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Menadione is the 2-methyl-1,4-naphthoquinone core used to design potent antimalarial redox-cyclers to
affect the redox equilibrium of Plasmodium-infected red blood cells. Exploring the reactivity of
fluoromethyl-1,4-naphthoquinones, in particular trifluoromenadione, under quasi-physiological conditions
in NADPH-dependent glutathione reductase reactions, is discussed in terms of chemical synthesis,
electrochemistry, enzyme kinetics, and antimalarial activities. Multitarget-directed drug discovery is an
emerging approach to the design of new antimalarial drugs. Combining in one single 1,4-naphthoquinone
molecule, the trifluoromenadione core with the alkyl chain at C-3 of the known antimalarial drug
atovaquone, revealed a mechanism for CF3 as a leaving group. The resulting trifluoromethyl derivative 5
showed a potent antimalarial activity per se against malarial parasites in culture.

Introduction

One of the most dangerous infectious diseases and major health
problems in the world is malaria, which affects 200–500 million
people each year. The symptoms of the disease develop when
the malarial parasite Plasmodium falciparum multiplies in
human erythrocytes; therefore, most of the available drugs are
directed against this stage of the parasitic cycle. Due to increas-
ing resistance of the parasite strains against standard drugs used
in medicine for more than 50 years, new treatments or drug com-
binations are urgently required. Indeed, many plasmodia isolates
in various areas showed resistance to mainstream therapies. Drug
resistance accounting for treatment failure developed not only
towards the old 4-aminoquinolines like chloroquine, but also
to other chemical classes such as the 1,4-naphthoquinone
atovaquone 1,1 or more recently, to the Chinese plant-derived

artemisinins.2 However, this parasite adaptation can be reversed,
sometimes completely, by drug combinations of known antima-
larial agents blocking two pathways in synergy; the association
atovaquone 1 and proguanil (marketed as Malarone®) is one suc-
cessful example. In this case, atovaquone 1 acts as an inhibitor
of the mitochondrial cytochrome bc1 complex3 whereas proguanil
acts as a type-II antifolate; both key pathways are targeted in one
single formulation. This strategy belongs to “polypharmacol-
ogy”4 and clearly offers advantages in the fight against infectious
diseases. However, combining drugs may cause unwanted drug
interactions or has the drawback for pharmaceutical companies
of multiplying the costly pharmacokinetic and clinical studies.
The dual drug concept has been applied with some success in
the search for new antimalarial agents,5 bringing in one single
hybrid molecule the way to target several essential and syner-
getic pathways expressed in the parasite. By this approach two
teams independently discovered dual drugs, i.e. hybrid mol-
ecules, acting on different pathways, interfering both with hemo-
zoin polymerization and the redox equilibrium.5a,d However,
despite excellent antimalarial activities against parasites in cul-
tures,5a–c the first generation of dual drugs suffered from poor
drug-like properties. This is due to their high molecular weight
resulting from the attachment of two chemical entities. There-
fore, our “multi-target-directed ligand design”6 approach was to
find a common chemical structure of molecules known to exert
their antimalarial action at different levels in the parasite.

Atovaquone 1 (Fig. 1) is a 2-hydroxy-1,4-naphthoquinone
derivative that disturbs the electron-transport chain in the mito-
chondria of erythrocytic stages of Plasmodium parasites. The
active mitochondrial electron transport chain is an important
target as it regenerates the ubiquinone required as the electron
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acceptor for dihydroorotate dehydrogenase, an essential enzyme
for pyrimidine biosynthesis. Menadione 2 and its analogues
possess a 2-methyl-1,4-naphthoquinone core and are substrates
of both human and P. falciparum glutathione reductases (hGR
and PfGR, respectively).5a,7 and references cited therein These
enzymes are known to be validated drug targets in the design of
antimalarial drugs.5a,7,8

During its intraerythrocytic life cycle the parasite is exposed
to high fluxes of reactive oxygen species (ROS) released from
heme and decomposition products generated in the course of the
major hemoglobin digestion process. Therefore, the parasite sur-
vival in the host is highly dependent on an effective thiol-based
redox network in Plasmodium-infected red blood cells. The most
important protection system is the homodimeric flavoenzyme
glutathione reductase (GR). P. falciparum glutathione reductase
reduces glutathione disulfide (GSSG) into its thiol form
glutathione (GSH) at the expense of NADPH. Several drugs
(e.g. isoalloxazines, methylene blue, peroxynitrite, redox-active
1,4-naphthoquinones) target this enzyme.8

As part of our current research program including the
synthesis of a variety of 1,4-naphthoquinone derivatives, we syn-
thesized some fluoro-analogues of menadione 2 (2-methyl-1,4-
naphthoquinone) and atovaquone 1. The most striking obser-
vation was that the 2-trifluoromethyl-1,4-naphthoquinone core
3 (trifluoromenadione) showed interesting chemical reactivity
that has inspired detailed investigations on this series of com-
pounds. In particular, evidence of generation of lawsone 4
(2-hydroxy-1,4-naphthoquinone) through a vinylogous haloform
reaction from the trifluoromenadione 3 let us anticipate
a prodrug effect which could be applied to the formation of
atovaquone from its trifluoromethyl analogue 5 in vivo. There-
fore, the hybrid character of the final trifluoro derivative 5 was
aimed at targeting different biological pathways of the parasite,
i.e. the mitochondrial electron transport chain for pyrimidine
biosynthesis and the redox equilibrium. As a successful
example, introduction of a CF3 group at C-10 of artemisinin and
derivatives clearly increased the antimalarial activity of the
parent drugs.9 In this paper we present the chemical synthesis of
fluoro menadione, in particular trifluoromenadione and deriva-
tives bearing the atovaquone alkyl chain (Scheme 1), and their

Fig. 1 Fluoromethyl and methyl analogues of menadione, lawsone and atovaquone.

Scheme 1 Preparation of the trifluoromethyl and methyl analogues of
atovaquone. Reagents and conditions: (a) SnCl2 (2.5 eq.), HCl (37%),
EtOH, 10 min, RT; then (CH3O)2SO2 (3.0 eq.), KOH (5.0 eq.) in
MeOH, acetone, 2.5 h, 60 °C (93%); (b) Br2 (1.0 eq.), CHCl3, 45 min,
0 °C (95%); (c) CF3COONa (3.0 eq.), CuI (2.0 eq.), DMA–toluene,
18 h, 145 °C (49%) (d) CAN (3.0 eq.), CH3CN–H2O, 15 min, RT
(93%); (e) AgNO3 (0.1 eq.), (NH4)2S2O8 (1.3 eq.), (±)-trans-(4-chloro-
phenyl)cyclohexane carboxylic acid (2.0 eq.), CH3CN–water, 2 h,
85 °C.
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inhibition properties against hGR and PfGR, as well as some bio-
logical data against the multi-resistant P. falciparum strain Dd2.

Results and discussion

Chemistry

Synthesis of 2-fluoromethyl-naphthoquinone 6 and 2-difluoro-
methyl-naphthoquinone 7 were performed according to pro-
cedures previously described.7,10 Synthesis of the related
trifluoro compound 3 followed a different route.

For the introduction of the trifluoromethyl group we used the
method developed by Hünig and collaborators.11 The mechan-
ism is based on the ipso substitution of the bromine by a
trifluoroacetic cuprate generated in situ in the reaction from CuI
and sodium trifluoroacetate. With this method it was essential to
remove traces of water by repeated azeotropic distillation of
toluene–water out of the reaction mixture.5b DMF–toluene as a
solvent mixture12 was less efficient than N,N-dimethylacetamide
(DMA)–toluene as reported in the original paper. This is most
likely due to the lower inside temperature and therefore to longer

reaction times. However, prolongation of the reaction time to
more than 18 h did not improve the yield, probably because of
the instability of the trifluoroacetic cuprate. In our experiments a
reaction temperature between 140 and 150 °C was optimal.
Menadione and trifluoromenadione derivatives 5 and 8, bearing
the atovaquone side-chain, were synthesized via the known
silver catalyzed decarboxylation reaction13 from the starting
menadione 2 and trifluoromenadione 3, respectively, according
to Scheme 1. In both cases, the yields of the reaction were poor
(15% and 28%) due to a difficult purification step and to the
instability of the fluoro product on silica gel, respectively.

Postulated chemical reactivity and haloform reaction

The structural features of trifluoromenadione 3 let one assume
that this compound might undergo a vinylogous haloform reac-
tion (Scheme 2, entry 1a). Although the trifluoromethyl carb-
anion is a poor nucleofuge, Scheuring et al.14 observed that a
lumazine derivative 13 decomposed under neutral or mild basic
conditions by elimination of a CF3 group (Scheme 2, entry 2).
Very recently, Gerfaud et al.15 prepared 1,2,4-oxadiazol-5-ones

Scheme 2 Vinylogous haloform or trifluoromethyl elimination reactions and related mechanisms to eliminate a trifluoromethyl group.

This journal is © The Royal Society of Chemistry 2012 Org. Biomol. Chem., 2012, 10, 4795–4806 | 4797
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from amidoximes with trifluoromethyl anion acting as a leaving
group (Scheme 2, entry 2). In our case, HPLC analysis
confirmed that the trifluoromethyl group of 3 in conjugation to
the Michael system can undergo the last step of the haloform
reaction under neutral (pH 7.0) and basic conditions (pH 8.0)
ending up with 2-hydroxy-1,4-naphthoquinone 4 (lawsone) (see
paragraph describing the chemical stability of trifluoromenadione
3 versus its derivative with atovaquone side-chain 5). Another
possible reactivity of the trifluoromenadione core relies on its
ability to be reduced into its hydroquinone counterpart
14 (Scheme 2, entry 1b). Indeed, it is well documented that
2- and 4-trifluoromethylphenols can undergo fluorine elimination
to release the quinone methide.16 Therefore, we anticipated that
under physiological conditions nucleophiles (thiols…) would
attack the Michael system of the trifluoromethyl derivatives,
releasing fluorine and leaving the nucleophile attached to the
1,4-naphthoquinone moiety. The behavior of trifluoromenadione
3 was also studied both by electrochemistry and in NADPH-
dependent glutathione reductase-catalyzed reactions, and ana-
lyzed by mass spectrometry. Its C-3 alkylated derivative 5 has
different structural features compared to the lumazine derivative
of Scheuring et al.,14 but it supports our finding that in principle
the CF3 group can be regarded as a leaving group under certain
conditions. Thus, by combining the properties of trifluoro-
menadione 3 as a putative redox-active mechanism-based GR
inhibitor with atovaquone 1-related inhibitory capabilities of the
respiratory chain of the parasite,3,17 we synthesized its hybrid
derivative 5 which might be – in principle – regarded as a
prodrug of atovaquone 1 targeting both the reducing milieu
per se and the respiratory chain after the loss of the CF3 group.

Electrochemical reduction of substituted menadione derivatives

The redox potential values of the non fluoro- and the fluoro-
naphthoquinones were determined by cyclic voltammetry in
order to study the influence of the fluorine atom on the π–π elec-
tron acceptor properties (Fig. 2, and Table S1 in ESI†). The rela-
tive electrochemical behavior of the naphthoquinones was
investigated in CH2Cl2 for reasons of better solubility and com-
pared with the parent menadione 2, and also with the known
redox-cycler methylene blue (Table S1†). The cyclic voltammo-
grams of the synthesized naphthoquinones in CH2Cl2 showed
two reduction- and two to three oxidation-waves (Panels A–C,
Fig. 2). The midpoint potentials were determined as E°1 and E°2
values for the formation of the semiquinone anion (NQ−

˙) and
the dianion (NQ2−), respectively (Table S1†). The half-wave
potentials E° = (Epc + Epa)/2 is defined as the average of the
anodic (Epa) and cathodic (Epc) peak potentials. The redox
potentials of menadione were measured as reference. For mena-
dione the redox reactions are kinetically reversible in the cyclic
voltammogram (Fig. 2, panel A), and the E°1 and E°2 values can
be identified as thermodynamic values. This is evidenced by the
ratio Ipc/Ipa of 0.93, a value close to 1. The electrochemical be-
havior of the trifluoromenadione 3 is also very similar in reversi-
bility as judged from the cyclic voltammogram (Fig. 2, panel B)
and the Ipc/Ipa ratio of 0.96 in both one- and two-electron
reduction waves. However, the presence of the trifluoromethyl
group led to an important shift in both 1e- and 2e- reduction

potentials (E°1 and E°2) values (Table S1†) revealing the strong
oxidant character of the molecule.

By contrast, 2-tert-butyl-1,4-naphthoquinone 15 (Fig. S1,†
panel A, in ESI) – which also showed quasi-reversible one- and
two-electron transfer reactions with Ipc/Ipa ratio of 0.94 and 0.96,
respectively – is characterized by a shift of both E°1 and E°2 to

Fig. 2 Cyclic voltammograms of menadione 2 (panel A), and of its
fluoromethyl-1,4-naphthoquinone analogues 3 (panel B, CF3) and 7
(panel C, CHF2) recorded at platinum electrode in CH2Cl2 with 0.1 M
Bu4NBF4 as supporting electrolyte at 0.2 V s−1 scan rate.

4798 | Org. Biomol. Chem., 2012, 10, 4795–4806 This journal is © The Royal Society of Chemistry 2012
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more negative values. In the case of the monofluoromethyl-
menadione 6 (Fig. S1,† panel B, in ESI) and the difluoromethyl-
menadione 7 (Fig. 2, panel C), the Ipc/Ipa ratio of 0.36 and 0.12
in two electron reduction reactions, respectively, indicate that the
dianion forms are not completely stable. The formation of the
quinone methide species followed by polymerization might be
responsible for the non-reversibility of the electron transfer re-
actions in agreement with earlier literature observations.10,11,18

The presence of a marked third wave of oxidation in the cyclic
voltammogram of 7 supports the hypothesis of quinone methide
polymerization. As for trifluoromenadione 3 (E°1 = −0.308
V/standard calomel electrode (SCE)), one-electron reduction of
7 also occurs with more positive potential values than those
observed for menadione 2 (E°1 = −0.385 V/SCE versus
E°1 = −0.65 V/SCE for menadione 2), rendering both fluoro
analogues of menadione 7 and 3 potential effective substrates of
both glutathione reductases.

Inhibition of P. falciparum and human glutathione reductase
under steady-state conditions

The IC50 values of menadione 2, its fluoro-analogues 3, 6, 7,
atovaquone 1 and its derivatives, 5 and 8, were evaluated under
steady-state conditions using a concentration of 1 mM GSSG in
the assay. Such a high GSSG concentration does not represent
cell physiological conditions but a concentration that is toxic for
the parasite. In the past, several inhibitors were identified as
potent hGR and PfGR inhibitors with inhibition constants
Ki values in the low micromolar range: methylene blue is a non-
competitive inhibitor,19 while menadione 2 is a reversible
uncompetitive inhibitor with respect to NADPH and to GSSG.
Both redox-active agents behave as subversive substrates of the
Plasmodium enzyme in NADPH reactions in the absence of
GSSG.20

We used menadione 2 as a reference to compare the inhibition
properties of fluoro-menadione analogues in the hGR and PfGR
assays. Menadione 2 displayed IC50 values of 27.5 μM and
42.0 μM (Table 1) against hGR and PfGR, respectively. All
fluoro-analogues showed lower IC50 values than those of
menadione 2. Trifluoromenadione 3 was the most potent inhibi-
tor with IC50 values of 4.3 μM and 7.0 μM for hGR and PfGR,
respectively. The analogues of atovaquone 5 and 8 displayed
lower inhibitory capabilities below 25 μM. Determination of
exact IC50 values in these enzymic assays was not possible due
to the precipitation of the compounds in solution at concen-
trations higher than 25 μM.

Human glutathione reductase-catalysed reduction

The ability of hGR to reduce the fluoro menadione analogues
was studied by following the oxidation of NADPH in the pres-
ence of increasing naphthoquinone concentrations and compared
to the intrinsic NADPH oxidation activity of the enzyme in the
absence of naphthoquinone (NQ) in open air. When NADPH
consumption was followed, 7 was reduced by hGR with a cataly-
tic efficiency, expressed by the kcat/Km value, 20-fold higher than
the values determined for menadione 2 (Table 2), mainly due to
a better rate of turnover, 42-fold higher than for menadione 2. In
contrast, the catalytic efficiency of 3 was only 1.3-fold higher

than that for menadione 2. No NADPH consumption was
observed when atovaquone 1 or its analogues 5 and 8 were used
as a substrate at concentration of up to 25 μM or lawsone 4 at
concentration of up to 100 μM in both hGR and PfGR assays.
At higher concentration precipitation of those two atovaquone
analogues 5 and 8 occurred.

Time-dependent inactivation of glutathione reductases by
fluoromethyl analogues of menadione

Time-dependent inhibition of hGRs was studied using the GSSG
reduction assay to evaluate the residual activity of reacted
enzymes. Upon incubation with NADPH and the substrates,
inactivation of hGR by 3 and 7 followed pseudo-first order reac-
tion kinetics. The experimental data allowed the application of
the derivation by Kitz and Wilson21 for irreversible inactivation.
A semi-logarithmic plot of the fraction of non-inhibited enzyme
activity ln(vi/v0) versus incubation time yielded straight lines
with increasing slopes at short time periods, equivalent to the
apparent rate constant of irreversible inhibition (kobs). The sec-
ondary plot expressing kobs as a function of inhibitor concen-
tration followed eqn (1):

kobs ¼ ðk i � ½I�Þ=ðKI þ ½I�Þ ð1Þ
where KI is the dissociation constant of the inhibitor-enzyme
complex and ki is the first order rate constant for irreversible
inactivation, respectively. The kobs data versus 3 (or 7) were

Table 1 IC50 valuesa of fluoromethyl analogues of menadione as
inhibitors of human and Plasmodium falciparum glutathione reductases
under steady-state conditions

R1 R2
IC50 (μM)
hGR assaya

IC50 (μM)
PfGR assaya

Menadione 2b –CH3 –H 27.5 42.0
6c –CH2F –H 5.4 27.5
7c –CHF2 –H 20.0d 22.8d

3c –CF3 –H 4.3 7.0
Lawsone 4e –OH –H >100 >100
5e –CF3 >25 >25
8e –CH3 >25 >25
Atovaquone 1e –OH >25 >25

a In the presence of 1 mM GSSG and 100 μM NADPH, 1% DMSO.
b From ref. 10. cNot corrected for NADPH oxidase activity. d From
ref. 7. e Precipitation of the compound precluded determination of the
IC50 value.

Table 2 Human glutathione reductase-catalysed quinone reductiona

Compounds Km (μM) kcat (s
−1) kcat/Km (mM−1 s−1)

Menadione 2b 31.2 0.16 5.1
7 (CHF2)

c 66.2 6.70 101.4
3 (CF3) 155.5 1.05 6.8

a For GSSG as a substrate of hGR from ref. 19: Km = 65 μM, kcat = 210
s−1, kcat/Km = 3231 mM−1 s−1; as a substrate of PfGR: Km = 83 μM,
kcat = 165 s−1, kcat/Km = 1988 mM−1 s−1. b From ref. 7. c From ref. 20a.

This journal is © The Royal Society of Chemistry 2012 Org. Biomol. Chem., 2012, 10, 4795–4806 | 4799
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fitted to eqn (1) which resulted in the determination of the dis-
sociation constant for 3 and 7–GR complexes and the first order
rate constant for irreversible inactivation, respectively, as
KI = 49.5 μM and ki = 3.4 min−1 for 3 and KI = 66.2 μM and
ki = 7.0 min−1 for 7, allowing estimation of a second order rate
constant ki/KI = 1.1 mM−1 s−1 for 3 and ki/KI = 1.8 mM−1 s−1

for 7 (Table 3). The resulting half-times (t1
2
) of inactivation of

hGR were determined as 0.2 min and 0.1 min for 3 and 7,
respectively (Table 3). We were not able to measure any kinetic
constants for 5, albeit at 25 μM hGR is inhibited at 65%. An
approximate observed half-time of inactivation of 8.5 min can be
deduced from short time of inhibition at this concentration
(<5 min). This is 6.5 and 10.6 fold higher than the observed
half-time calculated for 3 and 7 at 10 μM (1.3 and 0.8 min,
respectively). The bulkiness of the cyclohexane chain of the
hybrid molecule 5 might in part explain the less effective hGR
inactivation by compound 5 compared to tri- and di-fluoromena-
dione 3 or 7. Hence, the observed time-dependent inactivation of
hGR by compound 5 is thought to play a role in the tests using
Plasmodium-infected red blood cells.

Mass spectrometric analyses of PfGR inactivated by di- and
tri-fluoromenadiones

In order to gain a better understanding of enzyme kinetics with
di- and tri-fluoro menadione derivatives we investigated the mass
spectra of inactivated GR enzymes. P. falciparum GR solution
(15 μM, 1% DMSO), was allowed to react with NADPH and
3 or 7, in the presence of 4% DMSO final. ESI-MS spectra of
dialyzed PfGR solutions – either pre-reacted in the presence of
200 μM NADPH and 200 μM trifluoromenadione 3 (panel A),
or alone (panel B) – were recorded under identical denaturing
conditions. The enzyme alone displayed 100% residual activity
while the pre-reacted mixtures with NADPH and the inhibitor
(with 4% DMSO) showed a residual activity of 15% and 18%,
respectively, in the standard 1 mM GSSG reduction assay.

Both PfGR, unreacted and inactivated by 3 or 7 were sub-
jected to ESI mass spectrometry analysis. Whatever the reagent
(no DMSO, 4% DMSO, difluoromenadione 7, trifluoromenadione
3), ESI-MS analysis of PfGR displayed m/z peaks revealing a
protein species of 56 506 Da corresponding to the monomer
along with a dimer species of 113 012 Da, evidencing “apparent
absence of covalent binding” between the inhibitor and the
protein (Fig. 3). However, in the presence of the inhibitor and
NADPH, the mass spectrum of the reacted enzyme displayed a
strong background and complete disappearance of the mass
peaks of the monomer species which characterized the presence
of the PfGR dimer in solution. The ESI-MS spectrum did not
show any mass peak of the alkylated enzyme because most of

the enzyme was aggregated and little soluble protein remained in
solution (see the background of the baseline). The similar
phenomenon occurred with the thioredoxin-glutathione reductase
from Schistosoma mansoni when some enzyme crystallization
experiments were carried out with difluoromenadione deriva-
tives; most of the enzyme was recovered inactivated and aggre-
gated.22 As previously discussed,7,10 following reduction, the
difluoromenadione core through the quinone methide is highly
reactive towards nucleophiles; it acts as a difluoro acrolein very
prone to polymerization (Scheme 3). The fact that the difluoro-
menadione 7 inhibited both hGR and PfGR with higher IC50

values than the values observed for the corresponding trifluoro-
menadione 3 (Table 1) might be related to the fast precipitation
of an inactivated insoluble 7–reacted enzyme in the cuvette of
the spectrophotometric assay upon polyalkylation or cross-
linking reactions.7 To support this, the cross-linking capabilities
of the difluoro quinone methide can be compared to the reactiv-
ity of gem-difluoroalkenes, which are known to be exclusively
attacked by nucleophiles at the gem-difluoromethylene carbon
atoms to form β-fluorocarbanions.23 Further additions to the car-
banions might lead to insoluble cross-linked protein (polymers).
However, the elucidation of the structure of the cross-linked
protein was extremely difficult due to their lack of stability and
solubility.

The antiparasitic and cytotoxic activities in vitro

Inhibition of the growth of P. falciparum by the naphthoquinones
was evaluated by determining the inhibitor concentration required
to kill 50% of the parasite (ED50 values). The antimalarial activities
of the fluoro analogues of menadione were tested against the

Table 3 Kinetic parameters of human glutathione reductase
inactivation by fluoromethyl analogues of menadione

Compounds KI (μM) ki (min−1) ki/KI (mM−1 s−1) t1
2
(min)

7 (CHF2)
a 66.2 7.0 1.8 0.1

3 (CF3) 49.5 3.4 1.1 0.2

a From ref. 7.

Fig. 3 ESI-MS spectra, recorded under identical denaturating con-
ditions, of dialyzed PfGR solutions (15 μM, 1% DMSO), either (panel
A) pre-reacted in the presence of 200 μM NADPH and 200 μM 3, or
(panel B) not pre-reacted.

4800 | Org. Biomol. Chem., 2012, 10, 4795–4806 This journal is © The Royal Society of Chemistry 2012
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chloroquine-sensitive strain 3D7 and the chloroquine-resistant
strain K1. The cytotoxicity of the compounds against human
cells was determined in assays using the human nasopharyngeal
carcinoma (KB) cell line to enable an estimation of the thera-
peutic index. This parameter is defined by the ratio of the ED50

value measuring the cytotoxicity against human cells over the
ED50 value measuring the antimalarial efficacy. Menadione dis-
played ED50 values of 9.6 μM and 12.0 μM against 3D7 and K1,
giving a therapeutic index of 3.6 and 2.9, respectively.

All fluoro analogues of menadione are more active than
menadione24 itself against both strains (Table 4). Only in the
case of 6 the cytotoxicity was higher than menadione. Difluoro-
menadione 7 and trifluoromenadione 3 displayed a much more
favorable therapeutic index, the compounds being 7 to 27 fold
less cytotoxic than menadione. Surprisingly, 6 displayed a two-
fold lower ED50 value toward the resistant K1 strain versus the
sensitive 3D7 strain. Nonetheless, the therapeutic index is rather
low ranging from 2.4 to 4.6. Difluoromenadione 7 displayed the
lowest ED50 values against 3D7 and K1, as well as a low
cytotoxicity with a therapeutic index of 109–132. In addition,
trifluoromenadione 3 has fairly improved antiparasitic activities
compared to menadione but the cytotoxicity significantly
decreased (therapeutic index 114–115). The lowest cytotoxic
effects of 3 in the series of the three fluoromethyl naphthoqui-
nones, in addition to the CF3 elimination reaction, directed the
selection of the trifluoromenadione core to synthesize the
potential hybrid prodrug 5 with the cyclohexyl chain of atova-
quone. The atovaquone–menadione hybrid molecules 5 and 8
were tested against the Dd2 strain of P. falciparum which is
atovaquone-sensitive but multidrug-resistant towards 4-amino-
quinolines. Used as references, chloroquine and atovaquone
displayed ED50 values of 110 ± 13 nM and 0.18 ± 0.03 nM
against the Dd2 strain, respectively. The C-3-alkylated
menadione derivative 8 was inactive against this strain
(ED50 = 1500 ± 200 nM). In contrast, its trifluoro derivative 5
showed potent antimalarial effects with an ED50 value of
20 ± 10 nM (Fig. 4).

Scheme 3 Structure and reactivity of difluoro quinone methide and related β-fluorocarbanion generating further additions.

Table 4 In vitro antimalarial activity and cytotoxicity against human
cells of menadione derivatives and its fluoro analogues

Compounds ED50 (μM) 3D7 ED50 (μM) K1 ED50 (μM) KB

Chloroquine 0.005 0.550 127.3
Menadione 2a 9.6 12.0 34.3
6 (CH2F) 8.5 4.5 20.5
7 (CHF2) 1.9 2.3 250.3
3 (CF3) 8.0 8.1 923.0

a From ref. 24.

Fig. 4 Dose response curves for in vitro growth inhibition of malarial
parasites (Dd2) by atovaquone 1 and atovaquone–menadione hybrid
molecules 5 and 8. Highly synchronized P. falciparum cultures were
incubated with increasing concentrations of compounds and the percen-
tage of parasite growth was determined after 72 h of drug exposure. The
data point were fitted using a three parameters Hill function to calculate
the ED50 values. (●) Atovaquone 1, (Δ) 5, (▲) 8.

This journal is © The Royal Society of Chemistry 2012 Org. Biomol. Chem., 2012, 10, 4795–4806 | 4801
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The chemical stability of trifluoromenadione 3 versus its C-3
alkylated analogue 5

Menadione 2 is a known Michael acceptor. It readily reacts with
glutathione at carbon 3.25 In order to study the reactivity of its
fluoromethyl analogues we studied the conjugation of 3 towards
one equivalent of glutathione under physiological conditions.
The reaction mixtures were analyzed by HPLC and positive
ESI-MS spectra. Under these conditions, menadione 2 reacts by
forming the related 3-glutathionyl-menadione derivative charac-
terized by a m/z peak at 478.2. At pH 8.0, trifluoromenadione
3 (tR of 18.72 min) disappeared as a function of time; one major
product which did not correspond to its glutathione conjugate
was observed with a tR of 15.43 min and a m/z peak of 174.4.
While vinylogous fluoromethyl ketones23 and fluoromethyl-1,4-
naphthoquinones7,10 were reported to generate highly electrophi-
lic quinone methide upon reduction and elimination of one to
three fluorine atoms, the new major metabolite of trifluoro-
menadione 3 did not correspond to any of the expected adduct
with glutathione at the carbon 3 or at the terminal double bond
of the methide following SN2′ substitution. In comparison with
an external reference, the product was assigned to lawsone 4,
confirmed upon co-injection to the HPLC apparatus and ESI-MS
analysis, and by LC-MS. The chemical stability of trifluorome-
nadione 3 and its analogue 5 alkylated at C-3 was investigated at
pH 7.0 and 8.0 in quasi-physiological conditions by LC-MS
analysis.

At pH 8.0, trifluoromenadione 3 was unstable and was almost
instantly transformed into lawsone 4 and other minor com-
pounds. At pH 7.0 in 5 mM ammonium acetate, the formation of
lawsone 4 was also observed by LC-MS, albeit slower than at
pH 8.0 (Fig. 5). After 5 h trifluoromenadione 3 was almost
entirely transformed into lawsone 4 (93%) with a half-time for
the reaction of ∼105 min (the LC-MS traces are given in
the ESI, Fig. S2†). In the same conditions (pH 7.0 and 8.0), the
trifluoromenadione derivative 5, alkylated at C-3, remained
stable for up to 24 h. There was no evidence of atovaquone for-
mation from its trifluoro derivative. From the chemical stability

study, it is obvious that the trans-4-(4-chlorophenyl)cyclohexane
chain prevents the CF3 elimination from the C-3 alkylated
trifluoromenadione 5.

Hence, an alternative mechanism for CF3 elimination from
trifluoromenadione 3 and lawsone 4 generation (Scheme 4,
mechanism B) was thus evidenced in contrast to the initially pos-
tulated mechanism A (Scheme 4). It is proposed to involve
hydroxide attack at C-3 instead of C-2 and prototropic intercon-
version of structural isomers leading to the elimination of the
CF3 group.

Conclusion

Following the rationale to develop a hybrid prodrug of
atovaquone by merging two entities, trifluoromenadione 3 and
atovaquone 1, in a single cleavable chemical entity, a dual effect
could be expected from the release of two active principles tar-
geting the redox equilibrium and the mitochondrial electron
transport chain for pyrimidine biosynthesis, both essential path-
ways for the malarial parasites. The prodrug effect was based on
the observed CF3 elimination from trifluoromenadione 3 to
lawsone 4 under quasi-physiological conditions. Hence, the
design of the multifunctional trifluoromenadione 5 bearing the
side-chain of atovaquone was attempted as a drug combination
with a better potential for malaria therapy. However, despite the
fact that the trifluoro derivative 5 was found not cleavable, as
opposed to its lower analogue trifluoromenadione 3, the resulting
hybrid molecule can be defined as a redox-active 1,4-naphtho-
quinone killing the parasites per se, with other pharmacological
effects in addition to their mechanism-based inhibition towards
GR. The trans-4-(4-chlorophenyl)cyclohexane chain is proposed
to be the motif recognized by a transporter protein conferring
long plasma half-life to atovaquone 1 in humans, as recently
shown.26 Therefore, it might be possible that the hybrid trifluoro-
menadione 5 bearing the atovaquone side-chain is transported in
a similar way, but its structural features might allow an alterna-
tive pathway, by depletion of certain nucleophiles present in
infected red blood cells, as evidenced here for glutathione
reductase inactivation. Many electrophilic moieties were charac-
terized as frequent hits or assay-interfering compounds because
they interact with a broad panel of thiol targets, rendering them
practically useless in drug discovery. Therefore, numerous
modern strategies proposed to employ these moieties attached to
“privileged scaffolds” known to be selectively uptaken by the
target pathogen transporters. Considering both opinions, the
positive perspective of our polypharmacological approach in
antimalarial drug discovery results from combining these “privi-
leged active principles” acting on various targets, in one fused
molecule which can be regarded as a new potent antimalarial
redox-active agent to further optimize.

Besides the study on the reactivity of trifluoromenadione, the
present investigations have provided key information on time-
dependent GR inactivation by fluoro menadiones. Furthermore,
our data shed light on the distinct mode of interaction of 1,4-
naphthoquinones with human and P. falciparum GRs: in contrast
to the oxidant menadione and its fluoro analogues acting as
effective subversive substrates, the 2-hydroxy-1,4-naphtho-
quinones lawsone and atovaquone were not observed to inhibit

Fig. 5 Chemical stability of trifluoromenadione 3 and formation of
lawsone 4 at pH 7.0. The stability of 3 (●) and the formation of lawsone
4 (○) were followed at pH 7.0 as a function of time by LC-MS and the
concentration calculated from calibration curves.
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D
ow

nl
oa

de
d 

by
 B

ei
jin

g 
U

ni
ve

rs
ity

 o
n 

17
 J

un
e 

20
12

Pu
bl

is
he

d 
on

 1
7 

A
pr

il 
20

12
 o

n 
ht

tp
://

pu
bs

.r
sc

.o
rg

 | 
do

i:1
0.

10
39

/C
2O

B
25

22
9E

View Online

http://dx.doi.org/10.1039/c2ob25229e


GSSG reduction and to be reduced by the NADPH-reacted
enzymes, under the conditions tested. These data suggest that
atovaquone and menadione derivatives do not share the same
mechanism(s) of action to exert their antimalarial effects.

Finally, CF3 elimination from the C-3-alkylated trifluoro-
menadione 5 did not occur through the base-dependent mechan-
ism of lawsone 4 generation from trifluoromenadione 3.
Consequently, a base-catalysed prototropic tautomerism is pro-
posed as the main mechanism to account for the observed CF3
elimination from trifluoromenadione 3. These prototropic proper-
ties of trifluoromenadione might be exploited in further research
to investigate the reaction mechanisms involved in recently
described applications based on lawsone as fluorogenic reagent27

or in investigations on atovaquone and lawsone binding sites on
human serum albumin.26

Experimental

Chemistry

Melting points were determined on a Büchi melting point appar-
atus and were not corrected. 1H (300 MHz), 13C (75 MHz) and
19F (282 MHz) NMR spectra were recorded on a Bruker
DRX-300 spectrometer, chemical shifts were expressed in ppm
relative to TMS; multiplicity is indicated as s (singlet), d
(doublet), t (triplet), q (quadruplet) and m (multiplet). 19F-NMR
was performed using 1,2-difluorobenzene as external standard
(δ = −139.0 ppm). Elemental analyses were carried out at the
Mikroanalytisches Laboratorium der Chemischen Institute der

Universität Heidelberg. ESI MS analyses of the glutathione
adducts were performed at the Biochemie-Zentrum (BZH) in the
department of Dr J. Lechner. EI MS were recorded at facilities of
the Institut für Organische Chemie der Universität Heidelberg.
IR spectra were obtained for thin films on KBr-plates on a
Bruker Vector 22 FT-IR spectrophotometer. Analytical TLC was
carried out on pre-coated Sil G-25 UV254 plates from Macherey
Nagel. Flash chromatography was performed using silica gel
G60 (230–400 mesh) from Macherey Nagel. Starting materials
1,4-dimethoxy-naphthalene 10,5b 2-bromo-1,4-dimethoxy-
naphthalene 11,28 and 2-tert-butyl-1,4-naphthoquinone 15,29

were synthesized according to reported procedures. The
2-monofluoromenadione 6, and 2-difluoromenadione 7, which
were previously synthesized as intermediates for further chem-
istry,7,10 were used in our studies.

1,4-Dimethoxy-2-(trifluoromethyl)naphthalene 12

The reaction was conducted under nitrogen in a three-neck flask
with a Dean–Stark apparatus and a thermometer for inside temp-
erature control. To a solution of 2-bromo-1,4-dimethoxy-
naphthalene 11 (1.5 g, 5.62 mmol) in 50 mL toluene was added
sodium trifluoroacetate (2.29 g, 16.8 mmol) and copper(I) iodide
(2.14 g, 11.2 mmol). After addition of 30 mL N,N-dimethyl-
acetamide (DMA) the mixture was heated to reflux and the azeo-
tropic water–toluene phase was discarded from the Dean–Stark
apparatus. Lost toluene was replaced several times with dry
toluene and finally it was distilled out from the reaction mixture
until the inside temperature reached ∼145 °C. After 12 h at the

Scheme 4 Postulated mechanism of CF3 elimination from trifluoromenadione 3.

This journal is © The Royal Society of Chemistry 2012 Org. Biomol. Chem., 2012, 10, 4795–4806 | 4803
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same temperature the solvent was evaporated under reduced
pressure and the residue was taken up in 1 vol. CH2Cl2. Mixing
with 3 vol. of petroleum ether led to the precipitation of solved
copper species and the precipitate was filtered over a small layer
of silica gel. The filter cake was washed with petroleum ether–
CH2Cl2 (2 : 1). The solvent mixture was evaporated and the
residual DMA was removed in vacuo. The crude mixture was
purified over silica gel with petroleum ether–CH2Cl2 (3 : 1) as
solvent to afford 12 (704 mg, 2.75 mmol, 49% yield) as a white
solid. mp 45 °C; δH (300 MHz; CDCl3; Me4Si) 8.24–8.29 (1H,
m), 8.09–8.13 (1H, m), 7.54–7–63 (2H, m), 6.85 (1H, s), 4.0
(6H) ppm; δC (75 MHz; CDCl3; Me4Si) 151.7, 148.9, 128.5,
128.0, 127.3, 127.0, 123.9 (q, JC–F = 272.7 Hz, CF3), 122.7,
122.3, 118.5 (q, JC–F = 30.5 Hz, C-CF3), 99.5 (q, JC–F = 4.7 Hz,
CH–C–CF3), 63.5, 55.6 ppm; δF (282 MHz; CDCl3; 1,2-
difluorobenzene) −60.63 ppm. EI MS (70 eV) m/z: 256 ([M]+,
90%), 241 (100). IR (KBr): νmax/cm

−1 3079, 2971, 2994, 2848,
1622, 1590, 1352, 1293, 1226, 1099, 1007. Elemental analysis
(C13H11F3O2): calc.: C, 60.94; H, 4.33. Found: C, 60.68; H,
4.39.

2-(Trifluoromethyl)naphthalene-1,4-dione 3

2-Trifluoromethyl-1,4-dimethoxy-naphthalene 12 (600 mg,
2.34 mmol) was dissolved in 10 mL CH3CN and a CAN sol-
ution (3.85 g, 7.02 mmol) in 8 mL H2O was added. After incu-
bation at room temperature for 20 min, the reaction mixture was
poured into water and the aqueous phase was extracted with
CH2Cl2 and dried over MgSO4. The crude mixture was purified
over silica gel using petroleum ether–CH2Cl2 (3 : 2) to afford
3 (492 mg, 2.17 mmol, 93% yield) as a yellow solid. mp:
103.0 °C, CH2Cl2 (litt.30 104.3 °C, ethanol); δH (300 MHz;
CDCl3; Me4Si) 8.13–8.19 (1H, m), 8.07–8.13 (1H, m),
7.78–7.87 (2H, m), 7.29 (1H, s) ppm; δC (75 MHz; CDCl3;
Me4Si) 183.3, 179.4, 136.6 (q, JC–F = 4.7 Hz, CH–C–CF3),
136.5 (q, JC–F = 26.0 Hz, C–CF3), 134.6, 134.4, 131.4, 131.3,
126.8, 126.4, 120.6 (q, JC–F = 275.2 Hz, CF3) ppm; δF
(282 MHz; CDCl3; 1,2-difluorobenzene) −66.24 ppm. EI MS
(70 eV) m/z: 226.0 ([M]+, 100%). IR (KBr): νmax/cm

−1 3349,
3101, 3043, 2960, 1672, 1593, 1372, 1282, 1112. Elemental
analysis: Found C, 58.57; H, 2.53. Calc. for C11H5F3O2: C,
58.42; H, 2.23.

General procedure for the silver-catalyzed coupling reactions
between 1,4-naphthoquinones and carboxylic acids

A solution of a 1,4-naphthoquinone (menadione 2 or trifluoro-
menadione 3) (5.81 mmol) and (±)-trans-4-(4-chlorophenyl)-
cyclohexane carboxylic (11.58 mmol) in 52.5 mL acetonitrile
was diluted with 17.5 mL water. The mixture was heated to
85 °C. AgNO3 (90 mg, 0.58 mmol) was added. Then, a solution
of (NH4)2S2O8 (1.72 g, 7.54 mmol) in 15 mL acetonitrile and
5 mL water was added dropwise over a period of 45 min. The
reaction mixture was heated at reflux for 2 h. The acetonitrile
was then removed in vacuo, and the aqueous phase was extracted
with dichloromethane (4 × 10 mL), dried over MgSO4 and
purified by flash-chromatography.

(±)-trans-2-[4-(4-Chloro-phenyl)-cyclohexyl]-3-methyl-[1,4]-
naphthoquinone 8

The synthesis of 8 was performed as described above from
menadione 2. After chromatography on silica gel (CH2Cl2–pet-
roleum ether = 3 : 1, UV) and recrystallization from CH2Cl2, 8
(236 mg, 0.65 mmol, 15% yield) was isolated as yellow solid.
mp. 99–100 °C (from CH2Cl2). δH (300 MHz; CDCl3; Me4Si)
7.97–8.01 (m, 2H), 7.57–7.65 (m, 2H), 7.21 (d, J = 8.4 Hz, 2H),
7.11 (d, J = 8.4 Hz, 2H), 2.88 (tt, J = 12.1 Hz, J = 3.4 Hz, 1H),
2.62 (tt, J = 12.2 Hz, J = 3.2 Hz, 1H), 2.18–2.29 (m, 2H), 2.20
(s, 3H), 1.94 (dd, J = 13.5 Hz, J = 2.8 Hz, 2H), 1.69 (dd, J =
13.3 Hz, J = 3.0 Hz, 2H), 1.47 (dq, J = 12.9 Hz, J = 3.4 Hz, 2H)
ppm; δC (75 MHz; CDCl3; Me4Si) 185.5, 185.1, 150.0, 145.8,
143.4, 133.4, 133.2, 132.8, 131.8, 131.6, 128.5, 128.2, 126.2,
126.1, 43.2, 40.3, 34.56, 30.6, 29.9, 24.8, 12.6 ppm. EI MS (70
eV) m/z: 364 ([M]+, 100%), 200 (75), 177 (30). IR (KBr):
νmax/cm

−1 3437, 2923, 2859, 1693, 1658, 1595, 1491, 1450,
1325, 1290, 1259, 1183, 1091, 1010, 1000, 923, 823, 787, 714,
691. Elemental analysis: Found C, 75.43; H, 5.85; Cl, 10.00.
Calc. for C23H21ClO2: C, 75.71; H, 5.80; Cl, 9.72.

(±)-trans-2-[4-(4-Chloro-phenyl)-cyclohexyl]-3-trifluoromethyl-
[1,4]naphthoquinone 5

The synthesis of 5 was performed as described above from 3.
After chromatography on silica gel (CH2Cl2–petroleum ether =
1 : 2, UV), and recrystallization from CH2Cl2 5 (198 mg,
0.47 mmol, 28% yield) was isolated as yellow solid.
mp. 102–104 °C (from CH2Cl2). δH (300 MHz; CDCl3; Me4Si)
8.03–8.08 (m, 2H), 7.72–7.79 (m, 2H), 7.26 (d, J = 8.4 Hz, 2H),
7.16 (d, J = 8.4 Hz, 2H), 3.11 (tt, J = 11.9 Hz, J = 3.2 Hz, 1H),
2.69 (tt, J = 12.2 Hz, J = 3.2 Hz, 1H), 2.32 (dq, J = 12.5 Hz, J =
3.2 Hz, 2H), 2.00 (dd, J = 13.5 Hz, J = 2.8 Hz, 2H), 1.82 (dd,
J = 13.0 Hz, J = 2.6 Hz, 2H), 1.49–1.58 (m, 2H) ppm. δC
(75 MHz; CDCl3; Me4Si) 184.4, 180.7, 157.1 (q, JC–F = 1.1 Hz,
C–C(O)–C–CF3), 145.4, 134.4, 134.1, 128.5, 128.1, 126.6,
126.4, 122.3 (q, JC–F = 280.0 Hz, CF3,), 43.0, 41.5 (q, JC–F =
3.2 Hz, CH–C–CF3), 34.2, 30.5, 30.29, 25.57 ppm. EI MS (70
eV) m/z: 418 ([M]+, 71%), 293 (29), 254 (100), 177 (58), 125
(33). IR (KBr): νmax/cm

−1 3463, 2926, 2870, 1674, 1636, 1593,
1581, 1492, 1346, 1286, 1276, 1221, 1173, 1140, 1092, 943,
853, 722, 589. Elemental analysis: Found C, 66.11; H, 4.46; Cl,
8.55. Calc. for C23H18ClF3O2: C, 65.96; H, 4.33; Cl, 8.46.

Cyclic voltammetry

Cyclic voltammetry measurements were carried out at 20 °C
using platinum working and auxiliary electrodes (CTV 101T and
platinum wire, respectively) and a potentiostat (VoltaLab Radio-
meter Analytical with PGZ 301). The standard calomel reference
electrodes were separated from the bulk of the solution by a KCl
saturated solution with a glass frit. The compounds (1 mM) were
analyzed in CH2Cl2 solvent using tetrabutylammonium
tetrafluoroborate salt (0.1 M) as supporting electrolyte. Prior to
the measurements the mixtures were deoxygenated by means of
a stream of dry nitrogen which was maintained above the sol-
utions during measurements. The sweep rate was 0.2 V s−1. Ipc
and Ipa values are respectively the current intensities (μA) for

4804 | Org. Biomol. Chem., 2012, 10, 4795–4806 This journal is © The Royal Society of Chemistry 2012
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cathodic and anodic peaks. The standard redox potentials (E°)
were determined from cyclic voltammograms by averaging the
cathodic (Epc) and the anodic (Epa) peak potentials. The separ-
ation of these peak potentials (ΔEp) can be used to estimate the
kinetic reversibility of the respective redox reaction. Menadione
2 and methylene blue (MB) were used as reference compounds.
The results are given with reference to the Standard Calomel
Electrode (SCE) potential.

Enzymatic studies

Recombinant human and Plasmodium falciparum glutathione
reductases (GR, E.C.1.8.1.7) were purified as previously
reported.19,31 One unit of GR activity is defined as the consump-
tion of 1 μmol NADPH per min (ε340 nm = 6.22 mM−1 cm−1)
under conditions of substrate saturation. The enzyme stock sol-
utions used for kinetic determinations were >98% pure as judged
from silver stained SDS-PAGE. All other reagents were of the
highest available purity and were purchased from Biomol, Boeh-
ringer, and Sigma.

Glutathione disulfide reduction assays. The standard assay
was conducted at 25 °C in a 1 mL-cuvette. The assay mixture
contained 100 μM NADPH and 1 mM GSSG in GR buffer
(100 mM potassium phosphate buffer, 200 mM KCl, 1 mM
EDTA, pH 6.9). IC50 values were evaluated in duplicate in the
presence of seven inhibitor concentrations ranging from 0 to
100 μM. Inhibitor stock solutions were prepared in 100%
DMSO. 1% DMSO concentration was kept constant in the assay
cuvette. The reaction was started by adding the enzyme (8 mU
hGR, 6.5 mU PfGR) and the initial rates of NADPH oxidation
were monitored at 340 nm (ε340 nm = 6.22 mM−1 cm−1). The
inhibition of GSSG reduction by 3 was measured as a function
of substrate concentration, and the data were fitted by using non-
linear regression analysis software (Kaleidagraph) to the
equation for non-competitive inhibition.

1,4-Naphthoquinone reductase activity of glutathione
reductase. The reduction assay mixture consisted of 100 mM
potassium phosphate buffer pH 6.9, 200 mM KCl, 1 mM EDTA
and 100 μM NADPH in a total volume of 1 mL. Fluoromethyl
menadione reductase activity was determined by recording the
initial velocities in the presence of increasing analogue concen-
trations (0–300 μM). The analogues were first dissolved in
DMSO, and a final 1% DMSO concentration was kept constant
in the 1,4-naphthoquinone reductase assay. For the determination
of Km and Vmax values, the steady-state rates were fitted by using
nonlinear regression analysis software (Kaleidagraph) to the
Michaelis–Menten equation. From these values, the turnover
number kcat and the catalytic efficiency kcat/Km were calculated.

Time-dependent inactivation of glutathione reductases by
fluoromethyl analogues of menadione. For determining the rate
constants of human GR inactivation, the residual GR activity
was monitored over time by following an incubation protocol.
All reaction mixtures (final volume of 50 μL) contained 160 μM
NADPH, varying inhibitor concentrations (0–10 μM), hGR
(6.85 pmol), 2% DMSO in GR buffer at 25 °C. At different time
points (<10 min) 5 μL-aliquots of each reaction mixture were
removed and the residual activity was measured in the standard

GSSG reduction assay at 25 °C (1 mM GSSG and 100 μM
NADPH). 2% DMSO was used in control assays.

Mass spectrometry analysis of fluoro-reacted GR proteins

Samples were prepared in the following way: 15.4 μM PfGR in
500 μl GR-buffer was mixed with 200 μM NADPH and either
200 μM 3, or 200 μM 7 or DMSO alone (control), respectively.
At each 60 min period, at room temperature, additional NADPH
was added and the solution was again incubated for 60 min
(four times). Residual activities of each sample were determined
in the 1 mM GSSG reduction assay. Samples were used without
further dialysis for mass-spectrometry experiments. Each sample
passed through an HPLC column before entering the mass spec-
trometer by injection on an HPLC system (Agilent 1100 series)
coupled on-line to the ESI-QTOF instrument (API QSTAR
pulsar PE SCIEX). The protein solution was loaded on a 50
POROS R1 trapping column. After 1.5 min (50% CH3CN, 40%
isopropanol, 0.05% TFA), the proteins were eluted to the electro-
spray ion source with 90% CH3CN, 0.05% TFA. The QTOF MS
was calibrated by injecting 100 μL of 1 μM myoglobin in H2O.
Data were analyzed with the analyst QS software.

Time-dependent formation of glutathione–menadione
monoadduct derivatives

GSH (20 mM in H2O, 50 mL) and inhibitor (20 mM in DMSO,
50 mL) were added to a solution of aqueous NH4HCO3 (25 mM,
250 mL) and H2O (650 mL) and incubated at RT (pH ∼7). An
aliquot was injected into an HPLC apparatus equipped with a
nucleodur® C18 column to determine the [menadione
derivative] : [monoSG adduct] ratio versus time (min) at various
time intervals. The HPLC analysis was performed on a Hitachi
Merck L-4000 apparatus equipped with a UV detector set at
254 nm. HPLC retention times were obtained using the two fol-
lowing conditions: system A 100% eluent A (0.05% TFA in
H2O) for 5 min, a gradient up to 100% B (0.05% TFA in H2O–
CH3CN (1/4)) within 10 min, 100% B for 5 min, then again a
gradient up to 100% A within 5 min at a flow rate of 1.00 mL
min−1. In system A, the 1,4-naphthoquinones were eluted with
the following retention times: tR (trifluoromenadione 5) =
18.72 min, tR (difluoromenadione 7) = 18.43 min, tR (lawsone 4)
= 15.40 min. System B: 100% eluent A (0.05% TFA in H2O) for
5 min, a gradient up to 100% B (0.05% TFA in H2O–CH3CN
(1/4)) within 5 min, 100% B for 15 min, then again a gradient
up to 100% Awithin 5 min at a flow rate of 1.25 mL min−1. In
system B, the 1,4-naphthoquinones were eluted with the follow-
ing retention times: tR (trifluoromenadione 5) = 26.26 min, tR
(atovaquone 1) = 20.42 min.

Chemical stability studies with 3 or 5 by LC-MS analysis

A 10 mM stock solution of 3 or 5 was diluted 1/100 in DMSO
then 1/10 in ammonium acetate pH 7.0 at 25 °C to obtain a
10 μM solution in 10% DMSO. A 1 μL aliquot was immediately
injected on a kinetex 1.7 μ C18 100A column (Phenomenex, Le
Pecq, France) and eluted with a 50 : 50 ammonium acetate pH
7.0 : CH3CN buffer coupled to a LC-MS-APCI instrument

This journal is © The Royal Society of Chemistry 2012 Org. Biomol. Chem., 2012, 10, 4795–4806 | 4805
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(triple quadrupole mass spectrometer LCMS 8030 Shimadzu).
Further injections were performed after 0.5, 1.75, 3.5 and 5 h of
incubation. Each experiment was done in duplicate. The
trifluoromenadione 3 and the lawsone 4 were analyzed by nega-
tive APCI-MS and detected by m/z peaks at 226 and 173 with tR
of 0.4 and 0.15 min, respectively. Known concentrations of
trifluoromenadione 3 and lawsone 4 solutions were used for the
calibration curves.

In vitro parasite cultures, antiparasitic and cytotoxicity bioassays

The CQ-sensitive 3D7 and the multi-resistant K1 and Dd2
strains of Plasmodium falciparum were cultivated using standard
protocols previously reported.5b,7

Determination of ED50 values against P. falciparum strains.
Drug susceptibility of P. falciparum was studied using a
modified method32 of the protocol described previously for the
3H-hypoxanthine incorporation-based assay.33 All assays
included CQ diphosphate (Sigma, UK) as standard and control
wells with untreated infected and uninfected erythrocytes. ED50

values were derived by sigmoidal regression analysis (Microsoft
xlfit™). All data from in vitro tests were carried out in triplicate
and were given with the 95% confidence limits

Evaluation of cytotoxicity of the different drugs against
human KB cell line. Cytotoxicity on human KB cells (human
oral pharyngeal carcinoma) was evaluated using the resazurin
(Alamar Blue) assay as previously described.7
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