Non-reductive Homolytic Scission of Endoperoxide Bond for Activation of

Artemisinin: The Bi-radical Perspectives

Shikha Sharma?, Md. Ehesan Ali*?
Institute of Nano Science and Technology, Sector-81, Mohali, Punjab,140306
India

*Email: ehesan.ali@inst.ac.in

Abstract

Artemisinin is the most famous antimalarial drug against malaria caused by Plasmodium
falciparum. Despite its tremendous success and popularity in malaria therapeutics, the
molecular mechanism of artemisinin’s activity is still elusive. The activation of artemisinin,
i.e., cleavage of the endoperoxide bond at the infected cell that generates radical intermediates
and the subsequent chemical rearrangements plays a key role in the antimalarial activities. In
this work, applying state-of-the-art computational techniques based on the spin constraint
density functional theory (CDFT) along with ab initio thermodynamics, we have investigated
various key steps of the molecular mechanism of artemisinin. The well-accepted artemisinin
activation process is the reductive heterolytic scission of the endo-peroxide bond which is
followed by subsequent chemical reactions that propagate via mono-radical intermediates.
Here adopting the CDFT we have investigated the possible alternative ‘biradical’ intermediates
and their mechanistic pathways for the subsequent chemical reactions. The change in Gibbs
free energy associated with the activation of artemisinin through homolytic-scissoring
(biradical) intermediate is quite competitive and favorable compared to the reductive
heterolytic-scissoring (monoradical) process. This clearly indicates the alternative possibilities
for the biradical activation process. The reported experimental EPR signals for the biradicals

especially for similar anti-malarial drugs like G3-factor support our observations.

1. Introduction

Malaria is one of the most widespread parasitic diseases caused by protozoan parasites of the
class of Plasmodium. It is the leading cause of death in several tropical sub-Saharan countries,
where young children and pregnant women are most affected.>? The disease not only costs

human life but has a huge impact on socio-economic issues across the globe.® According to the
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World health organization, 3.2 billion people (half the world’s population) live in areas at risk
of malaria transmission in 106 countries and territories. As per the 2020 WHO report, malaria
caused an estimated 229 million clinical incidents and 405,000 related deaths. Most of these
malaria cases were observed in African Regions (215 million or 94%) followed by the South-
East Asia region with 3.4% of the cases.*

Plasmodium falciparum is the deadliest species of plasmodium that causes malaria in
humans and transmitted through the Anopheles mosquito.® For its survival, Plasmodium
falciparum digests the globin protein of the red blood cells and releases free heme inside the
food vacuole of the parasite which is potentially toxic to the parasite.® To avoid this toxicity,
the parasite converts it into hematin which undergoes dimerization to form beta-hematin and
then undergoes the bio-crystallization process to form hemozoin, which is known as malaria
pigment.”

The traditional quinoline based antimalarial drugs such as chloroquine and quinine
function by inhibiting the beta-hematin formation due to reversible binding of the drug at the
axial position of the free-heme.1%1* The toxicity of free heme is responsible for the death of the
parasite. However, the most successful drug is the endoperoxide based artemisinin, which
targets the food vacuole of the parasites directly. The activation of artemisinin i.e., cleavage of
the endoperoxide bonds and generation of the radical species could occur either by homolytic
or heterolytic scission of the endoperoxide O-O bonds.'>* The widely discussed mechanism
is the heterolytic one, in which one electron reduction process is involved. The source of the
le" has been discussed as the oxidation process of Ferro-protoporphyrin-IX (Fe(lI)PPIX) to
Ferri-protoporphyrin-IX (Fe(I11)PP1X) during the digestion of hemoglobin by the parasites in
the infected red-blood cell (RBC).1-20

A large number of literatures are available for the reductive cleavage of endoperoxide
bonds based on experimental studies and confirmed by various spectroscopic properties i.e.,
FTIR spectra, Raman and Infrared studies, NMR and from EPR spectroscopy.?}?* These
studies showed that the cleavage of endoperoxide bonds is induced by heme/Fe (I1) ions to
produce oxygen-centered radicals. These radicals subsequently rearrange into carbon centered
radical species either by 1,5-H shift or by homolytic cleavage of C-C bond.?>? It was further
validated by EPR spectra that the spin trapped free radical signal occurs only when artemisinin
is incubated in the presence of iron. This reductive mono-radical mechanism has largely been

discussed in the literature and adopted in various theoretical studies as well 2834
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Fig.1 Structures of popular antimalarial drugs against Plasmodium falciparum (A) Artemisinin
and (B) G3-factor. In the newly developed endoperoxide-containing drug i.e., G3-factor it is
already identified as the biradical intermediates by EPR spectra.

The other possibility of artemisinin activation i.e., homolytic cleavage of the endoperoxide
bond that has also been discussed in endoperoxide based G3-factor antimalarial drugs
(structures shown in Fig.1B).*® However, only few literatures are available for homolytic
cleavage of the endoperoxide bonds with biradical intermediate.®**°The biradical
intermediates was detected in EPR spectroscopy and also indicated in other theoretical studies
as well.*

In this work, we have investigated and compared the activation of artemisinin through
both the possibilities and the subsequent chemical rearrangements of the activated bi-radical
species by applying state-of-the-art spin-constraint density functional theory (CDFT)**3,
along with the standard DFT** method. The recent advancement of the CDFT methodology
has enabled one to investigate the bi-radical intermediates confining the spin-centers at the

selected sites that is not possible to achieve in the standard DFT based methodologies.

2. Computational Details

To investigate the activation of artemisinin and its subsequent reaction intermediates, the
molecular geometries and electronic structures for all the species were computed using the
B3LYP/6-311G(d,p)* methodology after a rigorous benchmarking of DFT methodologies and
basis sets (See SI). The quantum chemical code Orca 4.0%¢ was used for the DFT calculations.
All the calculations were performed within the unrestricted Kohn-Sham formalism treating the
radical species as open-shell molecules within the DFT framework. However, in the standard
DFT methods even with hybrid functional over delocalization of the electron or spin-density
occurs over an extended region. This over-delocalization in the standard DFT limits the study



of resulting various intermediate radical species upon localizing the spin-densities in the
different atomic sites. To tackle this scenario, a recently developed spin-constraint density
functional theory (CDFT) is also applied. The latter method has been implemented in Nwchem
6.6 quantum chemistry code.*’ This constraint DFT approach prevents any spurious spin
delocalization applying spatial constraints on the spin densities during the self-consistent
optimization of the densities. The Lowdin spin population was used in order to apply the

constraint. The ab initio thermodynamics properties such as the reaction free energy i.e., AG,*®

50 were computed by applying standard DFT as well spin-constraint CDFT methodologies. The
solvent effect on the energies for the activation of the artemisinin has also been studied, by
using the COSMO °1°2 approach in different solvents medium at B3LYP/6-311G (d,p) level.

3. Results and Discussion

3.1. Activation of artemisinin

For the activation of artemisinin there are two possibilities, one is heterolytic scission and the
other one is homolytic cleavage of O-O bond. In this work we have investigated the heterolytic
as well homolytic cleavage applying the standard DFT (B3LYP) and constraint spin-density
functional theory (CDFT) calculations. The computed corresponding spin-densities are plotted
in Fig. 2. It is quite evident that the spin density obtained from the DFT calculations for the
mono-radical description is quite unusual as it has been distributed among the two O-atoms
(O15 & O16) symmetrically with 0.49 and 0.42 g magnetic moments. This is the artifact of the
DFT due to the self-interaction error (SIE). To obtain the appropriate description of the mono-
radical species the spin-constraint DFT, that confine the unpaired electrons within its
designated site during the self-consistent optimization of the wavefunction. Thus, CDFT is a
more logical and pragmatic approach to handle the SIE. The comparison of the spin-density
plot for activated mono-radical in Fig. 2a & 2b clearly indicates the CDFT recovers the
asymmetric nature of the spin-density with 1.0 on O and 0.16 ps on Ois. For activated
diradical with localized spins on the two O-atoms is similar to mono-radical counterpart but
with two electrons are localized symmetrically on the two oxygen atoms. However, DFT
produces slightly more delocalized spin-moments on the oxygen atoms with 0.79 and 0.76 pg,
and the spilled/delocalized spin-moments could be visualized in the neighboring atoms (Fig.
2¢). Employing CDFT methods it recovers the spurious spin-moments and localizes 0.88 and

0.85 pg on the O-atoms.
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Fig.2 The spin density distribution obtained for the activation of artemisinin through
heterolytic and homolytic cleavage process adopting DFT (UB3LYP/6-311G**) and CDFT
(UB3LYP/6-311G**) method. The o and B spin-densities are now shown in blue and orange
colours respectively with isovalue of 0.002 pe/A3. The detailed spin density for the individual
atoms could be found in Table S3.)

The AG for one electron reductive cleavage (i.e., heterolytic scission) is calculated by various
computational methods that explored the possible mechanism.%3! A few of them have reported
that without any activation barrier the peroxide bond can break or it can go for a
thermodynamically favorable reaction.?®%! Following the procedures mentioned in the previous
reports, we have also verified the (erroneous) exothermic process for the activation of
artemisinin by heterolytic cleavage with AG of -51.40 kcal/mol. However, the AG computed
in those earlier reports are doubtful as the total number of electrons between the reactants and
products were not conserved. The accurate calculation of the thermodynamic parameters of a
chemical reaction must obey the isoelectronicity between the reactants and products.®-*



Adopting the isoelectronic behavior, we have computed the free energy of activation (i.e., AG)
for both the activation pathways. To compute the AG with the isoelectronic method for

reductive heterolytic cleavage, we have considered the following chemical reaction

Al (artemisinin) + Fe (I1)PPIX— A™p (activated monoradical) +Fe (I11)PPIX.

The reason behind incorporating the Fe(11)PPIX/Fe(111)PP1X redox couple in the one electron
activation process. The ferro-protoporphyrin Fe(11)PPIX is released upon parasite hemoglobin
digestion and Fe (I1) is oxidized to Fe (111) in the detoxification process by releasing an electron
which has been hypothesized as source of the electron for the one electron transfer activation
of artemisinin.'® Free energies associated with the monoradical activation of artemisinin in a
single-molecule environment along with different solvent environments are also given in SI.
However, for the homolytic cleavage no additional redox couple is necessary as there is no
change in the total number of electrons. Adopting the isoelectronic behavior, we obtained 81.67
(in gas phase) and 23.64 (in water) and 26.54 (in DMSO) kcal/mol AG for the heterolytic
cleavage of endoperoxide bond instead of -51.40 kcal/mol.

The bi-radical free energies are investigated upon vertical singlet to triplet excitations (A% —

A1VE) followed by the adiabatic triplet state search that spontaneously undergoes the homolytic
cleavage of the O-O bond and forms the bi-radical intermediates. The free energy of activations
is obtained from the free energy difference of the adiabatic singlet (i.e., A% ground state) and
adiabatic triplet states (A"r). It is further observed that the adiabatic state of the activated
artemisinin (A"r) resides 24.01 kcal/mol above the neutral singlet-state. This is considerably
lower than the free energy of activation for the activated mono-radical (81.67 kcal/mol) in the
single-molecule environment.

In solvent environments the computed free energies become quite competitive in fact lower
than the mono-radical pathways with AG values of 21.77 (in water) and 21.82 (in DMSO)
kcal/mol. Furthermore, it is also observed that the activated bi-radical triplet state is more stable
compared to the singlet-biradicals by 1.96 Kcal/mol. The computed free energy of activation
for bi-radical intermediates in single-molecule environments is 24.01 kcal/mol compared to
80.67 kcal/mol for monoradical intermediates. This is quite a large difference, however in
presence of solvent medium the energies become comparable. In fact, the comparison of AG
in the solvent medium indicates the bi-radical mechanism is more plausible compared with

mono-radicals in the physiological conditions mimicked by water and DMSO.
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Fig.3 The diagram depicts the free energy associated with biradical activation in a single
molecule environment (left panel) and water medium (right panel). The vertical singlet-triplet
free energy gap of 83.71 kcal/mol computed at the neutral singlet state geometry in single
molecule environment, while in the water medium it is 79.72 kcal/mol. The free energy
difference between the neutral artemisinin and the activated one (A”1) is 24.01 kcal/mol in gas-
phase and 21.77 in water medium. In the following section the detailed energetic perspectives
of the various biradical intermediates are provided through which the propagations of chemical
reactions occur.

3.2. Chemical rearrangements of the activated Bi-radical and reaction
propagations

The activation of artemisinin generates the oxygen-centered bi-radical that is highly unstable
and reactive. This is why the generated O-centered radical immediately undergoes various H-

shift chemical rearrangement reactions®’-8 through quantum tunneling of the hydrogen atoms

and produces thermodynamically more stable biradical intermediates.
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Fig.4 I to VIII are the possible different biradical intermediate species that could be generated
by homolytic cleavage of O-O bond in artemisinin followed by H-shift rearrangements. The
resulting H-shift rearrangements are depicted as Hx [n, m], where X is the serial no of H-atom
as shown in Fig. 1a. For example, Hzo [1,3] hydrogen shift indicates the H-atom with the atomic
index 30 migrates to a new position two atoms away (i.e., 1, 3 shift) from its original position.

Taking the advantage of CDFT to precisely localize the radical centers within the specific
atomic sites, we have investigated the lowest energy H-shifted rearranged biradicals through
which further chemical reactions are likely to occur. It is hypothesized that the energetically
more stable rearranged biradicals are predominantly formed and route the propagation of the
chemical reaction through the thermodynamically stable biradical intermediates.

All the possible hybrid biradical intermediates (I to VIII, Fig. 4) upon the hydrogen
shift rearrangements are explicitly investigated in this study. The intramolecular H-shift is quite
common but a quantum mechanical phenomenon. The probability of occurrence for the
thermodynamically stable species via the quantum chemical rearrangement route is more
probable in terms of chemical reaction dynamics perspectives. The computed differences of
free energies (AG) of the intermediate diradicals along with neutral artemisinin with respect to

the activated bi-radical (triplet) state are plotted in concise form in Fig. 5 and AE, AH along



with the entropic contributions are provided in Table 1. The dominant contribution to AG and
AH mainly arises from the AE. A very small contribution of AS, which is almost similar for all

the different intermediates, has also been noticed.

Table 1. Computed Ab-initio thermodynamic parameter for artemisinin where AE is the change
in electronic Energy, AGogg 15k IS Gibbs free-energy change, AH is the enthalpy change and AS

is the entropy change. All these quantities are provided in kcal/mol.

Routes AE AG 29815k AHo9s.15k AS

Al — AVE; 84.11 83.71 83.71 0.0015
Al A*y 25.00 24.01 24.03 0.0036
AT —A"s 1.87 1.96 1.96 -0.0002
AT 1 -9.66 -9.80 -9.79 0.0041
AT 11 -8.32 -8.16 -8.47 0.0039
Ar— 11 1.29 0.98 0.98 0.0052
AT — IV -3.72 -3.10 -3.09 0.0064
AT—V -6.33 -7.04 -6.04 0.0009
Ar— VI -0.71 -1.37 -0.37 0.0085
AT > VII -2.06 -2.25 -2.24 0.0094
At — VIII 2.58 0.58 0.58 0.0033

In Fig.5, the free energy differences plotted for the activated biradical (A™r) to all the possible
rearranged hybrid intermediate species. Finally, the H-atom addition reaction to form diol from
those rearranged intermediates are also provided. It has been observed that among the eight
biradical intermediates, two intermediates i.e., 111 and VI1II that have been formed from Has
[1,3] and Hag[1,5] shifts with AG values of +0.98 and +0.58 kcal/mol are thermodynamically
quite unfavorable. While the other six biradical intermediates are having AG negative values
indicating thermodynamically favorable species. Out of the six stable intermediates, we
realized that only | and 1l i.e., product of the Hso[1,3] and Haso [1,4] rearrangement reactions,
are most stable (See Fig. 4 & Table 1) with AG values of -9.80 and -8.16 kcal/mol respectively.
These carbon centered radicals (I & 11) are most stable because the radical center in both the
cases are surrounded by the two O-atoms that allows a significant amount of spin-density to be
delocalized from the radical site to itself. This provided the stability to these radicals. However,
such conditions are not prevailed in the other cases as radical centers are mostly surrounded by
the sp3 C-atoms and thus does not provide the stability due spin-density de-localization.®® It is



thus predicted that the propagation of chemical reactions are most likely to occur through the

intermediate | and 11 along with the mixing with the other intermediates to some extent.
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Fig. 5 The diagram depicts the free energy change in neutral and activated bi-radical
intermediates through which chemical reaction occurs. Out of all the H-shift rearrangements
Hzo [1,3] is a more stable biradical-intermediate.

4. Conclusions & Outlook

The free energy of activation (AG) of artemisinin associated for the homolytic cleavage is
lesser (+21.77 kcal/mol) than the heterolytic cleavage (+23.64 kcal/mol). This suggests that the
activation of artemisinin is quite viable even without any transfer of electrons. The spontaneous
homolytic cleavage of the O-O bond upon singlet to triplet excitation of the neutral artemisinin
also indicates the involvement of the bi-radical intermediates in the mechanistic aspect of anti-
malarial activities. It is observed that a few hybrid bi-radical intermediates formed upon
intramolecular hydrogen-shift rearrangements are thermodynamically quite stable compared to
oxygen-centered biradical. The hybrid-biradical intermediate | & Il are found to be the most
favorable bi-radical intermediate upon [1,3] and [1,4] H-shift (i.e., Hzo [1,3] and Hso [1,4]) by
-9.80 and -8.16 kcal/mol respectively. These intermediate bi-radicals are quite stable than the



activated artemisinin by -9.80 kcal/mol and expected to play the dominant role in the reaction
mechanism propagation in the antimalarial activities.

The homolytic cleavage of the endoperoxide bonds has been realized in various theoretical as
well as experimental perspectives but in different endoperoxide complexes. However, its
association with the artemisinin’s mechanism of action for the anti-malarial drug is yet to be
established in the literature through dedicated studies. Till date, most of the mechanistic studies
have been performed with the notion of monoradical perspectives only which seems to be
energetically not true. Thus, further dedicated and sophisticated mechanistic studies are
required to understand the complete mechanism. The experimental realization of the studied
objectives might inculcate a twist in the tail as the currently accepted activation of artemisinin
through the reductive mono-radical pathways only. The trigger for homolytic cleavage of the
endoperoxide bonds at the food vacuole of the malaria parasites is another domain to be
established and we are further working on the mechano-chemical aspect of homolytic cleavage.
We are further anticipating that such triggers for the homo-lytic cleavage at non-parasite
locations may lead to the inefficacy of the artemisinin that might be correlated with growing
drug resistance.

Associated Content
Supporting Information
Gibbs-free energy calculations, Lowdin spin-density analysis, Computed Total energies and

free energy in solvent medium.
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