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Lipid peroxidation in vivo is involved in many disease processes.
Cytotoxic aldehydes are generated through the decomposition of
lipid peroxides, especially in the presence of metal ions.1 Prominent
among these aldehydes, are theγ-hydroxyalkenals. They form
covalent adducts with biological nucleophiles and have been shown
to be physiologically relevant.2 We previously found that protein
adducts of certainγ-hydroxyalkenals are especially abundant in
the retinas of individuals with age-related macular degeneration.3,4

These protein adducts are biologically active. They induce the
growth of capillaries into the retina, resulting in destruction of the
photoreceptor cells.5

The major primary autoxidation products from polyunsaturated
fatty acidssthrough enzymatic, free radical-induced, or singlet
oxygenation pathwayssare hydroperoxy dienes (Scheme 1). En-
zymes, such as glutathione peroxidase, rapidly reduce hydroper-
oxides to alcohols in vivo. It seems likely that these conjugated
hydroperoxy or hydroxy dienes are further oxidized to give
hydroperoxy and hydroxy endoperoxides (a or b, respectively, in
Scheme 1) through singlet oxygenation.6 For example, in retina,
all-trans-retinal can act as a photosensitizer to produce singlet
oxygen.7 We wondered whether hydroperoxy or hydroxy endo-
peroxides might undergo fragmentation to generate biologically
active aldehydes.

We chose hydroperoxy endoperoxide1 and hydroxy endoper-
oxide2 as models to examine the feasibility of such fragmentation
reactions (Scheme 2). These model compounds are easily prepared
through singlet oxygenation of cyclohepta-1,4-diene8 and further
selective reduction by triphenylphosphane.9

It is well-known that hydroperoxides can undergo transition metal
ion-mediated decomposition through single electron transfer to form
alkoxy radicals.10,11 Therefore, to promote fragmentation we
exposed the endoperoxides to Fe2+ in the physiomimetic mixed
solvent, acetonitrile and water, at room temperature (Scheme 2 and
Table 1). Vitamin (Vit) E alpha (R-tocopherol) is a lipid-soluble
chain-breaking antioxidant that can intercept radicals by hydrogen-
atom transfer. Therefore, we also examined the effect of Vit E on
the Fe2+-promoted decomposition of endoperoxides1 and 2.
Fragmentation of hydroperoxy endoperoxide1 generated aldehyde
3, the lactone of aγ-hydroxyalkenal. With 1 equiv of Fe2+, or with
a catalytic amount (0.1 equiv) of Fe2+ and 1 equiv of Vit E, the
yields of 3 are 43-50%. However, Vit E alone did not promote
the fragmentation, and a catalytic amount of Fe2+ alone only
afforded a low yield (about 5%) of3.

A mechanism for the fragmentation of1 is proposed in Scheme
3. Fe2+ initiates the homolysis of hydroperoxy endoperoxide1 by
single-electron transfer to generate hydroxide and alkoxy radical
6. A subsequentâ-scission in conjunction with homolysis of the
dialkyl peroxide generates alkoxy radical7. This fragmentation is
driven by the generation of a carbonyl group. Finally, hydrogen-
atom abstraction delivers theγ-hydroxy alkenal8. Alternatively,
the alkoxy radical7 might be reduced by electron transfer from a

second Fe2+ followed by protonation. Theγ-hydroxy cis-alkenal8
readily cyclizes to produce a hemiacetal9. In the presence of
hydroperoxide, abstraction of an allylic hydrogen from9 culminates
in oxidation to deliver aldehyde3.12 Overall, Fe2+ is oxidized to
Fe3+. Vit E apparently serves to regenerate Fe2+, and thus promote
the homolysis.13-15 Vit E (R-tocopherol,R-TOH) is concomitantly
oxidized toR-tocopheroquinone (R-TQ) which was detected by1H
NMR in the reaction product mixture.

It is noteworthy that fragmentation of1 is much faster when it
is treated with 1 equiv of Fe2+ (10 min) compared to treatment
with 1 equiv of Vit E and a catalytic amount of Fe2+ (4 h). The
reductive cleavage of1 and its subsequent fragmentation is evidently
faster than the regeneration of Fe2+ from Fe3+ by electron transfer
from Vit E.

Exposure of hydroxy endoperoxide2 to 1 equiv of Fe2+ results
in fragmentation to deliver the hemiacetal4 of a γ-hydroxyalkenal
(30% yield) and a hydroxy diepoxide5 (20% yield, Scheme 2 and
Table 1). Aldehyde4 has two chiral centers and is a mixture of
four isomers. Oxidation of4 by pyridinium chlorochromate (PCC)
to give a known aldehyde13 (Scheme 3), confirmed the structure
assigned to4.

A mechanism for the fragmentation of2 is proposed and
contrasted with that for fragmentation of1 in Scheme 3. Fe2+

initiates the homolysis of hydroxy endoperoxide2 through single
electron transfer. This delivers two alkoxy radicals10 and 14.
Alkoxy radical 10 can undergoâ-scission to form anR-hydroxy-

Scheme 1

Scheme 2

Table 1. Metal-Ion-Promoted Decomposition of 1 and 2

products yields (%)

reagents
reaction

time
unreacted

(%) 3 4 5

1, Vit E (1:1) 4 h 100 0 0 0
1, Vit E, Fe2+(1:1: 0.1) 4 h 0 50 0 0
1, Fe2+ (1: 0.1) 4 h 90 5 0 0
1, Fe2+ (1:1) 10 min 0 43 0 0
2, Fe2+ (1:1) 30 min 0 0 30 20
2, Vit E, Fe2+ (1:1:0.1) 4 h 90 0 0 0
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carbinyl radical11, that is stabilized by conjugation with a lone
pair on the hydroxyl group. Oxidation of11 by single electron
transfer to Fe3+ regenerates Fe2+ and affords12, a resonance
stabilized carbocation, that cyclizes to4. Alkoxy radical14, instead
of undergoing theâ-scission, cyclizes to generate an epoxycarbinyl
radical 15. Oxidation of 15 by single electron transfer to Fe3+

regenerates Fe2+ and affords an epoxycarbinyl carbocation16 that
cyclizes to give the hydroxy diepoxide5.16

Fragmentation of2, in contrast with that of1, in the presence of
1 equiv of Vit E and 10 mol % of Fe2+ was very slow. After 4 h,
90% of 2 remained unreacted, and only traces of fragmentation
products were detected. Apparently, reductive homolysis of en-
doperoxides is more difficult than the corresponding reaction of
hydroperoxides. The generation of alternative hemiacetals,4 and
9, of the same hydroxydialdehyde is a particularly striking detail
of the reactions of endoperoxides1 and2 (Scheme 3). Although
alternative cyclizations of12could produce both4 and9, the latter
is expected to be more susceptible to oxidation than the former
owing to a preference for abstraction of an allylic hydrogen.
Hemiacetal9 is generated in the presence of hydroperoxide that
can promote oxidation to3. In the absence of hydroperoxides, as
in the Fe2+-promoted fragmentation of2, the hemiacetal4 is
isolated.

A pilot study showed that fragmentation of the linoleate-derived
hydroperoxy endoperoxide17 at 37 °C produces 9-hydroxy-12-
oxododec-10-enoic acid (HODA,19) and butenolide20, and Vit
E promotes the formation of19 (Scheme 4). In contrast, hydroxy
endoperoxide18 is relatively unreactive, even in the presence of
Vit E. Details will be reported in due course.

Previously, the formation ofγ-hydroxyalkenals in vivo has been
generally viewed as the consequence of free radical-induced
oxidation of polyunsaturated fatty acyls. Vit E would be expected
to inhibit such autoxidation. Clinically, however, treatment with
Vit E provides little or no benefit in ameliorating age related
macular degeneration.17-19 The present study suggests two factors
that may help to explain this paradox. Hydroperoxy and hydroxy
endoperoxides (a, b in Scheme 1) can be generated through an
entirely non-free-radical pathway through singlet oxygenation of
polyunsaturated fatty acyls in retina. Subsequent fragmentation to
γ-hydroxyalkenals could ensue through the mechanisms of Scheme
3. Vit E could contribute to, as opposed to preventing, their
formation by converting redox-active metal ions into their reduced
forms that promote the rapid fragmentation of hydroperoxy en-
doperoxides.
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