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Chloroquine free base (CQ) reacts with [Rh(COD)CI], (COD = 1,5-cyclooctadiene) and RuCls--
3H,0/Zn to yield Rh(COD)(CQ)CI (1) and [RuCl,(CQ)]z (2), respectively. The two novel metal—
CQ complexes, which were characterized mainly by 1D and 2D NMR spectroscopy, were tested
against Plasmodium berghei. The in vitro activity of 1 was comparable to that of chloroquine
diphosphate (CQDP), whereas 2 was about 5 times more active. In in vivo tests at equivalent
concentrations of free CQ, CQDP reduced the parasitemia by 55%, while for complexes 1 and
2 the reduction reached 73% and 94%, respectively, without any sign of acute toxicity being
observed up to 30 days after treatment. The Ru derivative 2 was further evaluated against
two chloroquine-resistant strains of Plasmodium falciparum, and it was found to be 2—5 times

more active than CQDP.

Malaria is probably the most important tropical
disease; at present an estimated 270 million people get
infected by this parasite every year, up to 2 million
people die, and at least 100 million cases of acute illness
are observed.!

Various drugs have been used for the treatment of
this disease, chloroquine and sulfadoxine pyrimethamine
being among the most effective. However, malaria
parasites resistant to these drugs are now widespread
in South America, Asia, and Africa.2 Particulary, chlo-
roquine-resistant strains of Plasmodium falciparum
have become a major public health problem in all
tropical areas around the world.12 Hence, the search
for new antimalarial therapies is a high-priority task
for the control of the disease.

In our laboratories we have conceived a new strategy
for the development of alternative therapies against
tropical diseases, based on the modification of com-
pounds with known or potential activity through the
incorporation of a transition metal into the molecular
structure. Metal complexes have been used as drugs
in a variety of diseases,® most remarkably as antitumor
agents;3# however, their potential as antiparasitic
agents has so far been very little explored. Some
antitumor and related metal complexes have proved to
be active against Trypanosomatidae protozoa,® and we
have recently demonstrated a good activity of some
metal complexes against Trypanosoma cruzi, the para-
site responsible for Chagas disease.®

As part of this search for novel drugs against malaria,
in this paper we report very encouraging results for two
new compounds resulting from the modification of
chloroquine (CQ) by coordination to metal centers (Rh,
Ru); the new complexes are highly active against a
chloroquine-resistant strain of P. falciparum in vitro,
as well as against Plasmodium berghei in vitro and in
vivo, in which case they appear to be nontoxic. Only a
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Table 1. Selected 'H NMR Data for 1 and 2

A& 10 2
H(2) 0.07 0.13
H(3) 0.04 0.17
H(5) 0.11 0.06
H(6) 0.05 0.08
H(8) 1.84 0.33
NH 0.63 0.39
H(1) 0.05 0.15
H(2)H(3') 0.09 0.17
H(4)H(5') 0.08 0.60
H(6") 0.05 0.16
H(1") 0.07 0.04

a A6 represents the displacement of the signal with respect to
the corresponding one in free CQ. ® CD,Cl,. ¢ DMSO-de. Complete
NMR data in Experimental Section.

few other metal complexes have been previously tested
against malaria parasites, but in contrast to our results,
rather low activities or high toxicities have been found
with such agents.”

Chemistry

Synthesis of RhCI(COD)(CQ) (1). Reaction of
[RhCI(COD)].8 (COD = 1,5-cyclooctadiene) with 3 equiv
of CQ under mild conditions leads to the new complex
RhCI(COD)(CQ) (1), which was isolated in good yields
as air stable yellow microcrystals. Besides elemental
analysis and IR spectroscopy, the new complex has been
well characterized by NMR spectroscopy; all resonances
could be unequivocally assigned on the basis of 1D and
2D correlated COSY and HETCOR experiments. Se-
lected data contained in Table 1 indicate that CQ binds
to the metal in 1 through the unsubstituted N(1) atom,
which is a good donor site of this molecule. Correspond-
ingly, the largest shift with respect to the free ligand is
observed for H(8) (Ad 1.84), located in the vicinity of
N(1). All other chloroquine protons shift by <0.17 ppm
except NH which moves 0.63 ppm downfield. A similar
assignment of NMR data has been proposed by Lippard
for the complex cis-[Pt(NHz)2(N1-HCQ)CI](NO3)..° Fur-
ther support for our structural assignment came from
the analysis of 'H longitudinal relaxation times and
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NOESY spectra which showed that the overall motion
and internal flexibility of the CQ ligand in 1 were not
significantly different from that of free CQ. The for-
mulation for 1 thus corresponds to the usual 16-electron
square-planar configuration for Rh(l).

CHs 5 6
1 3 N/CHz'CHa
N —
H ~CHo
s MLy CHy-CHg
6 1 N3
! 2
a7 9 ‘
Cl—— R ————

Synthesis of [RuCl,(CQ)]. (2). Interaction of RuCls--
3H,0 with 5 equiv of CQ in the presence of Zn powder
as reducing agent under mild conditions leads to the
formation of a complex formulated as [RuCl,(CQ)]. (2).
As in the case of complex 1, characterization has been
based on microanalysis, IR, and mainly 1D and 2D NMR
spectroscopy which allows assignment of all the reso-
nances. On the basis of the selected data contained in
Table 1, we believe that CQ binds to the metal in 2
through both the N(1) and N(4') atoms, since large shifts
with respect to free CQ were observed for H(8) (Ao 0.33),
NH (Ad 0.39), and H(4') and H(5') (A6 0.60), while all
other proton signals suffer a smaller displacement with
respect to the free ligand. The proposal of a dimeric
structure for complex 2 is based on the following
additional detailed 'H NMR studies carried out: (a) *H
T, values for most protons of free CQ are considerably
larger than the corresponding ones for complex 2, which
suggests a molecular volume of the complex of at least
double that of CQ. (b) A comparison of COSY and
NOESY spectra for CQ and 2 indicates that the free
ligand adopts a conformation in solution in which the
aliphatic protons are close in space to the all the
aromatic protons, whereas in complex 2 H(2) and H(3)
point away from the aliphatic chains; this can only be
achieved by the interlocking of two mononuclear [RuCl,-
(CQ)] fragments in a single molecule through a bridging
bidentate coordination of CQ, as indicated.

CH3 CH3

I
CHy CHg
(2)

The proposed bonding mode of CQ in [RuCl>(CQ)]»
leads to a four-coordinated 14-electron configuration for
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Table 2. Effect of CQDP and Complexes 1 and 2 on the in
Vitro Growth? of P. berghei

compound 1Cs0 (NM) I1Cs ratioP
CQDP 72 +9

complex 1 73 + 33 0.96
complex 2 18+ 7 4.0

a Growth of parasites in culture in the presence of various doses
of either CQDP or compounds 1 or 2 was assayed by [2H]hypox-
anthine incorporation, and ICs, values were determined as
described in the text. P ICso ratio estimated from 1Cso(CQDP)/
ICso(metal complex).

ruthenium, which is unusual. However, in previous
studies we have obtained related mononuclear Ru
complexes containing N-donor ligands with similar
coordination arrangements, viz., RUCIy(CTZ),% (CTZ =
clotrimazole, 1-[(2-chlorophenyl)diphenylmethyl]-1H-
imidazole) and RuCly(BTZ),1° (BTZ = 1-[(2-bromophe-
nyl)diphenylmethyl]-1H-imidazole) which has been un-
ambiguously characterized by an X-ray diffraction
study. In these cases an approximately C,, arrange-
ment of the RuCI,N, core was found, and we believe 2
to have the same type of structure. Theoretical argu-
ments predict such a geometry to be the most stable
situation for d® ML,4 fragments and account for the
diamagnetism observed for all three complexes.!!

Results and Discussion

Preliminary experiments carried out to determine the
in vitro antimalarial activities of complexes 1 and 2 were
set up using in vitro cultures of P. berghei. Inhibition
of the uptake of [*H]hypoxanthine served as a measure
of parasite viability.’? The biological tests were carried
out using DMSO as the solvent in which the complexes
are stable; the NMR spectra of 1 and 2 in DMSO-dg
remain unchanged for several days at 30 °C, showing
no evidence of displacement of the CQ ligand by the
solvent. Final parasitemia and hematocrit were 2% and
1%, respectively. Parasite cultures were exposed to
increasing concentrations of either the parental com-
pound or the corresponding complexes 1 and 2 for 24 h.
Cells were harvested, their viability was assessed, and
the concentration of drug for 50% inhibition (ICso) was
determined for each compound.’? The effects of the
assayed compounds on the development of P. berghei
are summarized in Table 2. In three separate experi-
ments the 1Csy was estimated to be 61—81 nM for the
parental compound chloroquine diphosphate (CQDP),
whereas that of complex 2 was in the range of 12—26
nM. The ratio of ICso(parental compound)/ICsgo(metal
complex) indicated that complex 2 was 3—5-fold more
toxic to the parasite than CQDP. In contrast the same
ratio for complex 1 was <1. Control cultures treated
with medium containing 0.16% (v/v) DMSO in the
culture medium, equivalent to the level of DMSO in the
culture containing the complexes, did not show any
inhibition of parasite growth, indicating that the ob-
served inhibition was solely due to the presence of the
drug in the medium. Furthermore, neither [Rh(COD)-
Cl]z nor RuCly(DMSO),4, which could conceivably be
formed by loss of CQ from 1 and 2 in DMSO solution,
respectively, displayed any activity against P. berghei
in separate experiments (<0.5% inhibition).

In a further series of experiments, the in vivo anti-
malarial activity of complexes 1 and 2 was assayed in
BALB/c mice infected intravenously with 107 erythro-
cytes parasitized with P. berghei. Test mice were
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Figure 1. Effect of CQDP and complexes 1 and 2 on P. berghei
parasitemia. The average parasitemias of nontreated control
and experimental mice treated with CQDP, Rh—CQ complex
1, or Ru—CQ complex 2 at 1 mg of CQ/kg of body weight are
shown. Levels of parasitemia were determined on day 4 of
infection. Vertical bars indicate one standard deviation from
the mean; n = 7 mice/group.

infected at random before being divided into groups of
seven. All compounds were administered by the intra-
peritoneal route; corresponding placebo was adminis-
tered to control mice. Drug-treated mice received a
standard!® 4 day treatment given daily from day O to
day 3 of innoculation. Parasitemias were counted in
Giemsa-stained thin films made from tail blood on day
4. A suppressive treatment with 2.8 mg/kg CQ con-
tained in either the parental compound or the complexes
completely prevented the proliferation of parasites.
Using the standard 4-day test,'® the EDsg value of CQ
determined for the parental compound was 1 mg/kg.
Parasitemia levels were then estimated in mice receiv-
ing treatment with 1 mg/kg of CQDP or the equivalent
concentration of the base in complexes 1 and 2; these
results are presented in Figure 1. Parasitaemias of mice
treated with complexes 1 and 2 were significantly lower
(P <0.01 for 1 and P < 0.0001 for 2) than that in mice
treated with the parental compound as determined by
the student’s t-test; at concentrations equivalent to the
EDsp for the parental compound, complex 1 caused a
reduction of the parasitemia of 73%, while for complex
2 the reduction of parasitemia reached 94% when
compared with untreated controls. Although extensive
toxicity studies have not yet been carried out, it is
important to point out that no lethal effect was observed
in uninfected mice receiving a similar 4 day treatment
(2.8 mg of CQ/kg/day) with complexes 1 or 2 up to 30
days after administration of the drugs.

These results clearly demonstrate that the metal—
CQ complexes 1 and 2 are potent inhibitors of the
development of the erythrocytic stages of P. berghei both
in vivo and in vitro and they are considerably more active
than the standard parental compound and apparently
nontoxic. The increased antimalarial activity of the
rhodium complex observed in vivo did not hold in vitro,
the reason for this discrepancy being at present un-
known. A limited water solubility in the culture me-
dium of complex 1 probably restricted its penetration
into the malaria-infected erythrocyte.

The results obtained for P. berghei encouraged further
evaluation of the antimalarial activity of metal—-CQ
complexes. The more soluble Ru—CQ derivative 2,
which turned out to be the most active in the case of P.
berghei was selected for testing2 using in vitro cultures
of the FCB1 and FCB2 strains of P. falciparum (Co-
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Table 3. Effect of CQDP and Complex 2 on the in Vitro
Growth of P. falciparum

I1Cs0 (NM) complex 2

parasite strain 1Cs (NM) CQDP [ICsp ratio]?

FCB1 47423 10.5 + 6.5 [4.48]
FCB2 104.5 £ 9.2 46.5 £ 9.0 [2.25]

2 1Cs ratio estimated from 1Cso(CQDP)/ICso(metal complex).

lombian origin). Final parasitemia and hematocrit were
0.25—0.50% and 1.5%, respectively. The effect of com-
plex 2 on the development of P. falciparum in compari-
son with CQDP is shown in Table 3; the ICsy's reported
are the average value of three experiments for FCB1
and two experiments for FCB2. In the case of FCB1,
the metal complex was about 5 times more active than
CQDP, while for FCB2, which displays a higher degree
of resistance to chloroquine, the activity was increased
by a factor >2.

Conclusions

Two novel chloroquine complexes of transition metals
(Rh, Ru) have been synthesized by direct reactions of
the free base with appropriate metal precursors. In
vitro and in vivo tests against P. berghei showed that
the incorporation of the metal fragments generally
produced an enhancement of the efficacy of chloroquine;
no sign of acute toxicity was observed in experimental
animals after a prolonged period of time. Perhaps more
importantly, the complex [RuCly(CQ)]. was also found
to be considerably more active than chloroquine diphos-
phate in in vitro tests against chloroquine-resistant
strains of P. falciparum. These results illustrate well
the potential of the novel metal-based approach we are
advancing for the development of chemotherapies against
malaria and other tropical diseases.

Experimental Section

Chemistry. All manipulations were routinely carried out
under N using common Schlenck techniques. Solvents were
purified by standard procedures immediately prior to use.
Chloroquine was obtained by adding strong ammonia solution
(20 mL) to chloroquine diphosphate (Sigma) (20 g, 38.9 mmol)
followed by extraction with diethyl ether (200 mL). Removal
of the solvent yielded an oil to which acetonitrile (30 mL) was
added. On cooling to —5 °C overnight, the product precipitated
as a white powder which was filtered off, washed with
acetonitrile, and dried under vacuum (yield 90%). [RhCI-
(COD)]. was prepared according to the literature.®2 All other
commercial reagents were used without further purification.
NMR spectra were recorded on a Bruker AM 300 spectrometer.
The IR spectra were obtained with a Nicolet 5DCX FT
instrument. Elemental analyses were carried out by Ana-
lytische Laboratorien Prof. Dr. Malissa und G. Reuter GmbH,
Gummersbach, Germany.

RhCI(COD)(CQ) (1). To a solution of [RhCI(COD)], (0.36
g, 0.73 mmol) in 2-methoxyethanol (50 mL) was added chlo-
roquine (0.7 g, 2.2 mmol), and the mixture was refluxed under
nitrogen for 4 h. The volume of the solvent was reduced to
ca. 50% under a nitrogen stream, and diethyl ether was added
until the solution became turbid; on cooling to —5 °C overnight,
the yellow product precipitated, and it was filtered off and
washed with diethyl ether and dried under vacuum: yield 65%;
IR »(N—H) 3318 cm™%, »(C=N) 1589 cm~%; »(C=C) 1611 cm™;
'H NMR 6.20 (br, NH), 8.51 (d, J = 5.93 Hz, H2), 6.39 (d, J =
6.32 Hz, H3), 7.76 (d, J = 8.64 Hz, H5), 7.31 (d, J = 8.44 Hz,
H6), 9.54 (s, H8), 3.68 (br, H1'), 1.31 (d, J = 6.33 Hz, H1"),
1.81 (m, H2', H3'), 2.53 (m, H4', H5'), 0.99 (t, J = 7.14 Hz,
H6'), COD 4.61 (br, AA'), 3.55 (br, BB'), 2.53 (br, 4H), 1.59
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(br, 4H); 3C[*H] NMR C2 152.7, C3 100.2, C4 148.0, C5 123.2,
C6 125.6, C7 135.4, C8 128.7, C9 150.3, C10 118.5, C1' 49.2,
C1" 19.9, C2' 34.4, C3' 24.1, C4' 47.2, C5' 52.9, C6' 11.7, CH
(AA', BB'), 84.30 (d, Jc.rn = 9.43 Hz), CH, 31.76 (s), 30.91 (S).
Anal. (RhCzH3sN3sCly) C, H, N; Cl: calcd, 12.50; found, 11.80.

[RUCI>(CQ)]2 (2). Toa solution of RuCls+3H20 (0.41 g, 1.57
mmol) in MeOH (30 mL) under nitrogen were added chloro-
quine (2.5 g 7.8 mmol) in MeOH (20 mL) and zinc powder (0.48
g, 7.3 mmol); the mixture was refluxed under nitrogen for 6
h. The solution was filtered, and the volume of the solvent
was reduced to 50% under a nitrogen stream. Diethyl ether
was added until the solution became turbid; a cream-colored
solid (2) deposited, which was filtered off, washed with
methanol and diethyl ether, and dried under vacuum: yield
86%. IR »(N—H) 3400 cm-%, »(C=C) 1600 cm~%; IH NMR 7.40
(d, 3 = 7.16 Hz, NH), 8.57 (d, J = 5.72 Hz, H2), 6.67 (d, J =
6.08 Hz, H3), 8.43 (d, J = 9.02 Hz, H5), 7.52 (dd, 3J = 9.04
Hz, 4J = 2.06 Hz, H6), 8.23 (s, H8), 3.85 (br, H1'), 1.27 (d, J =
6.27 Hz, H1"), 1.62 (m, H2'), 1.57 (m, H3'), 2.95 (m, H4'), 3.00
(m, H5'), 1.12 (t, J = 7.15 Hz, H6'); °C[*H] NMR, C2 149.8,
C398.8,C4150.4, C5 124.1, C6 124.5, C7 133.9, C8 126.7, C9
151.8,C1'47.8,C1" 19.8, C2' 33.3, C3' 23.3, C4' 46.2, C5' 52.1,
C6' 11.5, C10 117.4. Anal. (Ru,CssHs2NeClg) C, H, N.

Biology. In Vivo Test for Antimalarial Activity: Ani-
mals, Parasite, and Infection. Female BALB/c mice 2—3
months old, were obtained from the breeding unit of the
Instituto Venezolano de Investigaciones Cientificas. Mice were
kept in plastic cages and received standard food and water
ad libitum. The strain of P. berghei was obtained from Prof.
Felix Pifano, Venezuelan Institute of Tropical Medicine, in
1988. In our laboratory parasites are kept frozen in liquid
nitrogen as 1:2 dilution of infected blood (10—15% parasitemia)
in 28% glycerol—3% sorbitol in 0.65% NaCl. To initiate
infections, the parasites were passaged once or twice in BALB/c
mice before use in each experiment. Experimental mice
received 107 parasitized erythrocytes given intravenously (iv),
and parasitemias were monitored daily by counting the
number of infected erythrocytes/1000 erythrocytes on tail blood
smears stained with Giemsa.

Administration of Drug. Chloroquine diphosphate was
dissolved in 0.9% (w/v) NaCl to give the dose required in 0.1
mL for 10 g of mouse and injected intraperitoneally (ip) into
mice daily for 3 consecutive days from day O of infection.'®
Complexes 1 and 2 were dissolved in DMSO, diluted 10-fold
with intralipid (200 g of fractionated soybean, 12 g of fraction-
ated phospholipids, 22 g of glycerol USP, 1 L of water gsp,
Kavi Vitrum, Stockolm, Sweden), and then injected ip in mice
daily from day 0 to day 3 of infection. Drug treatment started
2 h after inoculation. Levels of parasitemia were determined
on day 4. The results were expressed as the percentage of
infected cells or inhibition of parasitemia calculated from the
following equation: percent inhibition = 100 — {[estimated
number of infective parasites treated with compound/esti-
mated number of infective parasites treated with no compound
(control)] x 100}.1%® Previous assays indicated that four daily
ip injections of DMSO diluted 10-fold in intralipid did not affect
the course of infection. The levels of parasitemias of control
and drug-treated mice were compared by the student’s t-test.
To obtain values for 50% effective levels (EDsp) of the parental
compound, the percentage of erythrocytes that contain para-
sites of treated group was compared to that of controls and
related to the log dose of the drug. The EDsy value was
calculated from the corresponding regression line.

In Vitro Tests. The in vitro activity of complexes 1 and 2
was assessed on cultures of the asexual blood stages of P.
berghei by the method of Kamiyama!?2 and of the chloroquine-
resistant FCB1 and FCB2 strains of P. falciparum which were
derived from the Colombian FCB strain, according to the
procedure described by Desjardins.*?® Inhibition of uptake of
radiolabeled nucleic acid precursor served as indicator of
antimalarial activity.'?

Media, Cultures, and Drug Assays: Drugs. Chloroquine
diphosphate (Sigma) was diluted in culture medium without
serum/plasma to obtain a working solution of 19.4 uM.
Working solutions of complexes 1 and 2 were 17.7 and 10.8
uM, respectively in RPMI medium containing 0.16% (v/v)
DMSO.
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P. berghei. To culture parasites infected blood was ob-
tained from BALB/c mice infected with P. berghei and harbor-
ing low parasitemias (3—5%) for which predominant stages
were ring and young trophozoites (one nucleous). Infected
blood was washed with RPMI 1640 medium (Gibco) supple-
mented with HEPES (25 mM), L-glutamine (0.3 g, 1-1),
sodium bicarbonate (1.5 g, 1—1), and 5% normal rat serum
inactivated at 56 °C/30 min. In all experiments the same batch
of rat serum collected from animals 4—6 weeks old was used.
Suspensions of normal and infected erythrocytes in complete
culture medium were mixed to obtain a working cell suspen-
sion containing 2 x 107 parasitized cells and 1.8 x 108
uninfected erythrocytes/mL. Uninfected erythrocytes (2 x 108/
mL) served as controls. Microplates were 96-well, flat-bot-
tomed (Linbro). Twenty-five microliters of the drug solution
or medium alone (with or without 0.16% DMSO) was added
to the appropriate wells followed by 100 uL of the parasitized
erythrocyte suspension and 25 uL of [G-H]hypoxanthine (5.4
Ci/mmol; Amersham International). A stock solution of diluted
[BH]hypoxanthine in culture medium was prepared? to obtain
a final isotope solution consisting of 20 uCi of [G-*H]-hypox-
anthine/mL of culture medium. After a 24 h incubation period
in an atmosphere of 5% CO;, 10% O, and 85% Ny, the cells
were harvested on glass-fiber disks using a cell harvester
(MASH II; Microbiological Associates, MD) and counted in a
liquid scintillation counter (LKB 1217 Rackbeta). The ICs
values of growth inhibition were calculated from the corre-
sponding regression line. Control counts were subtracted from
experimental counts, and the SD was obtained.

P. falciparum. Culture medium was RPMI 1640 (Gibco)
supplemented with HEPES (25 mM), sodium bicarbonate (32
mM), and human plasma 10%, v/v (O*, collected in acid—
citrate—dextrose anticoagulant), previously inactivated at 56
°C for 30 min. Stock cultures were maintained in 5 mL of 6%
erythrocyte suspension in 25 mL of tissue culture flasks
(Corning) at 37 °C using the candle jar method.’?d For each
experiment samples of the stock cultures were further diluted
in culture medium containing sufficient noninfected human
erythrocytes to yield a final hematocrit of 1.5% and para-
sitemia of 0.25—0.5%. Experimental cultures of P. falciparum
contained 25 uL of the drug solution and 200 uL of the
parasitized erythrocyte (O*) suspension of either the FCB1 or
the FCB2 strain. Control cultures of parasitized and non-
parasitized erythrocytes (O*) plus medium alone were in-
cluded. Additional controls were parasitized erythrocytes in
culture medium containing 0.16% DMSO. Microculture plates
were incubated at 37 °C using the candle jar method.*?d After
a 24 h incubation period, 25 uL of the [*H]hypoxanthine
solution (0.5 «Ci) in culture medium was added to each well.
The plates were further incubated at 37 °C (candle jar method)
during 18 h. Cultures were then harvested and counted as
indicated above. The ICso values of growth inhibition were
calculated from the corresponding regression line.
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