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ABSTRACT

Easily prepared allyl phenyl sulfones, capable of introduction of the alkene by electrophilic r-substitution, are superior to allyl acetates as
substrates for Pd-catalyzed Zn-ene cyclizations, providing C5 or C 4N rings with cis -1,2-vinyl and -CH 2Zn substituents. Several examples, with
different methods of substrate preparation, are presented.

Magnesium-ene cyclizations (Scheme 1) have been used in
a number of elegant syntheses, especially by Oppolzer.1 They
are highly stereoselective with vinyl and CH2Mg substituents
oriented in a cis fashion on the new rings. Li-ene cyclizations
occur at lower temperatures but are thermodynamically
unfavorable.2,3

There are several clues that carbometalations via the Zn-
ene process are far more facile than those proceeding by the

Mg-ene process.4 Furthermore, many functional groups that
are unstable in the presence of Grignard reagents can survive
in the presence of organozinc compounds.5

Zn-ene cyclizations had not been well studied until the
appearance of Oppolzer’s work on Pd-catalyzed Zn-ene
cyclizations using allyl acetate precursors.6 The mechanism
is thought to involve Pd(0) insertion into the allyl acetate to
generate aπ-allyl palladium intermediate that undergoes
transmetalation with diethylzinc to give the corresponding

† Taken in part from the Ph.D. Thesis of Kai Deng, University of
Pittsburgh, Pittsburgh, PA, 2004.
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Scheme 1. Mg-Ene Cyclization
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allylzinc intermediate together with an ethyl palladium
species (Scheme 2). The allylzinc undergoes the Zn-ene

cyclization to produce a species capable of being trapped
by electrophiles to give functionalized products. The Pd atom
attached to the ethyl group undergoes PdH elimination to
release ethylene and regenerate the Pd(0) catalyst. The
stereochemistry of the products was thought6a to be cis on
the basis of the fact that the13C chemical shifts of the ring
carbon atoms bearing the substituents in the electrophile-
trapped products were within the range found for the 3- and
4-carbon atoms in 3,4-dimethyl and 3,4-diethyl-N-meth-
ylpyrrolidines and in a different range than those of the
corresponding trans-disubstituted pyrrolidines.7,8

On the basis of this elegant work and the extensions of it
described below, we envisioned a great increase in the
versatility of Pd-catalyzed Zn-ene cyclizations by replacing
the allyl acetates with allyl phenyl sulfones as precursors.
Trost9 had demonstrated that allyl phenyl sulfones could
serve as substrates for allyl palladium formation, while Julia10

had shown that allyl palladiums generated in this way could
be reduced by diethylzinc to generate allylzincs capable of
undergoing intermolecular addition to aldehydes. Due to the
wide variety of methods available for producing allyl phenyl
sulfones (see below) along with their valuable feature of
readily losing anR-proton to form an allylic anion that reacts
with alkylating agents virtually exclusively at theR-posi-
tion,11 we expected that many substrates for Pd-catalyzed

allylzincation could be constructed in a highly efficient,
connective manner. The use of allyl phenyl sulfones as
precursors for Pd-catalyzed allylzincation of unactivated
alkenes has not been reported.

We now present four syntheses involving four different
concepts for preparing in a highly efficient manner the allyl
sulfones required forR-alkylation and intramolecular car-
bozincation. Furthermore, we provide the first definitive
evidence that the Pd-catalyzed Zn-ene cyclization provides
cis-disubstituted five-membered rings as in the Mg case; this
fact has some bearing on the question of whether this is a
Zn-ene rather than a Pd-ene cyclization.

One example of the production of a simple allyl phenyl
sulfone is illustrated by the production of methallyl phenyl
sulfone 112 by treatment of methallyl chloride with com-
mercial C6H5SO2Na (Scheme 3). The allyl phenyl sulfone

anion, generated by treatment of1 with n-butyllithium, is
alkylated exclusively at theR-position by 1-bromo-4-pentene
2 to provide a high yield of cyclization substrate3. Subjecting
3 to 10 mol % Pd(PPh3)4 and 6 equiv of Et2Zn affords the
cyclopentane derivative4, after iodination, in excellent yield
as the only detectable product. The cis stereochemistry of4
was established by converting a sample to the corresponding
sulfone5; both the13C and1H NMR spectra of the latter
were identical with those reported for the same compound,
the X-ray crystal structure of which had been determined.13

This definitive evidence for the stereochemistry of the
cyclization product lends strong credence to the suggestions
of Oppolzer and Schro¨der that the main products of the Pd-
catalyzed Zn-ene cyclizations are indeed rings bearing
adjacent cis substituents. It also provides some support, albeit
weak, for their contention that this is a Zn-ene cyclization
rather than a Pd-ene cyclization, followed by Zn-Pd
exchange; the Pd-ene cyclization in an analogous system,
although under somewhat different conditions, yields a trans
product.6a,14

Since allyl phenyl sulfides are readily available by a wide
variety of procedures15,16 and since they are easily oxidized
to sulfones by a variety of selective reagents,17 such oxidation
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Scheme 2. Oppolzer’s Mechanism for the
Palladium-Catalyzed Zinc-ene Cyclization

Scheme 3. Zn-Ene Cyclization Utilizing an Allyl Sulfone
Prepared from an Allyl Chloride
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is a very versatile procedure for preparing allyl phenyl
sulfones. One example, used in the preparation of the
spirocyclic alkyl iodide10, is shown in Scheme 4. Oxidation

of the readily prepared allyl phenyl sulfide716 with m-CPBA
gave the corresponding allyl phenyl sulfone8 in 91% yield.

Alkylation18 of the sulfone-stabilized allyl anion with
1-iodo-4-pentene19 occurred in 84% yield. Treating the
alkylation product9 with 5 mol % Pd(PPh3)4, followed by
the addition of 6 equiv of Et2Zn, led to the generation of the
allylzinc, which readily attacked the tethered olefin. After
18 h at 25°C, I2 was added to quench the reaction. A single
diastereomer20 of 10 was obtained in 96% yield.

Encouraged by the easy assembly of spirobicyclic mol-
ecule10, we turned our attention to the synthesis of (-)-
erythrodiene18, a sesquiterpene isolated from the Caribbean
gorgonian coralErythropodium caribaeorum.21 The rare
spirobicylo[4.5]decane skeleton of18 has attracted consider-

able synthetic effort over the past decade, and two syntheses
of this molecule have been reported to date. The first
synthesis22 used an intramolecular alkyne carbomercuration
reaction to construct the spirocarbon center with moderate
diastereoselectivity. In total, 10 steps were performed with
an overall yield of 35%. The second synthesis23 used an allyl
acetate as the substrate for the Pd-catalyzed Zn-ene cycliza-
tion to construct the spiro carbon center with excellent
diastereoselectivity. A total of 11 steps were performed with
an overall yield of 24%.

A main purpose of our attempt to synthesize18 was to
determine any advantages of using an allyl phenyl sulfone
instead of an allyl acetate to synthesize the same target from
the same starting material, natural (-)-perillyl alcohol 11,
utilizing the same Pd-catalyzed Zn-ene cyclization strategy
as that used by the Oppolzer group23 but with an allyl phenyl
sulfone rather than an allyl acetate as a cyclization substrate.
The allylic alcohol12 was prepared by hydrogenation of11
(Scheme 5).22,23Treating12with PhSCl24 and Et3N produced

intermediate13, which underwent a facile [2,3]-sigmatropic
rearrangement to afford allyl phenyl sulfoxide14 in 89%
yield.24,25 Oxidation of14 afforded the corresponding allyl
phenyl sulfone15 in 86% yield. Alkylation of 15 as in
Scheme 4 afforded the allyl phenyl sulfone cyclization
substrate16 in 89% yield as two diastereomers in a ratio of
4:1 (NMR). Treating16with Pd(PPh3)4/Et2Zn generated the
allylzinc intermediate that smoothly executed carbozincation
of the terminal alkene to afford, after an iodine quench, a
94% yield of a mixture of two diastereomers in a ratio of
95:5, a selectivity similar to that observed in the Oppolzer
synthesis using an allyl acetate as the precursor of the
allylzinc species.23 However, the use of the most common
Pd(0) source, Pd(PPh3)4, in his reaction gave a poor yield; a
special combination of Pd(OAc)2/PBu3 was required, and the
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Scheme 4. Use of an Allyl Sulfone Prepared by Oxidation of
an Allyl Phenyl Sulfide

Scheme 5. Synthesis of (-)-Erythrodiene Utilizing an Allyl
Sulfone Prepared by Oxidation of an Allyl Phenyl Sulfoxide

Derived from a [2,3]-Sigmatropic Rearrangement
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use of 20 equiv of Et2Zn was crucial in obtaining a high
yield of the cyclization product. Of considerable significance
for the comparison of allyl sulfones with allyl acetates as
substrates in these cyclizations is the finding that in our (-)-
erythrodiene synthesis (Scheme 5), using16as the substrate
for the Zn-ene cyclization and Pd(PPh3)4 together with 6
equiv of Et2Zn was highly successful. No effort was made
to optimize the amount of Et2Zn used.

Dehydroiodination of the mixture of iodides produced a
95:5 mixture of (-)-erythrodiene18 and its diastereomer in
almost quantitative yield. A pure sample of18, obtained from
the mixture of diastereomers by chromatography on silica
impregnated with AgNO3, had identical NMR spectroscopic
properties and rotation ([R]D -112°) to those reported.22,23

The same diastereoselectivity between iodide17 and (-)-
erythrodiene18 derived from it shows that the chiral center
at C7 must have been generated in a completely diastereo-
selective manner during cyclization and that the stereochem-
ical divergence comes from the relationship between the spiro
carbon center at C1 and the carbon atom C5 bearing the
isopropyl group. In total, six linear steps were used to obtain
(-)-erythrodiene starting from commercially available (-)-
perillyl alcohol with an overall yield of 60%. The synthesis
utilizing the allyl acetate23 required 11 steps starting with
the same alcohol, and the overall yield was 24%. Such a
dramatic improvement in yield and efficiency is a testament
to the power of the allyl phenyl sulfone approach to (-)-
erythrodiene and more generally demonstrates the connective
power and synthetic utility of allyl phenyl sulfones in these
reactions.

We envisioned that the addition of a primary amine to
2-phenylsulfonyl-3-methyl-1,3-butadiene20 would be espe-
cially useful because the resulting product is an allyl phenyl
sulfone,26 which can be further elaborated to synthesize a
precursor for the Zn-ene cyclization. As illustrated in Scheme
6, 2027 added benzylamine smoothly to afford the desired
allyl phenyl sulfone21 in 90% yield. N-Allylation28 provided
the cyclization substrate22 in 98% yield. When22 was
treated with Pd(PPh3)4/Et2Zn, the Zn-ene cyclization pro-
ceeded to afford cyclization product23 in a moderate
unoptimized yield of 60% (68% based on consumed reactant)

with high stereoselectivity (>40:1) as determined by GC.29

The ease of assembly of22and the exquisite stereoselectivity
bode well for a synthesis of the highly biologically active
(-)-kainic acid30 that is under way in this laboratory.

Because of the ease of preparation of allyl phenyl sulfones,
they are considerably superior to allyl acetates as substrates
in Pd-catalyzed Zn-ene cyclizations. In the synthesis of (-)-
erythrodiene, the sulfone method required about half of the
number of steps and led to a doubling of the yield as
compared to use of the allyl acetate substrate; in addition,
special cyclization conditions were not required as was the
case with the acetate. Several other five-membered rings,
including a pyrrolidine, were prepared from other allyl phenyl
sulfone substrates that were generated by diverse methods.
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Scheme 6. Synthesis of a Cis-3,4-disubstituted Pyrrolidine
from an Allyl Sulfone Derived by 1,2-Addition of an Amine to

a 2-Phenylsulfonyl-1,3-butadiene
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