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A theoretical study on artemisinin decomposition mechanisms is reported. The calculations have been done
at the HF/3-21G and B3LYP/6-31G(d,p) theoretical levels, by using 6,7,8-trioxybicyclo[3.2.2]nonane as the
molecular model for artemisinin, and a hydrogen atom, modeling the single electron transfer from heme or
Fe(II) in the highly acidic parasite’s food vacuole, as inductor of the initial peroxide bond cleavage. All
relevant stationary points have been characterized, and the appearance of the final products can be explained
in a satisfactory way. Several intermediates and radicals have been found as relatively stable species, thus
giving support to the current hypothesis that some of these species can be responsible for the antimalarial
action of artemisinin and its derivatives.

Introduction

Malaria is one of the most worrying infectious diseases
currently affecting the human race. Forty percent of the world’s
population is at risk of malaria infection, and each year 100
million people experience a malarial illness that kills about 2.7
million of them (primarily African children).1 There are four
members of thePlasmodiumgenus that infect humans, via
transmission through the bite of the Anofeles female mosquito.2

The parasite responsible for the majority of fatal malaria
infections,Plasmodium falciparum, can kill patients in a matter
of hours. Most strains ofP. falciparum have now become
resistant to chloroquine and other traditional antimalarials,3,4 and
this fact provides the reason for research for new drugs.

Artemisinin (qinghaosu, 1, Scheme 1), which was isolated
by Chinese chemists in the early 1970s from the ancient
Artemisia annua(sweet wormwood) Chinese herbal remedy for
fevers,5 is the most relevant advance in the treatment of malaria
disease in the last 20 years; artemisinin and some derivatives
are the most potent and rapidly acting antimalarial drugs at hand
nowadays.6 Artemisinin is a sesquiterpene lactone with an
endoperoxide group, and their unusual 1,2,4-trioxane ring system
has been proven to be critical for the antimalarial activity.1,7

The mechanism of action of artemisinin is not clear, and it
is still under debate.3,8,9 Artemisinin and endoperoxide-based
drugs have the ability to generate a range of different reactive
intermediates, and many of these have been proposed as the
mediators of the antimalarial activity of this class of drugs:

(a) The activation of the artemisinin peroxidic bond by iron-
(II)-heme can generate oxygen-centered radicals that could kill
the parasite; this drug-mediated oxidative stress has been
proposed on the basis of in vitro experiments with infected
human red blood cells or with parasite membranes.10 However,
it has also been proposed that the parasite death in the presence
of artemisinin is probably not due to nonspecific or random
cell damage caused by freely diffusing oxygen radicals but might
involve specific radicals and targets.11,12

(b) An acid-mediated opening of the peroxidic function of
artemisinin, generating a hydroperoxide that would be the source
of electrophilic oxygenating species, has also been suggested.13

However, other authors have argued against an initial heterolytic
cleavage mechanism on the basis of spin-trapping experiments
that show that homolysis is the only route of artemisinin

degradation with no evidence of heterolytic retro-Michael
addition of the endoperoxide bridge.14

(c) The transfer of an oxygen atom from the peroxide function
of artemisinin to a chelated iron ion to generate an Fe(IV)dO
toxic species has also been proposed,15 but several groups have
contested this chemical mechanism.16-18

(d) The reductive cleavage of the peroxide bond in artemisi-
nin, prompted by ferrous iron (in the form of heme or iron(II)
salts) can form oxygen-centered radicals19 which, in turn, can
lead to the formation of carbon-centered radicals.20 These are
now widely accepted (although sometimes questioned6,21) as key
intermediates in a series of chemical reactions leading from
antimalarial trioxane to various intermediates, one or more of
which could kill the malaria parasites.4 Definitive evidence for
the generation of carbon radical intermediates during ferrous-
mediated endoperoxide degradation of artemisinin and its
derivatives has been provided by EPR spin-trapping tech-
niques,22-24 but the question if these radicals are simply
intermediates to other species, like carbocations, responsible for
the observed alkylation of proteins, still remain unresolved.3,25

On the other hand, several molecular targets have been
proposed for the reactive intermediates generated from arte-
misinin and its derivatives:

(a) Alkylation of heme to form heme-artemisinin adducts
has been proposed to result in the prevention of heme poly-
merization to nontoxic hemozoin, thus leading to the parasite
death by a mechanism similar to that proposed for the
chloroquine-based antimalarials.16,26-28 However, it is not clear
if the inhibition of the heme polymerization is related to the
antimalarial mode of action of this class of drugs, and some
recent studies suggest that the activity of artemisinins does not
require heme.12,29-31

(b) Alkylation of some specific parasite proteins when
artemisinin or other active trioxanes were incubated within
human red blood cells infected byP. falciparumhas also been
reported.32-34 Another possible target protein is the translation-
ally controlled tumor protein.35,36

(c) Artemisinin has also been proposed to be involved in the
specific inhibition of malarial protease activity.37

(d) Recently, compelling evidence has been provided that
artemisinin acts by inhibiting PfATP6, the sarco/endoplasmic
reticulum Ca2+-ATPase (SERCA) orthologue ofP. falciparum.12
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Overall, the weight of evidence and the fact that resistance
has not yet developed to the artemisinins suggest that the drugs
do not exert their antimalarial effects by hitting a single
biological target but rather by simultaneously hitting several
targets with very high precision and efficiency.3,30

In the past 2 decades, a large number of papers have been
published dealing with the artemisinin antimalarial activity, and
a significant progress has been made in the elucidation of the
chemical mechanisms of action. Among the published papers,
some pioneering theoretical investigations can be found.

The first theoretical investigation on the mechanism of
decomposition of trioxanes was made by Gu et al.7 within the
unified mechanistic framework for the Fe(II) induced cleavage
of artemisinin15,23 (Scheme 1). The mechanism sketched in
Scheme 1, adapted from ref 23, is nowadays generally accepted
for the ferrous ion induced cleavage of 1,2,4-trioxanes. Gu et
al. studied the intramolecular 1,5-hydrogen shift (from2 to 4)
and the homolytic C-C cleavage (from3 to 11) steps by using
the molecular model 6,7,8-trioxybicyclo[3.2.2]nonane (1m,
Scheme 2) at the B3LYP/6-31G(d,p) level. Recently, Drew et
al. have used artemisinin itself (1) to study the same steps at
the same theoretical level,38 and Tonmunphean et al.39 reported
also these steps at IMOMO (B3LYP/6-31G(d,p)/HF/3-21G), by
using artemisinin, dihydroartemisinin, and deoxoartemisinin as
molecular models. On the other hand, Taranto and co-workers8,40

studied the processes at the semiempirical AM1 and PM3 levels
by using1 as a model, and the structures and energies of2, 4,
5, 6, 3, 11, 12, 13, 14, and 15 were obtained. Besides the
different model size used in these studies, it is worth noting
that, in some of them,7,38,39a hydrogen atom is used instead of

the ferrous ion so that the oxygen- and carbon-centered model
radicals are neutral, while in the Taranto’s work8,40 an electron
is chosen so that the oxygen- and carbon-centered model radicals
are anionic. This difference affects also the subsequent steps in
the sense that to reach the proposed final species appearing in
the mechanism (cf.,5, 6, 7, 8, 12, and15, see Scheme 1), either
a hydrogen atom,7 or an electron,8 has to be eliminated from
the model molecules.

Very recently, a work by Taranto et al.41 has appeared
reporting geometries at B3LYP/6-31G(d), and energies at
B3LYP/6-31+G(d,p)//B3LYP/6-31G(d) levels, of structures2,
4, 3, 11, and the two corresponding transition structures (TSs),
and also some information on the energetics of5 and 6. The
authors use1 as the molecular model and an H atom instead of
the iron(III). An electron is also used: the authors calculate
neutral radicals as well as anion radicals, although the results
better agree with experiment when using the neutral ones, which
is not surprising because of the highly acidic media in which
the processes take place, that favors protonation of the putative
anions as they are formed.

In the present paper, we report a theoretical study modeling
the whole proposed mechanism for the decomposition of
artemisinin15,23 with the aim of revealing the details of the
structures, stability, and processes involved in the postulated
steps, and contributing to a better understanding of the rear-
rangement of endoperoxides at the molecular level that may
lead to the development of more potent and therapeutically
efficient drugs than those already available.

SCHEME 1
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Computational Methods and Models

Following the work of Gu et al.,7 we have used1m as the
molecular model and an H atom to induce the initial peroxide
cleavage. In the real system a single electron transfer prompts
for the peroxide bond cleavage. However, due to the high acidity
in the parasite’s food vacuole, the putative radical anions formed
should be protonated as they are formed. Hence, the use of an
H atom modeling the Fe(II) approaching the O-O bridge and
forming an O-H bond after peroxide cleavage accounts for the
actual situation.39,41We have characterized all relevant stationary
points, minima, and TSs shown in Scheme 2, at the HF/3-21G
theoretical level. It is worth noting that the small model used is
not adequate for some later steps in the mechanism (cf., steps
from 13monward), because the neighbor atoms have to be taken
into account at those steps. Hence, we have conveniently
enlarged the molecular model as can be seen in Scheme 2, to
complete the investigations of those later steps. Then, we have
further refined the calculated structures at the B3LYP/6-31G(d,p)
level, to check the accuracy of the HF approach and to obtain
more reliable values for the energetic parameters.

All stationary points have been characterized as minima or
TSs by means of a vibrational analysis. All the wavenumbers
obtained for the minima are positive, while in the case of the
TS, one and only one wavenumber is imaginary. This unique
imaginary frequency, associated to the transition vector (TV),42

that is, the eigenvector associated with the unique negative
eigenvalue of the force constant matrix, describes the atomic
motion at the TS and can be used to trace the intrinsic reaction
coordinate (IRC)43 pathway that connects reactants and products.
The Gaussian9844 program package was used for all the
calculations.

The unrestricted (UHF, UB3LYP) formalisms were used for
the species with unpaired electrons. The doublet nature of the

radicals was confirmed by the values of theS2 operator. All
calculated radicals showedS2 values before annihilation of the
first spin contaminant (B3LYP/6-31G(d,p) level) between
0.7739 and 0.7527, which are very close to the true doublet
stateS2 value of 0.75. Spin densities were obtained summing
up the diagonal terms of the spin density matrix for each atom.

Results and Discussion

The cleavage of1 with FeSO4 in aqueous CH3CN gave two
major products,6 and12, in 67% and 25% yields, respectively,
while 5 has been identified as a minor component (1-2%
yield).23 On the other hand, if the cleavage of1 is conducted
by using FeBr2 in THF/1,4-cyclohexadiene, three major products
were obtained, namely,8, 12, and6, in 71%, 16.7%, and 4.2%
yields, respectively.45

To account for these and many other experimental observa-
tions, the unified decomposition mechanism shown in Scheme
115,23 has been proposed for the artemisinin decomposition
process. It begins with the Fe(II)-mediated cleavage of the
endoperoxide bridge, through a single electron transfer from
the Fe(II) ion to the peroxy bond, yielding two radical anions
ion-paired with the resulting Fe(III):2 (O1 radical) and3 (O2
radical). Each one of the radicals has its own routes, the O1
radical route starting from2 and the O2 radical route starting
from 3, to evolve further and give the final products.

The O1 radical route has been suggested to render the
products,5, 6, 7, and8. The O2 radical route can explain the
appearance of12, among other possible decomposition products.
The radicals2 and3 were postulated to be rapidly interchange-
able, and we have for the first time obtained a TS modeling
such interconversion, see below.

From the Starting 1,2,4-Trioxane to the Carbon-Centered
Radicals.As stated above, we have used1m as the molecular

SCHEME 2
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model for1 (Scheme 2). The peroxide opening induced by a
hydrogen atom can give either2m or 3m, from which the O1
and O2 radical routes, respectively, can be modeled. From2m,
an intramolecular 1,5-hydrogen shift produces a secondary
carbon-centered radical4m which may have several pathways
for further reaction. From3m, via C3-C4 scission, radical11m
can be attained.

In Figure 1 the stationary points1m, 2m, 2m′, 3m, 3m′, 4m,
and11m, as well asTS1m-2m, TS1m-3m, TS2m′-3m′, TS2m-4m,
and TS3m′-11m, are depicted, and some geometric parameters
are indicated. The energetics of these structures are reported as
Supporting Information. We have calculated the reference
energy as the sum of the energies of1m and the H atom that,
as commented above, accounts for the single electron transfer
in the acidic parasite’s food vacuole. In Figure 2, energy profiles
are drawn from the energetic values.

As the H atom modeling the Fe(II) approaches O1 or O2,
the O1-O2 distance in1m smoothly increases and the energy
of the system slightly rises untilTS1m-2m or TS1m-3m are
reached. FromTS1m-2m, the O1 radical2m is found. The O1-
O2 bond has been broken, and the unpaired electron is localized
mainly at the O1 atom. Thereafter, a 1-5 H shift, viaTS2m-4m

with a small energy barrier of ca. 10 kcal/mol (B3LYP value,
HF renders a barrier of ca. 32 kcal/mol), can yield the secondary
C4 radical4m, that is found to be slightly more stable than2m
when the B3LYP approach is used.

In addition, we have found that a small conformational change
is possible from2m, yielding2m′. From this point, a hydrogen
exchange between O2 and O1, viaTS2m′-3m′, gives rise to the
O2-centered radical3m′. This TS is the first theoretical evidence
that the O1 and O2 radical routes can be interconnected, giving

support to the previous proposals about this fact. In the real
system, the Fe(III) ion has to move from one oxygen to another,
instead of an H atom. Preliminary calculations from our group,
not shown here, including the ferric ion, suggest that a TS
describing this interchange process does exists. The O2 pathway
is thermodynamically favored according to the results of the
calculations at the B3LYP level on the model system, suggesting
an initial preference for such a route.

The species3m′ can also be attained starting from1m, via
TS1m-3m and3m, after a conformational change. Finally, the
C3-C4 scission of3m′, via TS3m′-11m, leads to the primary
C4 carbon radical11m, which is the more stable structure within
these initial steps.

The two computational approaches used, B3LYP/6-31G (d,p)
and HF/3-21G, render quite similar geometries, the main differ-
ence being the calculated distances of the H entering atom to
O1 or O2 atTS1m-2m or TS1m-3m, respectively. However, the
energy description is different: HF results show2m′ as the more
stable species. A smoother profile is found by using the DFT-
based approach; as it includes electron correlation, the B3LYP
results can be given more confidence. The whole process from
1m to either4m or 11m is found to be highly exothermic, thus
giving support to the proposed C-centered radical formation.

In Table 1, theS2 operator values and the spin density on
selected atoms are reported for the stationary points found. It
is apparent that the B3LYP calculations are more adequate for
describing the radicals than the HF ones, because the former
show a significantly lower spin contamination and properly
describe such species as doublets. The HF wave function is less
accurate, and some residual spin contamination is found, mainly
for theTS1m-2m, TS1m-3m, andTS3m′-11m. The B3LYP values

Figure 1. Stationary points1m, 2m, 2m′, 3m, 3m′, 4m, 11m, TS1m-2m, TS2m′-3m′, TS1m-3m, TS2m-4m, andTS3m′-11m. Selected geometric parameters
at HF/3-21G and B3LYP/6-31G(d,p) (in parentheses) are shown. The atom numbering is also indicated.
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show the spin density atTS1m-2m andTS1m-3m on the H atom
being incorporated to the model molecule, with some delocal-
ization to the O1 and O2 atoms, respectively. At2m and2m′
the unpaired electron is mainly found on the O1 atom, while at
3m and3m′ it is mainly localized on the O2 atom. AtTS2m′-3m′
the spin density is found on both O1 and O2 atoms and not on
the H atom being transferred. TheTS2m-4m show a situation
with the radical character partitioned between C4 and O1, and
at 4m the unpaired electron is localized on C4, as expected. At
TS3m′-11m a larger spin density is found on C4 than on O2, and
hence this TS has a late character. Finally, at11m the unpaired
electron is found on C4.

The imaginary frequencies, the negative eigenvalues, and the
main components of the TVs for the TSs found are reported as

Supporting Information. TheTS1m-2m andTS1m-3m are associ-
ated to the O1-O2 breaking bond and H-O1 or H-O2 forming
bonds, as expected. The two theoretical approaches used render
a different fluctuation pattern: the HF results describe a situation
in which the O1-O2 breaking dominates, because the H atom
is still located far from the oxygen atom, while the B3LYP
calculations describe a later situation, with the H atom closer
to the corresponding oxygen. Accordingly, the imaginary
frequencies are higher for the B3LYP results, because the H
motion dominates.

For TS2m′-3m′, TS2m-4m, and TS3m′-11m, a very similar
fluctuation pattern is described by the two theoretical ap-
proaches. The TSs are associated to the expected atom motions,
and henceTS2m′-3m′ describes the H exchange between O1 and

Figure 2. Energy profiles for the steps leading from1m to 4m and11m. HF and B3LYP results are indicated in blue and pink colors, respectively.

Figure 3. Stationary points4m, 5m, 6m, TS4m-5m, and TS5m-6m. Selected geometric distances (Å) at HF/3-21G and B3LYP/6-31G(d,p) (in
parentheses) are shown. The atom numbering is also indicated.
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O2; TS2m-4m is associated to the Ht migration from C4 to O1,
andTS3m′-11m accounts for the C3-C4 breaking to render11m.

The O1 Radical Route: Obtention of 6m.Starting from
the C4 secondary radical4, a two-step path has been proposed
to render6, one of the major products experimentally obtained
in the artemisinin decomposition (see Scheme 1). In the first

step, the Fe(II) ion is released to obtain the epoxide species5,
identified as a minor component in the products mixture in some
artemisinin cleavage experiments. Then, the epoxide opening
concerted with the lactone ring closure and the H migration
from O1 to O2 would render the product6. We have theoreti-
cally modeled this pathway (Figure 3) from4m, via TS4m-5m

TABLE 1: S2 Operator Values for the Stationary Points Indicateda

S2 S S2 S

TS1m-2m 0.9930 H 1.00 (0.82) TS1m-3m 0.9893 H 1.00 (0.84)
(0.7739) O1 0.50 (0.19) (0.7705) O2 0.49 (0.18)

O2 -0.50 (-0.05) O1 -0.49 (-0.05)

2m 0.7563 O1 1.05 (0.87) 2m′ 0.7570 O1 1.06 (0.73)
(0.7533) C7 -0.15 (-0.05) (0.7545) C7 -0.15 (-0.02)

HC7 0.06 (0.11) C8 0.03 (0.14)

3m 0.7560 O2 1.04 (0.79) 3m′ 0.7563 O2 1.04 (0.68)
(0.7541) C3 -0.14 (-0.05) (0.7548) C3 -0.14 (-0.04)

C4 0.06 (0.14) C4 0.07 (0.20)

TS2m′-3m′ 0.8039 O2 0.65 (0.42) TS2m-4m 0.7962 C4 0.85 (0.49)
(0.7563) O1 0.63 (0.51) (0.7565) O1 0.59 (0.52)

H -0.21 (-0.03) Ht -0.23 (-0.04)
C5 -0.12 (-0.03)

4m 0.7632 C4 0.85 (0.98) TS3m′-11m 0.8788 C4 0.92 (0.62)
(0.7538) C5 -0.20 (-0.07) (0.7591) O2 0.64 (0.32)

C3 -0.16 (-0.05) C3 -0.44 (-0.04)
Hnt -0.10 (-0.04) C5 -0.12 (-0.03)

11m 0.7630 C4 0.92 (1.05) TS4m-5m 1.2317 C4 0.91 (0.36)
(0.7538) C5 -0.20 (-0.07) (0.7663) HO2 0.98 (0.77)

HC4 -0.11 (-0.05) O2 -0.69 (-0.10)
HC4′ -0.10 (-0.05) C5 -0.14 (-0.02)

TS4m-7m 1.0447 C4 1.08 (0.11) 11m′ 0.7628 C4 1.30 (1.08)
(0.7534) O2 0.83 (0.85) (0.7538) C5 -0.20 (-0.08)

C3 -0.79 (-0.01) HC4 -0.11 (-0.05)
C5 -0.16 (-0.01) HC4′ -0.10 (-0.05)

TS11m′-12m 0.9082 C4 0.82 (0.42) TS3m′-13m 0.9627 O2 0.81 (0.39)
(0.7609) Ht 0.72 (0.63) (0.7662) O9 0.76 (0.60)

O1 -0.39 (-0.06) C3 -0.62 (-0.11)
C5 -0.11 (-0.02)

13m 0.7572 O9 1.05 (0.72) 13m′ 0.7562 O9 1.02 (0.67)
(0.7551) C8 -0.15 (-0.03) (0.7548) C8 -0.13 (-0.02)

C7 0.01 (0.16) C7 0.06 (0.16)
HC8 0.05 (0.10)

TS13m′-14m 1.1387 O9 0.81 (0.29) 14m 0.7564 O13 1.04 (0.56)
(0.7661) O13 0.80 (0.34) (0.7559) O14 -0.03 (0.51)

O14 0.45 (0.27)
C8 -0.69 (-0.06)
C12 -0.49 (-0.05)
C7 0.10 (0.11)

TS13m′-16m 0.8112 O9 0.65 16m 0.7565 O1 1.05 (0.76)
O1 0.67 (0.7545) C7 -0.15 (-0.03)
HO1 -0.23 C8 0.01 (0.14)

TS16m-17m 0.926 C8 0.76 (0.46) 17m 0.7612 C8 1.00 (0.84)
(0.7598) O1 0.70 (0.36) (0.7527)

C7 -0.57 (-0.02)

TS17m-15m 0.9717 HO9 0.81 (0.77) TS13m′-18m 0.8850 C7 0.80 (0.35)
(0.7639) C8 0.78 (0.32) (0.7572) O9 0.66 (0.42)

O9 -0.54 (-0.11) C8 -0.44 (0.00)
C6 -0.11 (-0.02)

18m 0.7606 C7 1.11 (0.82) TS18m-17m 0.7703 C7 0.52 (0.37)
(0.7534) C6 -0.17 (-0.06) (0.7550) C8 0.50 (0.41)

C10 -0.15 (-0.04)
O1 0.01 (0.09)

a Spin densities (S) on selected atoms. The HF/3-21G and B3LYP/6-31G(d,p) values, in parenthesis, are shown.
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to obtain the epoxide intermediate5m, and then, through the
TS5m-6m describing the lactone closure and HO1 migration,6m
is finally obtained.

The energetics of the calculated steps are detailed in the
Supporting Information and depicted in Figure 4. The energy
barrier for the first step is calculated to be quite high, around
62 kcal/mol (72.6 kcal/mol for the HF approach), which is not
surprising because the epoxide intermediate plus an H atom was
found to be ca. 52 kcal/mol (60 kcal/mol with HF) more unstable
than the secondary radical4m. The epoxide intermediate open-
ing, coupled to the HO1 shift from O1 to O2, occurs through a
considerably lower energy barrier (around 33 kcal/mol), and
the final product6m is hence attained. These results suggest
that the epoxide intermediate would probably not be responsible
for the antimalarial activity, because the O-centered and C-cen-
tered radicals are found to be more stable species. This obser-
vation is in agreement with the recent work by Taranto et al.41

The main components of the TV associated toTS4m-5m,
reported as Supporting Information, describe the HO2 departure
and O2-C4 closure. At the B3LYP level these two motions
participate similarly, albeit antisymmetrically, in the TV.
However, at the HF theoretical level, the HO2-O2 distance is
found to be very large, 2.21 Å, and hence the TV is dominated
by the O2-C4 bond formation. It is worth noting that the HO2

that is eliminated from the model molecule is the H atom that
entered at O2 in the first step of the global process and, hence,
represents the Fe(II) ion in the real system. On the other hand,
the TV associated to theTS5m-6m does not show a clearly
dominant component. Although the particular TV components
values depend on the coordinates defined, the whole molecule
participates in the epoxide opening and the final ring closure
to yield 6m.

The spin density atTS4m-5m concentrates at HO2 and C4 (see
Table 1, B3LYP values), and the species is properly described
as having a doublet spin multiplicity. However, the HF/3-21G

calculated wave function shows a large spin contamination, with
an S2 operator value of 1.2317, thus reinforcing the above
observation that the B3LYP wave function offers a more
accurate description of the calculated radicals.

The O1 Radical Route: Obtention of 8m.To account for
the outcome of8, two alternative paths were proposed starting
from 4, see Scheme 1. One of them begins with the C3-O2
scission with OdFe(IV) release, to yield the alkene7, that can
be isomerized to render8. The other would start with a hydrogen
abstraction from the media to render9, which, via the consecu-
tive OFe+ elimination and deprotonation, could give8. We have
modeled the first proposed alternative (see Figure 5) with the
TS4m-7m, which would account for the OH elimination (rep-
resenting the OdFe(IV) release), the7m alkene intermediate,
and the isomerization to8m via theTS7m-8m.

However, we were not able to obtain a TS connecting4m
and 9m. Instead, we have taken into account that4m plus a
hydrogen atom is a system with a global triplet multiplicity,
while 9m is a singlet. Thus, we have conducted a search for
the minimum energy crossing point (MECP) between the triplet
and singlet hypersurfaces in the vicinities of the structures of
interest by means of the Harvey algorithm, that minimizes a
generalized gradient obtained from the combination of the
energies and gradients of the two potential energy surfaces that
cross each other.46 In such a way we have found the MECP
reported in Figure 5, which can be taken as a representative
point in the4m-9m step. From this MECP, an optimization in
the singlet state renders9m which, via two alternative TSs
describing the water elimination coupled with the ring closure
(cf., TS9m-8ma andTS9m-8mb) yields finally8m (plus water). It
is worth noting that a species modeling10 (see Scheme 1) could
not be found within our model: the9m-8m conversion can
be described by a single step with two alternatives depending
on which oxygen is eliminated from the system to form the

Figure 4. Energy profiles for the steps leading from4m to 6m. HF and B3LYP results are indicated in blue and pink colors, respectively.
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water molecule (see Scheme 2). These two alternative steps
would model an Fe(III)OH release to give the final product8.

It must be taken into account that the first pathway connects
4m with 8m plus a hydroxyl radical, while the second corres-
ponds to the process from4m plus a hydrogen radical abstracted
from the media, to give8m plus a water molecule. To make
possible a comparison among the energetics of these points,
we have added a water molecule representing the media from
which an H atom is abstracted. In such a way, the two sequences
would begin and end at the same points and comparisons can
be done. The first step sequence would be as follows:

and the second sequence would be

In the first sequence the water molecule does not participate,
and hence the relative energies have been calculated with respect
to that of4m, without taking into account the water energy. At
the beginning of the second sequence the water molecule is split
into H and OH radicals, and the relative energies have been
calculated with respect to that of4m plus a water molecule. In
Figure 6 the energetic values obtained for these pathways are
depicted. The highest point in the pathways from4m to 8m is
the MECP4m-9m at the two calculation levels. This indicates
that the first alternative path, via7m, would be preferred from
a kinetic point of view, although the9m intermediate is more
stable than the7m alkene and the TSs connecting9m with 8m
are also less energy demanding than theTS7m-8m. If there is a

source of H in the medium the two proposed paths can compete,
provided there is enough energy to surmount the barrier heights
and reach9. The existence of two alternative paths ensures that
8 will be reached, as observed experimentally.

According to the main components of the TV (see the
Supporting Information), theTS4m-7m describes the OH release
from the molecule, coupled with the C3-C4 double bond
formation. The two theoretical levels render a rather different
description: at the HF level the TV is largely dominated by
the O2-C3 breaking bond, with a small contribution of the C3-
C4 shortening. At B3LYP, on the contrary, a much larger O2-
C3 distance is found so that the orientation of the OH fragment
dominates the TV. Despite this different description, the IRC
calculation fromTS4m-7m connects with the two proposed
minima (4m and7m) at both theoretical levels. TheTS7m-8m

shows a global fluctuation of the molecule, that is being
rearranged to the bicyclic8m structure, and the HO1-O1
distance as well as several dihedral angles describing the
conformational change from the alkene to the bicycle contribute
significantly to the TV.

As stated above, in the way from4m to 9m, no TS is found.
From9m, two alternative TSs can yield8m, depending on which
oxygen leaves. The fluctuations are not limited to a particular
fragment, but almost all the atoms in the molecule participate
with its motions to the H2O leaving to reach8m. Accordingly,
the imaginary frequency values are low forTS9m-8ma and
TS9m-8mb.

As can be seen in Table 1, B3LYP results, the spin density
at TS4m-7m is mainly located at O2, because the OH fragment
has almost been released from the molecule.

The O2 Radical Route: Obtention of 12m.Starting from
the C4 primary radical11, a one-step path has been proposed

Figure 5. Structures obtained for4m, 7m, 8m, 9m, TS4m-7m, TS7m-8m, MECP4m-9m, TS9m-8ma, andTS9m-8mb. Selected geometric distances (Å)
at HF/3-21G and B3LYP/6-31G(d,p) (in parentheses) are shown. The atom numbering is also indicated.

4m + H2O f TS4m-7m + H2O f 7m + OH +
H2O f TS7m-8m + OH + H2O f 8m + OH + H2O

4m + H2O f 4m + H + OH f MECP4m-9m +
OH f 9m + OH f TSs9m-8m + OH f 8m + OH + H2O
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to render12, another product experimentally obtained in the
artemisinin decomposition (see Scheme 1). In this step, the Fe(II)
ion is released. We have modeled this pathway (Figure 7) from
11m, via its conformer11m′, andTS11m′-12m to obtain12m.
The conformational change between11mand11m′ implies the
loss of the weak intramolecular hydrogen bond between O1 and
O2. Consequently, a slight energy increase of around 1 kcal/
mol can be sensed. TheTS11m′-12m is associated to the Ht
(representing the Fe(II) ion) release from O1 and the coupled
closure of the furane ring. The energetics of the calculated steps
are detailed in the Supporting Information and depicted in Figure
8. The energy barrier for the step is calculated to be around 49
kcal/mol.

At the two theoretical levels, the main TV components for
TS11m′-12m are the Ht-O1 distance and the C7-C6-C5 and
O1-C7-C6 bond angles, thus reflecting the coupling between
the closure of the ring and the Ht release. As expected,11m
and11m′ present a similar spin density distribution (see Table
1), with the unpaired electron localized at C4. AtTS11m′-12m,
the spin density appears on Ht and C4, with a minor participation
of O1.

The O2 Radical Route: from 3m to 14m.An alternative
for the 3 radical decomposition was proposed to start with a

C3-O9 scission, thus rendering the O9 radical13 (see Scheme
1). Such species will be the intermediate to explain the
appearance of15and other products derived either from15 itself
or from the oxygen radical14. Although these species are not
the main products of the artemisinin decomposition, they have
been sometimes detected in artemisinin derivatives decomposi-
tion studies.47

The first step, obtention of13 from 3, has been modeled to
occur via3m′ andTS3m′-13m. In Figure 9 the structures of3m′,
TS3m′-13m, and13m are presented. The barrier height is quite
low, around 14 kcal/mol, and thus this step would be a
competitive pathway inside the O2 radical route. The energy
values are reported as Supporting Information, and the energy
profiles are depicted in Figure 10.

From 13m onward the small molecular model used is not
adequate, and it is necessary to enlarge it to include the neighbor
six-membered ring, as can be seen in Scheme 2 (in which this
neighbor ring is depicted in red color) and in Figure 9. The
new model for13 has been noted as13m′. The breaking of the
O13-C8 bond, viaTS13m′-14m, would render the O radical14m.
The barrier height associated to this step is around 22 kcal/
mol.

TheTS3m′-13m is clearly associated to the opening of the ring,

Figure 6. Energy profiles for the steps leading from4m to 8m. HF and B3LYP results are indicated in blue and pink colors, respectively.

Figure 7. Structures obtained for11m, 11m′, 12m, andTS11m′-12m. Selected geometric distances (Å) at HF/3-21G and B3LYP/6-31G(d,p) (in
parentheses) are shown. The atom numbering is also indicated.
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with a significant participation of the O2-C3 bond, that evolves
to a double bond in13m, and angles and dihedrals related with
the ring opening. The main component in the TV associated to
TS13m′-14m is the O13-C8 bond distance that is being broken,
with some angles and dihedrals participating also in the TV
because of the second ring opening taking place at this point.

At TS3m′-13m the spin density can be found partitioned
between O2 and O9 (see Table 1), with some negative
participation of C3. Once13m is reached, the unpaired electron
is located on O9 with a small delocalization to C7. At13m′ the

same trend is found, with the only difference that HC8 also
participate in the electron delocalization. Then, atTS13m′-14m,
a strong delocalization of the unpaired electron is found, and
the spin density is widespread on O9, O13, O14, and C7. C8
and C12 are found to have some (negative) spin density,
especially at the HF level. Finally, at14m, the unpaired electron
is delocalized between O13 and O14 (B3LYP results; at the
HF level this electron is wrongly assigned to O13).

The O2 Radical Route: Obtention of 15m. From 13,
another pathway has been proposed: a C7-C8 scission with

Figure 8. Energy profiles for the steps leading from11m to 12m. HF and B3LYP results are indicated in blue and pink colors, respectively.

Figure 9. Structures obtained for3m′, 13m, 13m′, 14m, TS3m′-13m, andTS13m′-14m. Selected geometric distances (Å) at HF/3-21G and B3LYP/
6-31G(d,p) (in parentheses) are shown. The atom numbering is also indicated.
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Fe(II) release would render the final species15 and derived
products (Scheme 1). However, we have found that this pathway
is not a single step. Instead, two alternative pathways have been
calculated starting from13m′ and ending up at15m (Scheme
2): the first one would start with the C7-C8 breaking (via
TS13m′-18m) to render the C7 radical18m, which in turn would
suffer an intramolecular hydrogen transfer between O1 and O9
throughTS18m-17m, yielding the C8 radical17m. It is worth
noting that the H motion from O1 to O9 represents the Fe(III)
motion in the real system. The second one would start with the
H migration from O1 to O9 through theTS13m′-16m, yielding
the O1 radical16m. Then the C7-C8 bond breaking would
take place, viaTS16m-17m, and in this way17m is obtained
again. This second alternative pathway was not completely
characterized by using the B3LYP/6-31G(d,p) calculation level,
because all efforts to find theTS13m′-16m were unsuccessful.
However, theTS16m-17m has also been obtained by using the
B3LYP approach. Once17m was reached, the H release from
O9, representing the Fe(II) release, viaTS17m-15m, would give
the final product15m.

These structures are depicted in Figure 11, and the corre-
sponding energies are reported as Supporting Information and
drawn in Figure 12. It is apparent that the pathway through18m
is preferred, according to the B3LYP results. However, the HF/
3-21G calculations suggest an initial preference for the pathway
through16m despite the higher energy barrier viaTS13m′-16m

if compared with the transit throughTS13m′-18m, because the
second step from18m to 17m is more energy demanding. At
the two theoretical levels, the highest point in the energy profiles
is found to beTS17m-15m, and hence if15m is to be reached,
the two pathways will compete.

The main TV components correlate well with the expected
atom motions in all cases:TS13m′-18m is mainly associated with
the C8-C7 bond breaking, and the TV associated with
TS18m-17m is dominated by the Ht-O1 distance and, to a lesser

extent, by the O1-C7 and O9-C8 bonds evolving from single
to double and from double to single, respectively. TheTS17m-15m

describes the HO9 departure coupled with the O9-C8 bond that
evolves to a carbonylic bond at15m. On the other hand, at the
TS13m′-16m it can be sensed that the HO1-O9 distance that is
being shortened and the angles describing the conformation
around the C7-C8 bond participate significantly in the associ-
ated TV. TheTS16m-17m is mainly associated with the C8-C7
bond breaking.

The results shown in Table 1 forTS13m′-16m describe a
partitioning of the spin density between O9 and O1, with a
smaller and negative value for the HO1 being transferred. At
16m the unpaired electron is found at O1, as expected, and at
17m the spin density is found at C8. TheTS16m-17m shows an
intermediate situation with the unpaired electron delocalized
between O1 and C8. On going from17m to 15m the unpaired
electron moves to HO9, that will be released as a hydrogen atom
in our model system.

The second pathway from13m′ begins withTS13m′-18m, in
which the unpaired electron is moving from O9 to C7. At18m
the spin density is found at C7, as expected, and theTS18m-17m

shows a delocalization of the unpaired electron between C7 and
C8, with no remarkable spin density found on O9, O1, or Ht.

Overall Overview: The Whole Set of Mechanisms.Up to
this point, we have reported the results step by step. To obtain
a global view of the processes studied, it is very convenient to
assemble the fragments. In Figure 13, a global energy profile
is drawn starting from1m, describing the O1 radical route up
to the final products6m and 8m, as obtained by using the
B3LYP/6-31G(d,p) theoretical level. This view reveals that the
two products are very close in energy to each other, and the
same can be said about the points of maximum energy in the
pathways of minimum energy connecting the reactants to each
one of the products, cf.,TS5m-6m andTS7m-8m for the routes
to 6m and8m, respectively. Also, it is interesting to note that

Figure 10. Energy profiles for the steps leading from3m′ to 14m. HF and B3LYP results are indicated in blue and pink colors, respectively.
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almost all points in the reported routes lie under the energy
value of the initial TS, thus ensuring the products formation if

the reaction is initiated: the competition between the paths will
be resolved mainly as a function of the experimental conditions,

Figure 11. Structures obtained for13m′, 16m, 17m, 18m, 15m, TS13m′-16m, TS16m-17m, TS13m′-18m, TS18m-17m, andTS17m-15m. Selected geometric
distances (Å) at HF/3-21G and B3LYP/6-31G(d,p) (in parentheses) are shown. The atom numbering is also indicated.

Figure 12. Energy profiles for the steps leading from13m′ to 15m. HF and B3LYP results are indicated in blue and pink colors, respectively.

Artemisinin Decomposition Mechanisms J. Phys. Chem. A, Vol. 110, No. 22, 20067155



and hence one or the other product will be found as the major
one. As can be seen, theMECP4m-9m point lies at a relatively
high energy, and as stated above the obtention of8m is better
explained via7m andTS7m-8m.

In Figure 14, the global energy profile is drawn starting from
1m, describing this time the O2 radical route up to the final
products12m and15m. It must be said that14m is not a final

product, but a radical that would further evolve to other species
not studied here. Again it is revealed that the two products are
very close in energy to each other, although in this case there
is a larger difference between the energies of the points of
maximum energy in the pathways of minimum energy con-
necting the reactants to each one of the products, cf.,TS11m′-12m

and TS17m-15m for the routes to12m and 15m, respectively.

Figure 13. Energy profiles for the O1 radical route, calculated at the B3LYP/6-31 G(d,p) level.

Figure 14. Energy profiles for the O2 radical route, calculated at the B3LYP/6-31 G(d,p) level.
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All points in the reported routes lie under the energy value of
the initial TS, and the products formation and the competition
between the paths would take place, as before.

The aforementioned observations are even clearer in Figure
15, in which only the starting reactants, the initial TSs, the TSs
of maximum energy along the minimum energy O1 and O2
radical routes, and the final products are sketched. From this
figure it can be seen that the products12m and 15m are
predicted to be formed in an easier way, and that the formation
of 8m and 6m is also straightforward once the reaction is
initiated, because the highest point to surmount is the initial
TS for all cases except the8m obtention, for which a very small
increase in energy of only 0.20 kcal/mol is found untilTS7m-8m

is reached.

Conclusions

The main goal of the work herein reported was to substantiate
from a theoretical point of view the suggested molecular
mechanisms for the artemisinin decomposition. By using a
relatively simple molecular model and two theoretical ap-
proaches, we have found that the appearance of the final
products can be explained in a satisfactory way. Furthermore,
several intermediates and radicals have been found as relatively
stable species, thus giving support to the current hypothesis that
some of such species can be responsible for the antimalarial
action of artemisinin and its derivatives, either by hitting specific
targets within the parasite or by disrupting the hemozoin
polymerization process and causing in this way thePlasmodium
death.

Further work is guaranteed in what concerns the description
of the model system, and our group is conducting calculations
on the artemisinin decomposition process with more accurate
models, including on one hand the Fe(II) ion that initiates the
cascade of reactions from the artemisinin to the final products

and on the other the solvent effects that can be determinant in
discriminating between the possible pathways. The way by
which the potentially antimalarial intermediates hit the putative
targets, and the effect of the different substituents in the
artemisinin derivatives, are also under study.

Despite the simple model and moderate theoretical levels
used, some specific conclusions can be derived from this work:

(a) The products formation is assured once the reaction is
initiated, and the different paths will compete depending on the
experimental conditions.

(b) We have for the first time obtained a TS modeling the
previously postulated interconversion between the initial O-
centered radicals. With this finding, it has been demonstrated
that the O1 and O2 radical routes are intimately related.

(c) The epoxide intermediate is probably not responsible for
the antimalarial activity, because other intermediates are found
to be more stable and potentially more active as alkylating
agents. This is in agreement with the recent work by Taranto
et al.41

(d) The formation of8(m) can take place via two different
mechanisms, but the preferred pathway will be the one passing
through7(m).

(e) The formation of15(m) is a process more complex than
originally suggested and involves three different steps from the
oxygen-centered radical13(m).

(f) Although the two theoretical approaches used render
similar values for the geometric parameters, some significant
differences are found in what concerns the energies and
fluctuation patterns, as well as the description of the spin
distribution in the molecule. The B3LYP/6-31G(d,p) calculations
are preferred for a reasonable calculation of the last properties.

(g) One of the stationary points (TS13m′-16m) was found at
the HF/3-21G level, but not by using the B3LYP/6-31G(d,p)

Figure 15. Comparative energies of the reactants, the initial TSs, the stationary points of highest energy found along the minimum energy pathways
studied, and the species modeling the experimentally obtained products, as calculated by means of the B3LYP/6-31G(d,p) theoretical level.
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calculations. This fact could suggest that actually only one of
the paths herein studied connecting13m′ with 18m takes place.

The present paper has to be understood as an extension of
the pioneering works by Gu et al.7 and Taranto et al.8 in this
field and opens a broad investigation project to further efforts
that will hopefully contribute to a better understanding of the
antimalarial activity of artemisinin and its derivatives.
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