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Abstract: The reduction of the bicyclic
G-factor endoperoxides G3 and G3Me
was studied in N,N-dimethylformamide
using cyclic voltammetry and convolu-
tion analysis. Electron transfer leads to
irreversible cleavage of the O—O bond.
Detailed analysis of the voltammetry
curves reveals a non-linear dependence
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Introduction

The first step in the reduction mechanism of antimalarial en-
doperoxides, such as artemisinin, is believed to be an elec-
tron transfer (ET) from heme—iron™ or free iron™® re-
sulting in the cleavage of the O—O bond. The generated al-
koxyl radicals are believed to rearrange to carbon-centered
radicals, and alkylate hemin and proteins.['*"]

A goal of one of our research groups is the synthesis of
bicyclic endoperoxides belonging to the G-factor series.
These natural products, extracted from the leaves of Euca-
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on the transfer coefficient indicating a
mechanistic transition from a stepwise
mechanism to one with more concerted
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character with increasing potential. By
using quantum calculations to estimate
the O—O bond dissociation energies,
the experimental data was used to eval-
uate the standard reduction potentials
and other pertinent thermochemical in-
formation.

lyptus grandis and other myrtaceae, are known phytohor-
mones and growth regulators.”! We have previously reported
the synthesis, antimalarial properties, and redox behavior of
some of these G-factors derivatives.*” An intriguing finding
was that the in vitro antimalarial activity of G3-factor
(ICsy=36 um on Plasmodium falciparum Nigerian strains
sensitive to chloroquine) was found to be 100-fold less
active than its methyl ether (IC5=0.28 um).”™ As a result,
we were curious about the significance of substituent effects
on antimalarial potency. Thus, we began a study on the dis-
sociative ET reduction of the O—O bond of G3 and G3Me
in order to gain further mechanistic insight.

The O—O bond reduction of model endoperoxides, as
well as artemisinin, has been shown to occur by a concerted
dissociative ET mechanism.®*" In the concerted mecha-
nism, the electron is accepted into the o* orbital, largely as-
sociated with the O—O bond, resulting in simultaneous (on
the order of a bond vibration) cleavage to generate a spa-
tially separated alkoxyl radical and an alkoxide, ‘'ORRO",
known as a distonic radical anion (Scheme 1). With the
model endoperoxides, ascaridole and dihydroascaridole, the
distonic radical anion is reduced at the electrode resulting in
the quantitative formation of the cis-diols by a mechanism
requiring the overall consumption of two electrons per mol-
ecule.™”! There is also the possibility of a stepwise dissocia-
tive mechanism, for example, when there is an energetically
accessible m* orbital within the molecule. In the stepwise
mechanism, the initial ET results in the formation of an in-
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Scheme 1. Representation of a possible mechanism for electrochemical
reduction of the -O—O- bound.

termediate radical anion followed by cleavage of the O—O
bond (ki) in a second step. Evidence for a stepwise disso-
ciative ET, and even the transition from a concerted to a
stepwise ET (Scheme 1), has been observed within series of
perbenzoates and peresters.'"!! The overall competition be-
tween the two mechanisms is dependent on various intrinsic
properties of the reactive compound and the reduction con-
ditions.!12!

In this study, the G-factor analogous endoperoxides G3
and G3Me are investigated using cyclic voltammetry fol-
lowed by convolution analysis of the data to gain insight
into the reduction mechanism of the O—O bond. We report
examples of endoperoxides that undergo a competitive con-
certed versus stepwise dissociative ET. Analysis of the ex-
perimental data provides estimates of many thermochemical
parameters, notably the standard reduction potentials, which
are necessary for estimating the energetics for ET from po-
tential biological donors (Figure 1).

G3: R=H
G3Me: R = Me

artemisinin

Figure 1. G3-factor, methylated G3-factor and artemisinin.

Experimental Section

Electrochemical experiments were performed with a Perkin—Elmer-
Princeton Applied Research (PAR 263A) potentiostat/galvanostat in an-
hydrous N,N-dimethylformamide (DMF) at 25°C under an argon atmos-
phere in the presence of 0.10m tetraethylammonium perchlorate
(TEAP). A three electrode set-up was used as previously described.!"”!
The working electrode was either a 1 or 3 mm diameter glassy carbon
rod (Tokai, GC-20). Before each experiment, the working electrode was
carefully polished on an abrasive felt using a diamond past, rinsed and
sonicated in 2-propanol for 10 min and finally dried with a stream of cool
air. The electrode was activated by cycling several times between 0 to
—2.8 Vat a scan rate of 0.2 Vs~'. A 1 cm? platinum blade was used as the
auxiliary electrode. The reference electrode was a silver wire immersed
in a glass sintered tube containing a 0.1Mm solution of TEAP in DMF. It
was calibrated after each experiment against the ferrocene/ferricenium
couple (0.475 V vs SCE). A feedback correction was applied to minimize
the ohmic drop between the working and reference electrodes. Coulo-
metric measurements were performed using a 12 mm glassy carbon an
EDI101 rotating disk electrode from Radiometer Analytical.

The syntheses of G3 and G3Me endoperoxides have been previously re-
ported.[®7]
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Results and Discussion

The electrochemical reduction of G3 and G3Me was studied
by cyclic voltammetry using a glassy carbon electrode in an-
hydrous N,N-dimethylformamide (DMF) containing 0.10M
anhydrous tetraethylammonium perchlorate (TEAP). The
voltammetry of each endoperoxide, as shown in Figure 2, is
initially characterized by a cathodic peak located at —1.60
and —1.50 V vs SCE for G3 and G3Me, respectively. These
peaks are attributed to the reduction of the O—O bond. On
the backward scan, no signal

corresponding to these peaks is 1(2) ! |
observed, indicating the irrever- 8
sible reduction of endoperox- < 2
ides G3 and G3Me. The catho- 2/
0

dic curve of G3 indicates two
additional signals at —2.20 and
—2.40V, and associated anodic
couples at —2.03 and —2.23 V.
These signals suggest the for-
mation of reversible redox
products resulting from O—O
bond reduction; the magnitude
of these peaks is lower than the
first. In contrast, G3Me exhibits much simpler voltammo-
grams reminiscent of previously studied endoperoxides. %
As the objective of the current study was to evaluate ther-
mochemical information on the O—O bond reduction, we
have focused our analysis on the first cathodic wave.

Upon increasing the scan rate, v, from 0.1 to 40 Vs~ (Fig-
ure 3(Ia), (IIa); the analysis of Figures 2 and 3 is shown in
Figure 5), the peak potential of the first signal £, is found to
shift negatively by only 41 mV per log decade. The conven-
tional voltammetry analysis of the reduction peak reveals
other anomalous features. The peak width AE,,, the differ-
ence between E,, and E, follows a parabolic dependence
against the scan rate; it is found to decrease from 0.1 Vs™!
until about 1 Vs™' and then increases at higher scan rates.
The non-linear dependence is most striking with G3Me
where the AE,, varies from 98 to 76 to 94 mV at 0.1, 1.0
and 10 Vs™!, respectively. As a consequence the apparent
transfer coefficient from the AE,, is found to be 0.49, 0.63,
and 0.51. The significance is that not only is the transfer co-
efficient potential dependent, but also varies non-linearly.
These findings are in contrast to studies on other bicyclic en-
doperoxides, which are shown to undergo a concerted disso-
ciative mechanism.1*3) Indeed, the transfer coefficient («)
represents the dependence of the intrinsic barrier against
the free energy; it is correlated to the potential and the elec-
tron transfer constant kg by the relation (1):

-2
05 -1 -15 -2 25
E[V]vs SCE

Figure 2. Voltammetric curves
plotted on glassy carbon disk
shaped, with G3 (I) and G3Me
(II) endoperoxides at 2 mM in
DMF and in presence of
TBAP; r=02Vs.
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For reactions following a concerted mechanism, the peak
potential is overvalued in comparison to the standard poten-
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goes a chemical reaction com-
peting with a second ET from
the electrode.™ For G3, even
in the presence of a weak non-
nucleophilic acid such as acet-
anilide, the exchanged number
of electrons is still 1 Fmol™'. In
contrast, addition of acetanilide
to a solution containing G3Me
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results in the consumption of
nearly 2 electrons per mol. This
is in agreement with the in-
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crease of the current when the
reduction of the G3Me endo-
peroxide takes place in pres-
ence of acetanilide (voltammet-
ric measurements not reported
here). The influence of acetani-
lide on the reduction of endo-
peroxides G3 and G3Me and
the electron stoichiometry is
different from that observed for

1 12 -14 -16 -18 -2
E[V]vs SCE

Figure 3. Voltammetric curves plotted on glassy carbon disk shaped cathode, with G3 (Ia) and G3Me (IIa) en-
doperoxides at 2 mM into DMF and in presence of TEAP; r is in the range 0.1 to 40 Vs~'. Residual current
was removed and the potential is calibrated against the comparison electrode previously described. Curves

14 186 -18 -2
E[V]vs SCE

other endoperoxides and is
likely the result of the reactivity
of the generated distonic radi-
cal ions in the present case. As
it was observed during Fe'-in-

(Ib) and (IIb) correspond to the normalized current against the potential scan rate.

tial because it takes account of the bond dissociation
energy; consequently results from Equation (1) led to
values lower than 0.3. On the other hand, for a stepwise
mechanism, the magnitude of the peak potential is similar
to the standard potential and values of o are equal (or
slightly higher) to 0.5. The present results are consistent
with a stepwise dissociative reductive mechanism.'"” The
voltammetry data are summarized in Table 1.

The curves (Ib) and (IIb) on the Figure 3 show that the
normalized current (I/r]/z) decreases when the potential scan
rate is increased; the variation in the case of G3Me is about
10 pAV~"°s% for r in the range 0.1 to 40 Vs~'. The modifi-
cation is less obvious for G3 (Al/r”~1 pAV"%s" for 0.1 <
r<40 Vs’l). This evolution confirms that there is a chemical
reaction taking place during the electrode process.

Constant potential electrolyses were performed at a glassy
carbon rotating disk electrode. The current intensity of the
voltammetry peak was observed to decrease as a function of
the charge g consumed according to Faraday’s law g=nFm
where # is the number of electron equivalents, F is Faraday’s
constant, and m is the number of mols of endoperoxide con-
sumed. The results from the coulometry experiments are in-
cluded in Table 1. Electrolyses performed at —1.4 V results
in the exchange of 1 Fmol™!, or 1 electron equivalent of
charge per molecule. These results are consistent with previ-
ous measurements using thin-layer electrochemistry.” The
exchange of only one electron suggests that the distonic rad-
ical anion generated by cleavage of the O—O bond under-
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Table 1. Voltammetry data for reduction of G3 and G3Me in a solution
of 0.10M TEAP/DMF at 25°C measured at a 1 mm glassy carbon elec-
trode.

Scan rate [Vs™'] G3 G3Me

E, [V] vs SCEF! 0.1 —1.60 —-1.50
1.0 —1.65 —1.60

10 —1.70 —1.67

E,» — E, [mV] vs SCE 0.1 82 98
1.0 75 76

10 80 94

a=185TRTIF(Ey,—E,) 01 0.58 049
1.0 0.64 0.63

10 0.57 0.51

(dE,/dlogy) [mV]™ 48 41
a=1.15RTIFdE /d(logv)] 0.61 0.72
n (no acid)! 0.92 0.95
n (acid)ed 1.07 1.86

[a] Potentials are referenced versus ferrocene: 0.475V vs SCE in 0.1m
TEAP/DMF. [b] dE/d(logv) based on scan rates between 0.1 and
10 Vs™'. [c] The number of electron equivalents consumed during elec-
trolysis. [d] In the presence of acetanilide [pK,pyr) =22.3].

duced degradation”® the O-centered radical quickly rear-
ranges in C-centered which is stabilized by the gem-dimethyl
and the withdrawing effect of the carbonyl function. Then
this C-centered radical will differently evolve in the pres-
ence or absence of acetanilide. These electrolyses give com-
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plex mixtures of products and work is in progress to analyze
them in each case.

Convolution analysis!™! was used to more accurately ex-
amine the nature of the electrode reduction of G3 and
G3Me. The analysis was performed on experiments done in
the presence of acetanilide to ensure constant electron con-
sumption on the time scale of the experiments. Thus, it was
assumed that two electrons are exchanged for G3Me and
only one in the case of G3. Background subtracted voltam-
mograms of the first irreversible waves were obtained be-
tween the scan rates of 0.1 and 50 Vs™. For an irreversible
process in the electrode the data was converted to a curve
having a sigmoidal-shaped using the following logarithmic
Equation (2) where the (I;;,) is the convoluted limiting cur-
rent, i(f) the real current and kgr"” is the heterogeneous
rate constant.

At the plateau of the convoluted curves (Figure 4) the elec-
trode reaction is diffusion controlled such that the limiting
current is expressed by Iy, =nFADq,"C* where n is the
overall electron consumption, A is the electrode area, D is
the diffusion coefficient, and C* is the concentration of sub-
strate. The convoluted limiting current was found to be con-
sistent and independent of the potential with an error less
than 5%, which allowed for the evaluation the diffusion co-
efficients of 6.9x107° and 6.4x10°cm?s™' for G3 and
G3Me, respectively. Derivatization of the Ink;,, allows the
evaluation of the apparent transfer coefficient uncorrected
for the double layer according to Equation (1).

12 [uA S1/2]
N

-1 12 -14 16 -18 =2
E [V]vs SCE

20+

112 [uA s1/2]

-1 12 -14 -16 -18 -2
E[V]vs SCE

Figure 4. Convoluted curves for various potential scan rates (r) in the
range 0.1 to 40 Vs™' for G3 and G3Me endoperoxides.

The data were derivatized in steps of 15 to 21 mV yielding
the parabolic-shaped curves, for both endoperoxides, as de-
picted in Figure 6. In the case of a purely concerted or step-
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Figure 5. logkgy as a function of the potential for G3 and G3Me; (analysis
of curves of Figures 2 and 3).
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Figure 6. Dependence of the electron transfer coefficient (a) versus the

potential; points: experimental results (two sets of values for G3Me),
continuous line: theoretical evolution.

wise mechanism, the transfer coefficient a varies linearly
with the applied potential. The standard reduction potential
can be obtained by a linear extrapolation to a=0.5. Further-
more, the heterogeneous rate constant kg for ET is ex-
pressed by Equations (3), (4) and (5). The activation energy
AG* is related to the free energy for ET AG’ by the
Marcus quadratic Equation (3):
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AG, \?
# o #* 0
AG* = AG] (1+4AG0#> (3)

According to Savéant’s dissociative ET theory, the intrinsic
barrier, AG{, is a function of the bond dissociation energy
(BDE) of the fragmenting bond and the reorganization
energy 4 (4):

BDE
AGY = 4 + BDE (4)

4
In the case of a stepwise mechanism, there is no contribu-
tion from the BDE, so that Equation (4) is simplified to
AG} = A/4. Finally, kgr is related to AG* by an Eyring-type
Equation (5):

AG*#

where Z is the Arrhenius pre-

ometry optimization process. These stationary points were
characterized as minima by the frequencies analysis. Finally
the most stable conformers corresponding to the lowest
energy were retained.'”! A zero-point energy (ZPE) correc-
tion was included in the calculation. The BDE of the O—O
bond was obtained from the difference between the ZPE
corrected total energy of the most stable form for each mol-
ecule in its singlet and triplet state. The spin densities analy-
sis confirmed the presence of an unpaired electron on each
oxygen atom for the triplet state (biradical). Results are
BDEg; = 33.8kcalmol™! and BDEg3,, = 31.4 kcalmol ™.
Using the same approach, the BDE for artemisinin was esti-
mated to be 31.2 kcal mol 1'%

The theoretical fits of the transfer coefficient a are shown
as a solid line (Figure 6) by adjustment of the various pa-
rameters. The evaluated parameters are summarized in
Table 2. Both endoperoxides exhibit the same standard re-
duction potentials, within error, for both the stepwise and

Table 2. Thermodynamic data for the heterogeneous reduction of endoperoxides G3 and G3Me.

exponential factor including the
electronic transmission coeffi-

Endoperoxide Zy/Z. A [kcalmol™'] 2, [kcalmol™'] E?[V] E2[V] BDE [kcalmol™'] logkgr [cms™']

it

G3 50 15.9

cient k. In most cases, ET is
G3Me 50 15.5

39 -0.82 -1.70 338 -1.0
4.4 —-0.84 —1.64 314 -1.1

adiabatic with x set arbitrarily
equal to 1. Most noteworthy, is
that previous studies by Work-
entin, Maran and co-workers
have revealed that ET to peroxides and endoperoxides is
non-adiabatic with x < 1.1l The transfer coefficient (a)
represents the dependence of the intrinsic barrier against
the free energy; it is correlated to the potential and the elec-
tron transfer constant kg by the Equation (1).

In the case both concerted and stepwise dissociative ET
occurs at the same potential, the observed kgy is the sum of
the individual rate constants k- and kg; as expressed in
Equation (6):

_ # c 2
ker = ko + ksl:ZCexp{ AGUC(lJrAGO)]

RT 4AG ©
—AGH AG,. \?
+ Zuow| = (1450 ) |

In order to obtain meaningful information, as thoroughly
described by Maran,'!! there are three parameters to consid-
er: i) the difference between the two standard potentials, e =
E’—E! ii) the ratio between the two preexponential factors,
z = Zy/Z. and iii) the ratio between the two intrinsic barri-
ers f=AG}/AG{. The fitting of the theoretical equations
was achieved on the basis of optimal values of ¢, z and
chosen in a physical realistic range for considered molecules
and taking into account the following criteria and methods
of calculations.

The BDE were calculated from spin-polarized density
functional calculations at the B3LYP/6-31G* level of theory.
For each endoperoxide, different initial geometries were
considered leading to several stationary points after the ge-
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concerted mechanisms, thus demonstrating the weak de-
pendence of the methyl group on the heterogeneous reduc-
tion. The thermodynamic standard potentials for the step-
wise versus the concerted mechanisms are quite striking
with determined values of —1.7 and —0.8 'V, respectively.
The difference in the free energy is offset by large differen-
ces in the intrinsic barriers and the magnitude of the pre-ex-
ponential factors. In the concerted mechanism, the intrinsic
barrier includes the BDE so AG# > AG{. The evaluated
values are AGJ.=16 kcalmol™ and AG},=4 kcalmol™". This
is expected considering that in the concerted case fragmen-
tation of the O—O bond occurs simultaneously with ET
whereas in the stepwise case the only barrier is the reorgani-
zation energy. Furthermore, the stepwise mechanism is adia-
batic, whereas the concerted mechanism is known to be
non-adiabatic Z; > Z, which also contributes to lower-
ing kgr in the concerted case. An interesting outcome of
this study is that the standard reduction potential for the
concerted dissociative reduction is identical to that for
artemisinin."¥! Therefore, based on thermodynamic argu-
ments, the feasibility for ET reduction of G3 endoper-
oxides from biological donors, such as heme, is expected to
occur.

The k., was evaluated from the observed heterogeneous
data with knowledge of the standard reduction potentials to
be relatively fast with values of ~0.1 cms™'. This is consis-
tent with heterogeneous reduction of the conjugate ketone
and a stepwise mechanism. The k), for concerted dissocia-
tive ET of O—O bonds are typically over three orders of
magnitude lower.['”]
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Conclusion

The heterogeneous reduction of the G-factor endoperoxides
G3 and G3Me demonstrates a non-linear dependence on
the applied potential. We propose that this behavior results
from a competitive between a stepwise and concerted disso-
ciative ET mechanism. This is the first time a competition
between these two mechanisms has been observed in the
case of endoperoxides. From the application of dissociative
ET theory, a number of thermochemical parameters were
determined notably the standard reduction potentials, the
intrinsic barriers, and the pre-exponential factors. As the sig-
nificant difference in biological activity between G3 and
G3Me cannot be readily explained by the subtle differences
in the evaluated kinetic and thermochemical data, other fac-
tors such as pharmacological or chemical reactivity of the C-
centred radicals™ through different mechanistic pathways
are to be considered.
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