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Endoperoxides are important chemical intermediates in the
activity of a number of biologically significant substances.1

Examples include prostaglandin endoperoxide (1), important in
the biosynthesis of a variety of prostanoids,2 and the potent
antimalarial compound artemisinin (2) and its derivatives.3,4 A
key step in the mechanism of action in the antimalarial endop-
eroxides is likely an electron transfer leading to cleavage of the
endoperoxide bond generating oxygen-centered radical intermedi-
ates.5,6 This has also been suggested to be an important step in

the prostaglandin endoperoxide bioconversion.7 Proper consid-
eration of the role of an electron transfer (ET) in the possible
modes of action in these systems requires knowledge of the
driving force for ET between the donor and endoperoxide, which
itself requires accurate values of the reduction potentials of the
latter. Reduction of the O-O bond is expected to be dissociative,
where bond fragmentation is concerted with electron uptake.8,9

The standard potential for the dissociative reduction is not
determined easily using simple electrochemical methods since the
direct reduction is subject to a large overpotential due to a slow
heterogeneous ET.9-12 As a result, reduction potentials measured
from cyclic voltammetry are not themselves an accurate indication
of the standard potential and cannot be used directly with the
oxidation potential of donors to decide whether a particular ET

will be feasible under physiological conditions.13 In such
circumstances, thermochemical cycles are often used to estimate
the standard reduction potential.14 Unlike acyclic peroxides,
where thermochemical values are available for these calculations,
the necessary values are not generally available for endoperoxides
due to the complexities of their reactions, making assignment of
activation parameters ambiguous.1

In this paper, we report previously unavailable values of the
standard reduction potentials (E°diss) for two bicyclic endoper-
oxides, ascaridole (ASC) and dihydroascaridole (DASC), in
aprotic media. These were determined by examining the kinetics
of the homogeneous reduction of these endoperoxides as a
function of the driving force of ET using a number of radical
anion electron donors.ASC andDASC were chosen as conve-
nient models of the bridged bicyclic endoperoxides found in
systems such as1 and2. Data analysis allows estimates of other
thermochemical quantities, including bond dissociation free
energies. Furthermore, these endoperoxides provide interesting
cases for studying and testing novel aspects of the theory of
dissociative ET,10-12 since unlike previous examples the leaving
anion remains in the same molecule leading to an unconventional
(distonic15) radical anion.
Direct voltammetric reduction16 of ASC and DASC17 in

acetonitrile (MeCN) andN,N-dimethylformamide (DMF) exhibits
a single broad, irreversible cathodic wave. Peak potentials (Ep)
in MeCN are -1.85 and-1.90 V vs SCE at 0.1 V s-1,
respectively.18 Irreversible anodic peaks, due to products of the
reduction, are also observed at-0.32 and-0.41 V. Addition of
a nonnucleophilic acid does not effect either the peak current or
the shape of the cathodic wave but causes the anodic peaks to
disappear suggesting that they are due to the alkoxides or other
electrogenerated bases. Upon increasing the potential scan rate,
ν, theEp shifts toward more negative values and broadens. From
the experimental dEp/d log ν plots the value of the transfer
coefficient,R, was calculated to be 0.23.19 The transfer coefficient
(or symmetry factor),R, reflects how the free energy of activation
of ET (eq 1) responds to the driving force and is defined as∂∆Gq/
∂∆G°ET, where∆Gq is the free energy of activation and∆G°ET
is the free energy of reaction. Similar values ofR were also
obtained from the peak width (∆Ep/2);19,20 for example,R is
independent of solvent and determined to be 0.27 and 0.24 at 0.1
and 1 V/s, for bothASC and DASC, suggesting a potential
dependence ofR.9 Controlled potential electrolysis leads to the
consumption of 2 F/mol in both MeCN and DMF in the presence
and absence of acid. Analysis of the voltammetric behavior and
the products from the controlled potential experiments is consistent
with the dissociative reduction of the O-O bond by the overall
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2-electron process according to eqs 1 and 2.21

The reduction of the endoperoxides by outer sphere homoge-
neous electron-transfer mediators was studied using an extensive
series of electrogenerated donor radical anions (D•-), according
to eq 3. The experiments involved using both the method of
homogeneous redox catalysis22 and other homogeneous kinetic
methods to extend the studies to slower reactions.23 In the former,

the catalytic increase in current for the reduction of the donors
(they are regenerated in the ET) in the presence of varying
concentrations ofASC orDASC and at differentν was measured
and compared to that obtained by simulation to obtainkET.24 In
none of the cases is there evidence for any competing reactions
between the D•- and endoperoxides.
A plot of log(kET) versus the standard potential of the ET donors

(E°D/D•-) for reaction withDASC in both DMF and MeCN is
shown in Figure 1.25 The figure illustrates the parabolic activa-
tion-driving force relationship predicted10-12 for these dissociative
ETs.26 A similar plot was obtained forASC.
The resulting log(kET) vsE°D/D•- can be related to the transfer

coefficient using eq 4. Thus, derivatization of the curve obtained
by a quadratic fit to the data forASC andDASC

gives the equationsR ) 1.58+ 0.834E andR ) 1.25+ 0.585E,

respectively. A value ofR ) 0.5 corresponds to the dissociative
reduction potentialsE°diss;10 therefore, using the above equations
values of-1.29 and-1.28 V are obtained for the dissociative
reduction potential ofASC andDASC, respectively. TheE°diss
values agree with those determined independently by convolution
analysis.9,27,28 These values indicate that bothASC andDASC
were reduced heterogeneously with overpotentials of at least 0.5
V. Therefore, any thermodynamic significance linked to the
obserVed direct reduction potential for estimating the driVing force
for a homogeneous ET would haVe, in fact, been underestimated
by at least 12 kcal/mol. The line shown in Figure 1 was obtained
by fitting the data to the general expression for an adiabatic
electron transfer (eqs 5 and 6 where∆Gq

0 is the intrinsic barrier)
using the value ofE°diss determined above in the determination
of ∆G°ET and the typical value of 3× 1011 s-1 for the
preexponential term.8

With theE°diss values determined, the homogeneous ET rate
data can be plotted as a function of∆G°ET (∆G°ET ) 23.06(E°D/D•-

- E°diss)) and directly compared to the rate constants obtained
for reduction of the acyclic di-tert-butyl peroxide (DTBP).8 For
ET values of similar driving forces,ASC andDASC are found
to react 2 orders of magnitude more rapidly thanDTBP. This
value is expected if one considers a steric effect to ET inDTBP
due to the alkyl groups shielding the O-O σ* orbital, where the
electron is transferred.8 This aspect and other novel aspects of
our probes pertaining to the theory of dissociative ET developed
by Savéant10 is forthcoming.28

Using a simple thermochemical cycle,14 theE°diss values can
further be related to the respective bond dissociation free energies
(BDFE) of the endoperoxides. This requires estimates for the
reduction of the alkoxy radical like fragment formed in eq 1.
Using a reasonable approximation thatE°RO•/RO- is equal to the
standard potential of the tertiary alkoxy radicalE°t-BuO•/t-BuO-,29

then the BDFE of these two endoperoxides is estimated to be 24
( 2 kcal/mol. This value is only slightly smaller than the average
value derived for the acyclic peroxides.8,9 For the fragmentation
of the endoperoxides, where both fragments involved in the
reduction remain in the same molecule, we expect that the entropic
term (T∆S) will be significantly lower than that for the acyclic
peroxides, whereT∆S is estimated to be 6-8 kcal/mol.9 There-
fore, analysis of our data suggests that the bond dissociation
enthalpy of these endoperoxides is smaller thanDTBP and related
peroxides by ca. 8-10 kcal mol-1. This type of difference (al-
though not necessarily the magnitude) is expected due to the added
strain and eclipsing interactions of the lone pairs on the oxygen.
In summary, we have studied the dissociative reduction of two

bicyclic endoperoxides and have been able to determine for the
first time values for the standard potential of their reduction that
are essential in consideration of the role of ET in the biological
systems. These methods are being expanded to estimate the
thermochemical properties of other endoperoxides of biological
significance, including2, which also undergoes a dissociative
reduction.30 This thermochemical data will allow judicious choice
of ET agents to study the activity of these endoperoxides in the
biological environments.
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Figure 1. Plot showing the variation in log(kET) for the homogeneous
electron-transfer reaction of a variety of radical anion donors (D•-) to
DASC versus the standard reduction potential of the donor,E°D/D•-. Data
shown is that forDASC in 0.1 M TEAP and DMF (9) and MeCN(b).
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