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Abstract—Artemisinin is a sesquiterpene lactone with an endoperoxide function that is essential for its antimalarial activity. The
DFT B3LYP method, together with the 6-31G(d) and 6-31+G(d,p) basis set, is employed to calculate a set of radical anions and
neutral species supposed to be formed during the rearrangement of artemisinin from the two radicals (C-centered and O-centered)
that are supposed to play a relevant role in the mechanism of action. The B3LYP results show that the primary and the secondary
radicals centered on C,4, generated by homolytic break of the C3—C4 bond and by 1,5 hydrogen shift, respectively, are more stable
than radicals centered on oxygen. The calculations show that the activation barriers for rearrangements are low, leading to a ther-
modynamically favorable process. These results reinforce our previous conclusions based on semi-empirical calculations but also
give additional information on the reductive decomposition of artemisinin.

© 2005 Elsevier Ltd. All rights reserved.

1. Introduction

Artemisinin (1, Fig. 1a) is a sesquiterpene lactone having
an endoperoxide bridge that has been in wide use
against chloroquine-resistant Plasmodium falciparum,
one of the agents that cause malaria.!> Artemisinin
has a unique 1,2,4-trioxane ring system which has been
presumed to be critical to its antimalarial activity, since
derivatives lacking the endoperoxide function, e.g.,
deoxoartemisinin (2, Fig. 1b), are inactive.>* The mode
of action of artemisinin and its simplified trioxane ana-
logues is still controversial.>® Experimental evidence
suggests that endoperoxides may act in the intraerythr-
ocytic stage of parasite development, where they may
be activated by heme or free Fe(Il) ion, producing
potentially cytotoxic free radicals and -electrophilic
(alkylation) intermediates that may react with and dam-
age specific malaria membrane-associated proteins.!-8 1!
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Figure 1. (A) Artemisinin; (B) deoxoartemisinin.

Despite intensive research efforts, a full understanding
of the mechanism of action of artemisinin-type com-
pounds at the molecular level has still not been
achieved, although several mechanisms have been pro-
posed. Artemisinin could inhibit hemoglobin degrada-
tion, the source of aminoacids indispensable for
parasite growth.'> Alternatively, it could interrupt
the process of heme detoxification by transferring an
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O-atom to heme creating iron-oxene or oxyheme inter-
mediates'®> which would inhibit heme polymerization,
or it could act on hemozoin, the insoluble substance
formed after digestion of hemoglobin, leading to
hemozoin degradation.!> Both inhibition of heme
polymerization and degradation of hemozoin result
in heme accumulation in the intraerythrocytic environ-
ment.'? Due to the high toxicity of free heme!'4 !¢ the
parasite would be disabled by any of the above
processes.

The antimalarial activity of artemisinin may also be
due to the trioxane unit acting as a source of hydro-
peroxide, providing electrophilic oxygenating species,
hydroxyl or alkoxyl radicals via reductive cleavage
of the peroxide bond by Fe(Il) or another reducing
agent. These species would be able to hydroxylate
biomolecules or abstract hydrogen atoms.!”!® Reduc-
tive cleavage of the endoperoxide bond by electron
transfer from heme could also produce potentially
cytotoxic oxygen- and carbon-centered radical inter-
mediates.!”! Further studies based on the relative
potency of substituted derivatives and on artemisinin
decomposition catalyzed by the ferrous ion suggested
that formation of a secondary carbon-centered radical
is of essential importance for high activity.'®?! This
mechanism was further supported by a set of experi-
ments, 10-11:22-33

In an investigation aimed at unraveling the way arte-
misinin-type compounds act on the parasite and cause
toxicity at the molecular level, we employ the molecu-
lar orbital theory to calculate the energy and structures
of the main species supposed to be relevant to the
mechanism of action of artemisinin.’*3¢ Using the
semi-empirical AM1 and PM3 methods we have recent-
ly calculated a set of radical anions and neutral species
that may be formed during the decomposition of arte-
misinin induced by the addition of one electron to the
endoperoxide bridge.?”-3® In the present study, we use
the density functional (DFT) approach to undertake
a theoretical investigation of the mechanism of reduc-
tive decomposition of artemisinin. More specifically
we calculate structures and relative energies of interme-
diates and key transition states involved in the 1,5
hydrogen transfer in artemisinin, a key step in the
mechanism of action of this drug.”* Additionally, we
also investigate the barrier for the homolytic cleavage
of the C3;—C,4 bond leading to a primary radical cen-
tered on C,4. For the first time DFT calculations for
this mechanism are reported taking into consideration
the complete structure of artemisinin. Although similar
calculations on model systems have recently been pub-
lished,® our studies expand the previous one by includ-
ing the entire artemisinin structure in the calculation as
a radical anion, the species which should effectively be
responsible for the antimalarial activity.>?! For a more
complete study we also include similar calculations for
protonated artemisinin. Understanding the mechanism
of rearrangement of endoperoxides at the molecular
level may lead to the rational development of more
potent and therapeutically efficient drugs than those
already available.

2. Computational methods

The geometries of all species studied in the present work
were fully optimized using the Becke’s three-parameter
hybrid functional,* along with the nonlocal correlation
functional of Lee, Yang, and Parr (B3LYP).*!*> The
anionic and neutral radicals we calculated have unpaired
electrons. For these species the unrestricted formalism
(UB3LYP) was employed and a doublet state was spec-
ified. The doublet nature of the final optimized structure
was confirmed by the expected value of the S* operator.
Spin contamination was negligible (S*< 0.756). The
standard 6-31G(d) basis set** was employed for geome-
try optimization and energy calculation. The final
relative energy was further refined using the valence split
6-31+G(d,p) basis set*® which additionally includes
diffuse functions on carbon and oxygen atoms, and
polarization functions on hydrogens. In this case, the
6-31G(d) optimized geometry was employed. Transition
structures were located by defining a reaction coordinate
and calculating a set of points along that coordinate.
After location of a trial structure, this was further fully
optimized by using the standard transition state optimi-
zation routine. Harmonic vibrational frequencies were
calculated for the transition structure, to confirm it as
a true transition state, identified as the structure having
only one imaginary vibrational frequency.

For the transition structures IRC (intrinsic reaction
coordinate) calculations were carried out to reinforce
its nature on the potential energy surface.

All calculations were done with the Gaussian 98W
package** of molecular orbital program, running on a
Pentium II personal computer.

3. Results

Absolute and relative energies are given in Tables 2 and
5. Selected geometrical parameters are given in Table 3.
Mulliken net atomic charges and spin densities on select-
ed atoms are given in Tables 1 and 4. The B3LYP/6-
31G(d) optimized structures for the anionic radicals
are shown in Figures 2 and 4.

3.1. The intramolecular 1,5-hydrogen shift

The most commonly accepted mechanism for the reduc-
tive decomposition of artemisinin starts with a single
electron transfer from heme or free Fe(Il) ion to the
endoperoxide bond.?! Electron-transfer to the peroxide
bond results in dissociation of the O-O bond producing
an anion and a free radical. In the case of artemisinin
two species, 1la and 1b (Scheme 1), may be formed.
The negative charge may be centered on Oy, with the un-
paired electron located on O, (1b), or vice versa, the neg-
ative charge centered on O, and the unpaired electron
located on O; (1a). Our calculations show that upon
addition of one electron to artemisinin the O;—O, bond
breaks up without any activation barrier. Starting from
the optimized geometry of artemisinin, after addition
of one electron to generate the radical anion, further
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Table 1. B3LYP/6-31g(d) Mulliken net atomic charges and spin densities on selected atoms for the radical anions and transition structure involved in
1,5-hydrogen transfer

Structures

0,

0,

O]1

013

014

Cy

Net atomic charge

1a/lb
TS1
3

Spin densities
1a/1b

TS1

3

—0.561 (~0.410)
~0.658 (—0.569)
—0.739 (—0.670)

0.448 (0.782)
0.233 (0.469)
0.011 (0.043)

—0.489 (—0.636)
—0.544 (~0.627)
—0.691 (—0.636)

0.509 (0.006)
0.426 (0.006)
0.039 (0.023)

—0.479 (—0.476)
—0.470 (—0.476)
—0.474 (~0.473)

0.001 (0.004)
0.000 (0.001)
0.000 (0.000)

—0.556 (—0.466)
~0.565 (=0.511)
—0.563 (=0.515)

0.008 (0.009)
0.008 (0.000)
0.011 (0.002)

—0.518 (—0.448)
~0.516 (—0.450)
—0.515 (=0.451)

0.000 (0.003)
0.000 (0.001)
0.000 (0.000)

—0.290 (—0.349)
~0.377 (—0.350)
—0.153 (—0.243)

0.012 (0.003)
0.356 (0.515)
1.004 (0.962)

Results in parentheses are for the protonated (neutral) species.

2.484
(2.172)

Figure 2. B3LYP/6-31G(d) optimized structures for the anionic radicals (a) the O-centered radical 1a/lb; (b) the transition structure for the
intramolecular 1,5-hydrogen transfer and (c) the C-centered radical. The representation at right clearly indicates the boat-like conformation of these
species. Selected distances are given in A. Values in parentheses are the corresponding distances for the protonated (neutral) species.
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Scheme 1. Possible routes for the reductive decomposition of artemisinin leading to rearranged species.

optimization leads directly to the open structure 1a/lb.
The open nature of 1a/lb is evident by the O;-O, dis-
tance of 2.185 A (Fig. 2a). 1a/1b have net atomic charge
and spin density distributed almost evenly between the
two oxygen atoms (O; and O,), with higher charge on
O, and higher spin density on O, (Table 1). Therefore,
the first species in the rearrangement of artemisinin is
best described as a resonant hybrid between the two
alternating forms, 1a and 1b. Consequently, two alterna-
tives have been proposed as possible routes for
conversion of artemisinin into its metabolites,?! either
a 1,5-hydrogen transfer from C,4 to O, leading to a
secondary carbon-centered radical (3), or breaking off

the C3—C,4 bond, leading to a primary carbon-centered
radical (6). In the first mechanism, the crucial step is
the rearrangement of 1a into the secondary carbon-cen-
tered radical 3 by an intramolecular 1,5-hydrogen shift.

The B3LYP/6-31G(d) activation energy for the 1,5-
hydrogen shift is 23.62 kcal/mol. As expected, addition
of diffuse functions on heavy atoms and polarization
function on hydrogens (6-31+G(d,p)) reduces the rela-
tive energy of the hydrogen bridged transition structure
(TS1) to 19.82 kcal/mol (Table 2). Although we did not
correct our final activation barrier for either variation in
zero-point vibrational energy or entropic effects, the fi-
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nal activation energy should not be too different from
that calculated in the present study. Corrections for
zero-point vibrational energy followed by inclusion of
entropic effects reduced the activation barrier in the case
of model compounds by only 0.9 kcal/mol.>® Even if a
similar correction is applied to our results, the final acti-
vation barrier will be reduced to no less than 19 kcal/
mol. This value drastically contrasts to the 6.4 kcal/
mol calculated for the model compound.?* The reason
for this evident difference might be in either the geomet-
rical features of the calculated compounds or in the nat-
ure of the calculated species (neutral versus anionic).
Although the monocyclic model system previously cal-
culated®” has considerably more flexible geometry than
that of artemisinin, this does not seem to be the main
origin of the difference between the results for model
compounds and artemisinin. In artemisinin, the struc-
ture of the transition state may distort to adopt a
boat-like conformation (Fig. 2b) favoring the 1,5-hydro-
gen transfer in an arrangement similar to that calculated
for the model compound.

It has been suggested that, due to the high acidity in the
parasite’s food vacuole, the reaction should happen with
a protonated form of artemisinin,? i.e., with a neutral
radical. Although reaction of artemisinin with FeSO,
in aqueous acetonitrile also yielded essentially the same

products as those observed for the in vitro reaction,?! we

decided to calculate the whole mechanism with artemis-
inin protonated in O, (therefore in a neutral form). Re-
sults are also given in Tables 1-5.

The results of the calculations with the protonated arte-
misinin show a considerable reduction in the activation
energy for the hydrogen migration. In the protonated
case, this activation energy is only 7.1 kcal/mol
(B3LYP/6-31+G(d,p)), as compared to the value of
19.8 kcal/mol (B3LYP/6-31+G(d,p)) calculated for the
anionic case. This value confirms the previous estimate
of 7 kcal/mol for this activation energy based on the cal-
culation of a model system with the B3LYP/6-31G(d,p)
procedure.

A more detailed and comparative analysis of the geo-
metric parameters shows that a drastic geometry reorga-
nization occurs when going from the initial radical anion
(1a/1b) to the transition state (TS1). The boat-like con-
formation is still more pronounced in the transition
structure (Fig. 2b). The O,—Hy, distance decreases from
2.484 A in 1a/1b to 1.265 A in TS1. The corresponding
C,—H,,, distance increases from 1.092 to 1.332 A. The
value of the C4H4,0, angle is 149°, close to that calcu-
lated by Leszczynski (145°).3° These results reinforce
the hypotheses of Wu et al. that the C-H-O arrange-
ment in the transition structure does not necessarily
need to be linear.?! The boat-like conformation of the

Table 2. Absolute (a.u.) and relative (kcal/mol) B3LYP energies of the anionic and neutral radicals involved in 1,5 hydrogen transfer. The B3LYP/6-
31G(d) basis set was used for geometry optimization and the B3LYP/6-31+G(d,p) basis set was used for energy calculation

Structures B3LYP/6-31G(d) B3LYP/6-31+G(d,p)
Absolute energy (a.u.) AE (kcal/mol) Absolute energy (a.u.) AE (kcal/mol)
1a/1b —960.94222 (—961.50662) 0.00 (0.00) —961.01813 (—961.54262) 0.00 (0.00)
TS1 —960.90459 (—961.49198) 23.62 (9.19) —960.98655 (—961.53129) 19.82 (7.11)
3 —960.94828 (—961.50658) —3.80 (0.02) —961.03284 (—961.54667) —9.23 (=2.54)
Values in parentheses are for the corresponding protonated species.
Table 3. Selected B3LYP/6-31G(d) distances (A) for 1a/lb, 3 and the transition structure TS1
Structures 0O,-Hy, C4—Hy, O>,-Hy, C3-03
1a/lb 2.484 (2.172) 1.092 (1.097) 2.431 (2.487) 1.520 (1.461)
TS1 1.265 (1.251) 1.332 (1.283) 2.294 (2.467) 1.554 (1.449)
3 1.060 (0.978) 2.443 (2.022) 1.437 (2.649) 1.582 (1.449)

Values in parentheses are for the corresponding neutral radicals.

Table 4. B3LYP/6-31G(d) Mulliken net atomic charges and spin densities on selected atoms for the radical anions and transition structure for the

species involved in the C3—C,4 break bond

Structures O, 0, Oy

O3 Oy Cy

Net atomic charge

1a/1b —0.561 (—0.690)  —0.489 (—0.363)
TS2 —0.669 (=0.701)  —0.487 (—0.463)
6 —0.608 (—0.680)  —0.606 (0.496)

Spin densities

1a/1b 0.448 (0.007) 0.509 (0.791)
TS2 0.210 (0.001) 0.234 (0.414)
6 0.002 (0.009) 0.000 (0.000)

—0.479 (—0.477)
—0.475 (—0.471)
~0.503 (—0.483)

0.001 (0.000)
0.000 (0.000)
0.000 (0.000)

—0.556 (—0.510)
~0.522 (—0.489)
—0.549 (0.455)

—0.518 (—0.499)
~0.514 (—0.499)
~0.519 (—0.496)

—0.290 (0.449)
~0.323 (—0.306)
~0.314 (—0.297)

0.008 (0.011)
0.038 (0.030)
0.002 (0.001)

0.000 (0.000)
0.000 (0.000)
0.000 (0.000)

0.012 (~0.029)
0.528 (0.556)
1.071 (1.079)

Results in parentheses are for protonated (neutral) species.
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Table 5. Absolute (a.u.) and relative (kcal/mol) B3LYP energies of the anionic and neutral radicals involved in the C;—C4 bond cleavage. The
B3LYP/6-31G(d) basis set was used for geometry optimization and the B3LYP/6-31+G(d,p) basis set was used for energy calculation

Structures B3LYP/6-31G(d) B3LYP/6-31 + G(d,p)

Absolute energy (a.u.) AE (kcal/mol) Absolute energy (a.u.) AE (kcal/mol)
1a/lb —960.94222 (—961.50547) 0.00 (0.00) —961.01813 (—961.57081) 0.00 (0.00)
TS2 —960.90459 (—961.49931) 23.81 (3.86) —960.98320 (—961.56569) 21.92 (3.21)
6 —960.93976 (—961.52165) 1.54 (0.02) —961.02123 (—961.58924) —1.94 (—11.56)

Values in parentheses are for the corresponding protonated species.

transition structure favors the 1,5-hydrogen transfer as
the carbon atom C4 and the oxygen atom O; come close
together in this arrangement.

Geometrical parameters for the protonated species are
similar. The O;-Ha, distance decreases from 2.172 A
in 1a/lb, close to the critical limit of 2.1 A, to 1.251 in
TS1, and finally to 0.978 A in 3. Correspondingly, the
C4—H,, distance increases from 1.097 A in 1a/lb
to 1.283 A in TS1, up to 2.022 A in 3. However, it
should be observed that due to the higher charge density
in the anionic species, mainly on O,, there is a clear
approximation of the migrating hydrogen to O,, the
oxygen atom formally bearing the negative charge. In
the product (3), the O,~Hy, distance is only 1.437 A.
In contrast, in the neutral case, Hy,, is almost equidistant
from O in all the structures (1a/1b, TS1 and 3). Another
structural parameter that called our attention is the

C;3-0;3 distance. Interestingly, this distance is signifi-
cantly larger in the anionic than in the neutral case.
In the neutral species, the C3-O;3 distance is almost
constant, similar to the values usually found in a single
C-O bond. However, in the anionic case there is a con-
tinuous increase in that bond, going from 1.520 A in
1a/1b, up to 1.582 A in 3. This value is much larger
than those found in common single C-O bonds (about
1.45 A). In our opinion, the enlargement in this C-O
bond is the main origin of the higher activation energy
for the anionic species as compared to that in the
neutral one.

The calculation of harmonic vibrational frequencies re-
vealed that TS1 is a true transition state and indicated
the atoms undergoing the main displacement in the tran-
sition structure. The arrows representing the vibrational
mode corresponding to the imaginary frequency in the

Neutral radical Anion radica
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Figure 3. The potential energy surface for the intramolecular 1-5 hydrogen shift in the protonated structure. The arrows represent the vibration
mode corresponding to the imaginary frequency of 1494i cm™! in the transition state of the neutral species and 1513i cm™! for the anionic radical.
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transition structure are shown in Figure 3. Although this
involves mainly displacement of the migrating hydrogen
atom, this movement is strongly coupled with the cleav-
age of the C3—0O;3 bond. Successive attempts to run IRC
calculations for the anionic case, starting from the tran-
sition structure TS1, were not successful. All attempts
resulted in an unconverged or unsatisfactory structure.
We could predict however that the migration of the
hydrogen atom in the anionic case is strongly coupled
with breaking off the C3-0O; bond. Possible intermedi-
ates formed in this pathway are shown in Scheme 2.
As shown, the rearrangement of artemisinin by the
cleavage of the C3—0O; bond leads to stable structures,
where the unpaired electron and the negative charge
are far away from each other, both stabilized by electron
delocalization. Formation of an intermediate similar to
12 has already been suggested on the basis of experimen-
tal studies.?! In the case of the neutral species, the for-
mation of a double bond between C; and O, is
hampered, avoiding thereafter the break of the C3-Oy;
bond. In contrast to the anionic case, where the IRC cal-
culation does not run satisfactorily, IRC calculations for
the transition structure of the neutral radical, as shown
in Figure 3, confirmed that species as the true transition
state connecting 1a/1b and 3.

The secondary carbon-centered radical 3 has been
proposed as a fundamental species in the mechanism
of action of artemisinin.?* This radical would be able
to alkylate specific membrane parasite proteins.’*
Previous B3LYP calculations on model compounds
indicate that 3 is only slightly more stable than the initial
radical 1a/1b, while the semi-empirical AM1 and PM3
methods predicted it to be much more stable.?” The
present B3LYP/6-31+g(d,p)//B3LYP/6-31g(d) relative
energy reproduces the previous B3LYP calculations,
indicating 3 to be 9.2 kcal/mol more stable than 1a/lb
in the anionic species. This energy difference is reduced
to 2.5 kcal/mol in the case of the neutral species, still
favoring 3 over 1a/lb. In the secondary radical 3, the
carbon atom C,4 has a spin density of about 0.9-1.0 in
both the anionic and the neutral cases, indicating that
the unpaired electron is essentially located on C4. Spin
densities on the oxygen atoms are reduced to essentially
zero (Table 1), while charge density is almost evenly
distributed among the oxygen atoms (Table 1). Charge
distribution in TS1 is similar to that calculated for 3,
with charge distributed among all the oxygen atoms.
Spin densities in TS1 clearly indicate that there is a

transfer of spin from O, to C4 in the anionic case, and
from O; to C4 in the neutral case, as indicated by an in-
crease in spin density on C,4 going from 1a/lb to TS1
with a simultaneous reduction in spin density on either
O, or O, (Table 1).

3.2. The homolytic cleavage of the C3—C4 bond

The homolytic cleavage of the C;—C, bond was also
studied in a similar way as done for the 1,5-hydrogen
migration. Calculations with the DFT (B3LYP) meth-
odology and the 6-31G(d) and 6-31+G(d,p) basis set
were employed to study the details of the C3—C4 homo-
lytic break starting from structure 1a/1b, with formation
of a primary radical anion centered on C,4 (6). The pro-
tonated species were also calculated, as described previ-
ously. The intermediate 6 may also play a relevant role
in the mechanism of action of artemisinin and other
antimalarial endoperoxides, since it has been thought
to be responsible for alkylation of heme,???3434¢ 3 key
step in that mechanism.

Starting from 1a/lb the transition state (TS2) for for-
mation of 6 is shown in Figure 4. It has a relative ener-
gy of 23.8kcal/mol in the anionic species and of
3.9 kcal/mol in the neutral case, as compared to that
of 1a/lb (Table 5). Similar to the results found for
the 1,5 hydrogen migration, the addition of polariza-
tion and diffuse functions reduces this activation energy
to 21.9 and 3.2 kcal/mol, respectively, for the anionic
and the neutral cases. It is important to observe that,
in contrast to the case of the 1,5-hydrogen migration,
where protonation occurred in the oxygen atom O,,
in the present case the oxygen atom O; was protonat-
ed. In both cases, a strong intramolecular hydrogen
bond was found in the protonated species. Formation
of this hydrogen bond may explain the strong reduc-
tion of the activation energy when going from the
anionic to the neutral species. Comparing these results
to those obtained for the model compounds,3 we have
calculated a lower activation barrier for the neutral
case, although the activation energy for the anionic
case is considerably higher, as was found for the 1,5
hydrogen migration.

Harmonic vibrational frequency calculation confirms
the transition structure (TS2) as a true transition state
with a unique imaginary vibrational frequency for both
the anionic (—454.9cm ') and the neutral species

11 12

Scheme 2. Possible intermediates formed during the rearrangement of the secondary Cy-centered radical after cleavage of the C3-O;; bond.
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Figure 4. (a) Optimized structure for the O-centered radical 1a/1b; (b) the transition state for the C;-C4 bond break (TS2); (c) optimized structure 6;
(d) hydrogen bond between the hydrogen atom bonded to O, and the oxygen atom O, in neutral transition state (TS2). The distances are in A. The

values in parentheses are for the protonated species (neutral).

Figure 5. Intermediate 6a. The hydrogens were omitted for better
visualization.

(—429.4 cm™'). IRC calculations starting from this tran-
sition structure (Fig. 6) confirmed that this connects the
reagent structure la/lb to the intermediate structure 6.

The spin densities on relevant atoms clearly show that
the C3—C4 bond breaks homolytically (Table 4). Carbon
atom C, in structure 1a/1b has essentially null spin den-
sity (0.012). In the transition structure (TS2), this value
increases to 0.528 and finally in structure 6 the unpaired
electron is completely centered on C,4, with a spin densi-
ty of 1.071. A similar behavior is calculated for the neu-
tral form, the spin density on C,4 in 1a/1b is initially zero,
increasing to an intermediate value in the transition
state (0.556), and ending with a spin density of 1.079
in structure 6, similar to the values found with the
semi-empirical methods. Charge densities (Table 4)

suffer significant variation only in the transition state
(TS2), being more intense on O.

Geometric details of the C3-C,4 cleavage are shown in
Figure 4. The initial C3—C, distance is 1.574 A in 1a/1b
increasing to 2.080 A in the transition state (TS2). In
the product, this bond has completely broken, having
a final distance of 3.672 A. For the neutral species, the
behavior is similar. The Cs—C4 distance, increases from
1.618 A in structure la/lb, to 1.978 A in the transition
state, reaching 3.865 A in the final structure. These val-
ues are similar to those computed before for model com-
pounds.®® Leszczynsky also found an additional
minimum energy structure on the potential energy
surface with 4.99 A for the distance between C; and
C;. A similar structure, with a longer C3;—C, distance
has also been located in the present study. However, the
key point in the process is the activation barrier to break
the C3—C4 bond, generating the primary radical. Our
calculations also show that the anionic form of 6 may
spontaneously rearrange into a structure that has never
been described before (6a). This is 12.43 kcal/mol more
stable than the structure proposed previously.!21-24.39
This new intermediate is formed by nucleophilic attack
of Oy on the carbonyl carbon Cj; leading to a five-mem-
bered ring, where the highest negative charge is found
on O, (Fig. 5). The neutral form of 6 cannot rearrange
into the five-membered-ring because O; is protonated,
therefore having its nucleophilicity strongly reduced.
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Figure 6. The potential energy surface for the homolytic C;-C,4 cleavage in the protonated structure. The arrows represent the vibration mode
corresponding to the imaginary frequency of 454.9i cm™! in the transition state of for the anionic radical and 429.4i cm™! for the neutral species.

3.3. Additional structures

Another key intermediate that has been proposed to
play some role in the mechanism of action of artemisinin
is an epoxide form (see 4, Scheme 1). Due to its high
alkylating property,'®?° it was considered by Posner as
probably responsible for the death of the parasite.!*?°
However, this was contested by Avery who synthesized
some endoperoxides with an epoxide group and showed
that they do not have any antimalarial activity.*’ The
effective identification of the epoxide as a possible inter-
mediate in the degradation of artemisinin was achieved
by Wu et al., who isolated an epoxide derivative among
the products of decomposition of artemisinin induced by
ferrous ion, albeit at low yield (1-2%).2! Our B3LYP
calculations reinforce the previous semi-empirical re-
sults®’. Although a direct comparison of the relative sta-
bility of the epoxide form to the other structures
discussed before is not possible, the data indicate that
it is probably too unstable to play any role in the mech-
anism. This conclusion is based on the energy difference
between the epoxide 4 and the alcohol 5, which may be
obtained from 4 by nucleophilic attack of oxygen O; on
the carbon atom Cj, followed by the opening of the
epoxide ring and hydrogen migration. According to
B3LYP/6-31G(d) structure 5 is 32.2 kcal/mol more sta-
ble than 4 (the corresponding semi-empirical value is
of the order of 40 kcal/mol). Although we could not lo-
cate a transition structure leading from 4 to 5, the large
energy difference between these structures indicates that
the activation energy to decomposition of the epoxide
form should be considerably low.

We also investigated structure 8. This may be
obtained from 1a/lb by homolytic cleavage of the
C;3-013 bond, in a process similar to that discussed be-
fore, although in that case the break of the C3-O;
bond occurred in a concerted way with 1,5-hydrogen
transfer, as previously discussed. Successive attempts
to locate 8 were not successful. All optimizations al-
ways led directly to the fully rearranged form 9. In
this species, both the charge and spin densities are
completely distributed among the several oxygen
atoms. In another way, structure 10 may also be
formed. Similar to 9, 10 has charge and spin
densities that are fully distributed among the oxygen
atoms. However, contrary to previous proposals,>!
charge is more concentrated on the carboxyl group,
while spin densities concentrate on the oxygen O.
These rearranged forms are considerably more stable
than any of the initial intermediates.

4. Discussion

The results of the present work clearly show that
artemisinin undergoes reductive decomposition in an
exothermic process which leads to rearranged products
that are much more stable than the starting materials.
Formation of the initial O-centered radical occurs
without any activation energy. In this radical charge
and spin densities indicate that it is better described as
a hybrid that may be represented by the resonant
structures 1a and 1b. 1,5-hydrogen migration converts
this O-centered radical into the more stable C-centered
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radical (3), with an activation energy that is strongly
dependent on the charge on the calculated species. For
anionic radicals the activation energy is of the order
of 19 kcal/mol. This activation energy is drastically
reduced to about 7 kcal/mol when neutral, protonated
species are considered. In the case of anionic radicals,
the 1,5-hydride transfer is strongly coupled with the
C3-0;3 bond break, this being the main origin for the
high activation energy. Breaking the C5;—O;5 bond leads
to an intermediate (9) where the negative charge and
the unpaired electron are both stabilized by electron
delocalization.

The O-centered radical may also rearrange into a pri-
mary radical (6) by cleavage of the C3—C4 bond. This
primary radical is also calculated to be slightly more sta-
ble than the O-centered radical although less stable than
the secondary C-centered radical. Activation energy to
form the primary radical (22 kcal/mol) is of the same
magnitude as that calculated for formation of the
secondary radical (19 kcal/mol), therefore both process-
es may be observed under experimental conditions,
although the probability of formation of the secondary
radical should be considerably higher due to its higher
thermodynamic stability.

Reduction of the activation energy in the protonated
neutral case favors the cleavage of the C;—C,4 bond.
In this case, the relative energy of the transition
structure TS2 is about 4 kcal/mol lower than that of
the alternative structure TS1. Correspondingly, the
protonated primary C-centered radical (6) has a relative
energy of about 9 kcal/mol lower than that of the
protonated secondary C-centered radical (3). Breaking
the C;—C, o bond leads to formation of a stable carbox-
ylate that helps stabilize both the transition structure
and the intermediate.

Metabolites presumably formed in both pathways were
isolated under experimental conditions.?! These experi-
mental observations give support to our results that acti-
vation energy to form the primary and the secondary
radicals is essentially equivalent, although slightly lower
for formation of the secondary radical in the case of the
anionic species and considerably lower for formation of
the primary radical in the case of the protonated neutral
species. It has been suggested that the only species that is
able to alkylate biomolecules is the primary radical 6.%!

The function of the carbon-centered radicals in the
mechanism of action of artemisinin has been questioned,
particularly the 1,5-hydrogen transfer.!> The main
argument against the 1,5 hydride migration is the great
distance between the hydrogen on C, and the oxygen
O; in structure 1a/lb."* This distance is 2.484 A for
the anionic radical and 2.172 A for the neutral one.
However, the orientation of the o hydrogen on C, is
favorable for the migration since the seven-membered
ring of 1a/1b may assume a boat-like conformation that
helps in the transfer process. The importance of the 1,5
hydrogen migration was strengthened by Posner, who
showed that substitutions in C4 can modulate the anti-
malarial activity of several analogous.’® Alkyl groups

Figure 7. (a) Strucutre 9; (b) Structure 10. The hydrogens are omitted
in both figures for better visualization.

substituted in C,p favor the formation of the radical in
C; and increase the antimalarial activity. In contrast,
substitution of the C4a hydrogen disfavors the forma-
tion of radicals centered on C, and decreases the anti-
malarial activity. It may be observed, however, that
substituents Cyp that strongly stabilize the tertiary radi-
cal (silicon compounds for example) lead to reduced
antimalarial activity as compared to compounds not
substituted in C4.3° It was implied that the antimalarial
activity depends on an ideal imbalance between stability
and reactivity.*” A more detailed discussion on this topic
was given elsewhere.3°

Due to its powerful alkylating property, the epoxide
intermediate 4 was considered!??? as a possible inductor
for the activity of artemisinin. However, its high relative
energy leads to a too low intrinsic stability, which most
probably precludes it of being able to participate in the
mechanism as a key intermediate. For example, it may
easily be converted to secondary products by means of
acidic catalysis. Structure 5, which may result from rear-
rangement of 4, is considerably more stable. In this way,
once formed 4 should have a short lifetime. Synthetic
epoxides, structurally related to 4, are inactive.*’

Our results indicate that the carbon-centered radicals
are the most probable candidates for the species playing
the most relevant role in the mechanism of action of
artemisinin, in agreement with previous experimental
findings.*” The C-centered radicals are more stable than
the corresponding O-centered ones, according to the
whole exothermic process. Additional rearrangement
products also have low relative energy, however these
may be attained only through relatively high activation
energies (see Fig. 7).

5. Conclusions

In this paper, we present high level DFT calculations for
the mechanism of reductive decomposition of artemisi-
nin. In special we concentrate on the 1,5-hydrogen
transfer and on the C3;—C4 bond cleavage, either in an
anionic radical or in a neutral form. Activation energy
for the 1,5-hydrogen transfer strongly depends on the
nature of the calculated species. For the anionic radicals
an activation energy of 19.8 kcal/mol was calculated. In
contrast, for the neutral radicals a barrier of 7.1 kcal/
mol is calculated. This value is similar to those calculat-
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ed before for a model system using a similar methodol-
ogy. The migration of the hydrogen atom in the anionic
species is strongly coupled with the breakdown of the
C;3-0;3 bond, which may be the main origin for the
higher activation energy calculated in this case. This
leads to products where the unpaired electron and the
negative charge are both stabilized by electron delocal-
ization, although far away from each other in the struc-
ture. Similarly, the C;-C,; bond breaks with an
activation energy of 22 kcal/mol in the anionic radical,
while for the neutral case a barrier of only 3.2 kcal/
mol is calculated. In all cases, the carbon-centered radi-
cals are more stable than the corresponding oxygen-cen-
tered radicals. From these results we can conclude that
the rearrangement of the reduced form of artemisinin
is a fast process in a protic medium or in a medium
where a counterion may strongly interact with it, for
example, by complexing artemisinin with heme. In con-
trast, in a medium where the anionic form of artemisinin
remains unencumbered it may survive for a longer time,
perhaps enough for the species with an O-centered rad-
ical to have some activity. Additional structures were
found which have much higher stability, however, they
are obtained only by pathways with relatively high acti-
vation energies.
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