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Abstract

Reactions of seco and carba analogues of artemisinin 1 and arteether 16 have been investigated using DFT (B3LYP/6-31+G* level).
The data presented here show that O5 is favoured as a protonated site for 1 and its deoxy compounds, whereas protonation at O1 and O2
is unlikely. In contrast, O3 and O4 deoxy compounds of 16 can be protonated at O2, with subsequent scission of the C4–O2 bond,
thereby prompting reaction with the antimalarial receptor by a Lewis acid mechanism. In all cases, addition of an electron leads to scis-
sion of the O1–O2 bond if present. The O4 deoxy compounds in this study display similar electron affinities to their respective parent
compound, while O3 and O5 deoxy compounds show less negative values (about 6–8 kcal mol�1). Formation of the distonic radical
anion, with the anion on O1 and the radical on O2, is slightly preferred in all our compounds, but only in the O3 deoxy compounds
is this assignment definitive. The energy barrier to subsequent 1,5-intramolecular hydrogen abstraction to produce a carbon-centred rad-
ical is similar to that for the parent compounds. Calculations confirm that the generation and subsequent stability of both oxygen and
carbon-centred radicals, which contributes to parasitidal action, is influenced most strongly by bioisosteric substitution of O3.
� 2007 Elsevier B.V. All rights reserved.
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1. Introduction

Malaria, human immunodeficiency virus (HIV) and
tuberculosis (TB) comprise a triad of concurrent morbid
infections presently causing global concern, especially in
communities further compromised by malnutrition [1,2].
The additional health care problems associated with con-
current infections is illustrated by the observation that
the antimalarial efficacy of artemisinin is reduced in HIV
infected patients co-infected with malaria [3]. Hence there
is an urgent need for new affordable therapeutic agents to
treat concurrent infections simultaneously, a task made
0166-1280/$ - see front matter � 2007 Elsevier B.V. All rights reserved.
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more difficult by the increase in drug-resistant infections
[4,5]. Certain trioxanes and tetroxanes are uniquely suited
to simultaneously target malaria, HIV and TB [6–8]
although their exact mechanism of action in the later two
cases is undefined. Artemisinin is an antimalarial sesiqui-
terpene endoperoxide lactone, and is the active antimalarial
component in the herbal drug, qinghaosu isolated from
either Artemisia annua or Artemisia apiacea Hance [9,10].
Entry of artemisinin into malaria parasitized erythrocytes
may involve active transport [11]. Artemisinin and its ana-
logues possess a broad spectrum of biological activities that
also includes antiviral and anticancer properties [12–24].
The currently favoured mechanism of antimalarial action
for 1,2,4-trioxanes, such as artemisinin (1, Fig. 1) and
arteether (16, Fig. 2), involves radical formation [25,26]
and this mechanism could be involved in their other
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Fig. 1. Putative routes involving reductive decomposition and subsequent fragmentation, rearrangement and termination reactions of artemisinin and
subsequent rearrangement. Certain intermediates have been detected spectrometrically [28] or by fast reaction techniques: 2/3: [29,30]; 8: as the methyl
ester [31–33]; 9: [34–37]; 11: where AA represents an free or protein bound amino acid: [38–40]; 12: [25,26]; 13: [38–40]; 10: where RS represents a thiol e.g.
cysteine or glutathione; 14: [36,41,42]; 15: arteannuin D (qinghaosu IV) [43,44].
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actions. Artemether and arteether (16) are, respectively,
metabolized to release methanol and ethanol in vivo.
Although 16 is safer, it has been poorly investigated and
therefore we chose to investigate its lability to hydrolytic
attack [27] and the influence of carba substitution on radi-
cal generation.

A recognized strategy for (a) understanding the mecha-
nism of drug action and (b) producing inexpensive new
compounds is to find seco- analogues of natural product
leads that retain the warhead or pharmacophore portion,
whilst removing or replacing superfluous sections with bio-
isosteric substitutions [45–51]. Therefore in this study, we
have investigated seco and carba analogues of 1 and 16

using DFT (B3LYP/6-31+G* level) to ascertain the influ-
ence of both through-space and through-bond interactions
between remote oxygen atoms and the artemisinin pharma-
cophore. This may clarify the mode of action in terms of
radicals and carbocations and uncover novel centres of
reactivity for this class of antimalarials.
Current evidence favours artemisinin generation of
free radicals within or adjacent to susceptible sites within
Plasmodia [52–54]. Single electron transfer from either a
metalated macrocycle or, less likely, non-complexed tran-
sition metals e.g. iron or copper [41,55] to the trioxane
warhead generates one of two primary distonic radical
anions, which can then degrade or rearrange to form fur-
ther reactive species [56]. Several theoretical studies of
this reductive activation process have been published,
particularly for 1 (Fig. 1) [57–59]. These earlier studies
commonly initiated the reductive activation process by
single electron transfer from heme or free Fe(II) ion to
the endoperoxide bond [34,35,41,55,60–63]. Supporting
evidence from electrochemical [64,65], pulsed radiolytic
[29,30], electron paramagnetic resonance [66,67] as well
as product distribution analysis strongly supports a rad-
ical based mechanism rather than one involving Lewis
acid or ionic intermediates [68]. Similarly, malignant cells
with distorted iron metabolism [23,24] may facilitate their
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Fig. 2. The structures of artemisinin (1) and the ethylether analogue
arteether (16): (i) numbering system used for artemisinin carbon skeleton;
(ii) numbering system used for artemisinin oxygen skeleton; (iii) diagram
indicating artemisinin protonated at O1; (iv) numbering system used for
arteether carbon skeleton; (v) numbering system used for arteether oxygen
skeleton and (vi) diagram indicating arteether protonated at O2.
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Fig. 3. Lewis acid induced decomposition of 1 to give the urinary
metabolite 17. The nucleophile is denoted by RXH, where X@O, NH, S;
adapted from Haynes et al. [49].
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own destruction by the peroxide warhead [69]. The per-
oxide bond is necessary for antimalarial efficacy, provid-
ing the compounds are stable to formulation and per oral

delivery to patients [48–51].
Products of such reductions predicted using ab initio

methods [70,71] were consistent with experimental obser-
vations [30]. In previous work, we have also shown that
when a bond is formed between Fe(II) in various envi-
ronments and either O1 or O2, then in all cases, geome-
try optimisation with Gaussian03 at the B3LYP/6-31+G*

level, leads to scission of the peroxide bond [58,59].
Complementary results were obtained by Taranto et al.
[57], who added one electron to artemisinin without spec-
ifying its site. They found on geometry optimisation at
the B3LYP/6-31G* level that scission of the O1–O2 bond
occurred without any activation barrier and generated an
O1–O2 distance of 2.185 Å.

An alternative hypothesis for the antimalarial mecha-
nism of action of artemisinin-like compounds involves
ionic Lewis acid mediated scission of the peroxide group
with the consequent generation of a carbocation at C-4
(Fig. 3) [49]. We previously investigated this mechanism
and established the preferred Lewis acid protonation sites
to be: 1 O5 >> O4 � O3 > O2 > O1; 16 O4 P O3 > O5
>> O2 >O1 (atom numbering scheme as shown in
Fig. 2), and the consequent decomposition pathways and
hydrolysis sites [68]. These effects are considered important
not only for the hydrolytic stability of a substance but also
during protonation at an active site or loci of drug action.
Since protonation is unlikely to occur on the peroxide bond
O1–O2 in either molecule we concluded in this instance
that: (a) Lewis acid induced ionic scission is unlikely to
contribute to the antimalarial action and (b) the alternative
radical pathway, where the initial step was the addition of
an electron, remained the most likely explanation for the
antimalarial action of artemisinin, arteether and related tri-
oxanes [68].

In this study, attention was focused on various carbaar-
temisinins and carbaarteethers (aka deoxyartemisinins and
deoxyarteethers) [72–81,20,82] to assess whether the path-
ways for antimalarial action remain the same as for the
parent artemisinins. There has been considerable interest
in the deoxyartemisinins to determine whether functional-
ity, especially antimalarial activity, remains after removal
of an oxygen atom and replacement by a methylene
(CH2) group i.e. rational identification of the antimalarial
pharmacophore in artemisinins [73,74,79]. Antimalarial
activity in non-peroxidic parthenin which has been shown
to possess oxygen atoms and hydrocarbon frameworks in
common with artemisinin using molecular modelling [83]
leads to the suggestion that mechanisms not involving rad-
icals may also be important. From an organic synthesis
point of view, not all the deoxyartemisinins can be made
easily. Consequently, we decided to conduct a systematic
survey of the five possible deoxyartemisinins and their
deoxyarteether analogues to identify reactive portions in
addition to the peroxidic moiety and to eventually clarify
the role of through bond and through space interactions
between peroxidic and non-peroxidic oxygen atoms. Appli-
cation of such methodology to poorly investigated or new
peroxides e.g. hexacyclinol [84,85] could then be used to
prioritise synthetic efforts to improve productivity and/or
pharmacological activity.

2. Methods

Individual compounds are numbered 1-n-ma and 1-n-mb

for the deoxyartemisinins and 16-n-ma, 16-n-mb, for the
deoxyarteethers, where in both cases n is the number of
the oxygen atom replaced by a methylene (CH2) group,
and m is the number of the oxygen atom that is subse-
quently protonated. The letters a and b denote the two pos-
sible tetrahedral sites around each oxygen atom that could
be protonated, the one exception being O5 in the deoxyar-
temisinins where the two trigonal positions were alternately
protonated.

The crystal structure of artemisinin has been obtained
several times with insignificant variations [86–88] and the
common structure was used as the initial model for 1 in



M.G.B. Drew et al. / Journal of Molecular Structure: THEOCHEM 823 (2007) 34–46 37
our calculations. Structures of other molecules were built
using the Cerius2 software package [89] and approximate
structures obtained using molecular mechanics minimisa-
tion with the default Universal Force Field. These struc-
tures were geometry optimised using the Gaussian03
program [90] using the B3LYP/6-31+G* methodology,
which has been shown to reproduce the structures well
[58,59], although the transition state calculations shown
in Tables 5 and 6 were carried out at the B3LYP/6-31G*

level.
3. Results and discussion

3.1. Deoxy compounds

Each set of five deoxyartemisinins or deoxyarteethers
has the same molecular formula (stoichiometry) therefore
the relative energies of the molecules can be meaningfully
compared [91], because Hess’s Law is not violated and sub-
sequently their relative thermodynamic stabilities can be
obtained. Table 1 indicates that the heat of formation of
the artemisinin and arteether pair of compounds, in which
one of the peroxide oxygen atoms is replaced by CH2, is
significantly less (by more than 49 kcal mol�1) than the
other three deoxyartemisinins or deoxyarteethers. The opti-
mised structures of 1 and 16 are shown in Fig. 4.
3.2. Effect of reduction by electron addition

Taranto et al. [57] found that addition of an electron to
artemisinin led to scission of the O1–O2 bond, with the
extra electron spin density concentrated on these two oxy-
gen atoms [57]. We repeated the calculations of Taranto
and co-workers not only on 1, but also applied the same
analysis to 16 and all the deoxy analogues in this study.
Details of the converged structures are given in Table 2
and the optimised structures for 1 and 16 after addition
of an electron are depicted in Fig. 5.

The electron affinity of 1 is more negative than that of 16

by 9.01 kcal mol�1. This difference is maintained in the
deoxy analogues studied here, although the electronic
properties are very similar, the electron affinities of the
deoxy compounds based on 1 or 16 are very different.
When O1 or O2 in 1 or 16 is replaced by CH2 the electron
affinity is positive so that an electron will not be added,
whereas the electron affinity is negative when O3, O4 or
Table 1
Relative energies (kcal mol�1) of the deoxyartemisinins and the deoxyar-
teethers with one oxygen atom replaced by a methylene group

Oxygen replaced 1 16

1 1.63 1.03
2 0.00 0.00
3 50.80 51.30
4 55.52 50.89
5 74.17 51.38
O5 is similarly replaced. The peroxide bond thus appears
essential for the addition of an electron in order to generate
the parasitidal species [92,93]. This is corroborative evi-
dence supporting other work including bioassays [41,47–
54,94] that points to the peroxide as the essential
pharmacophore.

Compounds formed by CH2 bioisosteric substitution of
O1 or O2 show the excess spin and charge delocalised over
the entire molecule. In contrast, when O3, O4 or O5 is
replaced, whilst the O1–O2 bond is retained within the
starting model, the excess spin is located over O1 and O2
after convergence of the structure with the additional elec-
tron. The O4 deoxy compounds display similar electron
affinity to their parent compound, but O3 and O5 deoxy
compounds show less negative values by about 6–
8 kcal mol�1. The resulting structures (Table 2) are very
similar to those for 1 and 16 (Fig. 5) in that the O1–O2
bond breaks to give a distance of about 2.21 Å. Upon
O1–O2 bond scission, one of the oxygens can be considered
as a radical and the other as anionic, as separation of spin
and charge forms distonic radical anions However, Table 2
indicates differentiation between the two oxygen atoms in
this way is perhaps too simplistic. For 1, O2 has slightly
more (0.075) spin density than O1, and O1 has slightly
more negative charge (0.093) than O2. This pattern of dif-
ferences is repeated in 16 and in nearly all the deoxy deriv-
atives of both 1 and 16. This difference is greater in 3-deoxy
compounds where the excess spin density is 0.239 for 1–3

and 0.322 for 16–3. This is noteworthy as it clearly demon-
strates that the replacement of O3 by CH2 has a significant
effect on the electron properties of the peroxide bond pre-
sumably because of the close proximity of O3–O2 (2.32 Å

0

in 1). Despite O4 and O5 being remote from the peroxide
bond, their biososteric substitution has an effect. The 5-
deoxy compounds follow the same pattern as the 3-deoxy
compounds though to a lesser extent. However for the 4-
deoxy compounds, the differences between O1 and O2 are
much less and indeed 16–4 is the only compound in which
the spin density is greater for O1 than for O2, albeit by only
0.011. Note that the results obtained for 1 can be compared
to those obtained by Taranto et al. [57] using the 6-31G*

basis set. The spin densities are similar (O1: 0.448; O2:
0.509) but the Mulliken charges are significantly larger
(O1: �0.561; O2: �0.489) though the trend is the same.
The distribution of spin density and charge has implica-
tions on the next step in the reactive decomposition of
the molecules. This is considered in the next section where
results indicate the reductive decomposition mechanism
shown in Fig. 1 would be followed readily by the 3, 4
and 5 deoxy derivatives of artemisinin and arteether.

3.3. Protonation studies

We have previously studied the effect of protonation on
1 and 16 [68] and here employ the same strategy and meth-
odology described previously to study the effect of proton-
ation on the ten deoxy compounds. In the absence of a



Fig. 4. Optimised structures of (a) artemisinin, 1, and (b) arteether 16.

Table 2
Selected structural properties of artemisinin, arteether and their deoxy derivatives obtained after electron addition

Structure Relative energy kcal mol�1 Electron affinity kcal mol�1 Spin density Partial charge O–O distance (Å
0

)

O1 O2 O1 O2

1 n/a �44.66 0.428 0.503 �0.397 �0.304 2.322
1–1 0.0 12.77 n/a n/a n/a n/a n/a
1–2 0.76 15.17 n/a n/a n/a n/a n/a
1–3 �0.61 �36.38 0.348 0.587 �0.435 �0.323 2.230
1–4 �1.81 �42.92 0.454 0.478 �0.391 �0.361 2.251
1–5 21.31 �38.46 0.439 0.491 �0.399 �0.315 2.215
16 n/a �35.65 0.453 0.477 �0.396 �0.320 2.323
16–1 0.00 18.15 n/a n/a n/a n/a n/a
16–2 1.18 20.35 n/a n/a n/a n/a n/a
16–3 4.28 �27.83 0.375 0.562 �0.433 �0.339 2.265
16–4 �4.46 �35.92 0.471 0.460 �0.397 �0.367 2.269
16–5 �2.55 �28.55 0.448 0.481 �0.397 �0.316 2.234

Fig. 5. The structures of (a) artemisinin, 1 and (b) arteether, 16 after the addition of an electron, showing the scission of the O–O bond.
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peroxide function, this could reveal sites of carbocationic
reactivity [49]. Each of the deoxy compounds has four
remaining oxygen atoms after one had been replaced by
a CH2 group. Calculations were made with each oxygen
protonated in each of the two alterative tetrahedral lone-
pair positions in turn (Table 3).

The relative energies for the deoxyartemisinins show dis-
tinct trends. Protonation at O5 in 1 is highly favoured (by



Table 3
Relative energies (kcal mol�1) of the protonated deoxyartemisinins

Protonated position Structure

1 1–1 1–2 1–3 1–4 1–5

1a 31.41 n/a 23.61 22.71 17.54 14.76
1b =1a n/a 23.41 22.89 =1a 16.68
2a 17.83 24.55 n/a 22.61 10.21 5.90
2b 26.33 20.09 n/a 18.00 =2a 9.14
3a 13.11 8.41 22.48 n/a 3.54 2.82
3b =3a =3a 19.48 n/a 2.41 =3a
4a 11.96 7.08 8.64 20.24 n/a 0.00
4b 20.33 =4a =4a 18.15 n/a 0.90
5a 0.00 0.00 0.00 0.00 0.82 n/a
5b 4.00 5.23 4.14 =5a 0.00 n/a

Protonation energy/kcal mol�1 a

�216.60 �224.14 �222.51 �219.75 �211.63 �213.62

a Calculated as the difference in energy between that of the protonated species with the lowest energy and the parent molecule.
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about 12 kcal mol�1) over protonation at any of the other
four oxygen atoms to give the structure shown in Fig. 6.
This observation provides rationalisation for the produc-
tion of artemisinin congeners derived by structure–activity
observations [72,73].

These data also indicate that protonation is not likely to
occur on either O1 or O2 hence scission of the O1–O2 bond
may also not occur. These observations are consistent with
our earlier conclusion that the protonation route is not the
likely basis of the biological activity of 1 [68]. Replacement
of O1 or O2 by CH2 makes little difference to the proton-
ation pattern compared to the values for 1. The carbonyl
oxygen O5 remains favoured, but the energy of proton-
ation at O3 and O4 is only greater than that for O5 by
7–8 kcal mol�1 compared to a value of 12 kcal mol�1 for
1. However, replacement of O3, O4 or O5 by CH2 has a
much greater effect; replacement of O3 to give 1–3 makes
protonation at O4 much less favourable (�19 kcal mol�1

more than that for protonation at O5) thereby decreasing
hemiacetal formation. In contrast, the relative energy of
protonation at O3 in 1–4 is reduced (only �3 kcal mol�1
Fig. 6. Lowest energy structure obtained after protonation of 1. All deoxy
artemesinins gave a similar lowest energy structure with O5 protonated.
greater than that for O5). The optimised structure of 1-4-

3b (Fig. 7a) shows breaking of the C4–O3 bond gives rise
to a reactive carbon-centred radical. Diverting the site of
preferred radical formation as found in 1 may be one
explanation for the observed loss of antimalarial activity
in vitro.

The preferred site of protonation in 1–5 is O4 giving the
structure 1-5-4a (Fig. 7b) where the distance from O4 to C5
is 2.016 Å

0
, so the bond can be considered broken. In arte-

misinin 1, protonation at O4 leads to a much smaller
lengthening of the C5–O4 bond, 1.658 Å

0
. Another low

energy structure 1-5-3a with a relative energy of
2.82 kcal mol�1 is found with protonation at O3
(Fig. 7c). Protonation at O2 gives an energy only
5.90 kcal mol�1 higher than the minimum, which suggests
that protonation of 1–5 could lead to the scission of the
O1–O2 bond, thereby accessing reductive decomposition
pathways. However, when the protonation energies are cal-
culated from the differences in energies between the lowest
energy protonated structure and that of the parent com-
pound, they show that protonation is significantly less
favoured for 1–4 and 1–5.

The protonation patterns of 16, given in Table 4, are
very different from those of 1. The energies of protonation
for (16) at O3, O4 and O5 are within a range 2 kcal mol�1,
although protonation at O1 and O2 remains less favour-
able. The lowest energy structure for 16-4a with proton-
ation at O4 has a C–O4 bond lengthened to 1.65 Å

0
but

unbroken (Fig. 8a). Protonation of 16 has previously been
concluded, as for (1), to be an unlikely trigger for scission
of the O1–O2 bond [56]. However, the pattern of energies
for the deoxyarteethers is significantly different (Table 4).
In 16–1, protonation at O3 becomes favoured by
>3.5 kcal mol�1 to give the structure shown in Fig. 8b.
Replacement of O2 has a very different effect; protonation
at O5 favours the structure illustrated in Fig. 8c.

In this latter structure (Fig. 8c), protonation at O5 leads
to the formation of ethanol by breaking of the C12–O15
bond as in the parent structure 16 [27] confirming observa-



Fig. 7. The optimised structures of (a) 1-4-3b showing the scission of the C4–O3 bond, (b) 1-5-4a showing the scission of the C5–O4 bond and (c) 1-5-3a

showing the scission of the C4–O3 bond.

Table 4
Relative energies (kcal mol�1) of the protonated deoxyarteethers

Protonated position Structure

16 16–1 16–2 16–3 16–4 16–5

1a 16.70 n/a 6.33 10.78 12.14 17.81
1b 18.52 n/a 7.11 13.11 12.54 20.25
2a 10.40 8.49 n/a 5.18 6.57 10.64
2b 10.84 15.54 n/a 14.05 =2a 12.24
3a 1.79 0.00 9.20 n/a 0.00 3.94
3b =3a 0.00 5.67 n/a =3a =3a
4a 0.00 3.52 3.12 0.00 n/a 0.00
4b 5.02 4.09 1.08 8.92 n/a 4.16
5a 2.39 5.69 0.00 4.55 6.49 n/a
5b =5a 5.68 =5a 3.21 �5a n/a

Protonation energy/kcal mol�1 a

�219.57 �224.77 �218.16 �221.58 �216.18 �221.43

a Calculated as the difference in energy between that of the protonated species with the lowest energy and the parent molecule.
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tions of its formation during metabolism. Protonation at
O3 in 16–2 is now much less likely, but protonation at
O4 in 16–3 and at O3 in 16–4 is favoured. It can be con-
cluded for 16–3 and 16–4 that protonation could occur
on O2 with relative energies of 5.18 and 6.57 kcal mol�1,
respectively (Fig. 8d and e) [32]. It is interesting that the
C4–O2 bond is broken in 16-4-2b to give a carba radical,
equivalent to that portrayed in Fig. 3. Neither the C4–O2
nor the O1–O2 bond is broken in 16-3-2b, because presum-
ably both are stabilised by the presence of CH2 at the 3
position stabilising the O–O bond. These observations indi-
cate it could be possible for 16–4 to follow the protonation
route suggested by Haynes et al. [49,95,96], which provides
an alternative mechanism to radical attack at the target
site. This suggestion is supported by the relative loss of
antimalarial potency in these carba analogues of artemisi-



Fig. 8. The lowest energy structures of arteether 16 and deoxyartethers after protonation (a) 16-4a, (b) 16-1-3a, (c) 16-2-5a, (d) 16-3-2a, (e) 16-4-2a,
(f) 16-5-4a.
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nin [73–79]. In 16–5, protonation at O4 is favoured to give
the structure 16-5-4a shown (Fig. 8f) in which all bonds
remain intact.

3.4. The subsequent step in reductive decomposition of oxy

and deoxycompounds

These calculations show that the addition of an electron
leads to O–O bond scission in both 1 and 16 and their 3, 4
or 5-deoxy derivatives. The next step in the reductive
decomposition of these compounds was investigated. Two
mechanisms are considered possible (Fig. 9) and these are
dependent upon the structure obtained after scission,
which will contain one oxyradical and one negatively
charged oxygen.

It is generally accepted that when O1 in 1 is protonated
to give O1H-r, then the next step is the scission of the C4–
C3 bond to give the carbonyl species O1H-p. In contrast,
when O2 is protonated to give O2H-r, the next step is a
1,5-hydrogen shift to give a C-centred radical species
O2H-p [28–30]. However, our results (Table 2) demon-
strate that scission of the O–O bond does not clearly lead
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Fig. 9. Artemisinin and the two possible products O1H-r (Fig. 1,
protonated form of 3) and O2H-s (Fig. 1, protonated form of 2) obtained
after the addition of an electron and subsequent protonation. O2H-r

undergoes the 1-5-hydrogen shift to give O2H-p (Fig. 1, protonated form
of 13) and O1H-r gives rise to the ring opening product O1H-p (Fig. 1,
protonated form of 6).
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to one oxygen atom being a radical and the other being
negatively charged. Formation of the distonic radical anion
with the radical on O2 and the anion on O1, rather than the
reverse, is slightly preferred in all compounds, because O2
has the highest spin density and O1 the most negative par-
tial charge in all cases. However, this assignment is defini-
tive only in the O3 deoxy compounds therefore we
considered both possible assignments in this study. In
order to characterise the oxygen atoms clearly and facili-
tate calculations, one or other of the oxygen atoms (O1,
O2) was protonated to leave a neutral species.

Experiments in vitro show that the radicals originating
from 1 preferentially populate intramolecular pathways
(Fig. 1) and show a greater selective toxicity than simple
alkyl radicals when they form within cells. This provides
one explanation for the low toxicity of artemisinin radical
precursors at therapeutic doses [43]. These radical species,
O1H-p and O2H-p can undergo further reactions, which
will not be discussed here as the aim of this study was to
investigate the effect of replacing the O3, O4 or O5 by
CH2 upon the energetics of the initial reactions. We first
calculated the energies of the reactants, O1H-r and O2H-

r, the structures and energies of the transition states
O1H-ts and O2H-ts, all of which had 1 imaginary fre-
quency, and the energies of the products O1H-p and
O2H-p for 1. The resulting structures for 1 are shown in
Fig. 10. In O1H-ts the dotted line represents a distance
of 2.03 Å

0
between C4 and C3, with the bond completely

broken in O1H-p. In O2H-ts, the C3ÆÆÆH and HÆÆÆO1 dis-
tances are 1.28 and 1.25 Å

0
, respectively. The calculations

were repeated for 16 and the 3-deoxy, 4-deoxy and 5-deoxy
artemisinins and arteethers. The structures obtained were
very similar to those shown in Fig. 10 with relative energies
in Table 5 for the O1H pathway and Table 6 for the O2H
pathway.

The energies of the reaction for O1H leading to scission
of C4–C3 deserve comment. In 1 the energy barrier is
8.79 kcal mol�1, the final product having a relative energy
of �15.90 kcal mol�1. These results are different from those
obtained for 1 by Taranto et al. [57] who obtained 3.86,
0.02 kcal mol�1 at the 6-31G* level and 3.21,
�11.56 kcal mol�1 at the 6-31G*//6-31G** level. These
authors also studied the reaction without protonation, thus
with anionic radicals and obtained energies of 21.92,
�1.94 kcal mol�1 at the 6-31G*//6-31G** level. Thus the
energy barrier is very much reduced by protonation. Con-
sequently, these results suggest that antimalarial drug bind-
ing to putative receptors (such as heme) within acidified
parasitic vacuoles would be modulated by protonation.

Similar values to those found in this present work for 1

are also found for 16 and the 4-deoxy and 5-deoxy deriva-
tives of both 1 and 16. However, the relative energies are
significantly different for the 3-deoxy derivatives of both
1 and 16. For 1–3, the energy barrier is increased to
14.06 kcal mol�1 and the relative energy of the final prod-
uct, O1H-p has increased by >10 to �5.11 kcal mol�1.
The equivalent energies for 16–3 are 6.00 and
�8.62 kcal mol�1, respectively. Replacement of O4 or O5
by CH2 in 1 or 16 makes little difference to the energetics
of the reaction.

The energy barrier for the 1,5-hydrogen shift in 1 is
9.18 kcal mol�1 with the product O2H-p having a relative
energy of 0.02 kcal mol�1 compared to the starting reactant
O2H-r. In this case these are equivalent to the values
obtained by Taranto et al. [57]. They obtained values of
7.11, �2.54 kcal mol�1 at the 6-31G*//6-31G** level and
23.62, �3.80 kcal mol�1 for the corresponding anionic rad-
ical reaction. As in the previous C3–C4 scission reaction,
protonation reduces significantly the energy barrier of the
transition state.

Energy values for all deoxy compounds except the 3-
deoxy compounds are similar. Although the energy barri-
ers for these compounds remain similar to those in 1 or
16, the products have lower energies at �1.73 and
�7.53 kcal mol�1, respectively. The data on spin density
and charge distribution after scission (Table 2) indicate
that it is more probable that O2 is the radical and O1 is
negatively charged. However this is at odds with the rela-
tive energies of the O1H and O2H pairs (Table 7) as the
difference in energy (DE1), calculated as E(O2H-r)–
E(O1H-r), is negative with values for mostly about
�6 kcal mol�1. By contrast DE2 calculated as E(O2H-p)–
E(O1H-p) is positive with values of about 8 kcal mol�1,
showing that the product from the C4–C3 bond scission
route via the formation of O1H has the lowest energy
[97]. The exception to these general trends is the group of
3-deoxy compounds, which has negative DE2 values of
�3.51 kcal mol�1 for 1–3 and �0.94 kcal mol�1 for 16–3.

To summarise thus far, it is clear that the 3-deoxy com-
pounds show significant differences in electronic properties
from (a) their respective parent compound, 1 or 16 and (b)
the 4-deoxy and 5-deoxy derivatives. It seems more likely
that these 3-deoxy compounds would follow the O2H route
rather than the O1H route to a greater extent than the par-



Fig. 10. The optimised structures based on artemisinin (a) O1H-r and (d) O2H-r obtained after adding an electron (reduction) and, subsequently, a proton
to 1. O1H-r then reacts to give (c) O1H-p via transition state (b) O1H-ts and O2H-r reacts to give (f) O2H-p via transition state (e) O2H-ts.
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ent compounds. This may explain the reported decreases in
antimalarial activity in vitro [73,75]. These results suggest
that the presence of O3 to give the trioxane ring modulates
not only electronic properties influencing binding to anti-
malarial drug receptors (heme [25] or the SERCA pump
[39,40,99]) but also influences the stability and decomposi-
tion pathways accessed by both 1 and 16 and hence antima-
larial activity. Furthermore, our findings suggest that the
O1H route favours attack on heme to prevent biomineral-
isation in the parasitic food vacuole. The O2H route could
result in direct alkylation of critical proteins [98] or con-
tribute to oxidative stress. Since current evidence supports
two major antimalarial drug targets, namely heme and the
SERCA pump, it may be that following selective accumu-
lation of the peroxidic species, multiple targets may be
available, but only those that have the necessary activating
components (e.g. metalated co-factors) or transition metal
binding sites will initiate distonic radical anion formation.

Only some of these compounds have been constructed
by total synthesis, therefore it is pertinent to discuss the
results presented and correlate the data with published
experimental observations where possible. Compounds in
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Fig. 11. Putative carbon-centred radical produced by reaction of 1 by
Fe(II) from the intramolecular 1,5-abstraction pathway [99].

Table 5
Relative energies compared to reactant O1H-r of the transition state O1H-
ts and product O1H-p for the formation of a carbon radical on C3 from
C3–C4 bond breaking (Figs. 9 and 10)

Compound Energies (kcal mol�1) relative to the reactant O1H-r

Transition state O1H-ts Product O1H-p

1 8.79 �15.90
1–3 14.06 �5.11
1–4 6.91 �14.43
1–5 8.75 �13.25
16 8.40 �14.67
16–3 6.00 �8.62
16–4 7.41 �17.32
16–5 8.42 �15.12

Table 6
Relative energies compared to O2H-r of the transition state O2H-ts and
product O2H-p for the reaction involving a 1–5 hydrogen shift from C4 to
O1 creating a carboradical on C3 (Figs. 9 and 10)

Compound Energies (kcal mol�1) relative to the reactant O2H-r

Transition state O2H-ts Product O2H-p

1 9.18 0.02
1–3 7.72 �1.73
1–4 10.14 0.13
1–5 9.78 1.33
16 9.78 3.60
16–3 8.70 �7.53
16–4 10.79 0.27
16–5 9.59 1.23

Table 7
Comparison of the energy differences (kcal mol�1) for the two reactions
illustrated in Fig. 9, following either O1 or O2 protonation

Compound Differences in energy

DE1a DE2b

1 �6.25 9.66
1–3 �6.89 �3.51
1–4 �4.57 9.73
1–5 �7.69 6.90
16 �7.95 10.32
16–3 �2.03 �0.94
16–4 �5.16 9.11
16–5 �8.04 7.98

a DE1 is the difference in energy calculated from E(O2H-r)–E(O1H-r).
b DE2 is the difference in energy calculated from E(O2H-p)–E(O1H-p).
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which O1 has been bioisosterically replaced by CH2 have
been described [72]. The antimalarial activity of such com-
pounds has not been fully reported to our knowledge, but
our observations suggest that they have no significant anti-
malarial activity. Analogues in which O3 has been replaced
by CH2 i.e. of (+)-13-carbaartemisinin show a reduction in
antimalarial potency (IC50 = 38.8 ng/ml; D-6 clone) when
compared to 1 (IC50 = 0.97 ng/ml) when tested against
the D-6 clone (chloroquine sensitive and mefoloquine resis-
tant) of Plasmodium falciparum in vitro [74–76]. Avery and
co-workers have suggested that the inactivity of C-4ct
substituted artemisinin analogs could be correlated to their
inability to undergo C-4 hydrogen atom abstraction [74–
76]. While C-4 radical stability would be predicted to have
an impact on antimalarial potency, these results contradict
the notion that increased stability of the C-4 radical is
related a priori to improved antimalarial activity, because
the C-4 radical derived from (+)-13-carbaartemisinin
should be more stable than the radical analogous to 13
(Fig. 11) [72]. Interestingly, a product with the correspond-
ing inversion of the stereochemistry surrounding the triox-
ane scaffold, namely the diastereomeric peroxide tetracycle
(1aS,3S, 5aS,6R,8aS,9R,12S)-10-deoxo-13-carbaartemisi-
nin possesses antimalarial activity (IC50 = 1.72 ng/ml) [72].

An alternative explanation is that molecular recognition
during drug absorption and distribution e.g. via an active
transporter [11] is affected and compounds fail to reach
their site(s) of antimalarial action in adequate concentra-
tions. It would appear that compounds resembling the ste-
reoelectronic profile of artemsinin 1, such as parthenin [83]
and possibly thapsigargin [38] may allow importation into
parasites but it is likely that these non-peroxidic com-
pounds act by Michael addition rather than free radical
pathways. Further bioisosteric substitution of 1 to provide
(+)-10-deoxy-13-carbaartemisinin, in which the non-per-
oxidic oxygen within the 1,2-4- trioxane scaffold as well
as the carbonyl group has been replaced by CH2, restores
antimalarial activity (IC50 = 2.87 ng/ml) perhaps due to
increased stability towards hydrolysis in acid media (such
as the parasite food vacuole). A fine balance between sta-
bility towards premature hydrolytic attack, especially dur-
ing per oral delivery [78,79] and/or within the parasite food
vacuole with the desired reactivity at the target site is mod-
ulated by oxygen atoms, especially O3 that exist outside the
pharmacophore.
4. Conclusions

This study investigated the changes in reactivity of
selected deoxyartemisinins and deoxyarteethers when com-
pared to the parent compounds by considering both (i) the
free radical mechanism generated by the addition of an
electron and (ii) subsequent protonation. With regard to
the free radical mechanism, replacement of O3, O4 or O5
for both 1 and 16 made little difference to the first step in
the mechanism, the scission of the O1–O2 bond. Only the
O4 deoxy compounds displayed electron affinities similar
to the parent compounds; the O3 and O5 deoxy com-
pounds both had less electron affinity (>5 kcal mol�1).
The generation and stability of these carbon-centred radi-
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cals, which contributes to parasitidal action, is influenced
most strongly therefore by bioisosteric substitution of O3.
The importance and geometry of such carbon-centred rad-
icals have been highlighted [28,100] and their direct detec-
tion is in process [30].

Data presented here for the protonation mechanism in
deoxyartemisinins, including the high relative energies for
the protonation of O1 and O2, are consistent with our ear-
lier report [68]. Protonation of these compounds appears
equally unlikely as for the parent 1 to lead to scission of
the O1–O2 bond. In contrast, there was a significant shift
in the relative energies of deoxyarteethers. It was possible
in both O3 and O4 deoxyarteethers for protonation to
occur on O1 or O2, respectively, leading to scission of
the C4–O2 or O1–O2 bond. This indicates that in these
compounds at least ionic intermediates could contribute
towards the hydrolytic lability of the compounds.

The energetics of further reactions of the protonated
compounds following 1,5-hydrogen shift or C–C bond scis-
sion show that the 3-deoxy compounds have very different
profiles from the other compounds studied here. This dif-
ference may account for their lack of biological activity,
unlike the 4-deoxy and 5-deoxy compounds, which have
similar profiles to those of the parent compounds. Overall
our continuing ab initio calculations promote confidence in
making predictions to aid molecular design leading to new
antimalarials.

Appendix A. Supplementary data

Supplementary data associated with this article can be
found, in the online version, at doi:10.1016/j.theochem.
2007.08.007.
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