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Introduction

Radical anions have emerged as an important class of reac-
tive intermediate in various bioorganic processes.[1] They
result from the transfer of a single electron to a neutral mol-
ecule to yield an intermediate possessing both a charge and
radical character. In the past, it has often been assumed that
the reactivity of radical anions, in particular for fragmenta-
tion and rearrangement reactions, was similar to neutral rad-
icals. Recent research, notably by Tanko and co-workers,
has shown that this assumption is not valid as both charge
and spin are governing factors in the reactivity of radical-
anion rearrangements.[2,3] There are a number of examples
involving the rearrangements of radical anions in which
bond cleavage results in formation of a single species con-
taining a spatially separated radical and anion [Eq. (1)].[2–5]

However, examples involving the fragmentation of a spatial-
ly separated radical anion yielding a localized radical anion
and a neutral molecule are rather unknown [Eq. (2)].

Using primarily electrochemical techniques, we have been
studying the electron-transfer (ET) reduction of organic en-
doperoxides.[6–12] These studies have not only provided previ-
ously unknown kinetic and thermochemical data, but also
an insight into the reactivity of distonic radical anions, a re-
active intermediate containing a spatially separated alkoxyl
radical and alkoxyl anion. Initial studies focused on the di-
ACHTUNGTRENNUNGalkyl-substituted bicyclic endoperoxides, ascaridole (ASC)
and dihydroascaridole (DASC),[6,7] and on the antimalarial
drug, artemisinin (ART).[8,9] These studies revealed that ET

to the O�O bond occurs by a concerted dissociative reduc-
tive mechanism [Eqs. (3) and (4)]. Upon ET, the incoming
electron is accepted into a s* orbital associated with the O�
O bond, which concomitantly cleaves to generate the diston-
ic radical anion [Eq. (3)]. With these bicyclic endoperoxides,
the distonic radical anion was found to be subsequently re-
duced at the electrode in a second heterogeneous ET result-
ing in quantitative formation of the cis-diols [Eq. (4)].[6,7]
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Abstract: The electron-transfer (ET)
reduction of two diphenyl-substituted
bicyclic endoperoxides was studied in
N,N-dimethylformamide by heteroge-
neous electrochemical techniques. The
study provides insight into the structur-
al parameters that affect the reduction
mechanism of the O�O bond and dic-
tate the reactivity of distonic radical
anions, in addition to evaluating previ-
ously unknown thermochemical param-
eters. Notably, the standard reduction
potentials and the bond dissociation
energies (BDEs) were evaluated to be
�0.55�0.15 V and 20�3 kcalmol�1, re-
spectively, the last representing some
of the lowest BDEs ever reported. The
endoperoxides react by concerted dis-
sociative electron transfer (DET) re-

duction of the O�O bond yielding a
distonic radical-anion intermediate.
The reduction of 1,4-diphenyl-2,3-
dioxabicycloACHTUNGTRENNUNG[2.2.2]oct-5-ene (1) results
in the quantitative formation of 1,4-di-
phenylcyclohex-2-ene-cis-1,4-diol by an
overall two-electron mechanism. In
contrast, ET to 1,4-diphenyl-2,3-
dioxabicycloACHTUNGTRENNUNG[2.2.2]octane (2) yields 1,4-
diphenylcyclohexane-cis-1,4-diol as the
major product; however, in competi-
tion with the second ET from the elec-
trode, the distonic radical anion under-
goes a b-scission fragmentation yield-

ing 1,4-diphenyl-1,4-butanedione radi-
cal anion and ethylene in a mechanism
involving less than one electron. These
observations are rationalized by an un-
precedented catalytic radical-anion
chain mechanism, the first ever report-
ed for a bicyclic endoperoxide. The
product ratios and the efficiency of the
catalytic mechanism are dependent on
the electrode potential and the concen-
tration of weak non-nucleophilic acid.
A thermochemical cycle for calculating
the driving force for b-scission frag-
mentation is presented, and provides
insight into why the fragmentation
chemistry of distonic radical anions is
different from analogous neutral birad-
icals.

Keywords: electron transfer · frag-
mentation · peroxides · radical
ions · reactive intermediates
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Subsequent electrochemical studies have been performed
to investigate the ET reactivity of various diphenyl-substitut-
ed endoperoxides.[10–12] In these studies, it was discovered
that the distonic radical anion can undergo a fragmentation
in competition with the second heterogeneous ET [Eq. (3)].
These discoveries have provided the opportunity to gain fur-
ther insight into the reactivity of these interesting reactive
intermediates, and to exploit the competing fragmentation
reaction in order to probe the rate constant of the second
heterogeneous ET.[10,13] In the case of the anthracene-based
endoperoxide, 9,10-diphenyl-9,10-epidioxyanthracene (DPA-
O2), a rapid 1,2-phenyl migration (O-neophyl-type rear-
rangement) was observed to compete with reduction from
the electrode to yield another distonic radical anion with a
carbon-centered radical that was subsequently reduced.[10,11]

In another example, a b-scission fragmentation was ob-
served from the distonic radical anion of 3,3,6,6-tetraphenyl-
1,2-dioxane (TPD), to yield a localized radical anion and
two neutral molecules. The preference for a b-scission frag-
mentation was partially rationalized due to the increased
flexibility in the monocyclic structure.[12]

We now know of at least three competing processes avail-
able to the distonic radical anion generated electrochemical-
ly from the ET reduction of an endoperoxide: reduction, b-
scission fragmentation, and O-neophyl-type rearrangement.
In the studies of the rigid bicyclic endoperoxides ASC,
DASC, and ARTwith alkyl bridgehead substituents, only re-
duction of the distonic radical anion was observed to yield
the corresponding cis-diol [Eq. (4)]. However, with endoper-
oxides with phenyl substituents, as with DPA-O2 and TPD, a
fragmentation pathway is observed in competition with re-
duction from the electrode. While our understanding of dis-
tonic radical-anion fragmentations is improving, there is still
a lack of fundamental information for predicting the reactiv-
ity pathway and for establishing activation/driving force re-
lationships.[4] Among the many findings in this study, we
highlight that the incorporation of phenyl substituents is not
the only criteria for observing a competing fragmentation
reaction from the distonic radical anion of a bicyclic endo-
peroxide.

We report the heterogeneous ET reduction of the bicyclic
diphenyl-substituted endoperoxides 1,4-diphenyl-2,3-
dioxabicycloACHTUNGTRENNUNG[2.2.2]oct-5-ene (1) and 1,4-diphenyl-2,3-
dioxabicycloACHTUNGTRENNUNG[2.2.2]octane (2) (shown in Scheme 1). These
endoperoxides were studied by using electrochemical tech-
niques, including cyclic voltammetry and preparative elec-
trolyses, to gain insight into the structural parameters that
affect the reduction mechanism of the O�O bond and dic-
tate the reactivity of distonic radical anions, in addition to
evaluating previously unknown thermochemical parameters.

We report that the slight modification in the molecular
structure between 1 and 2 has a dramatic effect on the reac-
tive pathways available to the resulting distonic radical
anion. In contrast to DPA-O2 and TPD, fragmentation is not
observed from the distonic radical anion originating from 1.
However, the distonic radical anion from 2 undergoes a b-
scission fragmentation that competes with reduction from
the electrode [Eq. (2)]. Consequently, these reactive inter-
mediates can be exploited as kinetic probes, or “molecular
clocks”, for estimating the heterogeneous ET to the distonic
radical anions. We also provide insight into the structure–re-
activity trends of oxygen-centered biradicals and analogous
distonic radical anions. Moreover, the b-scission fragmenta-
tion initiates an unprecedented propagating radical-anion
chain mechanism, the first ever reported from the concerted
DET reduction of a bicyclic endoperoxide.

Results and Discussion

Synthesis : The synthesis of the diphenyl-substituted bicyclic
endoperoxides, 1 and 2 began with the reaction of phenyl-
lithium (PhLi) in tetrahydrofuran (THF) with cyclohexa-
dione to yield a diastereomeric mixture of 1,4-diphenylcy-
clohexane-1,4-diol. The diol mixture was dehydrated to
yield 1,4-diphenyl-1,3-cyclohexadiene by refluxing in ben-
zene in the presence of excess p-toluenesulfonic acid
(TsOH), and purified by flash chromatography, followed by
recrystallization from hexanes. Endoperoxide 1 was pre-
pared by photo-oxygenation of 1,4-diphenylcyclohexa-1,3-
diene by irradiating O2 saturated solutions of 1:1 benzene/
dichloromethane containing a catalytic amount of meso-tet-
raphenylporphyrin (MTTP).[14,15] The saturated endoperox-
ide 2 was prepared from 1 by reduction with excess diimide
generated in situ from potassium azodicarboxylate in the
presence of acetic acid and then recrystallized.[16,17] Both en-
doperoxides were isolated as crystalline white solids. An
outline of the synthetic route used to prepare the endoper-
oxides is summarized in Scheme 1.

Cyclic voltammetry : The electrochemical reduction of the
diphenyl-substituted endoperoxides 1 and 2 was studied by
cyclic voltammetry by using a glassy carbon electrode in
N,N-dimethylformamide (DMF) containing 0.10m tetraeth-
ACHTUNGTRENNUNGylammonium perchlorate (TEAP). Cyclic voltammetry of 1
as shown in Figure 1 is characterized by a broad and electro-
chemically irreversible cathodic peak at all scan rates inves-

Scheme 1. The synthetic route and conditions used in the synthesis of the
diphenyl-substituted endoperoxides 1 and 2. a) PhLi, THF, �78 8C; b)
TsOH, D, benzene; c) O2, MTTP, hv, 1:1 benzene/CH2Cl2; d) N2H2,
CH2Cl2.
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tigated in the range 0.05–50 Vs�1. The peak potential (Ep) at
0.1 Vs�1 is located at �1.27 V versus SCE. Upon increasing
the scan rate (v) the Ep is found to shift negatively by
118 mV per log decade, and the cathodic wave broadens
from 136 to 187 mV over the range 0.1–10 Vs�1. From the
analysis of the peak widths, the transfer coefficient a=

1.857RT/ ACHTUNGTRENNUNG(FDEp/2) is found to decrease from 0.35 at 0.1 Vs�1

to 0.24 at 10 Vs�1. From the scan-rate dependence of the
peak potential and a=1.15RT/ ACHTUNGTRENNUNG[dEp/(d ACHTUNGTRENNUNG(logn)], an average a

of 0.25 is determined, which is consistent with a concerted
dissociative ET mechanism (a !0.5).[18] On scanning back
after the forward reduction in the positive direction, a
poorly defined anodic peak is observed from the oxidation
of the dialkoxide anion at about �0.2 V versus SCE.[6]

The voltammetry of 2 as shown in Figure 2 also exhibits a
broad and irreversible wave with the Ep at �1.5 V, which is
shifted negatively by 170 mV compared to 1. This difference
narrows on increasing the scan rate. The average a value of
0.28 indicates that the O�O reduction of 2 is also consistent
with a concerted dissociative mechanism. Table 1 summariz-
es the voltammetry analysis of the dissociative wave for
each endoperoxide. In contrast to 1, beyond a switching po-
tential of �2.0 V, the dissociative wave of 2 displays non-

Cottrell behavior. The tail end of the dissociative wave,
which is normally dictated exclusively by diffusion, displays
an unusual oxidative dip. This feature of the voltammo-
grams is most noticeable at slower scan rates as observed in
Figure 2 at 0.1 Vs�1. Following the dip, two small irreversi-
ble cathodic peaks are also observed. On the reverse scan,
an oxidation wave is detected in the proximity of �2 V.
Scanning further in the positive direction reveals other oxi-
dation waves within the general potential region between
�0.8 and 0.2 V. Repetitive cycling voltammetry was used to
probe the peaks in the vicinity of the dip. The voltammo-
grams obtained at a scan rate of 1.0 Vs�1 are illustrated in
Figure 3. At this scan rate, the dip is not observed after the

dissociative wave. However, two redox couples are observed
at �1.98 and �2.20 V versus SCE, which correspond to elec-
trochemically active species resulting from some reactivity
of the distonic radical anion other than reduction by the
electrode.

Figure 1. Cyclic voltammograms of 1.8 mm of 1 in DMF containing 0.10m

TEAP in the absence (solid line) and presence (dashed line) of five
equivalents of 2,2,2-trifluoroethanol at 0.1 Vs�1.

Figure 2. Cyclic voltammograms of 1.7 mm of 2 in DMF containing 0.10m

TEAP in the absence (solid line) and presence (dashed line) of five
equivalents of 2,2,2-trifluoroethanol at 0.1 Vs�1.

Table 1. Cyclic voltammetry data for the dissociative ET reduction of di-
phenyl-substituted bicyclic endoperoxides in solutions of 0.10m TEAP/
DMF at 25 8C measured with a glassy carbon electrode.

n [Vs�1] 1 2

Ep [V][a] 0.1 �1.27 �1.45
1.0 �1.37 �1.54

10 �1.49 �1.64
DEp/2 [mV] 0.1 136 142

1.0 150 151
10 187 181

a =1.857RT/(FDEp/2) 0.1 0.351 0.336
1.0 0.318 0.316

10 0.239 0.264
a =1.15RT/F[dEp/d(logn)][b] 0.25 0.28
dEp/d(logn) [mV�1][b] �118 �105
n@Ep (no acid) 1.98 1.94
n@Ep (acid)

[c] 2.08 1.96
n@�2.5 V (no acid) 1.96 0.6

[a] Potentials are referenced versus ferrocene (0.475 V) versus SCE.
[b] Based on scan rates between 0.1 and 10 Vs�1. [c] In the presence of
10 mm trifluoroethanol.

Figure 3. Cyclic voltammogram of 2.0 mm of 2 at 1.0 Vs�1. The dashed
line corresponds to the initial reduction of the endoperoxide, and the
solid line to repetitively cycling through the electroactive redox couples
twice between the switching potentials of �1.9 and �2.5 V.
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The electrochemical behavior of the endoperoxides was
examined in the presence of weak non-nucleophilic acids
and representative voltammograms are illustrated as dashed
lines in Figures 1 and 2. In the presence of ten equivalents
of excess 2,2,2-trifluoroethanol (TFE) or acetanilide, the
peak width at half height, DEp/2=Ep/2�Ep, and peak height
(Ip) for the dissociative wave of both 1 and 2 remain unaf-
fected. The absence of any change in the dissociative wave
is expected in concerted dissociative O�O bond reduc-
tion.[6,19] Also characteristic in the presence of excess weak
acid is the disappearance of the anodic peaks normally ob-
served in dry solvent at �0.3 V versus SCE at 0.1 Vs�1,
which are attributed to the oxidation of the dialkoxide gen-
erated from the reduction of the endoperoxide. In the case
of 2, the cathodic peaks negative to the dissociative wave in-
crease in current and shift in the positive direction. Most in-
triguing, the dip observed after the dissociative wave is
absent on addition of a weak acid.

Constant potential electrolyses : Electrolysis experiments
were performed to determine the reduction products and
the electron stoichiometry (n) as a function of electrode po-
tential and presence of weak acid. The results from the coul-
ometry experiments obtained with a glassy carbon rotating
disk electrode are included in Table 1. A summary of the
products and the relative amounts isolated at different ex-
perimental conditions are shown in Scheme 2. Electrolyses

of 1 at potentials between �1.3 and �2.5 V results in the
consumption of 2 Fmol�1, or two electron equivalents of
charge, independent of the applied potential and the pres-
ence of a weak non-nucleophilic acid. No electroactive prod-
ucts were observed. Workup of the electrolyzed solution re-
vealed the quantitative formation of the cis-diol, 1,4-diphe-
nylcyclohex-2-ene-1,4-diol, which was fully characteristized
(see Experimental Section). The diagnostic signals in the

1H NMR spectrum were a sharp singlet at d=6.08 ppm and
a broad peak at d=1.61 ppm corresponding to the alkene
and the alcohol protons, respectively.

Electrolyses of 2 at the dissociative wave between the po-
tentials of �1.4 and �1.7 V in the absence or presence of
weak acid also results in the consumption of 2 Fmol�1 of
charge. In the absence of weak acid 1,4-diphenylcyclohex-
ane-1,4-cis-diol accounted for 98% of the recovered mass,
the other 2% was identified as 1,4-diphenyl-1,4-butane-
dione. However, in the presence of ten equivalents of TFE
the yield of 1,4-diphenylcyclohexane-1,4-cis-diol was quanti-
tative and no 1,4-diphenyl-1,4-butanedione was recovered.
Unlike 1, the reduction mechanism of 2 is influenced by the
presence of a weak non-nucleophilic acid.

When electrolyses of 2 are conducted at more negative
potentials, the coulometric values are substantially less than
2 Fmol�1 of charge. In addition, after disappearance of the
dissociative wave corresponding to complete reduction of 2,
at which point the electrolyses were halted, electroactive
species are observed at potentials less than �2 V. Electroly-
ses conducted at �2.2 V in the absence of acid yields a simi-
lar product ratio of 98:2 of cis-diol and 1,4-diphenyl-1,4-bu-
tanedione. The significant difference is that only 1.3 Fmol�1

of charge is required for complete disappearance of the dis-
sociative wave. However, when the applied potential is shift-
ed more negatively to �2.5 V, three products were identi-
fied: cis-diol, 1,4-diphenyl-1,4-butanedione and 1,4-diphen-
yl-1,4-butanediol in a ratio of 54:10:36 as determined by
1H NMR spectroscopy. Most notably at this more negative
applied potential, only 0.6 Fmol�1 of charge is necessary for
complete reduction of 2.

The cyclic voltammetry of an authentic sample of 1,4-di-
phenyl-1,4-butanedione is shown in Figure 4. The first wave
in the reduction of 1,4-diphenyl-1,4-butanedione is scan-rate
dependent. At low scan rates the cathodic peak located at
�2.0 V is electrochemically irreversible corresponding to
1.3 electrons per molecule. At a scan rate of 20 Vs�1 the
first wave becomes reversible and has a peak height corre-
sponding to 2.0 electrons per molecule. Addition of weak
acid results in the first wave becoming totally irreversible

Scheme 2. The reduction products for 1 and 2 at different experimental
conditions.

Figure 4. Cyclic voltammograms of 1.9 mm 1,4-diphenyl-1,4-butanedione
(2 f) in the absence (solid line) and presence (dashed line) of five equiva-
lents of TFE in DMF containing 0.1m TEAP at 0.1 Vs�1.
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and an increase is observed in the peak height as shown as a
dashed line in Figure 4 and consistent with Figure 2.

The acids tested and their corresponding pKa values in
DMF were trifluoroethanol (24.1), acetanilide (22.3), and
2,6-di-tert-butylphenol (17.7), which were estimated from
their pKa values in DMSO[20] by applying the relationship
pKa ACHTUNGTRENNUNG(DMF)=1.56+0.96pKaACHTUNGTRENNUNG(DMSO).[21] Electrolyses at the
first wave consumes 1.3 Fmol�1 in the absence of acid, but
in the presence of 2,6-di-tert-butylphenol nearly 4 Fmol�1 is
consumed. The relative electron stoichiometries and voltam-
metry behavior are consistent with a self-protonation mech-
anism.[22,23] In other words, 1,4-diphenyl-1,4-butanedione be-
haves as a weak acid in addition to being an electron accept-
or. This has significant implications on the reduction mecha-
nism of 2 (vide infra).

Heterogeneous kinetics and thermochemical parameters :
Convolution potential sweep voltammetry was used to eval-
uate the heterogeneous ET kinetics and pertinent thermo-
chemical parameters for reduction of the O�O bond.[6,9,19, 24]

Table 2 summarizes the evaluated parameters. Figures S1–S4

of the convolution data are available in the Supporting In-
formation. From the limiting plateau current the diffusion
coefficients in 0.1m TEAP were found to be 7.7L10�6 and
7.4L10�6 cm2s�1 for 1 and 2, respectively. As determined
from the a-E plots, the evaluated Eo

diss and DG�
o of 1 and 2

are �0.51 and �0.61 V, and 9.8 and 10.4 kcalmol�1, respec-
tively. Within experimental error, these evaluated parame-
ters are identical. Of significant interest, the Eo

diss are sub-
stantially less negative than the Ep by at least 0.7 V. This dif-
ference is attributed to the large intrinsic barrier that must
be overcome to stretch and break the O�O bond as the
electron is accepted into the s* orbital. With knowledge of
Eo

diss, the standard heterogeneous rate constant (ko
het) was es-

timated from interpolation of the second-order polynomial
fit to the heterogeneous kinetics. The ko

het are extremely low
at 7.9L10�7 to 3.2L10�7 cms�1, for 1 and 2, respectively, con-
sistent with a totally irreversible rate-determining electrode
reaction characteristic of concerted dissociative ET.[25] The
quality of the determined data was finally checked by digital
simulation of the dissociative waves. The experimental cyclic
voltammograms were adequately reproduced from the data
in Tables 1 and 2 based on a concerted dissociative mecha-
nism.

It is worthwhile to compare the convolution parameters
from this study with those evaluated for the dialkyl-substi-
tuted bicyclic endoperoxides ASC and DASC. The diffusion
coefficients and ko

het for ASC and DASC were previously de-
termined to be 1.1L10�5 and 6.3L10�7 cm2 s�1, respectively.[6]

A comparison of the ko
het values reveals that this parameter

is independent of whether the bridgehead substituents are
alkyl or phenyl. Furthermore, the DG�

o for the diphenylen-
doperoxides are also within the same range of values 9.6
and 11.0 kcalmol�1 for ASC and DASC, respectively. How-
ever, the diffusion coefficients for 1 and 2 are considerably
smaller, which reflects the additional molecular volume
from the bulky phenyl rings. More pertinent, the Eo

diss of the
diphenyl-substituted endoperoxides are significantly lower
than ASC and DASC by 0.5 V. In fact, the Eo

diss determined
in this study are in agreement with the Eo

diss of the anthra-
cene endoperoxide, DPA-O2, which was found to be
�0.56 V versus SCE.[10] The replacement of alkyl groups
with phenyl groups has the effect of raising Eo

diss. The conse-
quence is that the driving force for ET, DGET=

23.06(Eo
D=DC��Eo

diss) is 11.5 kcalmol�1 more favorable for the
diphenyl-substituted endoperoxides (for which Eo

D=DC� could
be the reduction potential of an ET donor or the electrode).

The Eo
diss is related to the O�O bond dissociation energy

(BDE) by the equation Eo
diss=Eo

CORRO��BDFE/F derived
from a thermochemical cycle in which Eo

CORRO� is the reduc-
tion potential of the distonic radical anion, F is the Faraday
constant and the BDFE is the bond dissociation free energy,
which is the BDE corrected for entropy (BDFE=

BDE�TDS).[25,26] The Eo
CORRO� cannot be accurately obtained

from cyclic voltammetry due to poor reproducibility, but can
be approximated from the standard potential of the cumyl
alkoxyl radical which is �0.12 V.[27] By using the above
equation, the BDFE for the diphenyl-substituted endoper-
oxides are 11 and 9 kcalmol�1. Because the entropies of for-
mation are not known, the BDEs were determined by using
SavMantNs concerted dissociative ET model[18,28] from the ex-
perimental DG�

o and the expression DG�

o = (l+BDE)/4, in
which l is the solvent reorganization energy. This last term
was calculated from the empirical relation l=55.7/rAB, in
which l is given in kcalmol�1 and rAB is the molecular radius
given in O.[29] The molecular radius of each endoperoxide
was determined from the Stokes–Einstein equation with the
diffusion coefficients determined from the convolution anal-
ysis. An effective radius approach was used to more accu-
rately describe the solvation of only the portion of the mole-
cule receiving the charge, while the rest of the molecule acts

Table 2. Data acquired by convolution sweep potential voltammetry of
diphenyl-substituted bicyclic endoperoxides in 0.10 molL�1 TEAP/DMF
at 25 8C at a glassy carbon electrode.

1 2

D[a] [cm2s�1] 7.7 L10�6 7.4L10�6

Eo
diss

[b] [V] �0.61 �0.51
log(ko

het [cms�1])[c] �6.1 �6.5
DG�

o
[d] [kcalmol�1] 9.8 10.4

lhet
[e] [kcalmol�1] 20 20

BDE[f] [kcalmol�1] 19 22
BDFE[g] [kcalmol�1] 11 9.0

[a] Determined from the convoluted limiting current and the known area
of the electrode. The area of the electrode was calculated using ferrocene
and a diffusion coefficient 1.13L10�5 cm2s�1. [b] Estimated error is�
0.10 V and uncorrected for the double layer. [c] Determined by interpola-
tion of the heterogeneous kinetics from a quadratic fit at Eo

diss. Estimated
error of (logko

het)�0.5 from digital simulation. [d] DG�

o determined from
the slope of aapp vs. E plots and DG�

o =F/[8(da/dE)]. [e] lhet=55.7/reff ;
the calculated radii rAB of 3.6 and 3.7 O were determined from the
Stokes–Einstein equation and the diffusion coefficients; effective radii of
2.8 O were calculated from reff= rB (2rAB�rB)/rAB for both endoperoxides.
[f] Calculated from DG�

o = (BDE+lhet)/4. [g] Calculated from BDFE=

23.06(Eo
CORRO��Eo

diss); E
o
CORRO� =�0.12 V.
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to shield the charge from the solvent using the expression
reff= rB(2rAB�rB)/rAB, in which reff is the effective radius and
rB is the radius of the charged portion.[28] The charge on the
alkoxide fragment was approximated by using the cumyl
alkoxide anion resulting in reff equal to 2.8 O and leading to
l equal to 20 kcalmol�1. An unknown uncertainty in the in-
trinsic barrier is the contribution from inner reorganization
energy, which is normally assumed to be negligible with re-
spect to the magnitude of the BDE. A summary of this data
is included in Table 2.

Using the calculated l value, the BDEs are calculated to
be 19 and 22 kcalmol�1, which are about 8 kcalmol�1 lower
than for the dialkyl-substituted endoperoxides ASC and
DASC. These BDEs represent some of the lowest values
ever reported.[30] A similar trend in the BDEs was also ob-
served with the acyclic peroxides bis(triphenylmethyl)perox-
ide and di-tert-butyl peroxide.[19,25] Bis(triphenylmethyl) per-
oxide has a Eo

diss 0.4 V more positive and a BDE 6 kcalmol�1

lower than di-tert-butyl peroxide. The BDEs of dialkyl per-
oxides are generally higher than endoperoxides, ranging
from 31–37 kcalmol�1, due to the oxygen lone pairs being in
a staggered orientation whereas in bicyclic endoperoxides
the oxygen lone pairs are eclipsed. The result is that phenyl
substituents lower the BDE and make the Eo

diss more posi-
tive. Thus, not only are 1 and 2 examples of endoperoxides
that are easily reduced with reduction potentials of only
�0.6 V, they also have rather weak, yet stable O�O bonds.

Reaction mechanisms : The voltammetry of the diphenyl-
substituted endoperoxides 1 and 2 is consistent with ET re-
duction of the O�O bond by a concerted DET mechanism,
in which fragmentation occurs simultaneously with electron
uptake [Eq. (3)]. For each endoperoxide, the reduction
yields the corresponding cis-diol as the major product
[Eq. (4)]. However, while 1 yields the quantitative forma-
tion of the corresponding cis-diol, 2 yields a small amount of
1,4-diphenyl-1,4-butanedione in addition to cis-diol, which
has a dramatic effect on the observed voltammetry. The
electrochemical characteristics of 1 are similar to the di-
ACHTUNGTRENNUNGalkyl-substituted endoperoxides ASC and DASC in that
only a single, broad and electrochemically irreversible
cathodic peak is observed. This is in contrast to 2, which has
more elaborate voltammetry like previously studied DPA-
O2 and TPD.[10,12] Unlike these last two endoperoxides, com-
pound 1 is the first example of a diphenyl-substituted endo-
peroxide that does not exhibit an electrochemically reduci-
ble product at a potential more negative than the dissocia-
tive wave.

Scheme 3 depicts the proposed ET reduction mechanism
of 1. Recall that the constant potential electrolyses of 1
result in the quantitative formation of the cis-diol 1c, and
the consumption of two electrons per molecule in agreement
with the proposed mechanism. Upon ET to 1, the electron is
accepted into an s* orbital associated with the O�O bond,
which ruptures in concert, resulting in the formation of the
distonic radical anion 1a with an unpaired electron on one
oxygen atom and a negative charge on the other. Subse-

quently, 1a generated in the vicinity of the electrode, could
be reduced to the dialkoxide 1b before diffusing away from
the electrode, and then protonated in the reaction media or
upon workup to yield 1c. Alternatively, 1a could be proton-
ated by the reaction media, notably upon addition of an
acid, to yield the alkoxyl radical 1d, which could be further
reduced and subsequently protonated to yield 1c. At this
time, it is not known how to experimentally differentiate the
fate of 1a between these two possibilities. Nonetheless, the
outcome is the same resulting in quantitative formation of
cis-diol 1c. The reduction potentials of 1a and 1d are not
accurately known, and difficult to determine directly by
cyclic voltammetry due to poisoning of the electrode sur-
face. However, the reduction potentials of 1a and 1d can be
approximated by the cumyl alkoxyl radical with a known
standard potential of �0.12 V versus SCE in DMF.[27] Since
the Ep of 1 is located at a potential more negative than
�1.2 V, the reductions of 1a and 1d are predicted to be
thermodynamically favorable by at least 23 kcalmol�1.

The mechanism postulated for 1 also applies to the forma-
tion of cis-diol in the reduction of 2. However, the mecha-
nism of 2 must also account for the formation of 1,4-diphen-
yl-1,4-butanedione, the observation of the dip after the dis-
sociative wave, the affect of excess weak acid on the voltam-
metry, and the potential dependence on the electron stoichi-
ometry. The isolation of 1,4-diphenyl-1,4-butanedione, a
product with a molecular weight less than the parent endo-
peroxide, suggests the mechanism must involve a competi-
tion between reduction and fragmentation of the distonic
radical anion 2a.

Scheme 4 illustrates the proposed mechanism for the het-
erogeneous reduction of 2 in the absence of an added weak
acid. To account for the experimental observations, a propa-
gating radical-anion chain mechanism is postulated.[12] Ini-
tially, 2 is reduced by concerted dissociative ET to generate
the distonic radical anion 2a, which could react similarly to
1a (Scheme 3) to yield the cis-diol 2c. However, in addition
to reduction at a potential of �1.5 V, 2a also reacts by a

Scheme 3. The heterogeneous ET mechanism proposed for the reduction
of 1.
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competitive b-scission fragmentation to yield 2 f and ethyl-
ene via formation of the ketyl radical 2e. Note that 2e is
also a radical anion, but the spin and charge are no longer
spatially separated. Also note that in Scheme 4 the fragmen-
tation is shown to be a concerted process, although it could
be stepwise; however, no evidence of products resulting
from a stepwise fragmentation were observed. The radical
anion 2e, formed as a consequence of the fragmentation, is
a potential homogeneous ET donor capable of reducing 2.
The standard potential of 1,4-diphenyl-1,4-butanedione (2 f)
was measured to be �1.97 V versus SCE. This is 1.5 V more
negative than the Eo

diss of 2. Therefore, the homogeneous re-
ductions of 2 and 2a are both thermodynamically favorable
by over 30 kcalmol�1.

Beyond the dissociative wave, 2 displays an oxidative dip
rather than a gradual decrease in current dictated exclusive-
ly by diffusion. This feature in the voltammograms, most no-
ticeable at slower scan rates, is a consequence of the com-
petitive b-scission fragmentation from 2a. The lower current
value reflects a decrease in the concentration of 2 diffusing
towards the electrode. In fact, the oxidative dip is the result
of 2 being reduced homogeneously, in competition with the
electrode reduction. The dip occurs just before the standard
potential of 2 f at �1.97 V. At this potential, the equilibrium
shifts towards an increase in the concentration of radical
anion 2e. Because of a build-up in the concentration of 2e
in the vicinity of the electrode, diffusing 2 approaching the
electrode is intercepted by 2e and reacts by a homogeneous
ET to generate 2a and 2 f. Any 2 f at the electrode surface

could be reduced to the radical
anion 2e and react with more
incoming 2.

Now we consider the pres-
ence of excess weak acid. It
could affect the reduction
mechanism of 2 in two ways
(Scheme 5). First, it could pro-
tonate the distonic radical
anion 2a. Evidence for this
comes from the electrolyses of
2 in the presence of excess
weak acid at potentials posi-
tive to the standard potential
of 1,4-diphenyl-1,4-butane-
dione, and within the potential
range of the dissociative wave
(�1.4 to �1.8 V). In the pres-
ence of 10 mm TFE, 2 f was
not detected in a measurable
amount; the only isolated
product was the cis-diol. Proto-
nation of 2a must hinder the
fragmentation from competing
with reduction from the elec-
trode. Therefore, the b-scission

fragmentation of the resulting alkoxyl radical 2d must be
slower than fragmentation of 2a, supporting the notion that
both charge and spin affect the rates of radical-anion rear-
rangements.[2,3] The second way excess weak acid could
affect the reduction mechanism is by protonating the radical
anion 2e. This would prevent homogeneous ET reactions
between 2e and 2.

Further support for these conclusions comes from recent
studies of DPA-O2 and TPD.[10,12] In both studies an electro-
active product with a standard potential more negative than
the dissociative wave results from fragmentation of the dis-
tonic radical anion in competition with heterogeneous re-
duction. The voltammetry of DPA-O2 lacks a dip, and no

Scheme 4. The propagating radical-anion chain mechanism proposed for the ET reduction of 2. In the lower
box the one-electron reduction of 1,4-diphenyl-1,4-butadione (2e) highlights the potential dependence of the
mechanism, and the ability of 2e to behave as a homogeneous ET catalyst at a reduction potential of �1.97 V.

Scheme 5. b-scission fragmentation of the distonic radical anion 2a and
the corresponding alkoxyl radical resulting from protonation 2d. Experi-
mental evidence suggests 2a fragments faster than the analogous alkoxyl
radical 2d as observed from electrolysis experiments.
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evidence of a generated radical-anion, ET donor was
found.[10] In contrast, in the study of TPD an oxidation dip is
observed, and the mechanism involves the formation of a
benzophenone radical anion.[12]

All that remains is to account for the potential depen-
ACHTUNGTRENNUNGdence of the electron stoichiometry in the reduction of 2. In
electrolyses conducted in the vicinity of the dip and the dis-
sociative wave, which are at potentials between �1.4 V and
�2.0 V, 2 Fmol�1 of charge is consumed. At �2.2 V the re-
duction consumes 1.3 Fmol�1 of charge, and at �2.5 V only
0.6 Fmol�1 of charge. The possible reasoning for this last ob-
servation is as follows. As seen in Scheme 4, 2 is initially re-
duced to the distonic radical anion 2a and fragments to a
small extent to yield the radical anion 2e, which can transfer
an electron to 2 resulting in the formation of 2 f and another
molecule of 2a. The result is a catalytic radical-anion chain
reaction.[12,31,32] For each 2a generated, one molecule of 2 f
can be potentially formed depending primarily on the com-
petition between fragmentation and ET reduction of 2a. In
the reduction mechanism, 1,4-diphenyl-1,4-butanedione
takes on the role of a homogeneous catalyst, which propa-
gates the chain reaction. However, 2 f is not a robust cata-
lyst; 1,4-diphenyl-1,4-butanedione also undergoes a compet-
ing self-protonation mechanism between the radical anion
2e and the starting neutral molecule 2 f. The a-protons of
2 f are acidic enough to protonate 2e.[22] However, the
charge consumption is even less at �2.5 V compared to
�2.2 V, because at the more negative applied potential both
aryl ketones are reduced to yield the dianion, which inhibits
the self-protonation mechanism. The dianion can act as a
two-electron donor to propagate the reaction mechanism,
but also leads to the formation of 1,4-diphenyl-1,4-butane-
diol on protonation as illustrated in Scheme 2. With the
second heterogeneous ET to 2e likely to be faster than the
homogeneous proton transfer from 2 f, the self-protonation
mechanism is not as competitive at �2.5 V and the observed
electron consumption is considerably less than 2 (see
Table 1).

Thermochemical cycle : The distonic radical anion 2a under-
goes a fragmentation able to compete with the heterogene-
ous ET reduction from the electrode, whereas the analogous
species 1a does not. Both endoperoxides have similar Ep

(Table 1) so the driving force for the ET to the distonic radi-
cal anions are the same. Therefore, this discrepancy in dis-
tonic radical-anion reactivity must be an intrinsic property
related to the molecular structure, the only difference be-
tween 1a and 2a is the absence of the double bond in the
latter. To reconcile these observations, a thermochemical
cycle (Scheme6) has been devised.

The thermochemical cycle identifies three contributing
factors to the driving force of the distonic radical-anion frag-
mentation reactivity:[4] 1) the thermodynamic stability of the
delocalized distonic radical anion as reflected by the oxida-
tion potential, 2) the fragmentation of the biradical, and 3)
the stability of the localized radical anion as measured by
the reduction potential.

It should be noted that no attempt has been made to ac-
count for any interaction between the radical and anion por-
tions of the distonic radical anion. Table 3 summarizes the

various thermochemical values for the diphenyl- and di-
ACHTUNGTRENNUNGalkyl-substituted endoperoxides and corresponding reactive
intermediates. The overall driving force for the fragmenta-
tion of the distonic radical anion DGfragðCORRO�Þ is given by
Equation (5).

DGfragðCORRO�Þ ¼DG1ðCORRO�=CORROCÞ þ DG2fragðCORROCÞ�
DG3ðC¼O=ðCC�O�Þ

ð5Þ

The DG1ðCORRO�=CORROCÞ and DG3ðC¼O=ðCC�O�Þ values are easily
calculated from the oxidation potentials of the distonic radi-

Scheme 6. Thermochemical cycle for evaluating the driving force for frag-
mentation of the distonic radical anion 2a.

Table 3. Thermodynamic data for fragmentation of structurally similar
neutral biradicals and distonic radical anions.[a]

1 2 ASC DASC

DHo
fðROORÞ

[b] 53.8 12.60 �18.8 �62.3
DSo

fðROORÞ
[b] 79.2 85.19 56.8 62.0

DGo
fðROORÞ 30.2[c] �12.8 �35.7[c] �80.8

BDFE 11.0 9.0 22.4[d] 22.4[d]

DGo
fðCORROCÞ

[e] 41.2 �3.8 �13.3 �58.4
DGo

fðdiketoneÞ
[b] na[k] �73.4 na[k] �141.7

DG2fragðCORROCÞ
[f] na �73.1 na �86.8

DG1ðCORRO�=CORROCÞ
[g] �2.8 �2.8 �5.3 �5.3

DG3ðC¼O=ðCC�O�Þ
[h] �45.4[i] �45.4[i] �74[j] �74[j]

DGfragðCORRO�Þ na �30.5 na �18.1

[a] Values at 298 K in kcalmol�1 except for DSo
fðROORÞ in calK�1mol�1.

[b] Group addivity estimates from the NIST Structures and Properties
Database, reference [33]. [c] Estimated from reference [33] by using hy-
drocarbon models without O atoms and corrected using values from ref-
erence [34]. [d] BDFE=23.06(Eo

CORRO�-E
o
diss) ; Eo

diss from reference [10].
[e] DGo

fðCORROCÞ=BDFE+DGo
fðROORÞ. [f] Free energy for fragmentation of

the biradical: DG2fragðCORROCÞ=DGo
fðdiketoneÞ+DGo

fðethyleneÞ�DGo
fðCORROCÞ ;

DGo
fðethyleneÞ=�3.5 kcalmol�1 calculated from reference [33].

[g] DG1ðCORRO�=CORROCÞ ¼ FE1ðCORRO�=CORROCÞ ; E1ðCORRO�=CORROCÞ estimated from
values for the cumyloxy (E8=�0.12 V) and tert-butoxyl (E8=�0.23 V)
radical; reference [27]. [h] DG3ðC¼O=ðCC�O�Þ ¼ �FE3ðC¼O=ðCC�O�Þ ;
[i] E3ðC¼O=ðCC�O�Þ=�1.97 V this work. [j] E3ðC¼O=ðCC�O�Þ=�3.2 V from refer-
ence [2]. [k] Group addivities not available (na) for the carbonyl group in
the cis-diketones.
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cal anion and the reduction potentials of the ketones, re-
spectively, from electrochemically measurements or related
literature values.[27] However, for DG2fragðCORROCÞ we require
the Gibbs energies of formation of the biradical and the
values for the products assuming the fragmentation yields
only the diketone and ethylene according to Equation (6).

DG2fragðCORROCÞ ¼ DGo
fðdiketoneÞ þ DGo

fðethyleneÞ�DGo
fðCORROCÞ ð6Þ

The Gibbs free energies for the biradicals DGo
fðCORROCÞ were

calculated from the free energies for the endoperoxides de-
termined by using group addivity estimates,[33,34] and experi-
mentally determined BDFEs according to DGo

fðCORROCÞ=

BDFE+DGo
fðROORÞ. Unfortunately, group addivities are not

readily available for the carbonyl groups in the cis-diketones
so we could not obtain DGfragðCORRO�Þ for 1 and ASC. Howev-
er, we were able to obtain a complete thermochemical data
set for 2 and DASC, and also the free energy of formation
DGo

fðCORROCÞ for all four biradicals. By using the thermochemi-
cal cycle we not only provide some quantitative information
regarding the reactivity of distonic radical anions, but it also
allows us some insight into the relationship between distonic
radical anions and the analogous oxygen-centered biradicals.

In Table 3 a comparison of the thermochemical parame-
ters of the endoperoxides and biradicals reveal some inter-
esting trends. The enthalpy DHo

fðROORÞ increases on substitu-
tion of the alkene moiety and the phenyl rings in the order
DASC<ASC<2<1. A change from the alkane to the
alkene functionality raises DHo

fðROORÞ by 42 kcalmol�1 and
replacement of the alkyl bridgehead substituents with
phenyl rings by 74 kcalmol�1. The entropy DSo

fðROORÞ is gen-
erally consistent with all values being positive, the endoper-
oxides with phenyl rings having slightly larger values. The
result is that the DGo

fðROORÞ parallels DHo
fðROORÞ with DASC<

ASC<2<1 with values ranging from �81 to 30 kcalmol�1.
The DGo

fðCORROCÞ has the same trend, with values ranging from
�58 to 41 kcalmol�1, again with all values favorable except
for 1.

The DG2fragðCORROCÞ for the biradicals of 2 and DASC are fa-
vorable with values of �73.1 and �86.8 kcalmol�1. These re-
sults are consistent with the precedence for b-scission frag-
mentation on thermolysis and photolysis of saturated bicy-
clic endoperoxides.[35,36] From Equation (5) the calculated
DGfragðCORRO�Þ values are �30.5 and �18.1 kcalmol�1 for 2
and DASC, respectively. The thermodynamic results suggest
that both of these distonic radical anions should fragment;
yet, no fragmentation products were observed in the previ-
ous study of DASC.[6] The reason for this lack of observation
has to do with the electrode potential. The overpotentials
for reduction of the distonic radical anions of 2 and DASC
are calculated to be �23 and �18 kcalmol�1. Therefore,
fragmentation of 2a is predicted to easily compete with the
heterogeneous ET reduction by �7 kcalmol�1, whereas the
DASC analogue is on par.

Another contributing reason for the absence of fragmen-
tation from the distonic radical anion of DASC may be due
to a lack of charge stabilization. Stevenson et al. have re-

ported various studies on the ring opening of substituted cy-
clopropyl and cyclobutyl radical-anion ketones to their dis-
tonic radical anions.[2,3] The distonic radical anion 2a frag-
ments to a localized radical anion as generalized in Equa-
tion (2), which is the reverse general direction studied by
them.[2,3] They reasoned that the fragmentation of ketyl radi-
cal anions is slower than from analogous carbon radicals
due to resonance stabilization of the negative charge into
the phenyl ring. Our results support their findings. As illus-
trated in Scheme 5, we observed that the alkoxyl radical 2d
undergoes a slower fragmentation to 2g than the fragmenta-
tion of the distonic radical anion 2a to 2e, since the negative
charge in 2e is stabilized into the phenyl ring.

So why was 1a not observed to undergo a b-scission frag-
mentation even though resonance stabilization would be
possible in the ketyl product? As stated earlier, group ad-
divity values are not readily available for the carbonyl
groups in the cis-ketones so we could not calculate
DGfragðCORRO�Þ for 1 and ASC. It is possible that the energy
barrier for fragmentation is just too great to overcome. In
the case of 2a, there is conformational mobility, which
favors b-scission fragmentation from a chair conformation.
However, the double bond in 1a restricts the distonic radical
anion to a twist conformation.[12]

At this time, the rate constants for b-scission fragmenta-
tion of the distonic radical anions 1a and 2a (and protonat-
ed forms 1d and 2d and the biradicals) have not been re-
ported. As a first approximation, the b-scission fragmenta-
tion of the cumyl alkoxyl radical is used as an analogous
fragmentation, which has a known rate constant 7L
105 s�1.[37] This value represents the upper limit for the frag-
mentation rate constant for 1a and the lower limit for 2a.
Therefore, the observation of 1,4-diphenyl-1,4-butanedione
in the heterogeneous reduction of 2 can serve as a kinetic
probe to estimate the rate constant of the second heteroge-
neous ET to 2a. As seen from the reduction potential of the
cumyl alkoxyl radical of �0.12 V versus SCE for 2a (and
the protonated form 2d), the distonic radical anion is gener-
ated at potentials more negative than �1.4 V. From the
measured product ratio of 98:2 (2c/2 f) and the estimate of
7L105 s�1 for kb, the first-order equivalent of the heteroge-
neous ET rate constant is 3L107 s�1.

Conclusion

Among the qualitative observations resulting from this
study, we found that the b-scission fragmentation of the neu-
tral hydroxy alkoxyl radical 2d and distonic radical anion 2a
are not the same, the latter occurring faster due to reso-
nance stabilization of charge into the phenyl ring. Thus, we
provide evidence that the fragmentation rates of radical
anions can be considerably different than the fragmentation
rates for analogous neutral biradicals. At present, there is a
general lack of information on the heterogeneous kinetics to
various electrogenerated intermediates, most notably carbon
radicals, which typically result from the reduction of alkyl
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halides.[18] By exploiting the competition between the frag-
mentation and heterogeneous reduction of electrogenerated
intermediates,[10,13] we have begun to create a library of radi-
cal-anion clocks.

Dissociative ET theory was applied to the activation-driv-
ing force relationships to obtain unknown thermochemical
information. Most interestingly, the evaluated BDEs of di-
phenyl-substituted endoperoxides are extremely low. The
reasoning for this observation is attributed to the eclipsing
interaction of the electron lone pairs on the oxygen atoms
and the presence of phenyl rings in the bridgehead positions.
Several studies have demonstrated that ET to O�O bonds is
non-adiabatic,[6,13,27, 38] possibly due to violation of the Born–
Oppenheimer approximation at the transition state during
ET to the O�O bond.[39] This electronic barrier is manifest-
ed as a kinetic contribution as observed by the low magni-
tude of ko

het. This kinetic barrier is the reason why endoper-
oxides with rather weak covalent bonds of 20 kcalmol�1 are
thermally stable with melting points in excess of 140 8C.

This study also highlights an unprecedented radical-anion
chain mechanism initiated by the concerted DET reduction
of a bicyclic endoperoxide. Upon reduction of 2, the distonic
radical anion 2a undergoes a b-scission fragmentation in
competition with direct reduction from the electrode. The
fragmentation results in the formation of ethylene and the
ketyl radical anion 2e, which can homogeneously reduce 2
and propagate the radical-anion chain mechanism. Although
a competing self-protonation mechanism involving 1,4-di-
phenyl-1,4-butanedione as well as the presence of other
weak non-nucleophilic acids can protonate the distonic radi-
cal anion 2a, thus decreasing the efficiency of the radical-
anion chain reaction, the significance of this unusual mecha-
nism should not be understated. Recently we reported, in
collaboration, the first example of a competition between a
concerted and stepwise DET mechanism for antimalarial
G3-factor endoperoxides,[40] which potentially opens up an
alternative mode of action. Our present results reveal anoth-
er novel mode of reactivity initiated by ET that could have
implications not only on understanding the reduction mech-
anism of naturally occurring endoperoxides, but could also
be useful in the design and synthesis of antimalarial prodrug
models.[41]

Experimental Section

Materials : N,N-Dimethylformamide (DMF) was distilled over CaH2

under a nitrogen atmosphere at reduced pressure. Tetraethylammonium
perchlorate (TEAP) from Fluka was recrystallized three times from etha-
nol and stored under vacuum. Flash chromatography was performed with
silica gel 60 (230–400 mesh ASTM) from EM science. Fractions were de-
veloped in the chosen eluant with Kieselgel 60F254 thin-layer chromatog-
raphy (TLC) plates and viewed by ultraviolet or visible light or iodine
staining. Methanol and ethanol were freshly distilled from magnesium.
Toluene was freshly dissolved from sodium and benzophenone. Photo-
oxygenation reactions were performed in solutions of spectroscopic grade
dichloromethane (Caledon) and benzene (EM Science). Other solvents
and reagents not specified were used without purification and obtained
from Aldrich.

Instrumentation : Melting points were recorded on an Electrothermal
9100 capillary melting point apparatus and were corrected. UV/Vis spec-
tra were recorded on a Varian Cary 100 Bio UV/Vis spectrometer. IR
spectra were recorded on a Bruker Vector 33 FT-IR spectrometer on
NaCl plates or in a solution cell. The IR frequencies were reported in
cm�1 and followed by a letter (w, m, or s) designating the relative
strength of the IR stretches as weak, medium, or strong. NMR spectra
were recorded on a Varian Mercury spectrometer and reported in ppm.
1H and 13C NMR spectra were recorded at 400.1 and 100.6 MHz, respec-
tively, with CDCl3 as the solvent. Spectra are reported in ppm versus tet-
ramethylsilane (d=0.00 ppm) for 1H NMR and CDCl3 (d =77.00 ppm)
for 13C NMR spectra. Mass spectrometry was performed on a MAT 8200
Finnigan high-resolution mass spectrometer by electron impact (EI) and
by chemical ionization (CI) with isobutane.

Synthesis : 1,4-Diphenyl-1,4-butanedione was synthesized by Friedel–
Crafts acylation by reacting succinyl chloride with benzene. 1,4-Diphen-
yl-1,4-butanediol was synthesized by reduction of 1,4-diphenyl-1,4-bu-
ACHTUNGTRENNUNGtanedione with excess sodium borohydride. The endoperoxides were syn-
thesized according to literature procedures with slight modifications.[14,15]

Compound 1: 1,4-Diphenyl-2,3-dioxabicyclo[2.2.2]oct-5-ene (1) was puri-
fied by flash chromatography using hexanes and dichloromethane (3:2)
and recrystallized from a mixture of diethyl ether/dichloromethane as
white needles (48%). M.p. 145–146 8C; 1H NMR (CDCl3, 400 MHz): d=

1.96–2.09 (m, 2H), 2.59–2.72 (m, 2H), 6.88 (s, 2H), 7.35–7.46 (m, 6H),
7.51–7.58 ppm (m, 4H); 13C NMR (CDCl3, 100 MHz): d=29.68, 78.37,
125.94, 128.24, 128.37, 136.32, 139.20 ppm; IR (CCl4): ñ =3090 (w), 3063
(s), 3033 (m), 2972 (m), 2935 (s), 2860 (w), 1496 (w), 1449 (s), 1370 (s),
1317 (w), 1184 (w), 1063 (m), 933 (m), 908 (m), 696 (s), 679 cm�1 (m);
MS EI: m/z (%): 264 (1) [M+], 233 (20), 232 (100), 154 (8), 141 (11), 115
(15), 105 (34), 91 (17), 77 (33); MS CI: m/z (%): 265 (8) [M++1], 249
(10), 248 (38), 233 (20), 232 (100), 218 (12), 206 (18), 105 (27), 77 (8);
exact mass: 264.1156 (calcd 264.1150).

Compound 2 : 1,4-Diphenyl-2,3-dioxabicyclo[2.2.2]octane (2) was recrys-
tallized from diethyl ether/methylene chloride to yield white needles
(63%). M.p. 193–195 8C; 1H NMR (CDCl3, 400 MHz): d=2.19–2.35 (m,
4H), 2.42–2.58 (m, 4H), 7.25–7.39 (m, 6H), 7.40–7.46 ppm (m, 4H);
13C NMR (CDCl3, 100 MHz): d=31.69, 78.24, 124.90, 127.68, 128.16,
141.97 ppm; IR (CCl4): ñ=3090 (w), 3064 (m), 3032 (m), 2969 (s), 2936
(s), 1496 (m), 1449 (s), 1437 (w), 1339 (m), 1119 (m), 1047 (w), 964 (w),
908 (m), 696 (s), 675 cm�1 (m); MS: m/z (%): 266 (25) [M+], 249 (32),
238 (9), 234 (11), 233 (19), 232 (33), 146 (9), 144 (9), 130 (40), 117 (14),
105 (100), 91 (16), 77 (57); exact mass: 266.1301 (calcd 266.1302).

Electrochemistry : Cyclic voltammetry was performed either on a Perkin–
Elmer PAR283, or 263A potentiostat interfaced to a personal computer
equipped with PAR270 electrochemistry software. Experiments were per-
formed with a three-electrode arrangement placed in a water-jacket cell
stored in an oven at 110 8C. It was placed in a copper Faraday cage,
purged with a continuous flow of high-purity argon and connected to a
cooling bath maintained at 25 8C throughout the entire experiment. The
electrolyte was added to the cell followed by DMF (25 mL) and a half-
inch magnetic stir bar. The solution was bubbled with argon to expel
oxygen from the solution. The working electrode was a 3 mm diameter
glassy carbon rod (Tokai, GC-20) sealed in glass tubing. Prior to use it
was polished on a polishing cloth with diamond paste, rinsed and sonicat-
ed in 2-propanol for 10 min and finally dried with a stream of cool air.
The working electrode was activated by cycling 25 times between 0 and
�2.8 V versus SCE at a scan rate of 0.2 Vs�1. The counter electrode was
a 1 cm2 Pt plate. The reference electrode was a silver wire immersed in a
glass tube with a sintered end containing 0.10m TEAP in DMF. After
each experiment, it was calibrated against the ferrocene/ferricinium
couple at 0.475 V versus KCl saturated calomel electrode (SCE) in DMF.

Heterogeneous product studies : Constant potential electrolyses were per-
formed with a Perkin–Elmer PAR263A potentiostat. The working elec-
trode was a 12 mm tipped glassy carbon rotating-disk electrode (EDI101)
with a CTV101 speed control unit from Radiometer Analytical. The
counter electrode was a platinum wire immersed in a glass frit containing
2 mm layer of neutral alumina. The reference electrode was a silver wire
contained in a sintered glass frit and stored in an electrolyte solution
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before use. A 3 mm glassy carbon electrode was used to probe the ex-
periment. After cell setup and activation of the probe electrode, the elec-
trolyte solution was pre-electrolyzed at a potential several hundred milli-
volts short of the solvent discharge. A voltammogram of the background
was recorded. The substrate was added to the solution and voltammo-
grams recorded. Electrolysis were performed at a constant potential, and
routinely halted to probe the decrease in current with added charge. A
plot of current by charge added to the cell allowed the required charge
for complete electrolysis to be determined. Electrolyses were continued
until the monitored peak current was reduced to the initial background.
Afterwards, dilute acetic acid (10 mL) was added to the cell and the con-
tents extracted with dichloromethane (3L15 mL). The organic extract
was washed with brine (3L20 mL) and water (20 mL), dried over sodium
sulphate and filtered; the solvent evaporated on a rotary evaporator.
Trace solvent was removed by vacuum pump. The mass balance was re-
corded and the products analyzed. Electrolyses were performed with
minimum concentrations of 1 mm endoperoxide.

Heterogeneous electrolysis products : From the electrolysis of 1,4-diphen-
yl-2,3-dioxabicyclo[2.2.2]oct-5-ene (1) was recovered 1,4-diphenyl-cyclo-
hex-2-ene-cis-1,4-diol in 100% yield; 1H NMR (CDCl3, 400 MHz): d=

1.61 (br s, 2H), 1.93–1.97 (m, 2H), 2.15–2.22 (m, 2H), 6.08 (s, 2H), 7.23–
7.31(m, 2H), 7.33–7.41(m, 4H), 7.49–7.56 ppm (m, 4H), alcohol peak
verified by deuterium exchange; 13C NMR (CDCl3, 100 MHz): d=36.38,
72.45, 125.29, 127.33, 128.27, 134.42, 145.83 ppm; IR (NaCl): ñ3348 (br s),
3078 (w), 3057 (w), 3024 (m), 2930 (s), 2920 (s), 2850 (w), 1652 (w), 1597
(w), 1446 (w), 1048 (m), 976 (m), 759 cm�1 (w); MS: m/z (%): 266 (7)
[M+], 238 (21), 220 (18), 146 (100), 133 (24), 105 (30), 91 (7), 77 (19);
exact mass: 266.1309 (calcd 266.1307). Note that prolonged exposure of
the diol in CDCl3 results in dehydration to p-terphenyl likely due to
trace acid. p-Terphenyl was measured to have a standard potential of
�2.298 V versus SCE and not observed during the electrolysis experi-
ments.

From the electrolysis of 1,4-diphenyl-2,3-dioxabicyclo[2.2.2]octane (2) at
the peak potential was recovered 1,4-diphenyl-cyclohexane-cis-1,4-diol in
98% yield; 1H NMR (CDCl3, 400 MHz): d=1.74 (br s, 2H), 2.14 (br s,
8H), 7.23–7.30 (m, 2H), 7.31–7.38 (m, 4H), 7.44–7.51 ppm (m, 4H), alco-
hol peak verified by deuterium exchange; 13C NMR (CDCl3, 100 MHz):
d=35.43, 72.64, 125.18, 127.25, 128.39 ppm (1 phenyl carbon atom is un-
accounted); IR (NaCl): ñ =3386 (br s), 3089 (w), 3060 (w), 3030 (w), 2946
(s), 2869 (w), 1559 (w), 1541 (w), 1495 (m), 1447 (w), 1051 (m), 976 (m),
762 (s), 700 cm�1 (s); MS: m/z (%): 268 (1) [M+], 250 (8), 233 (3), 222
(14), 221 (11), 145 (14), 135 (78), 134 (100), 131 (23), 120 (37), 105 (67),
91 (16), 77 (28); exact mass: 268.1464 (calcd 268.1463).
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