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A number of new Au(I) and Au(III) complexes of chloroquine (CQ) have been prepared,
characterized, and evaluated in vitro against several strains of Plasmodium falciparum. [(CQ)-
Au(PPh3)][NO3] (2) was synthesized by reaction of AuCl(PPh3) with AgNO3 followed by
treatment with CQ. Similar reactions of AuCl(PR3) (R ) Me, Et) with KPF6 and CQ yielded
[(CQ)Au(PMe3)][PF6] (3), and [(CQ)Au(PEt3)][PF6] (4), respectively. KAuCl4 reacted with CQ
to produce the Au(III) complex [(CQ)2Au(Cl)2]Cl (5), which in turn formed [(CQ)Au(Cl)(SR)-
(Et2O)]Cl (6) by reaction with 1-thio-â-D-glucose-2,3,4,6-tetraacetate (SRH). The new compounds
were characterized by a combination of elemental analysis, fast atom bombardment mass
spectrometry (FAB-MS), and NMR spectroscopy. All the complexes display in vitro activity
against CQ-sensitive and CQ-resistant strains of Plasmodium falciparum. The highest activity
for this series was obtained for complex 4, which is 5 times more active than chloroquine
diphosphate (CQDP) against the CQ-resistant strain FcB1. On preincubation of noninfected
red blood cells with complexes 1, 5, and 6, protection against subsequent infection was observed
in some cases. No clear structure-activity correlations could be established for this series of
compounds.

The rapid spread of drug-resistant malaria in south-
east Asia and the threat of resistant strains of Plasmo-
dium falciparum spreading to Africa, India, and South
and Central America has stimulated the search for new
drugs to treat the more than 400 million people infected
with this parasite.1 There is an urgent need for anti-
malarials with novel structures, modes of action, or both
to deal with the development of resistance to the drugs
in current use. As previously demonstrated by some of
us,2 attaching organic drugs to metal-containing frag-
ments can enhance their activity, for example, chloro-
quine for malaria and clotrimazole for Chagas disease.
Although metals have been used in medicine for cen-
turies, the success of cis-PtCl2(NH3)2 (cisplatin) and
related compounds as anticancer drugs3,4 has stimulated
a renewed interest in metal-based chemotherapies.
There is little doubt that new metal-containing drugs
will be developed for a variety of therapeutic applica-
tions as the field of inorganic medicinal chemistry
continues to grow.3b

Gold compounds have long been used for the treat-
ment of various diseases,5 notably aurothiomalate and
aurothioglucose complexes for rheumatoid arthritis.6

The drug auranofin is also active against P388 leuke-
mia.7 In contrast, the potential of gold derivatives as
antiparasitic agents has not yet been fully investigated.3b

In a previous publication we disclosed the synthesis of
[(CQ)Au(PPh3)][PF6] (1) (see Figure 1), as well as data
on its in vitro activity against two CQ-resistant strains
of Plasmodium falciparum and its in vitro and in vivo
activity against Plasmodium berghei.2c Continuing with
our efforts to develop improved antimalarial drugs, we
herein report a series of new CQ-Au derivatives, as well
as their in vitro activity against several strains of P.
falciparum.

Chemistry

Synthesis and Characterization of New Gold
Complexes. We have previously reported that AuCl-
(PPh3) reacts with 1 equiv of KPF6 and CQ in CH3CN
to yield the complex [(CQ)Au(PPh3)][PF6] (1).2c Using
similar procedures, we have now achieved the synthesis
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Figure 1. Proposed structure for complexes [(CQ)Au(PR3)]-
[X] (1, R ) Ph, X ) PF6; 2, R ) Ph, X ) NO3; 3, R ) Me, X )
PF6; 4, R ) Et, X ) PF6).
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of a number of related Au-CQ derivatives, as sum-
marized in Scheme 1. This has allowed us to probe the
effect of varying the coordination sphere around the
metal ion on the biological properties of the complexes.

A first point of interest was to investigate whether
the nature of the counteranion in complexes such as 1
has any biological implications. The reaction of AuCl-
(PPh3) with 1 equiv of AgNO3 in CH3CN followed by
treatment with CQ was the most efficient way to
prepare [(CQ)Au(PPh3)][NO3] (2), which was isolated in
good yields as a yellow solid. While our work was in
progress, the same compound was independently syn-
thesized by the group of Moss by a slightly different
procedure.13 The use of phosphine ligands (PR3) is
important for our purposes since it is well-known that
variations in the nature of the R group can induce
notable changes in the electronic and steric properties
of the ligand. This, in turn, can produce important
modifications of the chemical and biological properties
of the resulting metal complexes. The systematic varia-
tion of the phosphine ligand was achieved by reacting
preformed AuCl(PMe3) or AuCl(PEt3) with an excess of
KPF6 in acetonitrile, followed by addition of CQ;2g this
led to the corresponding derivatives [(CQ)Au(PMe3)]-
[PF6] (3) and [(CQ)Au(PEt3)][PF6] (4). A related phos-
phine-free Au(III)-CQ complex [(CQ)2Au(Cl)2]Cl (5)
could be obtained from the reaction of KAuCl4 with 2
equiv of CQ in acetone. A final consideration regarding
the series of reactions described in Scheme 1 is related
to the well-known use of Au(III) complexes in the
treatment of arthritis; a particularly useful compound
for such applications is auranofin [(PEt3)Au(SR)] (where
-SR ) 1-thio-â-D-tetraacetateglucose). There is some
evidence that chloroquine diphosphate (CQDP) also has
important antiarthritic properties8 and thus it seemed
interesting to combine CQ and -SR on the same metal
complex to evaluate the antimalarial activity of a
compound containing both functionalities; this was
achieved by reaction of complex 5 with 1-thio-â-D-
glucose-2,3,4,6-tetraacetate in acetone at -10 °C, which
led to the complex [(CQ) Au(Cl)(SR)(Et2O)]Cl (6). It is
also of interest to contrast the biological properties of
complexes 2-4, containing Au(I) ions, with those of 5
and 6, which are Au(III) derivatives.

All the new compounds were characterized by a
combination of elemental analysis, fast atom bombard-
ment mass spectrometry (FAB-MS), and IR and NMR
spectroscopy, as described in the Experimental Section.
The FAB-MS spectra displayed parent peaks of high
intensity, corresponding to the cations of the complexes.
The IR spectra displayed peaks clearly associated with
the presence of the coordinated ligands and of the
counteranions where present. All 1H NMR resonances
could be unequivocally assigned on the basis of 1D- and
2D-correlated correlation spectroscopy (COSY) and HET-
COR experiments (for complete NMR data as well as
the atom numbering used, see Experimental Section).
Selected data of relevance for the discussion that follows
are contained in Table S1 (Supporting Information). We
have used the 1H chemical shift variation of each signal
with respect to those of the free ligand (∆δ) as a
parameter to deduce the mode of bonding of CQ to the
metal. It has been previously shown by us2 and by
others9 that the largest variations are always observed
for the protons located in the vicinity of the N-atom
attached to the metal. According to the data available,
the formulation for 1-4, represented in Figure 1,
corresponds to a 14-electron Au(I) configuration, most
probably in the usual linear coordination geometry10

that has been previously associated with biological
activity.2c,5-6 In all these complexes, the largest (∆δ)
values are observed for H(8) (see Table S1, Supporting
Information), indicating that CQ is bound to the metal
through the N(1) atom of the quinoline moiety, a good
donor site of this molecule.

Similarly, we deduce that the formulation of 5 corre-
sponds to a 16-electron Au(III) configuration with a
square planar coordination containing mutually trans
pairs of Cl and CQ ligands. Au(III) is isoelectronic with
Pt(II) and the complexes of both metals in such oxida-
tion states normally adopt a square planar geometry.
This similarity has been previously associated with a
biological activity of Au(III) in parallel to cisplatin and
its homologues.11 Square planar Au(III) derivatives have
also been reported to display activity against a range
of microbial strains and several human tumor lines.12

The NMR data in this case (Table S1) are consistent
with CQ binding to the metal through the N(3) atom of
the terminal diethylamino group of the alkyl chain, as
depicted in Figure 2,10 since the largest (∆δ) values were
observed for H(4)′ and H(5)′.

In accordance with the microanalytical data, the
molecular ion displayed in the FAB-MS and the NMR
spectra (see Experimental Section), compound 6, was
found to contain the gold atom bonded to one CQ
molecule through the N(3) atom and to one thioglucose
ligand; a third coordination site is occupied by a chloride
and the square planar arrangement is completed by a
solvent (diethyl ether) molecule (see Figure 3). The

Scheme 1. Synthetic Proceduresa

a (i) AuClPPh3/AgNO3/CQ 1:1:2 in acetonitrile, rt; (ii) AuClPMe3/
KPF6/CQ 1:2:2 in acetonitrile under reflux; (iii) AuClPEt3/KPF6/
CQ 1:2:2 in acetonitrile under reflux; (iv) KAuCl4/CQ 1:2 in
acetone, rt; (v) SRH (1-thio-â-D-glucose-2,3,4,6-tetraacetate) 1:1 in
acetone, -10 °C.

Figure 2. Proposed structure of [(CQ)2Au(Cl)2]Cl (5).
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charge of this cation is compensated by a noncoordi-
nated chloride ion. Presumably, when complex 5 reacts
with thioglucose one of the chlorides is replaced by the
RS- anion, and to avoid strong steric repulsions between
three voluminous ligands, one CQ is lost generating a
flexible electron-deficient three-coordinate species in
solution. Such a species will adopt the less sterically
hindered mutually trans disposition of the two bulky
ligands CQ and RS-. Eventually, the more stable four-
coordinated 16-electron configuration is attained by
binding a labile solvent molecule as the fourth ligand,
which is preferentially accommodated in the position
trans to the chloride. This type of isomerization of metal
complexes promoted by steric repulsions is very common
in solution.10

Since all the biological tests were carried out using
DMSO as the solvent, it was important to establish the
stability of such solutions. The NMR spectra of all the
complexes in DMSO-d6 remained unchanged for several
days at 30 °C, showing no evidence of displacement of
the CQ ligand by the solvent nor any other sign of
decomposition.

Results and Discussion

All the new compounds described in the previous
section were evaluated in vitro against several strains
of Plasmodium falciparum: F32 from Tanzania, FcB1
from Colombia, K1 and W1 from southeast Asia. As can
be observed in the data collected in Table 1, all the metal
derivatives described herein are active against CQ-
sensitive (F32), as well as CQ-resistant (FcB1, K1 and
W1), strains.

The activities displayed by these compounds are
similar or superior to that of CQDP. It must be noted
that in a previous publication by some of us,2c compound
1 was reported to be about 10 times more active than
CQDP in in vitro tests against the FcB1 strain of P.
falciparum. This complex also displayed considerable

in vitro and in vivo activity against P. berghei in several
experiments.2c However, the new tests reported here for
the FcB1 strain, which have been conducted with freshly
prepared samples of complex 1, show it to be only 1.25
times higher than that of CQDP. In a similar way,
complex 2, synthesized independently by the group of
Moss in South Africa was found to be about 6 times
more active than CQDP against the K1 strain in their
experiments,13 whereas our results indicate it to be 1.6
times more active than CQDP for the same strain. The
reasons for these discrepancies are unknown, but it is
clear that the degree of drug resistance varies from one
laboratory to another. Further work is in progress to
try to clarify this point.

The limited number of compounds available does not
allow structure-activity relations (SAR) to be extracted
from our data. Nevertheless, some interesting experi-
mental facts deserve further mention. Concerning the
Au(I) complexes, it is noted that on varying the coun-
teranion from PF6

- in 1 to NO3
- in 2, the activity

remains essentially unchanged for FcB1, increases for
W2 and K1, and decreases for F32. Also, varying the
phosphine substituents from Ph in 1 to Me in 3 or Et
in 4 did not cause a major effect in general. However, a
notable exception is the PEt3 derivative 4, which, in the
case of the FcB1 strain, was 5 times more active than
CQDP and 4 times more active than 1.

Complexes 5 and 6, which differ from the other four
compounds in that they have a higher-valent gold atom
(+3), also proved to be more active than CQDP for both
the resistant K1 and the sensitive F32 strains. Obvi-
ously, a more extensive series of related compounds is
necessary to reach a clear activity trend as a function
of the molecular structure or of the oxidation state of
the metal.

In a further series of experiments conducted on a
synchronized K1 strain, noninfected red blood cells
(RBCs) were preincubated for 3 h at 37 °C with 100 µM
gold complexes 1, 5, or 6. After appropriate washing in
RPMI culture medium, they were placed in contact for
6 h with RBCs parasitized with 44-48 h old schizonts,
and the resulting parasitemia was subsequently deter-
mined. The results of these experiments are sum-
marized in Table 2.

It was observed that CQDP did not offer any protec-
tion under these conditions, nor did complex 5. However,
RBCs treated with complex 1 did not show any para-
sitemia, although lysis of the red cells was evident. In
the case of complex 6, a lower parasitemia was observed
in comparison with the control or with CQDP-treated
cells (3.75% vs. 5.60% in the control). Microscopic
observations revealed that the parasites did not develop

Figure 3. Proposed structure of [(CQ)(Et2O)Au(Cl)(SR)][Cl]
(6).

Table 1. Effects of CQDP and Au-CQ Complexes on the in
Vitro Growth of Several strains of P. falciparum

IC50
a (rel activ)b

FcB1 W2 K1 F32

CQDPc 50 (1.00) 70 (1.00) 91 (1.00) 10 (1.00)
1 40 (1.25) 70 (1.00) 99 (0.92) 18 (0.55)
2 40 (1.25) 40 (1.75) 58 (1.57) 10 (1.00)
3 40 (1.25) 50 (1.40) 93 (0.98) 17 (0.59)
4 10 (5.00) 50 (1.40) 99 (0.92) 13 (0.77)
5 43 (2.11) 13 (0.77)
6 54 (1.68) 18 (0.55)

a IC50 ) 50% inhibitory concentration of CQ base (in nM). Each
concentration was estimated from independent experiments in
triplicate. b Rel activ ) IC50(CQDP)/IC50(complex). c Based on the
IC50 values for CQDP, the FcB1, W2, and K1 strains are considered
of medium CQ resistance, while F32 is CQ sensitive.

Table 2. Effect of Preincubation of Red Blood Cells (RBCs) in
100 µM Chloroquine (CQDP) or Au-CQ Complexes during
Three Hours at 37 °C on the in Vitro Reinvasion of the K1
Strain of P. falciparuma

parasitemia (%)

control 5.60
CQDP 5.67
1 0
5 5.96
6 3.75

a After being washed, the treated RBCs were exposed to normal
schizont-infected RBCs, and the reinvasion was estimated 6 hours
later.
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as rings and appeared to be dead. If the compounds that
induced protection are compared, it is noted that
complex 1 is a cationic Au(I) species containing CQ and
PPh3 ligands, whereas 6 (of lower activity) is also
cationic and contains Au(III), CQ, and RS- ligands.

On the other hand, complex 5, which caused no effect
in this experiment, is also a cationic Au(III) complex,
but it contains only CQ and Cl as ligands. Thus it seems
that the presence of CQ together with a second stabiliz-
ing ligand different from chloride is more advantageous,
whereas the oxidation state of the metal would not play
an important role. PPh3 is a neutral labile ligand that
can be displaced easily from the cation in [Au(CQ)-
(PPh3)][PF6] (1) at the level of the membrane of the
RBC, liberating or exchanging an electron-deficient “-
[Au(CQ)]+” fragment capable of binding to electron-rich
negatively charged membrane sites to form species of
the type “Au(CQ)(-membrane)”. The thioglucose moiety
present in complex 6, in turn, is anionic in nature and
probably less labile but it is easily hydrolyzable by
interaction with, for example, an acidic membrane site
like -SH, leading to a membrane-bound species con-
taining a similar motif “Au(CQ)(S-membrane)”. The
lower action observed in this case could be related to
the neutral character of the complex, less favorable to
be attracted to negatively charged sites. It is also
possible that the role of the phosphine or thioglucose
ligands is the stabilization of the “Au-CQ core” in its
transit toward the appropriate membrane sites. Com-
plex 5, containing only CQ and chloride ligands is more
readily hydrolyzed, and thus it may not be stable
enough to reach the membrane in an active form. It is
curious, however, that 5 is the most active complex
against the K1 strain in the direct experiment (Table
1), followed by 6, while 1 is actually inactive. Therefore,
no relation is apparent between the activities observed
in these two types of experiments, again pointing to the
need to study a larger number of related compounds.

Conclusion

We have prepared and characterized a series of new
Au(I) and Au(III) complexes containing CQ in combina-
tion with other ligands, which display activity against
CQ-sensitive and CQ-resistant strains of Plasmodium
falciparum. The highest activity for this series was
obtained for [(CQ)Au(PEt3)][PF6], which is 5 times more
active than CQDP against the CQ-resistant strain FcB1.
On preincubation of noninfected RBCs with the com-
plexes, protection against subsequent infection was
observed in some cases. Although this work confirms
the concept previously proposed2 that modification of
an organic drug by introduction of a metal-containing
fragment may increase its antimalarial activity, no clear
structure-activity correlations could be established for
this series of compounds.

Experimental Section

Chemistry. All manipulations were routinely carried out
under N2 using common Schlenck techniques.14 Solvents were
purified by standard procedures immediately prior to use. The
extraction of chloroquine base from the diphosphate salt was
performed as described before.2b All other commercial reagents
were used without further purification. NMR spectra were
obtained in DMSO-d6 solution using a Bruker AVANCE 500
instrument operating at 500.13 MHz for 1H and 202.45 MHz

for 31P. 1H NMR shifts are recorded relative to the residual
1H resonance in the deuterated solvent (2.49 ppm), and 31P
NMR shifts are relative to an external H3PO4 reference; the
atom numbering for chloroquine is shown below.

IR spectra were obtained with a Nicolet 5DCX FT instrument.
Elemental analyses were performed on a FISONS 1108
instrument, and positive ion FAB mass spectra were obtained
in matrixes of methanol-nitrobenzyl alcohol (NBA) at the
analytical services of the University of California Riverside
mass spectrometry facility. HPLC analyses were carried out
in a Hewlet Packard 1100 instrument fitted with a C18 column
and operating in isocratic condition using as solvent mixture
50% ammonium acetate buffer (pH ) 4.9), 30% methanol, 20%
acetronitrile with a flow rate of 1 mL/min and detector lamp
DAD.

[(CQ)Au(PPh3)][NO3] (2). A suspension of AuCl(PPh3) (100
mg; 0.20 mmol) in CH3CN (10 mL) was refluxed until complete
dissolution was achieved; then AgNO3 (34 mg; 0.20 mmol) was
added, and a white precipitate was observed. After cooling to
room temperature, the solution was filtered to remove the AgCl
formed, and then chloroquine (129 mg; 0.40 mmol) was added.
The mixture was stirred at room temperature for 30 min, the
resulting yellow solution was filtered through Celite, the filter
was washed with two portions of CH3CN (1 mL each), and then
the volume of the solvent was reduced until a yellow oil formed.
The two phases were separated, and the oily residue was
washed with water and diethyl ether and dried under vaccum
to obtain a yellow solid. Yield 88%. M.p. 90 °C. FAB-MS
(MeOH/NBA) (M + H - NO3)+ ) 778, (CQ) ) 320. IR (cm-1):
ν(N-H) 3250, ν(CdC) 1590, ν(CdN) 1600, ν(NO3

-) 1385. 1H
NMR (CD3)2SO δ (ppm): 8.54 (d, J ) 6.19 Hz, 1H); 8.49 (d, J
) 9.11 Hz, 1H); 8.15 (d, J ) 2.00 Hz, 1H); 7.65-7.69 (m, 15H,
PPh3); 7.56 (dd, J1 ) 9.02 Hz, J2 ) 2.06 Hz, 1H); 6.71 (d, J )
6.41 Hz, 1H); 3.85-3.86 (m, 1H); 2.39-2.50 (m, 6H); 1.69-
1.72 (m, 2H); 1.47-1.58 (m, 2H); 1.25 (d, J ) 6.31 Hz, 3H);
0.91 (t, J ) 6.96, 6H). 31P{1H}NMR (CD3)2SO δ (ppm): 31.04
(s, PPh3). Anal. Calcd. (C36H41N4ClPO3Au) C, H, N.

[(CQ)Au(PMe3)][PF6] (3). A suspension of AuCl(PMe3)
(100 mg; 0.32 mmol) in CH3CN (5 mL) was refluxed until
complete dissolution was achieved; KPF6 (119 mg; 0.64 mmol)
was then added and refluxing was continued for 2 h. Chloro-
quine (207 mg; 0.64 mmol) was added, and the mixture was
stirred under reflux for a further 48 h. Then the solution was
cooled to room temperature and filtered throught Celite. The
filter was washed with two portions of CH3CN (1 mL each),
the solvent was evaporated under a nitrogen stream to ca. 50%
of its volume, and then diethyl ether was added until the
solution became turbid; when the solution was cooled to -5
°C overnight, a yellow oil appeared. The solvent was decanted,
and the remaining oil was washed with water and diethyl
ether and dried under vaccum to obtain a yellow solid. Yield
92%. M.p. 132 °C. FAB-MS (MeOH/NBA) (M + H - PF6)+ )
592, (CQ) ) 320. Purity by HPLC: 98%. IR (cm-1): ν(N-H)
3400, ν(CdC) 1583, ν(CdN) 1617, ν(PF6

-) 835. 1H NMR (CD3)2-
SO δ (ppm): 8.53 (d, J ) 8.88 Hz, 1H); 8.42 (d, J ) 6.19 Hz,
1H); 8.22 (s, 1H); 7.82 (br, 1H); 7.63 (d, J ) 8.67 Hz, 1H); 6.76
(d, J ) 5.95 Hz, 1H); 3.89 (br, 1H); 2.47 (br, 6H); 1.74-1.76
(m, 9H, -CH3, PMe3); 1.55-1.60 (m, 2H); 1.50 (br, 2H); 1.27
(d, J ) 6.19 Hz, 3H); 0.93 (br, 6H). 31P{1H}NMR (CD3)2SO δ
(ppm): 8.94 (s, PMe3); -143.0 (hept, J ) 708 Hz, PF6

-).
[(CQ)Au(PEt3)][PF6] (4). This compound was prepared by

an analogous procedure to the one described for 3, using AuCl-
(PEt3) (100 mg; 0.29 mmol) in CH3CN (5 mL), KPF6 (105 mg;
0.58 mmol), and chloroquine (182 mg; 0.58 mmol). Yield 68%.
M.p. 118 °C. FAB-MS (MeOH/NBA) (M + H - PF6)+ ) 634,
(CQ) ) 320. Purity by HPLC: 97%. IR (cm-1): ν(N-H) 3420,
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ν(CdC) 1585, ν(CdN) 1610, ν(PF6
-) 838. 1HNMR (CD3)2SO δ

(ppm): 8.60 (d, J ) 9.08 Hz, 1H); 8.49 (d, J ) 6.52 Hz, 1H);
8.35 (s, 1H); 8.09 (br, 1H); 7.70 (d, J ) 9.02 Hz, 1H); 6.84 (d,
J ) 6.71 Hz, 1H); 3.96 (br, 1H); 2.51-2.50 (m, 6H); 2.03-2.04
(m, 6H, -CH2, PEt3); 1.71-1.74 (m, 2H); 1.60-1.62 (m, 2H);
1.28 (d, J ) 6.30 Hz, 3H); 1.17-1.19 (m, 6H); 1.01 (br, 9H,
-CH3, PEt3). 31P{1H}NMR (CD3)2SO δ (ppm): 32.63 (s, PEt3);
-143.0 (hept, J ) 708 Hz, PF6

-).
[(CQ)2Au(Cl)2]Cl‚2H2O (5). To a solution of KAuCl4 (300

mg, 0.79 mmol) in acetone (5 mL), chloroquine (508 mg, 1.58
mmol) in acetone (10 mL) was slowly added; the mixture was
stirred for 2 h during which the color of the solution changed
from orange to yellow. After 3 h, a white solid precipitated.
The solution was filtered through Celite, the filter was washed
with two portions of acetone (0.5 mL each), the solvent was
evaporated to ca. 50% of its volume under a nitrogen stream,
and diethyl ether was added until the solution became turbid;
when the solution was cooled to -5 °C overnight, a yellow oil
appeared. The two phases were separated, and the oily fraction
was washed with water and diethyl ether and dried under
vaccum to obtain a yellow solid. Yield 82%. M.p. 94 °C (dec).
FAB-MS (MeOH/NBA) [M - 3Cl-]+ ) 835, (CQ) ) 320. IR
(cm-1): ν(N-H) 3278, ν(CdC) 1593, ν(CdN) 1614. 1HNMR
(CD3)2SO δ (ppm): 8.42 (d, J ) 5.49 Hz, 1H); 8.40 (d, J ) 9.33
Hz, 1H); 7.79 (d, J ) 2.02 Hz, 1H); 7.47 (dd, J1 ) 8.94 Hz, J2

) 2.05, 1H); 7.09 (d, J ) 7.78 Hz, 1H); 6.56 (d, J ) 5.56 Hz,
1H); 3.80 (br, 1H); 2.90-2.97 (m, 6H); 1.72 (br, 4H); 1.60 (br,
2H); 1.26 (d, 3H); 1.13 (t, 6H). Anal. Calcd. (C36H56Cl5N6Au‚
2H2O) C, H, N.

[(CQ)(Et2O)Au(Cl)(SR)]Cl (6) (-SR ) 1-thio-â-D-tet-
raacetateglucose). To a solution of [(CQ)2Au(Cl)2]Cl (400 mg,
0.72 mmol) in acetone (15 mL) cooled to -10 °C, 1-thio-â-D-
glucose tetraacetate (SRH) (264 mg, 0.72 mmol) in acetone (10
mL) was added. The mixture was stirred and maintained at
-10 °C for 1 h, during which the pH changed from neutral to
3. The yellow solution was filtered throught Celite, the filter
was washed with two portions of acetone (0.5 mL each), the
solvent was evaporated under a nitrogen stream to ca. 50% of
its volume, and then diethyl ether was added until the solution
became turbid; when the solution was cooled to -5 °C
overnight, a yellow oil appeared. The solvent was decanted
off, and the remaining oil was washed with water and diethyl
ether and dried under vacuum to obtain a yellow solid. Yield
84%. M.p. 86 °C. FAB-MS (MeOH/NBA) (M + H - Cl)+ ) 989,
(CQ) ) 320. IR (cm-1): ν(N-H) 3416, ν(CdO) 1751, ν(CdC)
1614, ν(CdN) 1623. 1HNMR (CD3)2SO δ (ppm): 8.76 (d, J )
9.08 Hz, 1H); 8.51 (d, J ) 6.65 Hz, 1H); 7.99 (br, 1H); 7.67
(dd, J1 ) 9.05 Hz, J2 ) 1.90 Hz, 1H); 6.84 (d, J ) 6.72 Hz,
1H); 5.08 (m, 1H); 4.85-4.92 (m, 2H); 4.61-4.63 (m, 1H); 4.11
(br, 1H); 4.03 (br, 1H); 3.97 (br, 1H); 3.84 (br, 1H); 3.02-3.08
(m, 6H); 1.90-2.02 (m, 12H); 1.74 (br, 4H); 1.30 (d, J ) 6.33
Hz, 3H); 1.19 (t, 6H). Anal. Calcd. (C36H56N3Cl3O10SAu) C, H,
N.

Biological Experiments

Culture and Synchronization of Plasmodium falci-
parum. The following strains of Plasmodium falciparum were
used in this work: F32 from Tanzania (CQ-sensitive), FcB1
from Colombia, and K1 and W1 from southeast Asia (these
three strains can be considered of medium CQ-resistance since
the corresponding IC50 values for CQDP are below 100 nM).
Cultures were grown in complete medium consisting of RPMI
1640 (Life Technologies, Inc.) supplemented with 11 mM
glucose, 27.5 mM NaHCO3, 100 UI/mL penicillin, 100 µg/mL
streptomycin, and 8% heat-inactivated human serum, follow-
ing the procedure of Trager and Jensen.15 Parasites were
grown at 37 °C in human A+ red blood cells (RBCs) at a 2%
haematocrit and a 3-6% parasitemia, under a 3% CO2, 6%
O2, and 91% N2 atmosphere. Cell cultures were synchronized
by plasmagel16 and sorbitol17 treatments.

Increasing concentrations of various Au(I) and Au(III)
complexes containing chloroquine and other ligands were
tested for their inhibitory effect toward the P. falciparum
intraerythrocytic development. The sPLA2 (100 µL/well) were

distributed in a 96-well plate; then 100 µL from an asynchro-
nous culture at a 1.5% parasitemia and a 4% haematocrit in
complete medium was added per well. Parasites were allowed
to grow at 37 °C for 24 h in a candle jar; then 0.5 µCi of 3H-
hypoxanthine was added per well. After an additional 24 h
incubation period, plates were freeze-thawed and harvested
on filters. Dried filters were moistened in scintillation liquid
mixture (OptiScint, Hisafe) and counted in a 1450 Microbeta
counter (Wallac, Perkin-Elmer).

Percentage growth inhibition was calculated from the
parasite-associated radioactivity. 100% 3H-hypoxanthine in-
corporation was determined from a control grown in the
absence of Au complexes. IC50 values were determined accord-
ing to the method reported by Desjardins et al.18 Each
concentration was estimated from independent experiments
in triplicate. Control culture treated with medium containing
0.16% (v/v) DMSO in the culture medium, equivalent to the
maximum level of DMSO in the culture containing the
complexes, did not show any inhibition of parasite growth,
indicating that the observed inhibition was solely due to the
presence of the drug in the medium. No effect on RBCs was
observed under these conditions.
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