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First Computational Evidence of a Competitive Stepwise and Concerted Mechanism for the
Reduction of Antimalarial Endoperoxides
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We study structural analogues of endoperoxides belonging to the family of G factors which present moderate
to good antimalarial activity. Their biological activity is related to the reduction and cleavage of the O—0O
bond. Generally, the O—0O bond reduction of model endoperoxides, aswell as artemisinin, occurs by a concerted
dissociative el ectron transfer (ET) mechanism. For the G3 and G3Me compounds, the experimental counterpart
indicates an unexpected competition between a concerted and a stepwise mechanism, but no intermediate
species can be isolated. We thus perform DFT studies on the reduction of G3 and G3Me compounds. We
confirm the formation of an intermediate radical anion followed by cleavage of the O—O bond in a second
step. We characterize the stable conformations for the radical anions Gs~ and GsMe™™ resulting from the ET
and the associated reaction pathway. We also calculate the reorganization energy upon ET in relation to the
Marcus theory using the DFT method. These results provide valuable insight into understanding the biological

activity of G-factor endoperoxides as potential therapeutic antimalarial agents.

Artemisinin is anatural compound extracted from Artemisia
annua L. (sweet wormwood). The molecule, presented in Figure
1, is currently used for its antimalarial properties. Other
endoperoxides, called G factors, are extracted as such from the
leaves of Eucalyptus grandis and other Myrtaceae. We have
already reported the synthesis, antimaaria properties, and redox
behavior of some G-factor derivatives (see Figure 2).1* We
have aso previously looked for the most stable conformation
of the G3 and G3Me molecules by DFT computations.®

The antimalarial activity of these compounds is related to
the reduction of the O—O bond: the first step in the reduction
mechanism of antimalarial endoperoxides is believed to be an
electron transfer (ET) from heme iron®® or free iron® to the
O—0 bond. For artemisinin, it results in the cleavage of the
O—0 bond, and the generated O-centered radicals rearrange to
carbon-centered radicals and to alkylate heme or parasitic vital
proteins.5”

The reduction of artemisinin has been the purpose of many
theoretical studies.’®~*® The O—O bond reduction of model
endoperoxides, as well as artemisinin, was shown to occur by
a concerted dissociative ET mechanism.’®~2! In the concerted
mechanism, electron uptake by the peroxide and cleavage of
the O—O bond are simultaneous (to within a bond vibration)
to generate a spatially separated alkoxyl radical and an alkoxide,
known as a distonic radical anion (see Scheme 1). In the
stepwise mechanism, the initial ET results in the formation of
an intermediate radical anion followed by cleavage of the O—0O
bond (kirag) in @ second step. Evidence for stepwise dissociative
ET, and even the transition from concerted to stepwise ET, has
been observed within a series of perbenzoates.?>?® The overall
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Figure 2. G-factors.

SCHEME 1. Stepwise and Concerted ET
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competition between the two mechanisms is dependent on
various intrinsic properties of the reactive compound and even
the reduction conditions. Thanks to cyclic voltammetry and
convolution analysis, we proposed an unexpected competition
between stepwise and concerted dissociative ET mechanisms
for the heterogeneous reduction of the G factor endoperoxides
G3 and G3Me.* Thisis the first time competition between these
two mechanisms has been observed in endoperoxides. It implies
the formation of an intermediate radical anion, not isolated



experimentally, followed by cleavage of the O—O bond during
the second step. Thus, we began a theoretical study of the
dissociative ET reduction of the O—O bond in compound G3
and some derivatives to gain further mechanistic insights. Our
aim was to investigate this reaction from an electrochemist’s
point of view.

In the present paper, we report theoretical studies of the G3
factor and its methylated derivative (G3Me). Our quantum
studies focused on the determination of the stable conformations
for the radical anions G3'~ and G3Me™™ resulting from the ET
and on the localization of the transition state associated with
the reaction pathway. We aso calculated the reorganization
energy upon ET in relation to the Marcus theory using the DFT
method. All these resultswill contribute to a better understanding
of the processesinvolved in the therapeutic action of G factors.

Theory and Methods

Marcus Theory. The original model reaction in Marcus
theory is about the homogeneous transfer of an electron from a
donor species, D, to an acceptor species, A:

D+A=D"+A

The two systems of interest are the reactant state (R =D + A)
and the product state (P = D™ + A™) and their intersecting
diabatic free energy surfaces (with G* the minimum). The ET
is a Franck—Condon process. the motion of the electron is
instantaneous with regard to the motion of the nuclei. The
passage of the electron from the donor to the acceptor can be
effectiveif the donor and acceptor energy levels coincide. This
implies a reorganization of the nuclei of the reactant to yield
an appropriate configuration. Thus, the ET can be described in
terms of potential energy surfaces as a function of a global
nuclear coordinate, g.2* The free energy of activation, AG*, for
this reaction can be expressed as

s _ (A + AGY

AG 4

with the driving thermodynamic force, AG® = Gp* — Gg*, and
the reorganization energy, 4, of the system studied.

Marcus showed that A can be divided into two terms: 1 = A,
+ Ao 4in is related to the molecular reorganization in the
reactants, and Ao is the contribution of the solvent surrounding
the reactants to the reorganization energy. The term A;, involves
the energy of distorting the nuclear configuration while main-
taining a particular electronic structure. It can be evaluated asthe
difference in the ab initio total energies from two calculations
on the system, one for the equilibrium configuration (neutral
state of the system) and one for the charge-transferred config-
uration. This is often caled the direct method.?>?® The term
Aout Can be evaluated using several approaches. For instance,
some model systems in the literature described DFT computa-
tions for a single active redox site (ion) with explicit solvent
molecules for the first and second solvation shellsin conjunction
with a continuum model for the remaining solvent.?” Molecular
simulations also permit the calculation of A4 including explicit
solvent molecules.?®~3! Using a continuum mode! without taking
into account explicit solvent molecules is another way to
evaluate Ay We chose the Marcus continuum model.*? This
model is very simple, and the results are accurate enough for
our study as we postulated that the solvent reorganization

TABLE 1. Selected Calculated Bond Lengths for the
G-Factors and the Artemisinin Molecule at the B3LYP/
6-311+G** Level of Theory

molecule 01-02 (A) C4—-C5 (A) C6—07 (A)
G3 1.458 1.337 1.216
G3Me 1.462 1.336 1.216
artemisinin 1.458

accompanying the reduction of the G3 moleculesis not severe.
Thisis consistent with the intramolecular reorganization of the
G factorsupon the ET. At ametal electrode, the Marcus formula
for the calculation of Aoy iS®
Loo(1 11
o (Dop DS) 4a‘
with Dy and Ds the dynamic and static dielectric constants of
the solvent, respectively, and a the hard-sphere radius of the
Species.

We are interested in the half-reaction: O + e — R, where
O and R indicate the oxidized and reduced species, namely,
the G3 molecule and G3'~ radical anion. The above equation
remains valid: the reactant state is composed of the oxidized
species plus one free electron, and the product state is the
reduced state.?® This global system is thus in the oxidized or
reduced state. To switch oxidation states, the system must find
a surface crossing between the potential energy surface of the
O and R states. The process takes place at one electrode, and it
is thus a heterogeneous ET, but both reactant and product remain
in solution. This simplifies the theoretical study of the process.
The metal electrodes play the role of catalyst and have an
influence on the kinetics but not on the thermodynamics of the
process. The electrodes can be treated as a fictitious electron
reservoir that behaves as a perfect electron donor.223034

DFT Calculations. All structures were fully optimized using
conjugate gradient methods with the Gaussian 03 software
package.®> We chose the B3LYP hybrid functional 3% First,
computations were done with the B3LY P/6-31G* scheme, and
the stationary points were characterized as minima by a
vibrational analysis. The zero-point energy (ZPE) corrections
were taken into account. Starting from these structures, a new
geometry optimization was carried out using the 6-311+G**
basis set. Throughout all unrestricted calculations for the doubl et
state of the radical species, spin contamination was low with a
value of () of 0.76. The optimization step was followed by a
Mulliken population analysis to have the charge and spin density
on the atoms.

As we are looking for an intramolecular rearrangement
following the electron transfer, we think that our computations
in the gas phase will give significant details on the mechanisms
of the ET. Nevertheless, computationsin solution (CH;CN) were
performed for compound G3 and its radical anion in the
framework of the polarizable dielectric model (SCRF-PCM).
The optimized geometries and the resulting atomic spin densities
were similar for the gas-phase and in-solution computations.

Results and Discussion

Neutral Compounds: Geometry and Reactivity. We first
present the results of our computations on the G3 factor and
the methylated derivative (G3Me). For these molecules, the
ground state is a singlet state. Some optimized bond lengths
are given in Table 1. The only experimental data available are
for the G1 factor. This compound has two different alkyl



TABLE 2. Total Energy (ZPE Included), Orbital Energies,
and Reactivity Indices for the Neutral Molecules at the
B3LYP/6-311+G** Level of Theory

AE pomorLumo
ELumo (AE Lumorumo+1)

Bt (aU)  (eV) (eV) 1 (V) o (eV)
G3 —921.494963 —2.32 4.69 (1.22) 235 232
G3Me  —960.770609 —2.28 4.67 (1.28) 233 228

artemisinin —960.773389 —0.45 6.75(0.10) 337 108
functions (Me and Et) on C5, whereas the G3 factor has two
Me functions on C5. We assumed that the O—O bond length
should have close values in the two molecules. The calculated
value of 1.458 A (6-311+G**) thus compares well with the
experimental counterpart of 1.479 A for the G1 factor.3® For
the G3Me molecule, the O—0O bond length is 1.462 A. The
C4—C5 bond length in the G3 and G3Me factors has a value
of 1.336 A, which is characteristic of a C=C double bond. The
C—0 bond length is 1.216 A.

The value of 1.458 A calculated for the O—O bond of the
artemisinin molecule is in agreement with the geometrical
parameter presented in the literature for the most stable
conformation of artemisinin'’ and with the experimental value
of 1.478 A. In ref 17, the authors perform a conformational
analysis of artemisinin by molecular dynamics and quantum
chemistry calculations. They report seven stable conformers.
Along the MD tragjectories, one conformer (labeled atm?2)
represents 80% of al the probable conformers. The quantum
calculations show that the atm2 conformer is the most stable
one, and its simulated IR spectrum is in good agreement with
experimental spectra. This is not the case for the other six
conformers. This conformer is the one modeling with highest
accuracy the experimental structure of artemisinin.

We found no significant differences between the optimized
bond lengths for the in vacuo computations and the cal culations
in solution. Thisisin agreement with the study of Nosoongnoen
and co-workers” on artemisinin.

The results of the gas-phase calculations in relation to the
change in energy of the G factors upon an electronic transfer
are reported in Table 2. The total energy including ZPE (Ey)
and the energies of the highest occupied molecular orbital
(Eromo) and of the lowest unoccupied molecular orbital (Eumo)
are given. We use some reactivity indices as described by Parr®
and used by Moens et a.* In their study, the authors also
focused on the properties of single molecules involved in
reduction half-reactions. The chemical hardness  measures the
stability of asystem in terms of resistance to electron transfer.®®
It is calculated from the ionization potential, I, and the electron
affinity, A, with the relation

The electrophilicity »*%** measures the ability of amolecule
to accept electrons from a perfect electron donor (a sea of
electrons of zero chemical potentia and zero hardness at 0 K).
It is calculated with the relation

_ (1 +A?
- 8(1— A

We approximate the ionization potential and the electron affinity
by the frontier orbital energies (Koopman’s theorem assuming
frozen orbitals):

Eiomo = —1 and  E yuo = —A

The G3 and the G3Me factors exhibit the lowest energy for the
LUMO, the smaller HOMO/LUMO gap, the lowest chemical
hardness, and the highest electrophilicity. We can conclude that
these molecules will accept electrons more easily from an idea
reservoir (electrode) than the artemisinin compound.

For the G3 molecule, the LUMO is shown in Figure 3. It
presents a * character and is delocalized on the C6=07 and
C4=C5 bonds. The LUMO + 1 orbital is 1.22 €V higher in
energy (6-311+G**) and is on the O1 and O2 atoms (o*
character). A detailed investigation of the G3Me molecule comes
to the same conclusion with the LUMO orbital of the z* type
and a LUMO/LUMO + 1 gap of 1.28 eV.

The LUMO and LUMO + 1 orbitals of the artemisinin
molecule are presented in Figure 4. These orbitals are very close
in energy asthe LUMO/LUMO + 1 gapis0.10eV. The LUMO
orbital is on the C=0 group and hasax* character. The LUMO
=+ 1 orbital ismainly on the O—O bond and has ac* character.

Radicals. We are interested in the reduction of the antima-
larial endoperoxides. We looked for the stable conformations
of the radical anions coming from the reduction of the G3,
G3Me, and artemisinin molecules. We present the results of
the computations in vacuo. All the structures are presented in
Figure 5, and the associated geometric and energetic parameters
arein Tables 3 and 4.

For the G3'~ radical, we found two stable conformations
named A and B. They are characteristic of a stepwise reduction
mechanism. The possibility of a stepwise dissociative mecha-
nism is described for some examples in the literature.? In the
stepwise mechanism, theinitial electronic transfer resultsin the
formation of an intermediate radical anion followed by cleavage
of the O—O0 bond in a second step (see Schemes 1 and 2).

If we compare the bond lengths of the C4=C5 and the
C6=07 bonds in the G3/G3Me molecules and in conformation
A of the radical, we see that they are elongated. The other
geometric parameters on the molecule are not significantly
changed, and we note that the O—0O bond length is unchanged.

When the G3 molecule gets an electron, it goes on the LUMO
orbital (;7* character on C4=C5 and C6=07). The spin densities
on radical A show that the unpaired electron is delocalized on
the C4—=C5—C6=07 group and the SOM O of conformation A
is on these atoms. Conformation B is 1.38 eV (31.8 kcal/mol)
lower in energy. It is the thermodynamic product. There is an
extra electron on the o energy levels, and the associated orbital
hasao* character on the O1—02 bond. The spin densities show
that the unpaired electron is located on this O1—02 bond.

We investigated the reaction pathway between conformation
A and conformation B. The transition state is situated respec-
tively at 0.15 eV (3.46 kcal/mol) and 1.53 eV (35.28 kcal/moal)
for conformation A and conformation B of the reduced G3
molecule. The process A — B is thus slightly endothermic. For
the transition state, the unpaired electron is delocalized on the
01—-02 and C4=C5—C6=07 groups of the molecule.

We found only one stable conformation for the radical anion
associated with artemisinin. It was also reported in the
literature.1121618 Thijs is in agreement with the reduction of
artemisinin that takes place via a concerted dissociative ET
mechanism. The neutral/anion energy gap is 1.68 eV (38.74
kcal/mol) (1.44 eV/B3LYP 6-31G* in the literature'®). It is clear
from the spin densities on the reduced compound that the
unpaired electron is located on the O atoms of the broken
endoperoxide bond. The LUMO/LUMO + 1 gap in the neutral
compound is 0.10 eV, and the two orbitals are thus energetically



Figure 3. LUMO of the G3-factor.

(b)

Figure4. LUMO (a) and LUMO + 1 (b) of the artemisinin molecule.

accessible. The electron is accepted during the reduction process
into the o* LUMO + 1 orbital, largely associated with the O—O
bond. This results in a cleavage of the endoperoxide bond.
Calculation of the Reorganization Energy. We calculated
the reorganization energy for the G factors and the artemisinin
molecule. We used the four-point method described by Rosso
et al.?® depicted in Scheme 3. In this approach that is derived
from the Marcus theory, the potential energy surfaces (PESS)
of the reactant and of the product are approximated by harmonic
curves. The minimum of the PESs of the reactant and of the
product represents the optimized geometry for the oxidized and
reduced compounds, respectively. The reorganization energy can
be calculated in two ways: (i) on the PES of the reactant as the
difference between the total energy of the compound in its
optimized geometry and the total energy of the compound with
a geometry corresponding to that of the optimized product (4;)
or (ii) on the PES of the product as the difference between the
total energy of the compound in its optimized geometry and
the total energy of the compound with a geometry corresponding
to that of the optimized reactant (4,). The reorganization energy
is the free energy decrease on the same diabatic surface; thus,
this quantity isindependent of the driving thermodynamic force.

(al) (a2)

Figure 5. Radica compounds coming from the reduction of the G3
(al, radical A; a2, radical B) and artemisinin (b) molecules.

TABLE 3. Relative Energy and Selected Calculated Bond
Lengths for the Radical Anions at the B3LY P/6-311+G**
Level of Theory

molecule AE? (eV) 01—02 (A) C4=C5 (A) C6=07 (A)
G3, radical A 1.06 1.455 1.397 1.265
G3, radical B 2.44 2.260 1.341 1.225
G3, trangition state  0.91 1.601 1.384 1.258
G3Me, radical A 1.04 1.458 1.395 1.265
G3Me, radical B 2.34 2.243 1.343 1.225
artemisinin 1.81 2.202

1.44° 2.185°

a8 AE = Ei (neutral molecule) — Ey(radical). Ey includes ZPE
corrections. ° Reference 12. B3LYP/6-31G* results not including
ZPE corrections. ¢ References 16 and 17.

TABLE 4: Atomic Spin Densities on the Radical Anions at
the B3LYP/6-311+G** Level of Theory

o1 02 C3 C4 G5 Ce O

G3, radica A 0.00 000 -001 +0.62 —0.03 +0.20 +0.19
G3, radica B +043 +051 —-0.02 0.00 +0.03 000 0.00
G3, trangition state +0.08 +0.08 —0.02 +0.48 -0.01 +0.16 +0.15
G3Me, radical A 0.00 0.00 0.00 +0.63 —0.01 +0.19 +0.19
G3Me, radical B +0.34 +058 —0.02 +0.02 +0.03 000 0.00
artemisinin +0.23 +0.22

+0.512 +0.45%

a Reference 12. B3LY P/6-31G* results.

It is used to caculate the term A, as the average value:
Ain = (Ar + Ap)/2.

We calculate the thermodynamic driving force for the two
processes: 22.0 and 53.7 kcal/mol for the G3 — radical A and
G3— radical B processes, respectively. Using the computational
approach described above, we found for the G3 molecule a
reorganization energy, Ain, of 7.82 and 41.05 kcal/mol for
G3 — radical A and G3 — radica B, respectively. For the first
process (G3— A), the geometrical parameters (Table 3) showed
asmall geometrical change upon the ET, and the reorganization
energy is thus lower than for the G3 — B process where the
electronic transfer is dissociative. With the continuum model,
the Aoy term was evaluated at 0.52 kcal/mol.

We finally calculated the intrinsic activation energy, AG®*,
It is the activation energy when the driving force is equa to
zero: AG* = /4. The intrinsic activation energy is lower for
the G3 — A process with a value of 2.09 kcal/mol than for the
G3 — B process with a value of 10.41 kcal/mal.



SCHEME 2: Reduction of the G3-Factors
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SCHEME 3: Potential Energy Diagrams for the
Calculation of the Reorganization Energy with the
Four-Point M ethod?
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The theoretical values of the intrinsic barrier, AG¥, can be
compared with experimental ones obtained previously using the
convolution method for the treatment of voltammetry curves at
different scan rates (Table 5)* and using the Savéant model.*?
According to thismodel, the intrinsic barrier (i.e., the activation
energy at zero driving force) is a function of the bond
dissociation energy (BDE) of the fragmenting bond and the
reorganization energy, 4.

Therefore, for the concerted mechanism the intrinsic barrier
is expressed as follows:

. A +BDE
AGS = Y

where /. is the reorganization energy of the concerted mech-
anism. For the stepwise mechanism the expression is simplified
as there is no contribution from the BDE:

/13
AGS* = 2
where 14 is the reorganization energy of the stepwise mechanism.

The convolution analysis alows determination of the het-
erogeneous electron transfer rate constant, ker, the activation
energy, AG*, of the reaction, and the transfer coefficient, o, as
a function of the potential along a cyclic voltammetry peak.
ker is related to AG* by an Eyring-type equation:

I e
ker = ZeXp[ RT

where Z is the Arrhenius preexponential factor including the
electron transmission coefficient, «.

The transfer coefficient (o) represents the dependence of the
intrinsic barrier on the free energy, AG®:

o= 0AG" _ —Rr dInkg
0AG°  F  dE

A detailed analysis of a as a function of the potential revealed
that both concerted and stepwise dissociative electron transfers
occur at the same potential, so the observed ket is the sum of
the individual rate contants k. and kg (concerted and stepwise
mechanisms, respectively). The theoretical fits of o asafunction
of the potential, on the experimenta ones by adjustment of the
various parameters in a physically redistic range, alowed us
to evaluate the parameters AG."¥, AGg**, E°, E«°, and Zg/Z,
which are summarized in Table 5.

The experimental values* are in the range of AG¢°* ~ 1 kcal/
mol and AG:"* ~ 12 kcal/mol, respectively, for the stepwise
and concerted mechanisms. The theoretical values are in good
agreement with the experimental ones.

For the artemisinin molecule, we calculated a thermodynamic
driving force of 45.19 kcal/mol, a reorganization energy, Ain,
of 48.15 kcal/mol, and an intrinsic activation energy of 12.18
kcal/mol in agreement with the experimental value of 8—12
kcal/mol.*

Conclusion

To our knowledge, the present study constitutes a break-
through in understanding the mechanism for the antimalarial
mode of action of G-factors. On the basis of the results obtained,
we draw the following conclusions.

(i) The two stable conformations for the radical anions
associated with the G3 and the G3Me factors concern the
stepwise mechanism proposed experimentally for the reduction
of the G3 and G3Me molecules. We characterized the transition
state between the two radicals.

(i) For the artemisinin molecule, we found only one stable
conformation for the reduced species. The concerted mechanism
is confirmed.

(i) We computed the reorganization energy and the intrinsic
activation energy associated with the electronic transfer. The

TABLE 5: Thermodynamic Data for the Heterogeneous Reduction of Endoperoxides G3 and G3Mée*

Zol Z.  AGS* (kcal+mol™)  AGg* (kcal-mol™)  Ac (kcalemol™) A4 (kcal-mol™) E»° (V) Eg° (V) BDE (kca -mol™Y)
G3 50 124 0.98 15.9 3.9 —0.82 —1.70 33.8
G3Me 50 117 11 155 4.4 —-0.84 —1.64 314

27 is the Arrhenius preexponential factor, AG°* is the intrinsic activation energy, A is the reorganization energy, E° is the standard potential,
and BDE is the bond dissociation energy of the O—O bond. The subscripts ¢ and st are for the concerted and the stepwise mechanisms,

respectively.



calculated values are in good agreement with their available
experimental counterparts and validate the computational
approach.

(iv) The two stable forms for radical anions A and B of
compound G3 can be attributed to the product of the stepwise
and concerted mechanisms, respectively.

(v) Steric hindrance around the peroxide bond can be
bypassed as the electron is first transferred to the 7* orbital of
the conjugated double bond when the stepwise mechanism is
observed.
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