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3-methoxy-1,2-dioxanes:
optimization of cellular pharmacokinetics and
pharmacodynamics properties by incorporation of
amino and N-heterocyclic moieties at C4†

D. P. Sonawane,‡a M. Persico,‡be Y. Corbett,ce G. Chianese,be A. Di Dato,be

C. Fattorusso,*be O. Taglialatela-Scafati,be D. Taramelli,ce C. Trombini,de

D. D. Dhavale,a A. Quintavallade and M. Lombardo*de

A new series of nineteen 3-methoxy-1,2-dioxanes containing an amino moiety at C4 was designed,

synthesized and tested for in vitro antimalarial activity against chloroquine sensitive (CQ-S) D10 and

chloroquine resistant (CQ-R) W2 strains of Plasmodium falciparum (Pf). Cytotoxicity against the human

endothelial cell line (HMEC-1) was also evaluated. The introduced modifications resulted in a notable

improvement of the antimalarial activity. In particular, compound 9a with an amino-imidazole side-chain

at C4 displays antimalarial activity in the high nanomolar range against the CQ-R Pf strain (W2 IC50 ¼
200 nM), being more active against CQ-R than CQ-S Pf strains and devoid of cytotoxicity against human

HMEC-1 cells. On the other hand, some of the hybrids with 4-amino-7-chloroquinoline (9k–p) show an

IC50 comparable to that of chloroquine against the CQ-S Pf strain (9k–p, D10 IC50 ¼ 50–90 nM) but

without losing potency against the CQ-R Pf strain (9k–p, resistance index ¼ 1.2–2.6), with low

cytotoxicity against HMEC-1. Structure–activity relationship studies show that the improved antimalarial

activity of the new compounds is the result of a combination of cellular pharmacokinetics and

pharmacodynamics effects.
1. Introduction

A number of peroxide-containing metabolites belonging to the
classes of terpenes, polyketides and phenolics have been iso-
lated from medicinal plants and marine organisms1 showing
potent antitumor and antimalarial activities. The lead
compound in the family of antimalarials is artemisinin, a
sesquiterpene lactone containing a 1,2,4-trioxane ring, isolated
from the plant Artemisia annua, a herb employed in Chinese
traditional medicine. Artemisinin (1a) and its semi-synthetic
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derivatives such as dihydroartemisinin (1b), artemether (1c),
artemotil (1d), artesunate (1e) and artelinic acid (1f) (Fig. 1), are
the main components of artemisinin-based combination ther-
apies (ACTs), the rst-line treatment for Plasmodium falciparum
(Pf) malaria in disease-endemic countries, as recommended by
the World Health Organization (WHO).2

Inspired by the pool of natural peroxides, over the last three
decades the scientic community has given special attention to
the design, synthesis and development of fully synthetic
peroxides such as 1,2,4,5-tetraoxanes, 1,2,4-trioxanes,
1,2-dioxanes, 1,2-dioxolanes and 1,2,4-trioxolanes (ozonides).3
Fig. 1 Artemisinin (1a) and its semi-synthetic analogues 1b–f.
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Scheme 1 Reagents and conditions: (a) Mn(OAc)3 (5 mol%), Mn(OAc)2
(5 mol%), O2 (filled balloon), AcOH, rt, 4–12 h (70–90%); (b) CSA (15
mol%), MeOH, 65 �C, 12–24 h (75–85%); (c) LiBH4 (2.8 equiv.), THF/
MeOH (10 : 0.1), 0 �C, 4 h (50–90%); (d) NaH (2 equiv.), MeI (2 equiv.),
DMF, 0 �C, 4 h (60–90%). (e) i. NaOH 2M (1.5 equiv.), MeOH, 65 �C, 4–
12 h; ii. HCl 1M; iii. R4NH2, TBTU (1.2 equiv.), DIPEA (2 equiv.), DCM, rt,
12–16 h (65–85%).

RSC Advances Paper

Pu
bl

is
he

d 
on

 2
7 

A
ug

us
t 2

01
5.

 D
ow

nl
oa

de
d 

by
 U

ni
ve

rs
ita

 S
tu

di
 d

i M
ila

no
 o

n 
14

/0
1/

20
16

 0
8:

52
:4

6.
 

View Article Online
Just to give an idea of this effort, a joint report4 by Medicine for
Malaria Venture (MMV) and ChEMBL lists more than 200
molecules containing the 1,2-dioxane ring, more than 1000
containing the 1,2,4-trioxane ring, more than 300 containing
the 1,2,4,5-tetraoxane ring and about 150 containing the
1,2,4-trioxolane ring.

Prompted by our studies on the relatively simple structure of
plakortin (2a), isolated from the Caribbean sponges Plakortis sp
along with several congeners (e.g. 2b–d, Fig. 2),5,6 we recently
reported an approach to the synthesis of endoperoxides 4 via
the hemiacetal 3, through a straightforward and practical
two-step synthesis based on a formal [2+2+2] free radical
cycloaddition of a gem-disubstituted alkene, a b-ketoester and
O2 (Scheme 1).7

Since this approach fullled a key MMV recommendation
(http://www.mmv.org), namely to use cheap and practical
synthetic methodologies, the new family of 1,2-dioxanes 4 was
tested against strains of Pf with different drug resistance
phenotype. Although in these early studies the antimalarial
activity (IC50) of 4 was only in the micromolar range, we took
advantage of the synthetically exible structure in our hands,
and we started a broader investigation based on our previously
developed plakortin pharmacophore model.6 The ester func-
tionality at C4 was modied into an alcohol (5),8 ether (6)8 or
amide group (7)9 and a 3D-SAR study was performed on all the
members of our library of about 50 compounds 4–7.7–9 The
results were consistent with the so called C-radical hypothesis,
where the peroxide group of 4–7 undergoes one electron
reductive bioactivation to generate rst O-radicals which then
collapse to C-radicals that are held to be the cytotoxic agents.10

Even though we are aware that alternative models have been
proposed for the mechanism of action of peroxides,11 the
C-radical hypothesis ts very well the structure–activity rela-
tionships (SARs) found in compounds 4–7, in particular with
the need of n-butyl groups on C3 and/or C6, which are necessary
for the C-radical generation via H-transfer to the initially
formed short-lived O-radical. In this regard, the observations
that replacing all the n-butyl groups by methyl7–9 or propyl12

chains led to virtually inactive molecules, were especially
meaningful. Moreover, the 3D-SAR study proved the active role
Fig. 2 Plakortin 2a and its congeners 2b–d.

72996 | RSC Adv., 2015, 5, 72995–73010
of the C4 substituent in determining the antimalarial activity,
allowing us to obtain IC50 on the chloroquine resistant (CQ-R)
strain in the low micromolar range and, at the same time,
very low toxicity against human cells.

In the present work, we investigate the effect on the anti-
malarial activity of an amine chain at C4 of the parent
1,2-dioxane scaffold. To this aim, a new series of compounds
with general structure 9 (Fig. 3) were designed and synthesized.
The original ester group of 4 has been converted into a meth-
ylamino group, which, through a exible spacer, binds a second
amino-containing scaffold or a N-heterocyclic moiety. Among
the polyamine chains introduced at C4, the aromatic
substructure of chloroquine or primaquine was included, thus
leading to the generation of new endoperoxide–quinoline
hybrids.

The new analogues were evaluated in vitro for antimalarial
activity and cell toxicity. The resulting SARs were analyzed by
using computational techniques and useful information for the
Fig. 3 General structure of 4-methylamino-1,2-dioxanes 9 (R3 ¼
amino group containingmolecular scaffold or N-heterocyclic moiety).

This journal is © The Royal Society of Chemistry 2015
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further development of this new series of antimalarials has
been obtained.
2. Results
2.1 Chemistry

Investigation on our library of about 50 endoperoxides showed
that compounds 4–6 possessing a cis orientation of the
substituent at C4 and the methoxy group at C3 were more
active than their 3,4-trans stereoisomers against Pf strains in
vitro.9 Through a careful optimization study, we found condi-
tions that yielded 3,4-cis-1,2-dioxane esters 4 as the major
stereoisomer by simply stirring an isomeric mixture of hemi-
ketals 3 in boiling methanol in the presence of camphorsul-
phonic acid (15 mol%) (Scheme 1). Having in our hands an
easy access to 3,4-cis esters 4, we synthesized differently
substituted 3,4-cis-3-methoxy-4-methylamino derivatives 9
following the general strategy depicted in Scheme 2. To avoid
unnecessary complications due to the presence of an addi-
tional stereocenter, we choose to start from esters 4 having two
identical substituents R2 at C6.

With the aim of directly reducing esters 4 to aldehydes 8,
we reacted 4 with diisobutylaluminum hydride (DIBAL) at
�78 �C in toluene/DCM, but all the conditions tested
employing 1 equivalent of reducing agent, provided a 1 : 1 : 1
mixture of starting ester 4, desired aldehyde 8 and over-
reduced alcohol 5, with the endoperoxide bond unaffected.
Thus, we decided rst to quantitatively reduce esters 4 to
alcohols 5 using 2 equivalents of DIBAL at �20 �C, and then
to oxidize 5 to 8 by using Dess–Martin periodinane. Aldehydes
8 were obtained in very good overall yield over two reduction–
oxidation steps, aer purication by ash-chromatography on
silica. The freshly prepared aldehydes were immediately used
in the subsequent one-pot reductive amination reaction in
methanol. Yields of the reductive amination step and chem-
ical structures of this library of substituted amino endoper-
oxides 9 are reported in Table 1 (including 9a–j,
Scheme 2 Reagents and conditions: (a) DIBAL (2 equiv.), DCM,
�20 �C, 1 h (80–95%). (b) Dess–Martin periodinane (1.3 equiv.), DCM,
rt, 1 h (80–90%). (c) i. R3NH2 (1 equiv.), MeOH, rt, 5–7 h; ii. NaBH4 (1.5
equiv.), MeOH, 0 �C to rt, 1.5 h (80–90%, 2 steps).

This journal is © The Royal Society of Chemistry 2015
which contain an imidazole or an aliphatic amino group) and
Table 2 (including 9k–s, which contain a substituted quino-
line ring).
2.2 In vitro antimalarial activity

The library of 3,4-cis-3-methoxy-4-aminomethyl-1,2-dioxanes
9a–s has been tested for in vitro antimalarial activity against
both CQ-S (D10) and CQ-R (W2) strains, and for toxicity against
a human microvascular endothelial cell line (HMEC-1). The
results are summarized in Tables 1 and 2.

The imidazol-1-yl derivatives 9a–c displayed IC50 values in
the high nanomolar range (200–400 nM) against both parasite
strains, an activity higher than the whole library of endoperox-
ides previously reported by us. The need of butyl chain(s) either
at position C3 or C6 of the 1,2-dioxane ring, assessed to be a
crucial issue in the previous series of analogues, is conrmed by
the lack of activity displayed by 9j. Moreover, the replacement of
the butyl chains at C6 with a spiro cycloheptane ring (9i)
decreased the antimalarial activity (Table 1). The corresponding
spiro-derivatives 4i and 7i (Table 3), prepared in the course of
our work on the previous series (unpublished results), owning a
methyl ester and a methyl amide substituent at C4, respectively,
were both completely inactive (vide infra).

A small but signicant loss of antimalarial activity is asso-
ciated to the replacement of the imidazole ring with simple
aliphatic tertiary amines (9d–h), particularly when the tertiary
amine is included into a morpholine ring (9g). In general all the
compounds reported in Table 1 are more active against CQ-R
(W2) than on CQ-S (D10) strains (RI # 1; Table 1) and show
variable cytotoxicity against HMEC-1, with a selectivity index
(SI) ranging from 7 to >280. In particular, compound 9a was very
safe when tested for cytotoxicity against the human cell line
with SI similar to that of CQ.

The hybridization of the 1,2-dioxane scaffold with 4-amino-7-
chloroquinoline (9k–q) produced a set of compounds with
signicantly higher activity against both Pf strains and with SI
values ranging from 17 to 521 (Table 2). It is noteworthy that, as
in the case of the derivatives reported in Table 1, the compound
that does not show any signicant toxicity against HMEC-1 (9q,
Table 2) is the one characterized by the lowest c log D value at
physiological pH (vide infra).

Regarding the antimalarial activity of compounds 9k–q,
although it is difficult to differentiate the role of the two phar-
macophoric moieties (1,2-dioxane and chloroquine), the low
IC50 values of this latest series against the CQ-S (D10) strain
seem to be due to the quinolinemoiety. This hypothesis is rstly
corroborated by compound 9q. Indeed, possessing only methyl
substituents at C3 and C6, the 1,2-dioxane moiety of 9q cannot
contribute to the antimalarial activity; nevertheless, this
compound is as active as CQ on CQ-S (D10) strain (Table 2). At
the same time, 9q, due to its lower activity against CQ-R (W2)
strain, presents an increased resistance index (RI) compared to
9k–p (Table 2). Compounds 9k–p are indeed signicantly more
active than CQ against the CQ-R (W2) strain with a leveling
effect of IC50 at the 100 nM level, which could reect the
contribution of the endoperoxide pharmacophore to the
RSC Adv., 2015, 5, 72995–73010 | 72997
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Table 2 Structure, yield, c log D values, antimalarial activity against CQ-S (D10) and CQ-R (W2) Pf strains, and cytotoxicity against HMEC-1 of
3,4-cis-3-methoxy-4-aminomethyl-1,2-dioxanes 9k–s

3,4-cis-9a (Y%) R1 R2 n D10 IC50
b (mM) W2 IC50

b (mM) RIc
HMEC-1
IC50

b (mM) D10 SId W2 SId

c log De

pH 7.4 pH 7.2 pH 5.5

9k (65) n-Bu Me 1 0.050 � 0.002 0.11 � 0.04 2.2 5.5 � 0.7 110 50 1.9 1.6 0.4
9l (62) Me n-Bu 1 0.072 � 0.004 0.11 � 0.03 1.5 3.31 � 0.08 46 30 3.1 2.9 1.7
9m (65) n-Bu n-Bu 1 0.09 � 0.01 0.13 � 0.02 1.4 5.49 � 0.05 61 42 4.6 4.4 3.1
9n (61) n-Bu Me 2 0.05 � 0.01 0.13 � 0.02 2.6 2.5 � 0.2 50 19 2.1 1.9 0.7
9o (60) Me n-Bu 2 0.074 � 0.003 0.13 � 0.01 1.8 2.24 � 0.01 30 17 3.3 3.1 2.0
9p (64) n-Bu n-Bu 2 0.09 � 0.01 0.11 � 0.03 1.2 — — — 4.8 4.5 3.4
9q (63) Me Me 2 0.048 � 0.006 0.34 � 0.09 7.1 25 � 2 521 74 0.8 0.5 �0.6
9r (60) n-Bu Me — 0.5 � 0.1 0.31 � 0.07 0.6 — — — 2.8 2.7 2.5
9s (62) Me n-Bu — 0.94 � 0.04 0.5 � 0.1 0.5 — — — 4.1 4.0 3.7
CQf — — — 0.05 � 0.02 0.7 � 0.2 14 >38 >760 >54 — — —
DHAg — — — 0.005 � 0.001 0.0024 � 0.0004 0.5 3.1 � 0.3 620 1292 — — —

a Isolated yields. b Data are the mean� SD of three different experiments in duplicate. c RI¼ resistance index: IC50 ratio for CQ-R/CQ-S strains of Pf.
d SI ¼ selectivity index: IC50 ratio for HMEC-1/CQ-R or CQ-S strains of Pf. e ACD/Percepta soware (version 14.0.0, Advanced Chemistry
Development, Inc., Toronto, ON, Canada). f CQ: chloroquine. g DHA: dihydroartemisinin.

Table 3 Structure, c log D values, and antimalarial activity of 4i, 7i and
9i against CQ-S (D10) and CQ-R (W2) Pf strains

Compound D10 IC50
a (mM) W2 IC50

a (mM)

c log Db

pH 7.4 pH 7.2 pH 5.5

4i >10 >10 3 3 3
7i >10 >10 2.1 2 0.6
9i 2.1 � 0.8 0.7 � 0.1 0.4 0.2 �1.3

a Data are the mean � SD of three different experiments in duplicate.
b ACD/Percepta soware (version 14.0.0, Advanced Chemistry
Development, Inc., Toronto, ON, Canada).
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observed antimalarial activity. Thus, a synergic and/or a resis-
tance reverting effect of the two pharmacophores seems to
occur in the case of the CQ-R (W2) strain. The 8-aminoquinoline
containing hybrids 9r,s are interesting, too, for the potential
activity against the Pf hepatic stage and as transmission
blocking agents.13 The primaquine containing hybrids 9r,s
showed increased IC50 with respect to 9k–p (Table 2) against
both CQ-R and CQ-S Pf strains.
This journal is © The Royal Society of Chemistry 2015
This is in accordance with the fact that primaquine and
other 8-aminoquinolines display higher activities in vivo rather
than in vitro because they need a bioactivation step.14 By
consequence, the observed activity of 9r,s against both D10 and
W2 strains can be mainly ascribed to the antimalarial activity of
the endoperoxide moiety.
2.3 Structure–activity relationships (SARs) studies

All the structures reported in Tables 1 and 2 (compounds 9a–j
and 9k–s, respectively) were subjected to computational studies
in order to investigate their SARs.

The studies started with the estimation of the ionic forms
present at pH7.4 (blood), 7.2 (cytoplasm), and5.5 (Pf foodvacuole
(FV)) (Table 1SI†). Then, in order to explore the role on antima-
larial activity of a possible accumulation of 1,2-dioxanes in the
FV, thedistribution coefficient (log D) values at blood, cytoplasm,
and FV pH, were calculated using the ACD/Percepta soware
(version 14.0.0, AdvancedChemistryDevelopment, Inc., Toronto,
ON, Canada). Results are reported in Tables 1 and 2.

log D is an expression of the lipophilicity of the compounds
which reects the equilibria of ionic forms at a given pH. It is
generally accepted15 that compounds with moderate lip-
ophilicity (log D 0–3) have a good balance between solubility
and permeability and are optimal for cell membrane perme-
ation. Thus, according to the data reported in Tables 1 and 2,
although a certain degree of accumulation in the FV of the
parasite is expected for all compounds, there is no clear corre-
lation between the calculated log D (c log D) values and the
RSC Adv., 2015, 5, 72995–73010 | 72999
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antimalarial activity. A similar observation has been reported
for 1,2,4-trioxaquines,16 molecular hybrids containing both a
quinoline and 1,2,4-trioxane pharmacophore moieties. In our
case, this is true also if we exclude the quinoline-hybrids 9k–s
and we only consider the new endoperoxide derivatives 9a–j
reported in Table 1. The c log D values do not account for the
activity trend observed with the introduction of the amino
chain at C4, such as, ((3-(1H-imidazol-3-yl)propyl)amino)methyl
(9a–c) > ((3-(dimethylamino)propyl)amino)methyl (9d–f) z
(octahydro-2H-pyrido[1,2a]-pyrimidin-1-yl)methyl (9h) > ((3-
morpholinopropyl)amino)methyl (9g). Moreover, compound 9c,
differently from 9a and 9b, should be able to diffuse back to the
parasite cytoplasm across the FVmembrane. This property does
not interfere with the antimalarial activity of 9a–c, which is
almost identical (Table 1).

To investigate the role of the C4 amino-imidazole chain in
determining the antimalarial activity of compounds 9a–c (the
amido-imidazole analogue of 9a was inactive),9 compound 9j
was synthesized. In agreement with previous SARs,7–9 its
complete loss of activity conrmed that the presence of at least
one butyl chain at C3 is necessary for antimalarial activity (9j vs.
9a, Table 1). However, due to the unfavorable c log D value at
physiological pH (i.e., �0.9, Table 1), the observed inactivity of
9j could in principle be ascribed to cellular pharmacokinetics.
To obtain an amino-imidazole analogue with increased c log D
without affecting the pharmacodynamic properties, we used the
3-methoxy-1,2-dioxaspiro[5.6]dodecane moiety. Indeed, in the
ester series, the spiro derivative 4i resulted inactive despite its
favorable c log D (Table 3), demonstrating that the spiro-
cycloheptane substituent at C6 does not possess the pharma-
codynamic requirements for antimalarial activity. Thus, we
replaced the C4 substituent of the inactive analogues 4i and 7i
with the amino-imidazole chain, through the synthesis of the
analogue 9i (Table 3).

The amino-imidazole derivative 9i demonstrated that, when
combined with a sufficient lipophilicity, just the installation of
the amino-imidazole chain at C4 is sufficient to restore some
antimalarial activity (Table 3). Moreover, the complete inactivity
of the amido-imidazole analogue 7i, proved that the restored
antimalarial activity can be unambiguously ascribed to the
presence of the secondary amine function. Finally, according to
the data reported in Tables 1 and 2, the minimum c log D7.4

value for activity against HMEC-1 appears to be +1. Compounds
9a and 9q, characterized by a c log D7.4 value <1, are indeed
devoid of any signicant activity.

2.3.1 Conformational analysis and docking studies. Prev-
alent ionic forms at cytoplasm and Pf FV pH were subjected to
an in depth conformational analysis, which included a molec-
ular dynamics (simulated annealing, SA) procedure followed by
molecular mechanics (MM) energy minimization, and the
subsequent quantum mechanics (QM) full geometry optimiza-
tion (MOPAC, PM7) of the resulting MM minima (see Experi-
mental section for details). The so obtained conformers were
ranked by their potential energy values and grouped into
families on the basis of their 1,2-dioxane ring conformation
(Table 4). It resulted that the series of derivatives 9 presents
73000 | RSC Adv., 2015, 5, 72995–73010
peculiar conformational parameters compared to the previous
analogues 4–7 (Scheme 1).

Indeed, the presence of the amino chain at C4 stabilizes the
Skew Boat B conformation of the 1,2-dioxane ring, which
becomes by far the most populated conformer at the FV pH
(Table 4), contrarily to what observed for both plakortins5c,6 and
the previous synthetic analogues7,9 which showed a conforma-
tional preference for the Chair A. This skew boat-like confor-
mation of the 1,2-dioxane ring favors endoperoxide oxygens
accessibility and reproduces the endoperoxide ring conforma-
tion of artemisinin (Fig. 1SI†). The structural analysis of the low
energy conformers (i.e., within 5 kcal mol�1 from the global
energy minimum (GM); Tables 3SI–14SI, 21SI and 22SI†),
highlighted that the amino-imidazole derivatives 9a–c, 9j and
the di-amino derivatives 9d–f (Table 1), presents GM
conformers showing similar conformational features, both in
the protonated (N0) and di-protonated (N0 and N00) forms. These
GM conformers are characterized by the Skew Boat B confor-
mation of the 1,2-dioxane ring and by a network of intra-
molecular hydrogen bonds involving O1 and the secondary
amine N0 (Fig. 4, Tables 3SI–14SI, 21SI and 22SI†). Moreover,
they also present (with the obvious exception of 9j) the
intramolecular distances required for a H-shi from a butyl
chain to the putative oxygen radical, according to the pharma-
cophoric model resulting from our previous computational
studies7–9 (Fig. 4, 2SI and Table 2SI†).

In order to further investigate the impact of this conforma-
tional behavior on antimalarial activity, we performed a
dynamic docking simulation of 9c in the complex with heme.
The protonation state of 9c and heme has been calculated
considering the pH of the FV, where heme digestion mainly
occurs.17 Heme parameters and atomic partial charges were
assigned using the QM method PM7. During the dynamic
docking procedure, which combines Monte Carlo and SA
calculations, all rotatable bonds of 9c and heme are le fully
free to move. Docking studies indicated only one possible
complex structure. The resulting docked complex was then
subjected to a full geometry optimization by the semi-empirical
QM method PM7 (Fig. 5, see Experimental section for details).

The docked conformation of 9c reproduces the key features
(i.e., Skew Boat B and O1–N0 interaction) of the GM conformer
identied by the conformational search (Fig. 4B). Moreover, in
the docked complex the two protonated nitrogens N0 and N00

establish charge-assisted hydrogen bonds with the ionized and
neutral propionic groups of heme, respectively, similarly to
what reported for the protonated amine chain of chloroquine.18

As already mentioned, at Pf FV pH, when both the basic centers
are protonated, compounds 9a–f show a higher propensity for
the Skew Boat B conformation and a hydrogen bond between N0

and O1 (Tables 4, 4SI, 6SI, 8SI, 10SI, 12SI and 14SI†). In the case
of compounds 9a–c, this is due to the lack of an additional
electron donating group (i.e., unprotonated imidazole)
competing with the endoperoxide oxygen O1 in establishing
favorable interactions (i.e., cation-p) with the protonated
secondary amine N0 (Fig. 4A vs. B, Tables 4SI, 6SI, and 8SI†). In
the case of compounds 9d–f, this is due to the further stabili-
zation of the Skew Boat B conformation, caused by the
This journal is © The Royal Society of Chemistry 2015

http://dx.doi.org/10.1039/c5ra10785g


Table 4 Occurrence rate (%) of 1,2-dioxane ring conformations considering PM7 conformers within 5 kcal mol�1 from the global minimum (GM)

Compound Ionic forma

9a P 68 0 0 32
DP 17 0 0 83

9b P 17 0 0 83
DP 0 0 0 100

9c P 0 0 0 100
DP 0 0 0 100

9d P 65 0 0 35
DP 0 0 0 100

9e P 71 0 0 29
DP 0 0 0 100

9f P 78 0 0 22
DP 0 0 0 100

9g P 48 0 7 45
DP 0 0 0 100

9hb P 9 0 9 82
9hc P 23 6 0 71
9i P 63 5 0 32

DP 0 0 0 100
9j P 41 0 0 59

DP 0 0 0 100
9k P 36 15 12 36

DP 50 0 0 50
9l P 50 0 20 30

DP 0 0 0 100
9m P 29 13 29 29

DP 0 0 0 100
9n P 50 6 19 25

DP 33 17 0 50
9o P 25 0 12.5 62.5

DP 0 50 0 50
9p P 25 0 0 75

DP 0 0 0 100
9q P 45 7 13 35

DP 20 0 0 80
9rb P 64 12 3 21
9rc P 55 17 0 28
9sb P 50 0 0 50
9sc P 56 0 0 44

a DP ¼ di-protonated form, P ¼ protonated form. b Diastereomer with (R)-congured stereocenter in the side-chain. c Diastereomer with (S)-
congured stereocenter in the side-chain.
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interaction of the distal, protonated, tertiary amine group (N00)
with O1, O2, and O7 (Fig. 4A vs. C, Tables 10SI, 12SI and 14SI†).
By consequence, the only difference between the amino-
imidazole (9a–c) and the di-amino (9d–f) derivatives is that, in
the di-protonated form, the GM conformers of the former adopt
an extended conformation of the substituent at C4, with the
protonated imidazole ring pointing away from the rest of the
molecule. Thus, the GM conformers of 9a–c correspond to the
heme interacting conformation resulting from docking calcu-
lations (Fig. 4 vs. 5). On the contrary, in the GM conformers of
9d–f the protonated tertiary amine N00 is hydrogen bonded to
O1, O2, and O7 (Fig. 4C vs. B). Accordingly, when the di-amino
This journal is © The Royal Society of Chemistry 2015
derivatives 9d–f approach heme, the distal protonated amine N00

should rstly release the intramolecular hydrogen bonds to
then establish ionic interactions with the propionate groups of
heme. This could account for the overall higher antimalarial
activity of 9a–c with respect to 9d–f (Table 1).

According to the calculated apparent pKa values (Table 1SI†),
unlike compounds 9a–f, the signicantly less active morpholine
analogue 9g is still (44%) mono-protonated at the acidic FV pH.
In this form, the GM conformer of 9g does not present the Skew
Boat B conformation and the O1–N0 interaction, and the rst
conformer with these features is atz1 kcal mol�1 from the GM
(Table 15SI†). On the other hand, in the di-protonated form, 9g
RSC Adv., 2015, 5, 72995–73010 | 73001
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Fig. 4 Superimposition of GM conformers of: (A) 9a (green), 9b (orange), 9c (yellow), 9d (pink), 9e (cyan), and 9f (magenta); all protonated on N0;
(B) 9a (green), 9b (orange), and 9c (yellow); protonated on N0 and N00; (C) 9d (pink), 9e (cyan), and 9f (magenta); protonated on N0 and N00. The
molecules are colored by atom type (O ¼ red, N ¼ blue, and H ¼ white). Hydrogens are omitted for sake of clarity, with the exception of those
involved in hydrogen bonds (highlighted by a green dashed line).

Fig. 5 Docking results of 9c (green; protonated on N0 and N00) in
complex with heme (orange) optimized by the semi-empirical QM
method PM7. The molecules are colored by atom type (O ¼ red; N ¼
blue; Fe ¼ magenta and H ¼ white). Iron atom vdW volume is shown
(scaled by 70% for clarity of presentation). Hydrogens are omitted for
sake of clarity, with the exception of those involved in hydrogen bonds
(highlighted by a green dashed line).
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behaves similarly to 9d–f (Fig. 4C), i.e., with the protonated
tertiary amine (N00) establishing hydrogen bonds with O7 (Table
16SI†).

Thus, also in the case of di-protonated 9g, the morpholine
nitrogen could establish an extra-interaction with heme propi-
onate groups only aer losing its intramolecular H-bond.

A peculiar case is represented by compound 9h (W2 IC50 ¼
400 nM, Table 1), evaluated as a mixture of two diastereomers
differing for the conguration at the stereogenic carbon of the
bicyclic ring.

In this analogue the two equally basic nitrogens (single pKa1:
7.56 � 0.20 and single pKa2: 7.24 � 0.20) are constrained into a
bicyclic structure and, according to the calculated apparent pKa

value, only the mono-protonated form is present at both cyto-
plasm and FV pHs (Table 1SI†). In order to investigate the role
of the bicyclic ring on the antimalarial activity, 9h diastereo-
mers were subjected to the same docking procedure applied to
9c (see Experimental section for details). Also in this case, the
docking studies indicated only one possible complex structure
for each 9h diastereomer. According to the conformational
analysis results (Tables 17SI and 18SI†), although not showing
73002 | RSC Adv., 2015, 5, 72995–73010
the hydrogen bond between N0 and O1, the bioactive
conformers of the two diastereomers still presented the Skew
Boat B conformation of the 1,2-dioxane ring with the two con-
formationally constrained amine nitrogens correctly positioned
to interact with the negatively charged heme propionate group
(Fig. 3SI†).

Finally, the amino-imidazole spiro derivative 9i (Table 1), is
again present in the di-protonated form at FV pH (Table 1SI†).
The GM conformer of this form presents both the Skew Boat B
and the O1–N0 interaction (Table 20SI†), but, according to
experimental peroxide oxygen-heme iron distances taken from
the Cambridge Crystallographic Structural Data Bank,19 the
presence of the rigid spirocycloheptane at C6 impairs the
endoperoxide approach to heme iron (Fig. 4SI†).

The conformational behavior of the endoperoxide–amino-
quinoline hybrids 9k–s (Table 2) was evaluated by applying the
same computational protocol used for 9a–j. The presence of
the bulky quinoline moiety determined a less homogenous
conformational behavior of the low energy conformers of 9k–s.
Indeed, due to the hydrophobic interaction between the
quinoline system and the butyl chain(s), the conformational
preference is also affected by the substitution at C6 (Tables 4
and 23SI–40SI†). Nevertheless, the GM conformers of
compounds 9k–s are still characterized by the Skew Boat B,
both, in the mono- and di-protonated forms (Tables 23SI–
40SI†).

The endoperoxide-7-chloroquinoline hybrids 9k–q (Table 2)
are entirely present in the di-protonated form at FV pH, while
they are mostly (z80%) mono-protonated at cytoplasm pH
(Table 1SI†). Considering the mono-protonated form, N0 is
hydrogen bonded to O1 and O7 in 9k, 9n, and 9q (Fig. 6A), and
only to O1 in 9l, 9m, 9o, and 9p (Fig. 6B). On the other hand, in
the di-protonated form N0 is hydrogen bonded to O1 (9k–m) or
to O7 (9n–q), while N000 always interacts with O1, O2, and O7
(Fig. 6C).

Thus, the exact pattern of intramolecular hydrogen bonds is
determined by the presence of the butyl chains at C6 in the
protonated forms (Fig. 6A and B), and by the length of the alkyl
This journal is © The Royal Society of Chemistry 2015
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Fig. 7 Superimposition of GM conformers of: (A) 9r diastereomer
(green) with (R)-configured stereocenter in the side-chain and dia-
stereomer (orange) with (S)-configured stereocenter in the side-chain;
(B) 9s diastereomer (yellow) with (R)-configured stereocenter in the
side-chain and diastereomer (cyan) with (S)-configured stereocenter
in the side-chain. The molecules are colored by atom type (O ¼ red, N
¼ blue, and H ¼ white). Hydrogens are omitted for sake of clarity, with
the exception of those involved in hydrogen bonds (highlighted by a
green dashed line).

Fig. 8 Schematic representation of the SARs of the 4-methylamino-
1,2-dioxanes 9a–s.

Fig. 6 Superimposition of the GM conformers of: (A) 9k (yellow) and 9n, 9q (orange) (protonated on N0); (B) 9l, 9m (green) and 9o, 9p (pink)
(protonated on N0); (C) 9k–m (green) and 9n–q (pink) (protonated on N0 and N00). Themolecules are colored by atom type (O¼ red, N¼ blue, and
H ¼ white). Hydrogens are omitted for sake of clarity, with the exception of those involved in hydrogen bonds (highlighted by a green dashed
line).
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chain connecting the two protonated amino groups in the di-
protonated forms (Fig. 6C).

It has to be underlined that, anyway, the GM conformers of
9k–q show the quinoline nitrogen (N00) accessible to heme iron
interaction, while the endoperoxide function is sterically
hindered by the quinoline ring (Fig. 6).

The primaquine-type hybrids 9r and 9s are only present in
the mono-protonated form at, both, FV and cytoplasm pH
(Table 1SI†), and, as observed for the mono-protonated GM
conformers of 9k–q, N0 is hydrogen bonded to O1, or to O1 and
O7, depending on the presence of the butyl chains at C6 (Fig. 7).
Contrarily to 9k–q, in hybrids 9r–s the quinoline ring does not
hinder the endoperoxide group (Fig. 6A and B vs. 7A and B).
3. Discussion

We analyzed the SARs of our new compounds considering the
possible roles of the amine chain at C4 on the antimalarial
This journal is © The Royal Society of Chemistry 2015
activity according to our previously developed pharmacophore
model.5c–9 Obtained results are summarized in Fig. 8.

Several amines are known either to be active themselves as
antimalarials20 or to be present as additional, favorable,
pharmacophoric features (i.e., bioactive substructure) in a
variety of molecular scaffolds already exhibiting antimalarial
activity.21 This is the case of the new series of endoperoxides
9a–s, which show an enhanced antimalarial activity compared
to the parent compounds 4–7, thanks to the amine substituent
at C4. This improvement in the activity can be ascribed to
cellular pharmacokinetics and/or pharmacodynamics. Poly-
amines are known to play a crucial role as radical scavengers
in biological environments22 and their ability to shuttle a free-
radical from oxygen to carbon atoms has been broadly inves-
tigated.23 Accordingly, the polyamine substituent could
increase the activity of molecular scaffolds whose activity is
strictly related to their redox potential by playing an active role
in the formation/propagation of toxic radical species. In
addition, for compounds supposed to interact with free heme,
a basic chain could be involved in favorable interactions with
heme propionate groups. At this regard, the conformational
analysis performed on members of the series 9 revealed a
strong tendency of the protonated secondary amine to form a
RSC Adv., 2015, 5, 72995–73010 | 73003
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hydrogen bond with O1, stabilizing a 1,2-dioxane ring
conformation which favors peroxide oxygen accessibility. This
was conrmed by docking calculation of 9c in complex with
heme, which also highlighted favorable interactions between
the polyamine chain and the heme propionate groups, in
agreement to what observed in the recently crystallized met-
alloporphyrin m-oxo dimer in complex with chloroquine.18

Given the formation of this pre-reactive complex, a possible
scenario is that, aer the Fe(II) catalyzed generation of the
distonic radical anion, the secondary amine could simulta-
neously protonate the oxygen anion and shuttle the oxygen
radical to an adjacent carbon via a H radical shi.23

In addition, the presence of multiple basic functionalities
may favor the accumulation of compounds 9a–s in the infected
erythrocyte and, in particular, in the acidic FV of the parasites.
More than be achieved through a polyamine transporter,24

most likely this could be due to an impairing of the back
diffusion across the membrane of a single, or better a double,
protonated derivative. Calculated pKa and log D values at
cytoplasm and FV pH pointed out that compounds 9a–s can
accumulate in the parasite FV, but no linear relation was
observed between the antimalarial activity and the c log D
values, indicating that other parameters also affect the anti-
malarial activity. It is noteworthy that most of the low energy
conformers (i.e., within 5 kcal mol�1 from the GM) of
compounds 9a–s present an intramolecular hydrogen bond
between the two amine functions. As already observed by us
and others,25 the formation of intramolecular hydrogen bonds
involving ionized groups, can “mask” the charge of the mole-
cule and affect its passage through cellular membranes. In
particular, the formation of an intramolecular hydrogen bond
between the exocyclic quinoline nitrogen and the alkyl chain
amino group of ferroquine has been proven to enhance its
passage across the cell membrane.25a Such conformational
effects cannot be properly taken into account by the predictive
algorithm30 used to calculate the log D values.

The subgroup of 1,2-dioxanes 9k–s hybridizes two biologi-
cally active entities, the 1,2-dioxane scaffold and a quinoline-
based pharmacophore. Over the last ten years examples of
artemisinin–quinolines hybrids have been reported.26 A recent
survey shows the most interesting results obtained with hybrid
molecules containing fully synthetic 1,2,4-trioxanes or 1,2,4-
trioxolanes and an aminoquinoline derivative.27 These hybrid
molecules display a dual mode of action, a concept referred to
as “covalent bitherapy”, thus they promote heme alkylation
with the peroxy entity, and heme stacking with the amino-
quinoline moiety resulting in a reinforced inhibition of hae-
mozoin formation.28 Targeting the parasite by two distinct
mechanisms has also the advantage of delaying or circum-
venting the development of resistance.29

In the case of the hybrids 9k–p, the higher activity of chlo-
roquine with respect to the peroxide moiety likely plays a major
role in the antimalarial activity against CQ-S strains. On the
contrary, 9k–p are more active than chloroquine against CQ-R
strains and resulting SARs suggest that the peroxide pharma-
cophore is responsible for the observed antimalarial activity. It
cannot be excluded that the increased activity against CQ-R
73004 | RSC Adv., 2015, 5, 72995–73010
strains is attributable to the modication of the basic side
chain of chloroquine, which would not to be recognized by the
mutated CQ-transporter.

Contrarily to chloroquine, primaquine is known to be poorly
active in vitro against Pf infected erythrocytes, both on CQ-S and
CQ-R strains (W2 IC50 ¼ 3.3 mM).26a By consequence, the
signicant antimalarial activity displayed by the hybrids 9r and
9s has to be attributed to the mechanism of action of the
peroxide moiety, while the primaquine moiety behaves, in this
case, just as an amine-containing C4 substituent.

In summary, optimization of the cellular pharmacokinetics
of our antimalarial peroxides through the introduction of an
amino side chain at C4, seems not to be the only factor
responsible for their increased antimalarial activity. Indeed,
according to the developed pharmacophore model for pla-
kortin and its synthetic analogues,5c–9 the substituent at C4
could also play a pharmacodynamic role by affecting the
ability of the peroxide bridge to undergo reductive cleavage
and to generate/propagate the putative toxic radical chain.
Molecular modeling studies suggest that the increased anti-
malarial activity is related to the stabilization of a conforma-
tion which favors the hypothesized reductive cleavage of the
endoperoxide bridge with a possible involvement of the
introduced amine functions in putative toxic radical
formation/propagation. This is supported by the fact that
replacing the amide group with an amino group not only
increased the antimalarial activity of the whole series but also
determined different SARs. Indeed, the amido-imidazole
analogue of 9a (one butyl chain at C3, W2 (CQ-R) strain:
IC50 ¼ 0.21 mM) was inactive as antimalarial, while the amido-
imidazole analogue of 9b (two butyl chain at C6, W2 (CQ-R)
strain: IC50 ¼ 0.4 mM) was one of our most active derivatives
(W2 (CQ-R) strain: IC50 ¼ 0.5 mM).9 Thus, replacing the amide
group with an amino group increased the antimalarial activity
independently from the position of the butyl chain(s).
Although the inactivity of 9j demonstrated the need of at least
one butyl chain at C3 (9j vs. 9c), the activity of 9i compared to
7i and 4i indicated that the secondary amine function at C4 is
sufficient to restore some antimalarial activity and that the
inactivity of 9j is likely due to its unfavorable log D. At this
regard, it is worth of note, that, according to our c log D7.4

values, the minimum lipophilic threshold to be active against
infected erythrocytes and normal human cells is ��1 and
�+1, respectively. By consequence, compound 9a, with
c log D7.4 ¼ 0.5, shows an IC50 of 210 nM on W2 (CQ-R) strain
and no activity on HMEC-1 cells, presenting an optimal SI.
4. Conclusions

The inclusion of a substituted amine moiety on our easily
accessible 3-methoxy-1,2-dioxane scaffold led to a signicant
improvement of the antimalarial activity as a result of a
combination of pharmacokinetic and pharmacodynamic effects
that, rationalized in the light of our pharmacophoric model, can
steer the development of further optimized 1,2-dioxane
antimalarials.
This journal is © The Royal Society of Chemistry 2015
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5. Experimental Sections
5.1 General experimental procedures

Lowandhigh resolutionESI-MS spectrawere registeredonaLTQ
OrbitrapXL (Thermo Scientic) mass spectrometer. 1H (400
MHz) and 13C (100 MHz) NMR spectra were measured on a Var-
ian INOVA spectrometer. Chemical shis were referenced to the
residual solvent signal (CDCl3: dH 7.26, dC 77.0). A Knauer HPLC
apparatus equipped with refraction index detector was used to
purify and assess purity (>95%) of all nal products. LUNA
(normal phase) (Phenomenex) columns were used, with elution
with EtOAc/n-hexane mixtures and 0.7 ml min�1 as ow rate.
5.2 Synthesis

5.2.1 General procedure for the preparation of compounds
9. A 1 M DIBAL solution in toluene (2 equiv.) was added drop-
wise at �20 �C to a solution of the 1,2-dioxane ester 4 in
anhydrous CH2Cl2, under inert atmosphere. The reaction was
stirred for 1 h at the same temperature and quenched by
addition of a saturated aqueous solution of sodium potassium
tartrate. The biphasic system was stirred overnight until two
separate layers were formed. The aqueous phase was extracted
with CH2Cl2, the combined organic phases were dried over
Na2SO4 and evaporated under reduced pressure. The interme-
diate 4-hydroxymethyl-1,2-dioxanes 5 were puried by ash-
chromatography on silica gel, eluting with cyclohexane/ethyl
acetate mixtures. The spectral data and physical properties of
compounds 5 were identical to the ones previously reported.8

Alcohol 5 was dissolved in CH2Cl2 and further treated with
Dess–Martin periodinane (1.3 equiv.) under inert atmosphere
for 1 h at room temperature. The reaction was quenched with a
saturated aqueous solution of sodium thiosulphate and the
organic solvent was removed under reduced pressure. The
aqueous phase was extracted with AcOEt, the combined organic
phases were dried over Na2SO4 and evaporated under reduced
pressure. Aldehydes 8 were puried by ash-chromatography
on silica gel, eluting with cyclohexane/ethyl acetate mixtures
and immediately used in the subsequent step. Aldehydes 8 were
then dissolved in dry MeOH under inert atmosphere and the
desired amine component was added (1 equiv.). The reaction
was stirred at room temperature for 5–7 h, until no starting
material was detected by TLC. The solution was cooled to 0 �C
and NaBH4 (1.5 equiv.) was added under inert atmosphere. The
reaction mixture was further stirred at room temperature for 1.5
h and quenched with H2O. The organic solvent was removed
under reduced pressure and the aqueous phase was extracted
with AcOEt. The combined organic phases were dried over
Na2SO4 and evaporated under reduced pressure. The desired 4-
aminomethyl-1,2-dioxanes 9 were obtained pure aer purica-
tion by ash-chromatography on silica gel, eluting with CH2Cl2/
MeOH mixtures. The yields of the single reactions have been
reported in Tables 1 and 2.

Compound 9a. ESIMS: m/z 340 [M + H]+. HREIMS: m/z
340.2604, calcd. for C18H34N3O3 m/z 340.2600. 1H NMR (400
MHz, CDCl3) d ¼ 7.46 (s, 1H), 7.05 (s, 1H), 6.91 (s, 1H), 4.03 (t, J
¼ 6.9 Hz, 2H), 3.28 (s, 3H), 2.68 (dd, J¼ 11.9, 4.1 Hz, 1H), 2.56 (t,
This journal is © The Royal Society of Chemistry 2015
J¼ 6.7 Hz, 2H), 2.49 (dd, J¼ 11.9, 8.0 Hz, 1H), 2.17 (ddt, J¼ 12.5,
8.5, 4.4 Hz, 1H), 1.92 (p, J¼ 6.8 Hz, 2H), 1.80–1.68 (m, 3H), 1.69–
1.57 (m, 1H), 1.53 (dd, J ¼ 12.9, 4.7 Hz, 1H), 1.36 (s, 3H), 1.36–
1.26 (m, 4H), 1.17 (s, 3H), 0.90 (t, J ¼ 6.9 Hz, 3H). 13C NMR (100
MHz, CDCl3) d¼ 137.5, 129.8, 119.2, 104.9, 78.3, 50.5, 49.0, 47.0,
45.0, 35.3, 35.2, 32.2, 31.2, 27.8, 26.6, 23.6, 23.1, 14.3.

Compound 9b. ESIMS: m/z 382 [M + H]+. HREIMS: m/z
382.3077, calcd. for C21H40N3O3 m/z 382.3070. 1H NMR (400
MHz, CDCl3) d ¼ 7.48 (s, 1H), 7.05 (s, 1H), 6.91 (s, 1H), 4.04 (t, J
¼ 6.9 Hz, 2H), 3.29 (s, 3H), 2.74 (dd, J¼ 12.0, 4.1 Hz, 1H), 2.58 (t,
J¼ 6.7 Hz, 2H), 2.51 (dd, J¼ 11.9, 7.9 Hz, 1H), 2.00–1.82 (m, 4H),
1.65 (t, J¼ 12.7 Hz, 1H), 1.55 (dd, J¼ 12.8, 4.7 Hz, 1H), 1.51–1.40
(m, 2H), 1.40–1.31 (m, 4H), 1.29 (s, 3H), 1.29–1.15 (m, 6H), 0.92
(t, J ¼ 7.1 Hz, 3H), 0.90 (t, J ¼ 6.9 Hz, 3H). 13C NMR (100 MHz,
CDCl3) d ¼ 137.2, 129.4, 118.9, 102.1, 81.9, 50.6, 48.7, 46.5, 44.6,
39.0, 36.3, 32.2, 31.5, 30.6, 25.5, 24.9, 23.2, 23.2, 19.0, 14.1, 14.0.

Compound 9c. ESIMS: m/z 424 [M + H]+. HREIMS: m/z
424.3542, calcd. for C24H46N3O3 m/z 424.3539. 1H NMR (400
MHz, CDCl3) d ¼ 7.47 (s, 1H), 7.05 (s, 1H), 6.91 (s, 1H), 4.04 (t, J
¼ 6.9 Hz, 2H), 3.28 (s, 3H), 2.69 (dd, J¼ 11.8, 4.0 Hz, 1H), 2.56 (t,
J ¼ 6.8 Hz, 2H), 2.49 (dd, J ¼ 12.0, 7.9 Hz, 1H), 2.16 (td, J ¼ 7.6,
3.8 Hz, 1H), 1.99–1.80 (m, 3H), 1.78–1.59 (m, 4H), 1.55 (dd, J ¼
13.0, 4.8 Hz, 1H), 1.51–1.38 (m, 3H), 1.38–1.14 (m, 12H), 0.98–
0.83 (m, 9H). 13C NMR (100MHz, CDCl3) d¼ 137.1, 129.5, 118.8,
103.6, 81.9, 50.2, 48.3, 46.4, 44.6, 36.3, 33.9, 32.0, 31.9, 31.7,
26.2, 25.4, 24.9, 23.2, 23.2, 23.0, 14.1, 14.0, 13.9.

Compound 9d. ESIMS: m/z 317 [M + H]+. HREIMS: m/z
317.2800, calcd. for C17H37N2O3 m/z 317.2804. 1H NMR (400
MHz, CDCl3) d¼ 3.28 (s, 3H), 2.72 (dd, J¼ 11.9, 4.0 Hz, 1H), 2.61
(dtd, J ¼ 18.5, 11.5, 7.0 Hz, 2H), 2.50 (dd, J ¼ 11.9, 8.5 Hz, 1H),
2.30 (t, J ¼ 7.3 Hz, 2H), 2.22 (s, 6H), 1.79–1.45 (m, 10H), 1.36 (s,
3H), 1.35–1.22 (m, 2H), 1.16 (s, 3H), 0.91 (t, J ¼ 7.0 Hz, 3H). 13C
NMR (100 MHz, CDCl3) d ¼ 103.5, 78.5, 50.8, 49.6, 45.5, 45.5,
43.5, 35.4, 34.8, 32.5, 27.8, 26.5, 26.3, 23.6, 23.4, 14.3.

Compound 9e. ESIMS: m/z 359 [M + H]+. HREIMS: m/z
359.3277, calcd. for C20H43N2O3 m/z 359.3274. 1H NMR (400
MHz, CDCl3) d ¼ 3.29 (s, 3H), 2.75 (dd, J ¼ 11.9, 4.1 Hz, 1H),
2.68–2.54 (m, 2H), 2.50 (dd, J ¼ 11.9, 8.4 Hz, 1H), 2.31 (t, J ¼ 7.2
Hz, 2H), 2.22 (s, 6H), 2.02–1.94 (m, 1H), 1.94–1.84 (m, 1H), 1.66
(p, J ¼ 7.4 Hz, 2H), 1.59–1.50 (m, 4H), 1.39–1.30 (m, 4H), 1.29 (s,
3H), 1.30–1.15 (m, 6H), 0.92 (t, J¼ 7.1 Hz, 3H), 0.89 (t, J¼ 6.7 Hz,
3H). 13C NMR (100 MHz, CDCl3) d¼ 102.2, 81.9, 58.3, 50.7, 49.0,
48.6, 45.5, 45.5, 39.0, 36.4, 32.1, 31.5, 25.6, 25.0, 24.9, 23.2, 23.1,
18.9, 14.1, 14.0.

Compound 9f. ESIMS: m/z 401 [M + H]+. HREIMS: m/z
401.3739, calcd. for C23H49N2O3 m/z 401.3743. 1H NMR (400
MHz, CDCl3) d ¼ 3.31 (s, 3H), 3.16–3.07 (m, 1H), 3.09 (dd, J ¼
11.9, 5.6 Hz, 1H), 3.06–2.96 (m, 1H), 2.83 (dd, J ¼ 12.2, 6.3 Hz,
1H), 2.72–2.55 (m, 3H), 2.38 (s, 6H), 2.05 (broad s, 2H), 1.93–1.79
(m, 1H), 1.80–1.65 (m, 2H), 1.66–1.56 (m, 2H), 1.54–1.17 (m,
16H), 0.92 (t, J ¼ 7.0 Hz, 6H), 0.90 (t, J ¼ 6.9 Hz, 3H). 13C NMR
(100 MHz, CDCl3) d ¼ 130.0, 119.0, 103.7, 82.1, 50.3, 48.6, 45.8,
45.8, 36.5, 32.2, 32.0, 29.9, 26.3, 25.6, 25.5, 25.2, 23.5, 23.4, 23.3,
14.3, 14.2, 14.1.

Compound 9g. ESIMS: m/z 359 [M + H]+. HREIMS: m/z
359.2913, calcd. for C19H39N2O4 m/z 359.2910. 1H NMR (400
MHz, CDCl3) d ¼ 3.71 (t, J ¼ 4.7 Hz, 4H), 3.28 (s, 3H), 2.75–2.56
RSC Adv., 2015, 5, 72995–73010 | 73005
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(m, 3H), 2.51 (dd, J ¼ 11.8, 8.7 Hz, 1H), 2.44 (broad s, 4H), 2.39
(t, J ¼ 7.3 Hz, 2H), 2.27–2.15 (m, 1H), 1.78–1.47 (m, 7H),1.36 (s,
3H), 1.38–1.23 (m, 4H), 1.17 (s, 3H), 0.91 (t, J ¼ 7.0 Hz, 3H). 13C
NMR (100 MHz, CDCl3) d ¼ 103.4, 77.9, 66.9, 66.9, 53.8, 53.8,
48.3, 34.9, 31.8, 27.5, 26.2, 23.2, 23.1, 23.0, 13.9.

Compound 9h. ESIMS: m/z 397 [M + H]+. HREIMS: m/z
397.3427, calcd. for C23H45N2O3 m/z 397.3430. 1H NMR (400
MHz, CDCl3, 1 : 1 mixture of 2 diastereoisomers) d ¼ 3.32 (s,
3H), 3.17–3.09 (m, 2H), 3.04–2.96 (m, 2H), 2.98–2.79 (m, 5H),
2.32–2.20 (m, 1H), 2.20–2.09 (m, 2H), 1.93–1.83 (m, 1H), 1.84–
1.70 (m, 4H), 1.70–1.56 (m, 3H), 1.56–1.42 (m, 3H), 1.38 (s, 3H),
1.36–1.24 (m, 9H), 0.99–0.87 (m, 6H). 13C NMR (100 MHz,
CDCl3) d ¼ 101.4, 81.8, 77.3, 54.1, 54.0, 50.0, 49.0, 48.9, 36.9,
36.2, 31.8, 31.3, 25.4, 24.8, 24.0, 23.3, 23.2, 23.2, 18.8, 14.1, 13.9.

Compound 9i. ESIMS: m/z 352 [M + H]+. HREIMS: m/z
352.2604, calcd. for C19H34N3O3 m/z 352.2600. 1H NMR (400
MHz, CDCl3) d ¼ 7.47 (s, 1H), 7.05 (s, 1H), 6.91 (s, 1H), 4.04 (t, J
¼ 6.9 Hz, 2H), 3.29 (s, 3H), 2.72 (dd, J¼ 11.9, 4.3 Hz, 1H), 2.57 (t,
J¼ 6.8 Hz, 2H), 2.50 (dd, J¼ 11.9, 7.8 Hz, 1H), 2.15 (dd, J¼ 14.2,
9.4 Hz, 1H), 2.00–1.87 (m, 3H), 1.78–1.43 (m, 14H), 1.29 (s, 3H).
13C NMR (100 MHz, CDCl3) d ¼ 137.2, 129.4, 118.8, 102.2, 83.1,
50.7, 48.7, 46.6, 44.7, 40.1, 39.6, 35.0, 33.0, 31.2, 30.4, 30.3, 30.0,
22.4, 19.0.

Compound 9j. ESIMS: m/z 298 [M + H]+. HREIMS: m/z
298.2133, calcd. for C15H28N3O3 m/z 298.2131. 1H NMR (400
MHz, CDCl3) d ¼ 7.50 (s, 1H), 7.05 (s, 1H), 6.91 (s, 1H), 4.04 (t, J
¼ 6.9 Hz, 2H), 3.29 (s, 3H), 2.74 (dd, J¼ 12.0, 4.2 Hz, 1H), 2.58 (t,
J¼ 6.9 Hz, 2H), 2.52 (dd, J¼ 12.0, 8.0 Hz, 1H), 2.45 (broad s, 1H),
2.02–1.91 (m, 3H), 1.71 (t, J¼ 12.7 Hz, 1H), 1.54 (dd, J¼ 13.0, 4.7
Hz, 1H), 1.37 (s, 3H), 1.30 (s, 3H), 1.17 (s, 3H). 13C NMR (100
MHz, CDCl3) d¼ 137.2, 129.4, 118.8, 101.8, 77.9, 50.2, 48.7, 46.2,
44.5, 39.2, 35.1, 27.4, 22.7, 18.9.

Compound 9k. ESIMS: m/z 450, 452 (3 : 1 ratio) [M + H]+.
HREIMS:m/z 450.2526, calcd. for C24H37

35ClN3O3 m/z 450.2523.
1H NMR (400 MHz, CDCl3) d ¼ 8.50 (d, J ¼ 5.4 Hz, 1H), 7.95 (d, J
¼ 2.1 Hz, 1H), 7.79 (d, J ¼ 8.9 Hz, 1H), 7.41 (broad s, 1H), 7.33
(dd, J ¼ 8.9, 2.2 Hz, 1H), 6.34 (d, J ¼ 5.5 Hz, 1H), 3.48–3.35 (m,
2H), 3.29 (s, 3H), 3.01–2.90 (m, 1H), 2.91–2.81 (m, 1H), 2.80 (dd,
J¼ 12.5, 3.9 Hz, 1H), 2.69 (dd, J¼ 12.1, 7.8 Hz, 1H), 2.33 (ddt, J¼
12.3, 8.2, 4.3 Hz, 1H), 2.03–1.91 (m, 2H), 1.86 (t, J¼ 12.6 Hz, 1H),
1.83–1.70 (m, 2H), 1.67–1.59 (m, 1H), 1.56 (dd, J ¼ 12.8, 4.7 Hz,
1H), 1.39 (s, 3H), 1.37–1.22 (m, 4H), 1.14 (s, 3H), 0.84 (t, J ¼ 7.0
Hz, 3H). 13C NMR (100 MHz, CDCl3) d ¼ 151.6, 150.4, 147.7,
135.2, 127.2, 125.8, 122.9, 117.6, 103.9, 98.5, 78.1, 50.8, 49.7,
48.7, 43.6, 35.3, 34.7, 32.5, 27.8, 26.9, 26.5, 23.5, 23.3, 14.2.

Compound 9l. ESIMS: m/z 492, 494 (3 : 1 ratio) [M + H]+.
HREIMS:m/z 492.3001, calcd. for C27H43

35ClN3O3 m/z 491.2993.
1H NMR (400 MHz, CDCl3) d ¼ 8.50 (d, J ¼ 5.5 Hz, 1H), 7.95 (d, J
¼ 2.1 Hz, 1H), 7.75 (d, J ¼ 8.9 Hz, 1H), 7.34 (dd, J ¼ 8.9, 2.2 Hz,
1H), 6.34 (d, J¼ 5.5 Hz, 1H), 3.50–3.32 (m, 2H), 3.29 (s, 3H), 2.95
(ddd, J ¼ 10.9, 6.8, 3.6 Hz, 1H), 2.91–2.81 (m, 1H), 2.83 (dd, J ¼
12.0, 3.7 Hz, 1H), 2.68 (dd, J ¼ 12.2, 8.2 Hz, 1H), 2.15–2.03 (m,
1H), 2.01–1.92 (m, 2H), 1.94–1.85 (m, 1H), 1.72 (t, J ¼ 12.7 Hz,
1H), 1.56 (dd, J ¼ 13.0, 4.8 Hz, 1H), 1.52–1.42 (m, 1H), 1.42–1.31
(m, 3H), 1.31 (s, 3H), 1.28–1.06 (m, 9H), 0.91 (t, J ¼ 7.1 Hz, 3H),
0.83 (t, J ¼ 7.0 Hz, 3H). 13C NMR (100 MHz, CDCl3) d ¼ 151.6,
150.4, 147.7, 135.2, 129.8, 125.4, 122.9, 117.6, 102.1, 98.3, 81.8,
73006 | RSC Adv., 2015, 5, 72995–73010
51.0, 49.5, 48.7, 43.6, 38.7, 36.3, 32.3, 31.6, 27.0, 25.5, 24.8, 23.2,
23.1, 18.9, 14.1, 14.0.

Compound 9m. ESIMS: m/z 534, 536 (3 : 1 ratio) [M + H]+.
HREIMS:m/z 534.3466, calcd. for C30H49

35ClN3O3 m/z 534.3462.
1H NMR (400 MHz, CDCl3) d ¼ 8.50 (d, J ¼ 1.7 Hz, 1H), 7.96 (s,
1H), 7.84 (d, J ¼ 9.1 Hz, 1H), 7.35 (d, J ¼ 9.0 Hz, 1H), 6.33 (d, J ¼
5.8 Hz, 1H), 3.51–3.34 (m, 2H), 3.25 (s, 3H), 3.03–2.92 (m, 1H),
2.92–2.78 (m, 2H), 2.74–2.62 (m, 1H), 2.39–2.27 (m, 1H), 1.88 (t, J
¼ 12.7 Hz, 1H), 1.74 (t, J¼ 12.4 Hz, 2H), 1.64–1.53 (m, 1H), 1.53–
1.42 (m, 1H), 1.41–1.09 (m, 19H), 0.91 (t, J ¼ 6.7 Hz, 3H), 0.83
(broad t, J ¼ 6.1 Hz, 6H). 13C NMR (100 MHz, CDCl3) d ¼ 151.7,
150.3, 147.9, 135.6, 129.7, 126.2, 116.8, 115.3, 103.4, 98.1, 81.9,
50.5, 48.9, 48.4, 36.2, 33.2, 32.1, 31.8, 31.7, 26.1, 25.4, 24.9, 23.2,
23.2, 23.0, 14.1, 14.0, 13.9.

Compound 9n. ESIMS: m/z 464, 466 (3 : 1 ratio) [M + H]+.
HREIMS: m/z 464.2683 calcd. for C25H39

35ClN3O3 m/z 464.2680.
1H NMR (400 MHz, CDCl3) d ¼ 8.49 (d, J ¼ 5.5 Hz, 1H), 7.96 (d, J
¼ 2.1 Hz, 1H), 7.83 (d, J ¼ 8.9 Hz, 1H), 7.36 (dd, J ¼ 8.9, 2.2 Hz,
1H), 6.37 (d, J¼ 5.5 Hz, 1H), 3.33 (t, J¼ 6.5 Hz, 2H), 3.30 (s, 3H),
2.83 (dd, J ¼ 12.0, 4.0 Hz, 1H), 2.82–2.67 (m, 2H), 2.63 (dd, J ¼
12.1, 7.8 Hz, 1H), 2.30 (ddt, J ¼ 12.3, 8.4, 4.4 Hz, 1H), 1.91–1.79
(m, 3H), 1.82–1.69 (m, 4H), 1.68–1.56 (m, 2H), 1.36 (s, 3H), 1.34–
1.23 (m, 5H), 1.16 (s, 3H), 0.90 (t, J ¼ 7.0 Hz, 3H). 13C NMR (100
MHz, CDCl3) d ¼ 151.5, 150.4, 147.8, 135.6, 129.8, 125.6, 122.2,
116.9, 110.0, 103.3, 98.6, 77.9, 49.9, 49.1, 48.3, 42.8, 34.9, 34.3,
31.8, 27.4, 26.3, 26.1, 25.8, 23.1, 22.9, 13.9.

Compound 9o. ESIMS: m/z 506, 508 (3 : 1 ratio) [M + H]+.
HREIMS:m/z 506.3151, calcd. for C28H45

35ClN3O3 m/z 506.3149.
1H NMR (400 MHz, CDCl3) d ¼ 8.50 (d, J ¼ 5.4 Hz, 1H), 7.96 (d, J
¼ 2.2 Hz, 1H), 7.77 (d, J ¼ 8.9 Hz, 1H), 7.36 (dd, J ¼ 8.9, 2.2 Hz,
1H), 6.38 (d, J¼ 5.5 Hz, 1H), 3.33 (t, J¼ 6.5 Hz, 2H), 3.30 (s, 3H),
2.83 (dd, J¼ 12.1, 4.0 Hz, 1H), 2.73 (t, J¼ 6.6 Hz, 2H), 2.60 (dd, J
¼ 12.1, 7.9 Hz, 1H), 2.11–1.98 (m, 2H), 1.93–1.81 (m, 3H), 1.77–
1.65 (m, 3H), 1.58 (dd, J ¼ 13.1, 4.9 Hz, 1H), 1.55–1.38 (m, 3H),
1.37–1.32 (m, 4H), 1.30 (s, 3H), 1.28–1.17 (m, 5H), 0.91 (t, J¼ 7.1
Hz, 3H), (t, J ¼ 7.0 Hz, 3H). 13C NMR (100 MHz, CDCl3) d ¼
151.8, 150.2, 147.7, 135.6, 129.8, 125.6, 122.3, 116.9, 102.0, 98.5,
81.8, 50.6, 49.1, 48.7, 42.9, 38.5, 36.3, 32.3, 31.5, 26.5, 25.9, 25.5,
24.8, 23.2, 23.1, 18.9, 14.1, 13.9.

Compound 9p. ESIMS: m/z 548, 550 (3 : 1 ratio) [M + H]+.
HREIMS:m/z 548.3619, calcd. for C31H51

35ClN3O3 m/z 548.3619.
1H NMR (400MHz, CDCl3) d¼ 8.51 (dd, J¼ 5.5, 1.7 Hz, 1H), 7.95
(s, 1H), 7.77 (d, J ¼ 9.0 Hz, 1H), 7.36 (dd, J ¼ 8.9, 2.2 Hz, 1H),
6.38 (d, J ¼ 5.4 Hz, 1H), 3.33 (t, J ¼ 6.7 Hz, 2H), 3.30 (s, 3H), 2.79
(dd, J ¼ 13.3, 4.0 Hz, 1H), 2.76–2.69 (m, 2H), 2.60 (dd, J ¼ 12.0,
7.8 Hz, 1H), 2.32–2.18 (m, 1H), 1.91–1.79 (m, 4H), 1.78–1.66 (m,
4H), 1.68–1.53 (m, 2H), 1.50–1.35 (m, 2H), 1.37–1.14 (m, 14H),
0.95–0.80 (m, 9H). 13C NMR (100 MHz, CDCl3) d ¼ 151.9, 150.0,
147.9, 135.6, 125.6, 122.2, 103.5, 98.6, 81.9, 50.1, 49.1, 48.3, 42.8,
36.3, 33.6, 32.0, 31.8, 31.7, 26.1, 25.9, 25.4, 24.9, 24.8, 23.2, 23.1,
23.0, 14.1, 13.9, 13.8.

Compound 9q. ESIMS: m/z 422, 424 (3 : 1 ratio) [M + H]+.
HREIMS:m/z 422.2212, calcd. for C22H33

35ClN3O3 m/z 422.2210.
1H NMR (400 MHz, CDCl3) d ¼ 8.49 (d, J ¼ 5.5 Hz, 1H), 7.96 (d, J
¼ 2.1 Hz, 1H), 7.81 (d, J ¼ 8.9 Hz, 1H), 7.36 (dd, J ¼ 8.9, 2.1 Hz,
1H), 6.37 (d, J ¼ 5.6 Hz, 1H), 5.93 (broad s, 1H), 3.37–3.26 (m,
2H), 3.30 (s, 3H), 2.84 (dd, J ¼ 12.1, 4.0 Hz, 1H), 2.75 (td, J ¼ 6.5,
This journal is © The Royal Society of Chemistry 2015
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1.7 Hz, 2H), 2.62 (dd, J ¼ 12.1, 7.9 Hz, 1H), 2.13–2.03 (m, 1H),
1.93 (broad s, 1H), 1.89–1.81 (m, 2H), 1.80–1.71 (m, 3H), 1.60
(dd, J ¼ 12.7, 5.1 Hz, 1H), 1.37 (s, 3H), 1.32 (s, 3H), 1.17 (s, 3H).
13C NMR (100 MHz, CDCl3) d¼ 152.1, 150.2, 147.8, 135.5, 125.4,
121.8, 117.0, 102.0, 98.7, 80.0, 50.4, 49.2, 48.7, 43.0, 39.4, 35.2,
27.4, 26.8, 26.1, 25.9, 22.7, 18.9.

Compound 9r. ESIMS: m/z 474 [M + H]+. HREIMS: m/z
474.3333, calcd. for C27H44N3O4 m/z 474.3332. 1H NMR (400
MHz, CDCl3, 1 : 1 mixture of 2 diastereoisomers) d¼ 8.52 (d, J¼
2.4 Hz, 1H), 7.92 (dd, J ¼ 8.2, 1.8 Hz, 1H), 7.30 (dd, J ¼ 8.2, 4.2
Hz, 1H), 6.33 (d, J¼ 2.5 Hz, 1H), 6.28 (d, J¼ 2.5 Hz, 1H), 6.04 (d,
J¼ 8.3 Hz, 1H), 3.89 (s, 3H), 3.67–3.58 (m, 1H), 3.27 (s, 3H), 2.71
(dd, J ¼ 11.9, 3.8 Hz, 1H), 2.66–2.56 (m, 2H), 2.50 (dd, J ¼ 11.9,
8.6 Hz, 1H), 2.22–2.13 (m, 1H), 1.77–1.57 (m, 7H), 1.54 (dd, J ¼
13.0, 4.7 Hz, 1H), 1.34 (s, 3H), 1.34–1.23 (m, 8H), 1.15 (s, 3H),
0.89 (t, J ¼ 7.0 Hz, 3H). 13C NMR (100 MHz, CDCl3) d ¼ 159.4,
145.0, 144.3, 134.5, 129.9, 129.7, 121.8, 103.5, 96.8, 91.6, 78.0,
55.2, 50.1, 49.9, 48.2, 48.0, 34.8, 34.7, 34.4, 31.8, 27.5, 26.2, 23.1,
22.9, 20.5, 13.9.

Compound 9s. ESIMS: m/z 516 [M + H]+. HREIMS: m/z
516.3804, calcd. for C30H50N3O4 m/z 516.3801. 1H NMR (400
MHz, CDCl3, 1 : 1 mixture of 2 diastereoisomers) d ¼ 8.52 (dd, J
¼ 3.7, 1.6 Hz, 1H), 7.92 (dd, J¼ 8.2, 1.7 Hz, 1H), 7.30 (dd, J¼ 8.2,
4.2 Hz, 1H), 6.36–6.31 (m, 1H), 6.29 (dd, J ¼ 4.0, 2.5 Hz, 1H),
6.05–5.97 (m, 1H), 3.89 (s, 3H), 3.68–3.59 (m, 1H), 3.27 and 3.26
(s, 3H), 2.79 (d, J ¼ 12.0 Hz, 1H), 2.72–2.60 (m, 2H), 2.54 (t, J ¼
10.1 Hz, 1H), 2.03–1.93 (m, 1H), 1.91–1.81 (m, 1H), 1.77–1.54
(m, 8H), 1.32 and 1.30 (s, 3H), 1.27 and 1.26 (s, 3H), 1.34–0.89
(m, 10H), 0.89–0.85 (m, 6H). 13C NMR (100 MHz, CDCl3) d ¼
159.4, 145.0, 144.3, 134.8, 129.9, 129.7, 123.2, 121.8, 118.9,
102.6, 96.8, 81.9, 55.2, 50.5, 50.0, 48.6, 48.1, 48.0, 36.3, 34.4,
32.1, 31.5, 25.5, 24.8, 23.2, 20.5, 18.8, 14.1, 14.0.
5.3 Molecular modeling

Molecular modeling calculations were performed on SGI Origin
200 8XR12000 and E4 Server Twin 2� Dual Xeon-5520, equip-
ped with two nodes. Each node: 2� Intel® Xeon® QuadCore
E5520-2.26Ghz, 36 GB RAM. The molecular modeling graphics
were carried out on SGI Octane 2 workstations.

Apparent pKa and log D values of new endoperoxides were
calculated by using ACD/Percepta soware.30 Accordingly,
percentage of neutral/ionized forms were computed at pH 7.4
(blood), at pH 7.2 (cytoplasm) and at pH 5.5 (Pf food vacuole)
using the Henderson–Hasselbalch equation.

5.3.1 Conformational analysis. The new endoperoxides
were built, taking into account the prevalent ionic forms at the
considered different pH values, using the Insight 2005 Builder
module (Accelrys Soware Inc., San Diego).

Since 9h, 9r and 9s were tested as mixture of two diastereo-
mers, both diastereomers of these compounds were built.
Atomic potentials and charges were assigned using the CFF91
force eld.31 The conformational space of the compounds was
sampled through 200 cycles of simulated annealing (3 ¼ 1). In
simulated annealing, the temperature is altered in time incre-
ments from an initial temperature to a nal temperature by
adjusting the kinetic energy of the structure (by rescaling the
This journal is © The Royal Society of Chemistry 2015
velocities of the atoms). The following protocol was applied: the
system was heated up to 1000 K over 2000 fs (time step¼ 1.0 fs);
the temperature of 1000 K was applied to the system for 2000 fs
(time step ¼ 1.0 fs) with the aim of surmounting torsional
barriers; successively, temperature was linearly reduced to 300 K
in 1000 fs (time step¼ 1.0 fs). Resulting conformationswere then
subjected to molecular mechanic (MM) energy minimization
within Insight 2005 Discover module (CFF91 force eld; 3 ¼ 1)
until the maximum RMS derivative was less than 0.001 kcal Å�1,
using Conjugate Gradient32 as minimization algorithm. All MM
conformers were then subjected to a full geometry optimization
by semiempirical calculations, using the quantum mechanical
method PM7 33 in the Mopac2012 package34 and EF35 (Eigen-
vector Following routine) as geometry optimization algorithm.
GNORM value was set to 0.01. To reach a full geometry optimi-
zation the criteria for terminating all optimizations was
increased by a factor of 100, using the keyword PRECISE.

Resulting conformers were ranked by their potential energy
values (i.e., DE from the global energy minimum). All PM7
conformers within 5 kcal mol�1 from the global minimum were
classied on the basis of: (i) 1,2-dioxane ring conformation; (ii)
intramolecular hydrogen bonds and (iii) distance between
endoperoxide oxygens (O1 or O2) and possible partners for a
‘through space’ intramolecular radical shi (#3 Å). Then, the
occurrence rates were calculated.

5.3.2 Docking procedure. In order to further investigate the
role of the conformational behavior on antimalarial activity,
docking studies were carried out on 9c di-protonated form and
on 9r diastereomer protonated form in complex with heme,
using a docking methodology (Affinity, SA_Docking; Insight
2005, Accelrys, San Diego, CA) which considers all the systems
exible (i.e., ligand and heme). Atomic potentials of heme were
assigned using the Heme29.frc;36 a force eld including heme
parameters and atomic partial charges were assigned using the
quantum mechanical method PM7. Heme apparent pKa values
were calculated by using ACD/Percepta soware. Accordingly,
one propionic chain was considered protonated and the heme
net total charge was set at +1. Although during the subsequent
dynamic docking protocol all the systems were perturbed by
means of Monte Carlo and simulated annealing procedures, a
reasonable starting structure is anyway required. Thus, the PM7
lowest energy conformer of 9c and 9r diastereomersmeeting the
hypothesized pharmacophoric requirements for antimalarial
activity was selected as the ligand starting conformation. The
ligand was then placed above the heme, taking as template the
crystal structure of a peroxo-bridged heme–copper dinuclear
complex (CSD code UKACIS) and considering the O2/O7 iron
coordination complex. During the docking calculations, all
atoms in the complex were le free to move during the entire
docking calculations with the exception of heme pyrrolic
carbons, which were kept xed and, in order to avoid unrealistic
results, the distance between the iron and the interacting
oxygens (i.e. O2 and O7) was restrained within 2.0 Å (100–1000
kcal mol�1 Å�2). The Cell_Multipole method37 has been used to
calculate nonbond interactions. A Monte Carlo/minimization
approach for the random generation of a maximum of 20
acceptable ligand/heme complexes was used. During the rst
RSC Adv., 2015, 5, 72995–73010 | 73007
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step, starting from the previously obtained roughly docked
structures, the ligand was moved by a random combination of
translation, rotation, and torsional changes (Flexible_Ligand
option, considering all rotatable bonds) to sample both the
conformational space of the ligand and its orientation with
respect to the heme (MxRChange ¼ 3 Å; MxAngChange ¼ 180�).
During this step, van der Waals (vdW) and Coulombic terms
were scaled to a factor of 0.1 to avoid very severe divergences in
the Coulombic and vdW energies. If the energy of a complex
structure resulting from randommoves of the ligand was higher
by the energy tolerance parameter than the energy of the last
accepted structure, it was not accepted for minimization. To
ensure a wide variance of the input structures to be successively
minimized, an energy tolerance value of 106 kcal mol�1 from the
previous structure has been used. Aer the energyminimization
step (conjugate gradient, 2500 iterations, 3 ¼ 1), the Metropolis
test, at a temperature of 310 K, and a structure similarity check
(rms tolerance of 0.3 kcal Å�1) were applied to select the 20
acceptable structures. Each subsequent structure was generated
from the last accepted structure. All the accepted complexes
resulting from the Monte Carlo/minimization approach were
subjected to a molecular dynamics simulated annealing
protocol, including 5 ps of a dynamic run divided in 50 stages
(100 fs each) during which the temperature of the system was
linearly decreased from 500 to 300 K (Verlet velocity integrator;
time step of 1.0 fs). Molecular dynamics calculations were per-
formed using a constant temperature and constant volume
(NVT) statistical ensemble, and the direct velocity scaling as
temperature control method (temp window, 10 K). In the rst
stage, initial velocities were randomly generated from the
Boltzmann distribution according to the desired temperature,
while during the subsequent stages initial velocities were
generated from dynamics restart data. A temperature of 500 K
was applied to surmount torsional barriers, thus allowing an
unconstrained rearrangement of the ligand and the heme
(initial vdW and Coulombic scale factors of 0.1). Successively
temperature was linearly reduced to 300 K in 5 ps, and concur-
rently the scale factors have been similarly decreased from their
initial values (0.1) to their nal values (1.0). A nal round of 105

minimization steps (conjugate gradient, 3 ¼ 1) followed the last
dynamics steps, and the minimized structures were saved in a
trajectory le. Aer this procedure, the resulting docked struc-
tures were ranked by their conformational energy. The complex
with the best conformational energy was selected as structure
representing the most probable binding mode. The resulting
complex was then subjected to a full geometry optimization by
semi-empirical calculations, using the quantum mechanical
method PM7 33 in the Mopac2012 package34 and EF35 (Eigen-
vector Following routine) as geometry optimization algorithm.
GNORM value was set to 0.01. To reach a full geometry optimi-
zation the criteria for terminating all optimizations was
increased by a factor of 100, using the keyword PRECISE.
5.4 Parasite culture and drug bioassay

Two in vitro standardized strains of Pf, the chloroquine sensitive
D10 and the chloroquine resistant W2 strains, were cultured as
73008 | RSC Adv., 2015, 5, 72995–73010
described by Trager & Jensen.38 Parasite cultures were
maintained at 5% hematocrit (human type A-positive red
blood cells) in RPMI 1640 (EuroClone) medium with the addi-
tion of 1% AlbuMax (Invitrogen, Italy), 0.01% hypoxanthine, 20
mm HEPES and 2 mm glutamine, at 37 �C in a standard gas
mixture consisting of 1% O2, 5% CO2, and 94% N2. Compounds
were dissolved in DMSO, mix well, and then diluted with
medium to achieve the required concentrations (nal DMSO
concentration <1%, which is nontoxic to the parasite). Drugs
were placed in sterile 96 well at-bottom microplates (Euro-
Clone) and serial dilutions made. Asynchronous cultures with
parasitemia of 1–1.5% and 1% nal hematocrit were aliquoted
into the plates and incubated for 72 h at 37 �C in an hermetic
chamber gassed with the standard gas mixture. Parasite growth
was determined spectrophotometrically (OD650) by measuring
the activity of the parasite lactate dehydrogenase (pLDH),
according to a modied version of Makler's method in control
and drug-treated cultures.39 Antiplasmodial activity is expressed
as the 50% inhibitory concentrations (IC50). Each IC50 value is
the mean � standard deviation of at least three separate
experiments performed in duplicate.40
5.5 In vitro mammalian cell toxicity assay

HMEC-1 is a long-term cell line of human dermal microvascular
endothelial cells immortalized by SV 40 large T antigen, kindly
provided by the Centres for Disease Control and Prevention,
Atlanta, GA, USA.41 Cells were maintained in standard condi-
tions at 37 �C in 5% CO2 incubator in MCDB 131 medium
(GIBCO-BRL, Paisley, Scotland) supplemented with 10% fetal
calf serum (HyClone, Celbio, Milan, Italy), 10 ngml�1 epidermal
growth factor (PreproTech, Rocky Hill, NY, USA), 1 mg ml�1

hydrocortisone (Sigma Italia, Milan, Italy), 2 mM glutamine
(EuroClone, Pero, Italy), 100 U ml�1 PEN, 100 mg ml�1 STR
(EuroClone) and 20 mM Hepes buffer, pH 7.3 (EuroClone).

For the toxicity experiments, HMEC-1 at 1.0 � 104 cells/100
ml per well were plated in 96-well plates and incubated at 37
�C, 5% CO2 overnight. Cells were then treated for 72 h with
different doses of test compounds. Three independent experi-
ments in duplicate were performed. The MTT (Sigma) cytotox-
icity assay was used to measure cell viability as described
elsewhere.42 The cytotoxicity is expressed as IC50, which is the
dose of compound necessary to inhibit cell growth by 50%.

5.5.1 Selectivity (SI) index. The Selectivity Index (SI) evalu-
ates the toxicity impact of the active compounds against normal
human cells compared to the toxicity against the parasite and
allows the assessment of the selectivity of these drugs for the
parasite. The SI was calculated as the ratio between the cytotoxic
IC50 values against HMEC-1 and the parasitic IC50 values
against the CQ-S (D10) or the CQ-R (W2) strains.
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