding aldehyde and
Et2AlCl. Addition of the allylsilane 4 to the reaction
mixture led to the formation of the ene adduct 23 in
62% overall yield. The subsequent transformation of
23 into a-methylene-c-butyrolactone 25 proceeded in
65% overall yield.

In summary, we have developed a novel tandem Cla-
isen–ene rearrangement protocol that affords a variety
of substituted homoallylic alcohols in good yields. These
adducts are useful intermediates in the preparation of
functionalised a-methylene-c-butyrolactones. The mech-
anism of Et2AlSPh-catalysed Claisen rearrangement has
been investigated and the participation of a unique O,S-
aluminium acetal has been demonstrated. Finally, the
synthetic utility of this novel methodology has been
illustrated by the rapid assembly of a variety of a-meth-
ylene-c-butyrolactones.14 Further work is now directed
towards broadening the scope of this method and apply-
ing it to the total synthesis of zempoalin A 1 and verno-
menin 2. The results of these investigations will be
reported in due course.
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