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a b s t r a c t

Epoxidation of vinylallenes (1,2,4-pentatrienes) can lead to cyclopent-2-enones. Various experimental
results suggest that these reactions are concerted and that vinylallene oxides undergo a concerted and
thermal ring-closing reaction to give cyclopentenones. In 1977, this view has been supported by the
epoxidation of a non-racemic 4-methyl-2,3,5-hexatriene to give a non-racemic 2,5-dimethyl-2-cyclopen-
ten-1-one. Indeed, for the cyclization of (3E)-4-methyl-2,3-epoxy-2,3,5-hexatriene or (4E)-4-methyl-3,4-
epoxy-2,3,5-hexatriene into 2,5-dimethyl-2-cyclopenten-1-one, a transition structure for the concerted
rearrangement was located, and IRC calculations showed it linked together. The activation barrier pre-
dicted at the B3LYP/6-311++G(3df,3pd)//B3LYP/6-31G(d) level of theory is 80.9 or 124.2 kJ mol�1, respec-
tively and the reaction is exothermic by 127.2 or 89.2 kJ mol�1, respectively.

� 2013 Published by Elsevier Ltd.

1. Introduction

In 1969, Grimaldi and Bertrand discovered that the epoxidation
of vinylallenes, alkylated on the allene chain, afforded exclusively,
or preponderantly, conjugated cyclopentenones (Scheme 1).1

This cyclization has thus gained importance since it was shown
that biologically important cyclopentenones arise from the isomer-
ization of vinylallene oxides coming from the dehydration of
hydroperoxides of dienic fatty acids.2 The allene oxide synthases
are enzymes of two structurally-unrelated types. In plants, a sub-
family of cytochrome P450, designated as CYP74A, uses the hydro-
peroxides of linoleic and linolenic acids as substrates. Both these 9-
and 13-hydroperoxides may be converted to allene oxides and sub-
sequently give rise to plant signalling molecules (Scheme 2).3 In
corals, one of the functions of a catalase-related hemoprotein is

the allene oxide synthase activity. Plexaura homomalla is renowned
for its high content of prostaglandin esters, which contribute up to
2–3% of the coral dry weight. These marine invertebrates, as well
as starfish, form allene oxides from the 8R-hydroperoxide of ara-
chidonic acid. This enzyme may be involved in the biosynthesis
of the cyclopentenone eicosanoids such as the clavulones.4

In this Letter, we attempt to provide a better understanding of
this interesting cyclization reaction by the report of calculated
structures.5–7
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Scheme 2. Biosynthesis in plants of jasmonic acid from a-linoleic acid.
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Scheme 1. Epoxidation of 3-methyl-1,2,4-pentatriene.
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2. Results

The chemistry of allene oxides is well documented, and a
valence tautomeric triad allene oxide, cyclopropanone and oxyallyl
has been investigated (Scheme 3).8,9 For allene bearing bulky
substituents, peracid epoxidation can lead to isolable allene
oxides.10–12

First we focused on the structure of alkyl substituted allene
epoxides. Calculated thermodynamic data at the B3LYP/
6.311++G(3df,3pd) level of theory showed that the (Z)-isomers
were slightly more stable than the (E)-ones (Scheme 4).

From epoxidation of vinylallenes, various cyclopentenones have
been synthesized. Remarkably, the cyclization occurred by using
several oxidizing reagents, as peracids,1,13 Payne reagent,14 mercu-
ric and thallic acetates,15 photoepoxidation,16 tBuOOH/VO(acac)2

(Sharpless reagent)17 and dimethyl-dioxirane.18

The mechanism of the formation of cyclopentenones by epoxi-
dation of vinylallenes is particularly puzzling.8,19 In a seminal
work, it was demonstrated that the epoxidation of enantiomeri-
cally enriched vinylallene (�)-(R)-4-methyl-2,3,5-hexatriene (1)
led to non-racemic (�)-(S)-2,5-dimethyl-2-cyclopenten-1-one (3)
as the unique product.20 It was reasonable to assume that the
epoxidation of 1 could lead to four transient allene oxides 2a–d
(Scheme 5 and Table 1). The epoxidation on the vinyl group led
to stable allene-epoxide.1 While the obtention of (�)-(S)-3 from al-
lene oxides (S)-2a or (S)-2c appeared to be possible, it was not the
same for the two others and particularly the (Z)-isomer 2b (previ-
ous theoretical calculations concerning the isomerization of vinyl
allene oxides into cyclopentenones dealt only with the (E)-
isomers).

A gas electron diffraction method21 and an ab initio study22 of
vinylallene (1,2,4-pentatriene) conformations indicated that an
anti conformer (s-trans conformation) must dominate in the gas
phase, however, the preference was less for the vinylallene than
for either 1,3-butadiene or 1,3-pentadiene. Concerning 1,3-di-

methyl-1,2,4-pentadiene 1, computational studies at the B3LYP/
6-311++G(3df,3dp) level of theory revealed that the s-trans confor-
mation was more stable than the s-cis one by only 6.0 kJ mol�1.23

It is well known that epoxidation of a-, b- or c-allenic alcohols
give rise to cyclic keto-ethers or lactones resulting from a nucleo-
philic attack at the allene oxide intermediates by the hydroxy
group (Scheme 6).24

But, in the course of oxidation of hydroxylated vinylallenes by
Sharpless reagent, Cha could not find any product resulting from
a similar intramolecular nucleophilic attack by the a- or b-hydroxy
group in the crude reaction mixture.17c Moreover, the annulations
proceeded stereoselectively (Scheme 7).

Consequently, one can consider that the discrete vinylallene
oxide does not actually exist and that the epoxidation of the s-cis
conformer of the vinylallene gives rise in two steps directly to
the cyclopentenone (Scheme 8). All published results concerning
the cyclopentenones formation by epoxidation of vinylallenes bear
on vinylallenes which can exist as s-cis conformers.
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Scheme 8. Hypothetical mechanism for the epoxidation of 1.
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Scheme 3. Valence isomerization of allene oxides.
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Scheme 5. Epoxidation of (R)-4-methyl-2,3,5-hexatriene 1.

Table 1
Relative energies of various isomers of (R)-4-methyl-2,3,5-hexatriene epoxides
(B3LYP/6-311++G(3df,3pd) level of theory)

Allene oxide DE (au) dDE
(kJ mol�1)

DG (au) dDG
(kJ mol�1)

2a �348.035 407 0.00 �347.918 131 0.00
2b �348.034 563 2.22 �347.917 044 2.84
2c �348.027 614 20.44 �347.911 571 17.22
2d �348.025 833 25.12 �347.909 710 22.07
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Scheme 6. Epoxidation of 2,5-dimethyl-3,4-hexadien-2-ol.
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Scheme 7. Epoxidation of cis- and trans-3,4,6-octatrien-1-ols.
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