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Abstract—The spontaneous addition of triplet oxygen on dienol 1, yielding endoperoxide 2, was followed by EPR/spin trapping.
The use of nitroso and nitrone spin traps allowed the detection of two radical centers, showing that this reaction could likely follow
a radical pathway.
� 2005 Elsevier Ltd. All rights reserved.
G-factors are natural endoperoxides extracted from
Eucalyptus species, where they act as phytohormones,
growth regulators and intervene in plant defense.1 In a
previous work, an improved synthesis of the G-regulator
G3 2 by spontaneous addition of dioxygen on the corre-
sponding precursor 1 was described (see Scheme 1),2 but
its mechanism remained unelucidated. Molecular oxygen
reacted with 1 without addition of any sensitizer and ever
in the dark, showing that this endoperoxidation did not
proceed via an excited state of the substrate. The reaction
also occurred in the presence of DABCO (1,4-diazabicy-
clo[2,2,2]octane), a well-known singlet oxygen quencher.
Moreover, the G3 synthesis was not inhibited by addi-
tion of HCl or of para-toluene sulfonic acid, dismissing
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Scheme 1. Formation of the G3 factor 2 by spontaneous addition of molecu
the hypothesis of a base-catalyzed oxidation. Lastly, no
oxidation peak was observed when cyclic voltampero-
metry experiments were performed with compound 1 in
deoxygenated DMF in the presence of tetraethylammo-
nium perchlorate Et4N

+ClO4
�, discarding the possibility

of an oxidation by electron transfer between 1 and O2.
On the other hand, addition of tert-butyl mercaptan in
catalytic amount was found to inhibit oxidation. All
these results prompted us to examine the possibility that
1 could behave as a radicaloid, in a reaction with triplet
oxygen avoiding the spin barrier. Although such a mech-
anism is unusual, several other �forbidden� additions of
triplet oxygen, for example to cisoid dienes, have been
reported in literature.3–9
py; Spin trapping.
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Figure 1. EPR signals obtained after reaction of molecular oxygen on

1 in the presence of the nitrone spin trap 3 (0.04 mol L�1). The

substrate 1 concentration was set to 0.1 mol L�1 in (a) and to

1 mol L�1 in (b). The spectra were recorded from deoxygenated sample

after 1 h of reaction on a Bruker EMX spectrometer. The 12 lines

marked by downward arrows correspond to a DEPMPO adduct of a

radical centered on a tertiary carbon. The other lines belong to a

peroxyl radical adduct of DEPMPO.
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In the present work, the spontaneous addition of mole-
cular oxygen on 1 was studied by EPR/spin trapping, a
technique allowing the detection of free radicals too
short lived for direct EPR observation. In this method,
a transient radical adds to a trapping agent to form a
persistent adduct capable of being identified by conven-
tional EPR spectroscopy.10–12 The most commonly used
traps are nitrones and nitroso compounds, the resulting
spin adduct being an aminoxyl radical in both cases.
Nitroso compounds have an important advantage over
nitrones in that the addend is directly bound to the
nitrogen, thereby yielding additional hyperfine cou-
plings. However, they are both thermally and photo-
chemically labile, and the life time of heteroatom-
centered radical adducts is often exceedingly short,13,14

while the nitrone 5-diethoxyphosphoryl-5-methyl-1-pyr-
roline N-oxide (DEPMPO) 3 allows the detection of
many carbon- and oxygen-centered free radicals
(Scheme 2).15–18

In a first step, a solution containing the commercially
available 2-methyl-2-nitroso propane 4 (MNP,
0.04 mol L�1, Sigma–Aldrich Co.) and 1 (0.1 mol L�1,
synthesized as described previously)2 was prepared in
degazed benzene. Air was introduced into the medium
and oxygen was removed 35 min later by argon bub-
bling. A mixture sample was then transferred into a cap-
illary tube and its X-band EPR spectrum was recorded
on a Brucker EMX spectrometer. Its simulation, per-
formed with the help of Duling�s software,19 revealed
the presence of two three-line signals, both belonging
to aminoxyl radicals. The first one showed a hyperfine
coupling constant (hfcc) with the nitrogen nucleus, aN,
of 1.45 mT. Since it was also observed alone in blank
tests, realized in the absence of both oxygen and 1, its
detection was not linked to the formation of the G3
endoperoxide bridge. According to data previously pub-
lished, this first signal was assigned to 5, formed after
light or heat induced decomposition of MNP.12,20,21

The second signal never occurred in the absence of either
1 or O2, and was thus formed after the reaction of dioxy-
gen on 1. Since it showed only one hfcc with the nitrogen
nucleus, aN = 1.67 mT, and no extra coupling with
b-hydrogen, it obviously resulted from the trapping of
a radical centered on a tertiary carbon.

With the aim of looking for the presence of oxygen-cen-
tered radicals, assays were also performed using DEP-
MPO 3, synthesized and purified after methods
described previously.15,22 No paramagnetic species was
ever detected in solutions missing either 1 or O2. When
air was introduced for one hour into a solution contain-
ing 0.04 mol L�1 DEPMPO and 0.1 mol L�1 of 1 in benz-
Scheme 2. Formula of the spin traps DEPMPO 3 and MNP 4 and of

the artefactual aminoxyl radical 5.
ene, the EPR spectrum given in Figure 1a was
recorded. It showed mainly a 12 line signal (marked
by downward arrows), with the following hfccs with
nitrogen, hydrogen, and phosphorus nuclei:
aN = 1.38 mT, aH = 2.56 mT, aP = 5.13 mT. The high
aH value found here is characteristic of a spin adduct
of a sterically hindered carbon-centered radical. Accord-
ing to the results obtained with MNP, this signal was as-
signed to DEPMPO-CIII, the spin adduct obtained after
trapping the radical centered on a tertiary carbon. A
careful examination of Figure 1a also showed the pres-
ence of a second minor species. In order to observe it
more clearly, a second series of experiments were per-
formed in oxygenated benzene solution by increasing
the concentration of 1 to 1 mol L�1. In these conditions,
the signal given in Figure 1b was obtained 1 h after the
trapping reaction had begun. In addition to the major
signal of DEPMPO-CIII (�65%), the second adduct
(�35%) was clearly observed and computer simulations
yielded its hfccs: aN = 1.18 mT, aH = 0.96 mT, aP =
4.86 mT. Comparing these results with literature
data led to assign this species to an alkylperoxyl radical
adduct of DEPMPO.15–17 This second paramagnetic
species disappeared within 4 h in the absence of dioxy-
gen, while DEPMPO-CIII was still present. This con-
firmed that the minor species corresponded to an
oxygen-centered radical adduct, denoted DEPMPO-
O2R, whose life time is much shorter than that of car-
bon-centered radical adducts. From a general view, the
spin trapping of peroxyl radical by nitrones is often a
slow reaction, while the adduct formed generally decays



Scheme 3. Structures postulated for an intermediate formed after

reaction between triplet oxygen and 1.

F. Najjar et al. / Tetrahedron Letters 46 (2005) 2117–2119 2119
rather rapidly. In the presence of nitrones, these oxygen-
centered radicals are mostly consumed in reactions dif-
ferent than spin trapping. Consequently, it is not sur-
prising that DEPMPO-O2R was hardly detected in the
conditions of Figure 1a. Increasing 10 times, the concen-
tration of 1 resulted in increasing the amount of free
radicals formed, thereby accelerating the spin trapping
reaction by the nitrone. This is the reason why DEP-
MPO-O2R was clearly observed in Figure 1b. On the
other hand, the nitrone/carbon-centered radical adducts
generally accumulate in medium, since they decay much
more slowly, which justifies that DEPMPO-CIII gave
approximately the same EPR signal in Figure 1a and b.

This work produces the first evidence that the formation
of the endoperoxide 2 by spontaneous addition of dioxy-
gen on 1 could likely follow a radical pathway, which
is in accordance with the observed inhibitory effect of
thiols. Although we are not yet able to describe precisely
the mechanism involved, the presence of free radical
intermediates, with life-time long enough to allow their
detection by EPR/spin trapping technique, was
undoubtedly proven. This reaction could proceed via
addition of 3O2 on dienol 1, thereby yielding a long-lived
triplet biradical intermediate, which could likely corre-
spond to either 6a or 6b (Scheme 3). Note that a careful
analysis of the spectra recorded did not allow us to con-
clude which one of these two structures could be prefer-
entially formed. In a second step, this intermediate could
evolve by spin inversion and ring closure to yield the
endoperoxide 2. Such a mechanistic interpretation of
the data has been previously proposed by Barton
et al.4 and agrees well with all our experimental results.
At this stage of our work, many possible mechanisms
for this endoperoxidation have been discarded, while
our results are clearly in favor of a radical process. How-
ever, this mechanism is neither definitely demonstrated
nor elucidated, and further studies are in progress in
order to verify our hypothesis. These imply theoretical
calculations, but also the synthesis of new analogues
of 1 in order to examine their behavior in the presence
of dioxygen.
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15. Fréjaville, C.; Karoui, H.; Tuccio, B.; Le Moigne, F.;

Culcasi, M.; Pietri, S.; Lauricella, R.; Tordo, P. J. Med.
Chem. 1995, 38, 258–265.

16. Tordo, P. Electron Paramagnetic Reson. 1998, 16, 116–
144.

17. Dikalov, S.; Tordo, P.; Motten, A.; Mason, R. Free
Radical Res. 2003, 37, 705–712.

18. Clément, J.-L.; Finet, J.-P.; Fréjaville, C.; Tordo, P. Org.
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