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The photooxygenation of three homoallylic substrates, the c,d-unsaturated ketone 1a, nitrile 2a, and the
c,d-unsaturated ester 3a was investigated in homogeneous solution and in microemulsion (for 1a). Two
secondary reaction pathways were detected for the allylic hydroperoxides of type b and c, respectively.
The cyclization reactions of 1b and 2b to the 1,2-dioxanes 1d and 2d followed well-known reaction
patterns, whereas the base-catalyzed epoxide (1e–3e) formation from the tertiary allylic hydroperoxides
1c–3c is a unprecedented reaction type.

� 2008 Elsevier Ltd. All rights reserved.
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1. Introduction

In the course of the singlet oxygen ene reaction, 1O2 attacks
one center of a CC double bond with abstraction of an allylic hydro-
gen atom and with simultaneous allylic shift of the double bond. As
a result of this reaction, allylic hydroperoxides are formed. Since
the first report, the 1O2 ene reaction has attracted major interest
not only in mechanistic photochemistry but also in modern organic
synthesis. Several mechanisms have been postulated for this reac-
tion with concerted or ‘concerted two-stage’ mechanisms,1 as well
as 1,4-biradicals,2 1,4-zwitterions,3 perepoxide, dioxetane4 or exci-
plex intermediates. Inter- and intramolecular isotope effect exper-
iments5 with isotopically labeled tetramethylethylenes provided
evidence for the perepoxide intermediate. Also, the small negative
activation enthalpies and highly negative activation entropies ob-
served for the singlet oxygen ene reaction from kinetic measure-
ments lead to the fact that the reaction of 1O2 with electron-rich
olefins proceed 103 times slower than the diffusion rate. This ac-
counts for the presence of non-productive encounters between
1O2 and the alkene favoring the participation of a reversibly formed
exciplex as intermediate.6 The regiochemistry of the ene reaction
with substrates with multiple sites for allylic hydrogen transfer
was extensively studied and several general effects can predict
the regioselective introduction of the hydroperoxy group:7 (a)
the cis-effect8 (syn-effect). In the reaction of 1O2 with trisubstituted
alkenes9 or enol ethers,10 the allylic hydrogen atoms on the
more substituted side of the double bond are more reactive for
ll rights reserved.
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H-abstraction by 1O2; (b) the gem-effect,11 that leads to highly
selective abstraction of an allylic hydrogen atom from a substitu-
ent in a-position of an a,b-unsaturated carbonyl compound; (c)
The large-group effect,12 that leads to selective (moderate) abstrac-
tion of an allylic hydrogen from the substituent geminal to a large
group. With exception of hydroxyl groups, substituents in allylic
positions do not exhibit appreciable effects on the regioselectivity
of the 1O2 ene reaction and ca. 1:1 mixtures of secondary and
tertiary allylic hydroperoxides are formed (Scheme 1).

The influence of substituents that are weakly interacting with
the p-system such as homoallylic groups has not been systemati-
cally investigated. The c,d-unsaturated ketone 1a was recently de-
scribed as a sensitive substrate for the study of environmental
effects on the ene reaction. In zeolite NaMBY, the secondary allylic
hydroperoxide is formed preferentially (1b:1c = 85:15) whereas
under isotropic solvent conditions a 53:47 mixture of 1b:1c was
reported (Scheme 2).13

2. Results and discussion

We became interested in this substrate because of recent
experiments performed in microemulsions that show interesting
selectivity pattern.14 Useful sensors for the microenvironment
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are allylic alcohols that have been widely used to pattern the polar-
ity and hydrogen-bonding situation in isotropic and non-isotropic
media, for example, in solution phase,15 microemulsions,16 or poly-
mer networks.17 When testing 1a as substrate in isotropic media
(acetonitrile/rose bengal as sensitizer) in comparison with SDS
microemulsions, we discovered two new products 1d,e besides
the hydroperoxide mixture 1b/1c. The photooxygenation of 1a in
homogeneous solution (CH3CN or acetone) gave the 3-hydroxy-
1,2-dioxane 1d and the tertiary hydroperoxide 1c as the major
products, while 1d and 1e were obtained in SDS microemulsion.
1d was formed as a 85:15 diastereoisomeric mixture.18 The NOESY
data indicate the cis isomer (hydroxyl in axial position) as the ma-
jor diastereoisomer. More interesting was the fate of the tertiary
hydroperoxide 1c: after chromatography on silica, a complete con-
version into the epoxy enone 1e, which was also observed in the
microemulsion, took place. From the best of our knowledge, this
is a new conversion of allylic hydroperoxides.

We suspected this reaction to be base-induced and actually,
treatment of a 1d/1c mixture with sodium acetate in methanol re-
sulted in the corresponding 1d/1e mixture.19 Epoxy enones of type
1e are not easily accessible by selective epoxidation of the corre-
sponding dienones20 (Scheme 3).

If our procedure is generally applicable, other acceptor-substi-
tuted homoallylic substrates should depict similar reactivity in
the presence of bases. Indeed, the c,d-unsaturated nitrile 2a gave
a comparable reaction picture (Scheme 4). The secondary hydro-
peroxide 2b was not observed in the 1H NMR spectrum but rapidly
cyclized to 2d with an unusual iminoperester structure. The more
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stable hydroperoxide 2c, when treated with base (sodium acetate
in methanol), rearranged quantitatively into a E/Z-mixture of
epoxy acrylonitrile derivatives 2e.21

Both the iminoperester 2d as well as the hydroxydioxane 1d did
ring-open under the basic chromatographic conditions (Al2O3, PE–
EE) to give the enones 1f and 2f, respectively, by a Kornblum–DeL-
aMare rearrangement (Scheme 5).22

The c,d-unsaturated ethyl ester 3a was investigated in order to
elucidate the mechanism of the epoxides formation. Dioxane ring
formation was not expected from the corresponding secondary
hydroperoxide 3b and actually, this product was isolated as the
major regioisomer.23 The minor product, the tertiary hydroperox-
ide 3c was stable under the photooxygenation conditions. When
however treated with sodium acetate in methanol, 3c was slowly
converted into the diastereoisomeric epoxides 3e24 but full conver-
sion could not be achieved. Quantitative conversion was achieved
by using sodium methoxide in methanol indicating the lower acid-
ity of the ester hydroperoxide 3c in comparison with 1c and 2c,
respectively (Scheme 6).

In summary, we report a new secondary reaction of allylic
hydroperoxides initiated by deprotonation in the a-position of a
d-hydroperoxy b,c-unsaturated carbonyl compound (or carbonyl
analogue). In principle, this process resembles the Kornblum–DeL-
aMare rearrangement in that deprotonation is followed by hetero-
lytic cleavage of the peroxy bond (Scheme 7).
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