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ABSTRACT: A small library of “half-sandwich”
cyclopentadienylruthenium(II) compounds of the general formula
[(17°-CsRs)Ru(PPh;) (N-N)][PF¢], a scaffold hitherto absent from
the toolbox of antiplasmodials, was screened for activity against the
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Antiplasmodial Toolbox News:

blood stage of CQ-sensitive 3D7-GFP, CQ-resistant Dd2, and /Rl{lppth
artemisinin-resistant IPC5202 Plasmodium falciparum strains and N N—
the liver stage of Plasmodium berghei. The best-performing 7\ )
compounds displayed dual-stage activity, with single-digit nano- — \ _Y
molar IC;, values against blood-stage malaria parasites, nanomolar ‘oo

activity against liver-stage parasites, and residual cytotoxicity Blood s. Pf strains ICs; 7.62 - 939 nM
against HepG2 and Huh7 mammalian cells. The parasitic Livers. P.bergueilCsy0.33 - 4.20 uM
absorption/distribution of 7-nitrobenzoxadiazole-appended fluo-

rescent compounds Ru4 and Ru$ was investigated by confocal fluorescence microscopy, revealing parasite-selective absorption in
infected erythrocytes and nuclear accumulation of both compounds. The lead compound Ru2 impaired asexual parasite
differentiation, exhibiting fast parasiticidal activity against both ring and trophozoite stages of a synchronized culture of the P.
falciparum 3D7 strain. These results point to cyclopentadienylruthenium(II) complexes as a highly promising chemotype for the

development of dual-stage antiplasmodials.

Bl INTRODUCTION

Malaria is a public health concern of tragic proportions, with
an estimated 228 million new cases and 405000 deaths globally
in 2018, 67% of whom were children under S years of age.'
This disease is caused by parasites of the genus Plasmodium
that, upon injection in a mammalian host through the bite of
an infected Anopheles mosquito, travel to the liver, initiating the
hepatic stage of infection. This culminates in the release of
blood-infectious parasites that lead to the blood stage of
infection and the clinical symptoms that are associated with
malaria. Very few drugs tackle the asymptomatic but obligatory
liver-stage bottleneck of infection, creating a gap in effective
prophylactic measures against malaria.” Furthermore, the
effectiveness of available antiplasmodial drugs against the
blood stage of infection is increasingly threatened by the
emergence and spread of drug-resistant parasites. Chloroquine
[CQ (Figure 1)], the cornerstone antiplasmodial drug for
many decades, is now largely ineffective against Plasmodium
falciparum (Pf), the deadliest malaria parasite, due to
widespread resistance to this drug.”* Currently, artemisinin-
based combination therapies (ACTs), in which artemisinin or
its derivatives (artesunate, artemether, and dihydroartemisinin)
are combined with longer-acting antiplasmodial drugs with
distinct modes of action to prevent resistance development, are
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Figure 1. Antimalarials chloroquine, artemisinin, and chloroquine—
metalocene hybrids ferroquine and ruthenoquine.

the front-line malaria therapeutics, with treatment success rates
of >95%." Nonetheless, resistance to ACTs appears to be
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emerging in some regions of the world, as PfKelchl3
mutations, associated with artemisinin resistance, are wide-
spread in Southeast Asian countries and have also been
detected in some African countries.">* Thus, the discovery of
new antiplasmodial drugs that tackle both stages of
Plasmodium infection in the mammalian host remains an
urgent clinical need.

Metal complexes are especially attractive for drug design, as
they offer structural and physicochemical possibilities that
cannot be attained by orgamc molecules.” The clinical success
of platlnum anticancer drugs® and of the antirheumatic agent
auranofin’ has inspired bioinorganic/organometallic drug
development over the past several decades, leading to
promising lead drugs against cancer and other diseases.®”"*
In malaria, ferroquine [FQ (Figure 1)], an organometallic
ferrocenyl—chloroquine hybrid molecule, is active against both
CQ:-sensitive and CQ-resistant P. falciparum strains in vitro and
CQ:-resistant Plasmodium vinckei vinckei strains in vivo and is
currently undergoing phase IIb clinical trials in combination
with artefenomel, a trioxalane.”” The success of FQ led to
intense research of metal-based antiplasmodial drugs, mostly
focused on ferrocenyl and other metallic hybrids with CQ or
artemisinin derivatives. ™"

Prompted by the early success of ruthenium(III) com-
pounds NAMI-A {(ImH)[trans-RuCl,(dmso-S)(Im)], where
Im = imidazole} and KP1019/1339 {KP1019 = (IndH)[trans-
RuCl,(Ind),], where Ind = indazole and KP1339 = Na[trans-
RuCl,(Ind),]}, which entered clinical trials as antimetastatic
and cytotoxic agents, respectively, ruthenium(II) compounds
emerged as the most studied and promising among non-
platinum chemotherapeutic alternatives.'”™>' Compounds
[(#5-C¢H,C4H;)RuCl(H,NCH,CH,NH,-N,N’)][PF
(RM175),”>** [(#°-C4HsMe)RuCL(PTA)] [PTA = 1,3,5-
triaza-7-phosphoadamantane (RAPTA-T)],**** and [Ru-
(Phen)(x-C,N-(2-phenyl-pyridine))(NCMe),][PF,]
(RDC11)***” entered preclinical evaluation as anticancer
(RM175 and RDCI11) and antimetastatic agents (RAPTA-
T), and recently, compound [Ru(dmb),(IP-TT)]Cl, [dmb =
4,4'-dimethyl-2,2'-bipyridine; IP-TT = 2-(2/,2":5",2'"-terthio-
phene)-imidazol[4,5-f][1,10]phenanthroline] (TLD1433) en-
tered a phase II clinical trial as a cancer photodynamic therapy
photosensitizer (PDT PS) for the treatment of non-muscle
invasive bladder cancer (Figure 2).*"

In the field of malaria chemotherapy, ruthenium was
employed as ruthenoquine (Figure 1), a ruthenium analogue
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Figure 2. Anticancer ruthenium(II) compounds RAPTA-T,***
RM175,°>** and RDC11***” and PDT photosensitizer TLD1433."

of FQ, displaying in vitro, but not in vivo, antiplasmodial
activity.”” Ruthenium(II) arene compounds were also reported
as antiplasmodials, in combination with chloroquine or other
active antiplasmodial scaffolds (Figure 3), displaying in
9738 and in vivo™ antiplasmodial activity.
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Figure 3. Ruthenium(II)-arene compounds with antiparasitic activity

(P. falciparum).

The design of metal-based antiplasmodial drugs has been
driven by the hypothesis that conjugation of organic ligand
scaffolds with pharmacological activity with an (organo)-
metallic moiety can lead to new drugs with improved
pharmacological profile, which act on multiple targets. In
contrast, attempts to uncover new metal-based antiplasmodial
lead scaffolds are scarce. Challenging the “mainstream” design
rationale, we decided to assess the antiplasmodial activity of
five half-sandwich cyclopentadienylruthenium(II) complexes
of the general formula [(17°-CsRs)Ru(PPh;)(N-N)][PE(], a
scaffold previously featured in anticancer studies,’*™* but
hitherto absent from the toolbox of antiplasmodial com-
pounds. To gain visual insight into the parasitic/cellular
distribution of organometallic complexes, we developed two 7-
nitrobenzoxadiazole (NBD)-appended fluorescent compounds.

B EXPERIMENTAL SECTION

Chemistry. General Procedures. Reagents were bought from
commercial sources and used without further purification. Com-
pounds Rul and Ru2 were previously reported**™* but were
obtained for this study using a different synthetic methodology.
Reactlon/crystalhzatlon solvents were dried according to standard
procedures 'H nuclear magnetic resonance (NMR) spectra were
recorded on a Bruker Ultra-Shield 300 MHz spectrometer operating
at 300 MHz, at probe temperature. Chemical shifts are quoted on the
0 scale, in parts per million, using residual solvent peaks as the internal
standard. Coupling constants (J) are reported in hertz with the
following splitting abbreviations: s, singlet; br., broad; d, doublet; t,
triplet; g, quartet; p, quintet; m, multiplet. Thin layer chromatography
(TLC) was carried out using Merck aluminum-backed sheets coated
with 60 F254 silica gel. Flash column chromatography was performed
using Merck 60 (230—400 mesh ASTM) silica gel. Ultraviolet (UV)
spectra were traced in a Thermo Scientific Evolution 201 UV—visible
spectrophotometer. Fluorescence measurements were taken on a
SHIMADZU spectrofluorophotometer RF-6000 instrument. LC-MS
analysis was performed in an HPLC Dionex Ultimate 3000
instrument composed of a model HPG3200 binary pump, a model
WPS300 autosampler, and a model TCC3000 column oven coupled
in-line to a LCQ_Fleet ion trap mass spectrometer equipped with an
ESI ion source (Thermo Scientific). Aliquots of 10 L were injected
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into the column via a Rheodyne injector with a 25 pL loop, in the
partial injection mode. Separations were carried out with a Luna C18
100 A column (150 mm X 2 mm, 5 ym) at 30 °C, using a flow rate of
0.2 mL min~', a mobile phase of 0.1% acid formic in water (v/v,
eluent A) and acetonitrile (eluent B), and a 30 min linear gradient
from 5% A to 70% B, followed by a 2 min a linear gradient to 100% B,
followed by a 8 min isocratic gradient to 100% B, and then the
column was re-equilibrated with 5% B for 10 min. The mass
spectrometer was operated in the ESI positive and negative ion
modes, with the following optimized parameters: ion spray voltage,
+4.5 kV; capillary voltage, 16/—18 V; tube lens offset, —70/58 V;
sheath gas (N,), 40 arbitrary units; auxiliary gas (N,), 20 arbitrary
units; capillary temperature, 300 °C. Spectra typically correspond to
the average of 20—35 scans and were recorded between 100 and 850
Da. C/H/N elemental analysis was determined using a FLASH 2000
Series CHNS/O Analyzer (Thermo Scientific) equipped with a
thermal conductivity detector. Eager Xperience software was used for
data acquisition and processing.

Synthesis and Characterization. Compound 1. 4-Chloro-7-
nitrobenzo[c][1,2,5]oxadiazole (400 mg, 2 mmol) was added to a
solution of 3-azidopropan-1-amine (203 mg, 2 mmol) in methanol
(10 mL). After the mixture had been stirred for 30 min at room
temperature, the solvent was evaporated under reduced pressure. The
crude product was purified by flash chromatography (1:1 AcOEt/n-
hexane eluent), affording N-(3-azidopropyl)-7-nitrobenzo[c][1,2,5]-
oxadiazol-4-amine (195 mg, 0.7S mmol, # = 37%). The product was
dissolved in THF (5§ mL) and Cul (141 mg, 0.75 mmol); 2-
ethynylpyridine (114 yL, 1.1 mmol) and DIPEA (260 uL, 1.5 mmol)
were added, and the mixture was stirred at 80 °C for 2 h. The solvent
was then removed under reduced pressure, and the crude product was
purified by flash chromatography (eluent of 0—5% MeOH in AcOEt),
affording 7-nitro-N-{3-[4-(pyridin-2-yl)-1H-1,2,3-triazol-1-yl|propyl}-
benzo[c][1,2,5]oxadiazol-4-amine (1) as an orange solid (178 mg, 7 =
65%). '"H NMR (300 MHz, DMSO): & 9.47 (br. s, 1H, H2), 8.67 (s,
1H, H8), 8.58 (br. s, 1H, HS), 8.49 (d, 1H, J = 8.9 Hz, H6'), 7.99 (br.
s, 1H, H4), 7.89 (t, 1H, ] = 7.2 Hz, NH), 7.33 (br. s, 1H, H3), 6.40
(d, J = 9.0 Hz, 1H, HS'), 4.58 (t, ] = 6.7 Hz, 2H, H10), 3.55 (br. s,
2H, H12), 2.41-2.26 (m, 2H, H11). MS [ESI]: m/z [M + H]" caled
for C;,H,N3O; 367.12, found 367.13. Anal. Caled for C;;H,NgOj:
C, 52.46; H, 3.85; N, 30.59. Found: C, 52.87; H, 4.07; N, 28.83.

Compound 2. 4-Chloro-7-nitrobenzo[c][1,2,5]oxadiazole (400
mg, 2 mmol) was added to a solution of tert-butyl (3-aminopropyl)-
carbamate (348 mg, 2 mmol) in methanol (10 mL), and the mixture
was stirred for 30 min at room temperature. The solvent was removed
under reduced pressure. The crude product was dissolved in CH,Cl,
(3 mL); trifluoroacetic acid (2 mL) was added, and the mixture was
stirred at room temperature for 20 min. The volatiles were evaporated
under reduced pressure, and the crude product was purified by flash
chromatography (eluent of 0—5% MeOH in AcOEt), affording N'-(7-
nitrobenzo[c][1,2,5]oxadiazol-4-yl)propane-1,3-diamine (91 mg, 0.38
mmol, 7 = 19%). The product was dissolved in DMF (2 mL) and
added to a solution of TBTU (134 mg, 0.42 mmol), DIPEA (139 uL,
0.8 mmol), and 4-diphenylphosphine benzoic acid (260 uL, 1.5
mmol) in DMF (S mL), and the mixture was stirred overnight at
room temperature. The volatiles were then removed under reduced
pressure, and the crude product was purified by flash chromatography
(AcOEt eluent), affording 4-(diphenylphosphanyl)-N-{3-[(7-
nitrobenzo[c][1,2,5]oxadiazol-4-yl)amino Jpropyl} benzamide as a
yellow solid (147 mg, n = 74%). '"H NMR (300 MHz, DMSO): &
9.48 (s, 1H, NHCO), 8.56—8.48 (complex, 2H, H6' + NH), 7.81 (d,
2H, J = 7.1 Hz, H2), 7.48—7.35 (m, 6H, PPh,), 7.34—7.18 (complex,
6H, PPh, + H3), 6.42 (d, ] = 9.0 Hz, 1H, HS'), 3.55 (s, 2H, H9), 3.39
(m, 2H, H7), 2.03—1.87 (m, 2H, H8). MS [ESI]: m/z [M + H]*
caled for CygH,N;O,P 542.15, found 542.25. Anal. Caled for
CysH,,NO,P: C, 64.00; H, 4.60; N, 13.33. Found: C, 63.81; H, 4.82;
N, 13.20.

Synthesis of Rul, Ru2, Ru4, and Ru5. CH,Cl, (15 mL) was
added to a Schlenk tube charged with [ (17°>-CsHs)Ru(NCCH,)][PFq]
(0.20 mmol), phosphine (0.21 mmol; Rul, Ru2, and Ru4, PPh;; RuS,
compound 2), and the N—N bidentate ligand (0.21 mmol; Rul and

RuS$, 2,2'-bipyridyl; Ru2, 1,10-phenanthroline; Ru4, compound 1),
and the mixture was stirred overnight at room temperature. The
solutions were then filtered via canula and pumped to dryness. Crude
products were washed with n-hexane (10 mL) and ethyl ether (10
mL) and recrystallized by slow diffusion of n-hexane in acetone or
dichloromethane solutions.

Ru1, [(>-CsHs)Ru(2,2'-bipyridyl)(PPh3)I[PFs]. n = 82%. Orange.
'H NMR (300 MHz, DMSO): § 9.36 (d, 2H, J = 5.5 Hz, H2), 8.17
(d, 2H, J = 8.1 Hz, HS), 7.84 (t, 2H, ] = 7.8 Hz, H4), 7.44—7.35 (m,
3H, PPh;), 7.35—7.24 (complex, 8H, H3 + PPh;), 6.95 (m, 6H,
PPh;), 4.86 (s, SH, °-CsH;). Anal. Calcd for Cy3H,FN,P,Ru: C,
54.33; H, 3.82; N, 3.84. Found: C, 54.16; H, 3.76; N, 3.61.

Ru2, [(°-CsHs)Ru(1,10-phenanthroline)(PPh;)I[PF,. n = 87%.
Red. "H NMR (300 MHz, DMSO): § 9.73 (d, 2H, J = 5.3 Hz, H2),
8.45 (d, 2H, J = 8.1 Hz, H4), 7.96 (s, 2H, H6), 7.73 (dd, 2H, ] = 8.1,
5.3 Hz, H3), 7.32—7.20 (m, 3H, PPh;), 7.13 (td, 6H, ] = 7.6, 1.8 Hz,
PPh,), 6.89—6.74 (m, 6H, PPh;), 4.95 (s, SH, °-CH;). MS (ESI):
m/z [M — PF¢]" caled for CysH,gN,PRu 609.10, found 609.1S. Anal.
Caled for C3H,sFgN,P,Ru: C, 55.78; H, 3.75; N, 3.72. Found: C,
55.95; H, 3.60; N, 3.38.

Ru4, [(>-CsHs)Ru(1-N,N)(PPh3)I[PF4]. = 74%. Orange. 'H NMR
(300 MHz, DMSO): § 9.51 (br. s, 1H, H2), 9.30 (d, 1H, J = 5.6 Hz,
HS), 8.72 (s, 1H, H8), 8.55 (d, 1H, J = 8.9 Hz, H6'), 7.86 (t, 1H, ] =
7.7 Hz, NH), 7.73 (d, 1H, ] = 7.4 Hz, H4), 7.47—7.15 (m, 10H, PPh,
+H3), 7.15-6.90 (m, 6H, PPH,), 6.42 (d, 1H, ] = 8.9 Hz, HS'), 4.67
(s, SH, >-CsHy), 4.58 (t, 2H, ] = 7.0 Hz, H10), 3.54 (br. s, 2H, H12),
2.31-2.15 (m, 2H, H11). MS (ESI): m/z [M — PF(]* calcd for
C30H34NgO;PRu  795.15, found 795.11. Anal. Calcd for
CyoHFNO,P,Ru: C, 49.85; H, 3.65; N, 11.92. Found: C, 49.86;
H, 3.88; N, 11.94.

Ru5, [(7°-CsHyRu(2,2'-bipyridyl)(2-P)][PFg. n = 71%. Reddish
orange. '"H NMR (300 MHz, DMSO): § 9.53 (s, 1H, NHCO), 9.37
(d, 2H, J = 5.5 Hz, H2 bipy), 8.59 (t, 1H, J = 5.6 Hz, NH), 8.51 (d,
1H, ] = 9.0 Hz, H6'), 8.18 (d, 2H, ] = 8.1 Hz, HS bipy), 7.84 (t, 2H,
= 7.7 Hz, H4 bipy), 7.71 (d, 2H J = 7.1 Hz, H3), 741 (dd, 2H, ] =
7.6, 6.1 Hz, H3 bipy), 7.36—7.23 (m, 6H, PPh, + H2), 7.06 (t, 2H, J
= 9.0 Hz, PPh,), 6.98—6.83 (m, 4H, PPh,), 6.42 (d, 1H, J = 9.0 Hz,
H5'), 4.89 (s, SH), 3.55 (s, 2H, H7), 3.43—3.32 (m, 2H, H9), 2.01—
1.86 (m, 2H, H8). MS (ESI): m/z [M — PFg]* caled for
C,3H;,N,O,PRu 848.17, found 848.20. Anal. Calcd for
C,sHyFN,O,P,Ru: C, 52.02; H, 3.76; N, 9.88. Found: C, 52.23;
H, 3.58; N, 9.34.

Synthesis of Ru3, [(3>-CsMes)Ru(1,10-phenanthroline)(PPh;)]-
[PFs]. CH,Cl, (1S mL) was added to a Schlenk tube charged with
[(7>-CsMe;)RuCl(PPh,),][PF,] (80 mg, 0.10 mmol) and AgPF, (27
mg, 0.11 mmol). After the mixture had been stirred for 30 min, 1,10-
phenanthroline (20 mg, 0.11 mmol) was added, and the mixture was
stirred overnight at room temperature. The solution was then filtered
and pumped to dryness, and the crude was washed with n-hexane (10
mL) and ethyl ether (10 mL). The crude product was dissolved in
acetone (S mL), filtered, and pumped to dryness. The product was
recrystallized by slow diffusion of ethyl ether in a dichloromethane
solution. 77 = 73%. Red. '"H NMR (300 MHz, DMSO): § 9.36 (d, 2H,
J =5.0 Hz, H2), 8.46 (d, 2H, ] = 8.1 Hz, H3), 7.94 (s, 2H, HS), 7.90
(dd, 2H, J = 8.0, 5.3 Hz, H2), 7.24 (br. m, 3H, PPh,), 7.12 (br. m,
6H, PPh;), 6.74 (br. m, 6H, PPh;), 1.39 (s, 15H). MS (ESI): m/z
[M-PF¢]* caled for C,oH;3N,PRu 679.18, found 679.06. Anal. Calcd
for C,oH;sFsN,P,Ru: C, 58.32; H, 4.65; N, 3.40. Found: C, 58.08; H,
5.03; N, 3.01.

X-ray Diffraction Studies of Ru3. Single-crystal X-ray diffraction
(SCXRD) experiments were performed with a Bruker D8 Quest area
detector diffractometer. The crystal was mounted on a Kaptan loop. A
graphite-monochromated Mo Ka (4 = 0.71073 A) radiation source
running at S0 kV and 30 mA was used. An em@irical absorption
correction was enforced using Bruker SADABS,” and data were
reduced with the Bruker SAINT program.”® The structure was
determined by direct methods with Bruker SHELXS*” and refined by
full-matrix least-squares on F* using SHELXL'" programs within
WINGX version 2014.1.* Non-hydrogen atoms were refined with
anisotropic thermal parameters. Hydrogen atoms were placed in
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calculated positions and allowed to be refined in the parent carbon
atoms. Structural representation was made using Mercury 3.8.*° A
summary of the crystal data, structure solution, and refinement
parameters is given in Table SI1. Collected data are poor due to weak
diffraction of the crystal. CCDC 1996562.

Biology. Blood-Stage Antiplasmodial Activity. Sample
Preparation. Each compound was solubilized in 100% DMSO
(Sigma-Aldrich) to obtain a final concentration of S mM.
Intermediate dilutions were then prepared as appropriate in parasite
culture media.

P. falciparum In Vitro Cultures. Laboratory-adapted P. falciparum
lines 3D7 (chloroquine-, mefloquine-, and artemisinin-susceptible;
IHMT-NOVA culture collection), 3D7-GFP (chloroquine-, meflo-
quine-, and artemisinin-susceptible; MRA-1029, MR4, ATCC,
Manassas, VA), Dd2 (chloroquine- and mefloquine-resistant and
artemisinin-susceptible; IHMT-NOVA culture collection), and
IPC5202 (artemisinin-resistant; MRA-1240, MR4, ATCC) were
continuously cultivated at $% hematocrit and 37 °C in a 5% CO,
atmosphere, and human serum was replaced with 0.5% AlbuMAXII
(Invitrogen) in the culture medium (RPMIc) and sorbitol
synchronized, as previously described.”

Dose—Response Assay for ICs, Estimation. An unsynchronized
culture with 1% hematocrit and 1% parasitemia was incubated with
the tested compounds in S-fold serial dilutions ranging from 10000 to
0.64 nM. After 72 h at 37 °C in 5% CO,, cells were diluted to achieve
a 0.25% hematocrit and parasite growth was assessed by flow
cytometry (Beckman Coulter, Cytoflex) with a 96-well plate reader
for each parasite strain as follows. For 3D7-GFP, read directly (green;
excitation wavelength, 488 nm); for Dd2 and IPC5202, parasites were
stained with 0.5X SYBR green I (Invitrogen, Thermo Fisher
Scientific) in PBS for 30 min in the dark, at 37 °C, washed once
with PBS, and then read as for 3D7-GFP.*"*> To estimate the ICs,
values of fluorescent compounds Ru4 and Ru$, the 3D7 strain (not
expressing GFP) was used; after the 72 h incubation, parasites were
stained with 0.5 uM SYTO61 (Invitrogen, Thermo Fisher Scientific)
for 45 min in the dark, at 37 °C, and washed once with PBS, and
parasite growth was assessed by flow cytometry (red; SYTO-61; 633
nm, 660/20 nm bandpass).>* Typically, 20000—40000 red blood cells
(RBCs) were counted, and samples were analyzed using FlowJo
software (Tree Star Inc.). Half-maximal inhibitory concentrations
(ICs,) were determined with GraphPad Prism S (trial version).
Values are the average of at least three experiments, each conducted in
duplicate.

In Vitro Stage-Dependent Antimalarial Activity. Stage-specific
compound treatment effects were elucidated using synchronized (6 h
window) parasites in 96-well plates with a starting parasitemia of 1%
and a hematocrit of 2%. Parasites were treated with 10-fold IC, (80
nM) concentrations of Ru2 or with RPMIc (with <0.0016% DMSO;
no drug control), at 3 or 6 h during the intraerythrocytic life cycle:
ring stage (6—10 h post-injection) and trophozoite stage (22—24 h
post-injection). After being incubated, washed parasites were also
diluted 1:16 and allowed to grow without the drug for two additional
cell cycles (96 h). Parasitemia after reinvasion or after growth for 96 h
was quantified. Cells were stained with 0.5X SYBR green I
(Invitrogen, Thermo Fisher Scientific) and washed with PBS, and
parasitemia was assessed by flow cytometry (Cytoflex, Beckman-
Coulter; green; 488 nm excitation, emission $30/30 nm bandpass)
collecting data from 20000—40000 RBCs. Values are the average of at
least three experiments, each conducted in duplicate.

Confocal Microscopy Studies. One milliliter of a P. falciparum 3D7
asynchronous cell suspension (2% hematocrit, 3% parasitemia) was
stained with 0.5 uM Ru4 or Ru$ in PBS. After a 5 min incubation (at
37 °C, 5% humidity, and 5% CO,), <1 ug/mL WGA-Alexa 633 (1:2
dilution from the original stock) and S pg/mL Hoechst 33342
(Invitrogen, Thermo Fisher Scientific) dye were added and the
mixture was incubated for 10 min. Wheat germ agglutinin-Alexa 633
was purchased from Thermo Fisher Scientific.”® Hoechst 33342
(Invitrogen, Thermo Fisher Scientific) is a lipophilic DNA-binding
fluorescent stain. After WGA-Alexa 633 and Hoechst 33342 co-
staining protocols, the samples were washed to remove the unbound

dye. Specifically, 1 mL of the incubated solution was centrifuged, the
supernatant was discarded, and cells were washed once in 1 mL of
PBS. After the last centrifugation, the supernatant was discarded, the
cell pellet was resuspended in 1 mL of PBS, and 200 uL of the cell
suspension was placed in eight-well chambered coverslips (Ibidi
GmbH, Munich, Germany). The cells were then imaged by a CLSM
using the 488 nm Ar" laser line (Ru4 and Ru$ images) and the 633
nm He—Ne laser line (Alexa 633 images). Hoescht 3342 images were
recorded in the multiphoton mode under 780 nm excitation, and
hemozoin was visualized using the laser reflection mode. A Leica TCS
SPS inverted microscope with a 63X water (1.2 numerical aperture)
apochromatic objective was used. Images were collected with 512 X
512 pixels at a scan rate of 100 Hz laser. Images were processed with
LAS AF Lite, Fiji, and Wright Cell Imaging Facility (WCIF) Image]
software.

HepG2 Dose—Response Assay. The viability of HepG2 cells was
determined after their exposure to compounds for 48 h by the MTT
[3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
(Sigma)] assay.” Briefly, 5000 HepG2 cells per well (ATCC HB-
8065) were cultured in 96-well plates (Corning Primaria) and allowed
to attach for 24 h before the addition of several concentrations of
compounds (20 and S0 uM for preliminary screening and 0, 2, S, 8,
10, 12, 15, 18, and 20 uM for CCg, determination). Compounds were
incubated for 48 h at 37 °C. MTT was added to plates at a final
concentration of 400 mg/mL per well, followed by incubation at 37
°C for 3 h. After incubation, medium was removed, and formazan
crystals were dissolved in a 4:1 dimethyl sulfoxide/glycine buffer (pH
10.5). Plates were shaken for 15 min, and cell viability was then
assessed by measuring formazan absorption at 550 nm. Nonlinear
regression analysis was employed to fit the normalized results of the
dose—response curves, and CCs, values were determined using
GraphPad Prism § (trial version).

Compound Activity against the Hepatic Stage of Plasmodium
Infection In Vitro. Huh-7 cells, a human hepatoma cell line, were
cultured in 1640 rpml medium supplemented with 10% (v/v) fetal
calf serum (FCS), 1% (v/v) non-essential amino acids, 1% (v/v)
penicillin/streptomycin, 1% (v/v) glutamine, and 10 mm HEPES (pH
7) and maintained at 37 °C with 5% CO,. Inhibition of Plasmodium
berghei hepatic infection was determined by measuring the
luminescence of Huh-7 cell lysates 48 h after infection with a firefly
luciferase-expressing P. berghei line, PbGFP-Luccon, as previously
described.®” Briefly, Huh-7 cells (1 x 10* cells per well) were
seeded in 96-well plates the day before drug treatment and infection.
Stock solutions (10 mM) of the compounds were obtained by
dissolving in DMSO, and dilutions were subsequently performed
employing infection medium (culture medium supplemented with SO
ug/mL gentamicin and 0.8 pg/mL amphotericin B) to the desired
concentration. One hour prior to infection, the culture medium was
replaced with fresh infection medium containing the appropriate
concentration of each compound. Sporozoites (1 X 10* per well),
freshly obtained through disruption of salivary glands of infected
female Anopheles stephensi mosquitoes, were added to the wells 1 h
after compound addition. Sporozoite addition was followed by
centrifugation at 1800g for S min. The effect of the compounds on the
viability of Huh-7 cells was assessed 46 h post-infection by the
AlamarBlue assay (Invitrogen), according to the manufacturer’s
protocol. The parasite load was determined 48 h after infection by
a bioluminescence assay (Biotium), according to the manufacturer’s
recommendations. Nonlinear regression analysis was employed to fit
the normalized results of the dose—response curves, and IC, values
were determined using GraphPad Prism 8.0 (GraphPad Software, La
Jolla, CA).

B RESULTS AND DISCUSSION

Synthesis and Characterization. 7-Nitrobenzoxadiazole
(NBD)-appended fluorescent ligands [1 and 2 (Scheme 1A)]
were obtained via 4-propylamine-NBD derivatives function-
alized with either azide for (3+2) Cu(I)-catalyzed cyclo-
addition with 2-ethynylpyridine (1) or amine for condensation
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Scheme 1. Synthesis of NBD-Labeled Ligands 1 and 2, with
(A) the Numbering Scheme and (B) Organometallic
Compounds Rul—Ru$
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with 4-diphenylphosphine benzoic acid (2).
Organoruthenium(II) compounds of the general formula
[(7°-CsRs)Ru(PPh;)(N-N)][PF,] were obtained in one step
from commercially available ruthenium parent compounds

[(7°-CsHs)Ru(NCCH;);][PF4] (Rul, Ru2, Ru4, and Ru$)
and [(>-C;Me;)Ru(PPh,),C1)][PF¢] (Ru3) (Scheme 1B).
Compounds 1, 2, and Rul—Ru$ were characterized by 'H
NMR, LC-MS, and elemental analysis. '"H NMR spectra of the
organometallic complexes display a sharp singlet attributed to
the cyclopentadienyl ring, between 4.67 and 4.95 ppm for #-
CsH; (Cp) derivatives Rul, Ru2, Ru4, and Ru$ and at 1.39
ppm for 7-CsMes (Cp*) compound Ru3, multiplets in the
aromatic region attributed to the triphenylphosphine ligands
(6.70—7.30 ppm), and the signals corresponding to the
nitrogen quelate ligands, in agreement with proposed
structures of the complexes. Mass spectra of the compounds
confirmed the complex formulations, with complex spectra
displaying the distinctive isotopic pattern of ruthenium.
Elemental analyses of compounds are also in agreement with
the proposed formulations, except for compounds 1 and Ru$,
for which the nitrogen values differ by 1.76% and 0.54%,
respectively. Nonetheless, LC-MS analysis supports the purity
of both compounds (Figures S8 and S9). Fluorescent
complexes Ru4 and Ru$, developed to visually probe parasitic
absorption/distribution (vide infra), were further studied by
fluorescence spectroscopy, revealing A, values of 553 nm (4,
= 462 nm) and 555 nm (4, = 474 nm), respectively.
Compound Ru3 was further characterized by X-ray
diffraction. The asymmetric unit includes a cationic complex
and a PF¢ anion that is severely disordered. The cation of Ru3
(Figure S10) adopts a “three-legged piano stool” geometry,
with the ruthenium atom bonded to the phenanthroline
nitrogen and the PPh; phosphorus atom (piano stool legs),
and the #-coordinated pentamethylcyclopentadienyl (piano
stool seat). The Ru—N bond lengths for Ru3 [2.115(4) and
2.124(4) A (Table S2)] are in the upper range of Ru—N bond
len%ths found for similar ruthenium complexes (1.992—2.176
® The Ru—P and Ru—Cp*° (superscript ¢ = centroid)
bond lengths [2.3484(13) and 1.8420(S) A, respectively] are
also within the ranges of similar compounds of this type
(2.277-2.359 A for Ru—P bond lengths and 1.854—1.84 A for
Ru—Cp** bond lengths). The N—Ru—N angle (Table S2),
dependent on phenanthroline bite, is 77.24(18)° for the Ru3
cation, similar to those of other ruthenium phenanthroline
complexes (77.137—77.787°), whereas the P—Ru—N angles
are 88.08(11)° and 90.54(12)°, which lie at the bottom of the
array found for other complexes found in the CCSD (87.669—
97.297°).°% Structural inspection of Ru3 revealed steric
hindrance between Cp* methyl groups and PPh; phenyl
rings, with H—H interligand contacts as short as 2.007 A,

Table 1. In Vitro Antiplasmodial Activity (blood stage) and Cytotoxicity (HepG2) of Ruthenium Compounds”

P. falciparum (blood stage) ICs, (nM)

3D7-GFP 3D7" Dd2 IPC5202
Rul 9.6 + 3.0 nd 53 +2§ 83 +9
Ru2 7.69 + 0.22 nd 60 + 30 68 + 14
Ru3 12+6 nd 71 £ 16 78 £ 4
Ru4 219 + 62 464 + 35 325 + 116 939 + 299
Rus 139 + 54 167 + 14 174 + 34 209 + 64
DHA 14.40 + 0.01 nd 29+ 9 46 + 12
cQ 158 £ 0.8 nd 340 + 21 54+3
PQ 244 + 15 nd 585+ 42 880 + 116

HepG2 CCy, (M) RI SI
10.8 + 0.6 6,9 1125, 204, 130
6.1 +0.7 8,9 793, 101, 89
7+ 1 6,6 583, 99, 90
>50 1.5, 42 >228, >154, >53
>50 12, 1.5 >360, >299, >239
>1000 2.0, 32 >71 X 10%, >34 X 10%, >21 x 10°
>200 22, 3.4 >14 X 10%, >7 X 10°, >4 X 10°
nd 2.4, 3.6 nd

“Ligands 1, 2, and PPh; were evaluated against the 3D7-GFP Pf strain at 1 uM, revealing inhibitions of 0%, 49.9%, and 2.7%, resgectlvely RI

(resistance index) = ICs(Dd2, IPC5202)/IC4,(3D7-GFP). SI (selectivity index) = IC;o(HepG2)/1Cs,(3D7-GFP, Dd2, IPC5202).

Fluorescent

compounds Ru4 and Ru$ were also studied in the nonfluorescent 3D7 strain. nd = not determined.
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and PCC values.

despite the staggered conformation adopted by PPh;, explain-
ing the broad shape of PPh; "H NMR signals (Figure SS). A
comparison of the crystal structures of Ru3 and Ru2"' (see
Table S2), which differ only in the cyclopentadienyl ligand
(CsMes and CgHs, respectively), shows longer ruthenium—
ligand bond distances for Ru3. The larger Cp‘—Ru—P angle of
Ru3 [129.85(4)°] relative to that of Ru2 [125.48(3)°]
evidences the steric hindrance between the bulky Cp* and
PPh; ligands, and concomitantly, the quasi-planar phenanthro-
line ligand is “pushed” toward the Cp*, as indicated by the
smaller Cp**—Ru—N(1) angle [127.89(11)° in Ru3 vs
131.34(9)° in Ru2], thus minimizing steric clashes within
the Ru3 coordination sphere.

Blood-Stage Antiplasmodial Activity. Dose—Response
Studies. We determined dose—response profiles of compounds
Rul—Ru$ against the blood stage of CQ-sensitive 3D7-GFP,
CQ-resistant Dd2, and artemisinin-resistant IPC5202 Pf
strains. The antiplasmodial activity (ICs,) and cytotoxicity
(CCyp) of compounds in human hepatic cells (HepG2) as well
as their selectivity indices were determined (Table 1).
Reference antiplasmodial compounds dihydroartemisinin
(DHA), CQ, and primaquine (PQ) were included as controls
in these experiments.

Inspection of Table 1 reveals that compounds Rul—Ru3
were highly potent against the 3D7-GFP Pf strain, with ICg,
values ranging from 7.69 to 12 nM. To the best of our
knowledge, Rul and Ru2 are the first ruthenium-arene
compounds displaying single-digit nanomolar ICs, values
against this strain. This result contrasts with those reported
for hybrid ruthenium(II) complexes of chloroquine, which
were shown to be significantly less active against the 3D7-GFP
Pf strain (ICg, values ranging from 0.02 to 0.34 uM).*>*’
NBD-appended complexes Ru4 and Ru$ were less active, with
ICs values of 219 and 139 nM, respectively. The ICy, values of

Ru4 and RuS$ against a nonfluorescent 3D7 Pf strain confirmed
that NBD fluorescence does not markedly influence Pf 3D7
fluorescence-based analysis of compound activity and,
consequently, the results observed with the GFP-expressing
3D7 Pf strain. All compounds revealed lower activity against
the CQ-resistant Dd2 Pf strain than against the nonresistant
3D7-GFP Pf strain, but with ICy, values and resistance indices
lower than those of CQ. Compounds Rul—Ru3 display the
first two-digit nanomolar ICs, values against the Dd2 Pf strain
reported so far within the ruthenium-arene chemotype (ICs,
values ranging from 234 nM to 14.1 M) 33739375 that are
similar to those found for a CQ-ruthenocene-trioxane hybrid
(62.00 and 51.16 uM with 10% and 17% O, atmospheres,
respectively).”” Despite being less active than compounds
Rul-Ru3, compounds Ru4 and Ru$ exhibited lower Rls in the
Dd2 Pf strain. In the artemisinin-resistant Pf strain IPC5202,
compounds Rul-Ru3 showed nonsignificant differences in
ICs, presenting high potency but being slightly less active and
exhibiting higher RIs than DHA. As observed for the Dd2
strain, Ru4 and Ru$ exhibit higher ICy, values but lower Rls
compared to those of Rul—Ru3. In fact, compound Ru$
exhibits similar potency against all Pf strains tested, with RIs of
1.2 and 1.5 for the Dd2 and IPCS5202 Pf strains, respectively.

Structurally, these compounds differ from previously
reported ruthenium-arene antimalarials in the arene (cyclo-
pentadienyl vs benzene derivatives), the referenced non-
hybridization with organic antimalarial motifs, and the
coordinated PPh;, a ligand known to play a key role in the
anticancer activity of cyclopentadienylruthenium(II) com-
pounds.*” The lipophilicity induced by the triphenylphosphine
in the complex’s coordination sphere may have an important
role in their high antiplasmodial activities.”” Nonetheless, it is
worth noticing that the higher lipophilicity of Ru3, when
compared to that of Ru2, induced by the bulkier Cp* ligand,
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Figure S. Effect of Ru2 on the intraerythrocytic cycle of P. falciparum. (A) Synchronized 3D7 cultures, with a 6 h window, in ring and trophozoite
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(B) Photomicrographs of Giemsa-stained blood smears illustrating parasite morphology before a 6 h pulse of Ru2 and after 48 and 96 h, in both

ring- and trophozoite-stage parasites. RPMIc culture medium.

led to neither higher antiplasmodial activity nor higher
cytotoxicity.

Compounds Rul—Ru3 revealed low cytotoxicity against
HepG2 cells, as indicated by their CCs, values in the low
micromolar range (6.1-10.8 uM), with Rul showing an
improved cytotoxicity profile when compared to those of Ru2
and Ru3. This was expected, given the previous results of
anticancer activity of compounds Rul and Ru2,*>*' and other
compounds within the same scaffold.** Selectivity indices (SIs)
show nonetheless large therapeutic windows for these
compounds, even against the least sensitive strain
(IPC5202), for which SIs ranged between 89 and 130.
Compounds Ru4 and Ru$ exhibited less cytotoxicity in
HepG2 cells than their Rul—Ru3 counterparts did, with CCy,
values of >50 uM, indicating good SI values also for these
compounds.

Cellular Localization Studies. Exploiting the intrinsic
fluorescence of NBD-appended compounds, we next evaluated
cellular localization of Ru4 and RuS$ in P. falciparum using a
co-staining protocol together with confocal microscopy images.
Images from confocal laser scanning microscopy (CLSM)
reveal that Ru4 and Ru$ accumulate only inside infected red
blood cells (iRBCs) and are largely dispersed throughout the
parasite’s cytoplasm after incubation for 15 min (Figure 4A).
The degree of co-localization of Ru4 and Ru$ in the nucleus
and hemozoin-containing digestive vacuole, determined by
calculation of Pearson’s correlation coefficients (PCCs)
(Figure 4B),°" shows that both compounds accumulate mainly
inside the parasite’s nucleus (Figure 4B, Hoescht), with high
PCCs obtained in both cases (0.578 and 0.501 for Ru4 and
Rus$, respectively). Nuclear accumulation is further supported
by intensity profile analysis (Figure S11), which showed a
similar spatial distribution of Ru4 and Ru$ with the nucleus.
Importantly, in addition to the nucleus, RuS significantly
accumulates inside the hemozoin-containing digestive vacuole
[PCC = 0.336 (Figure 4B)]. The fact that the NBD derivative
ligand 2, but not ligand 1 or PPh; (Table 1), showed
significant blood-stage antiplasmodial activity (49.9% inhib-
ition at 1 M) suggests ligand 2-induced digestive vacuole
accumulation and indicates tunability within the
cyclopentadienylruthenium(II) scaffold by complex ligand-
sphere variation. Interestingly, compounds within the [(n*-
CsH;)Ru(PPh;)(N-N)]* scaffold are known to accumulate
mostly in mammalian cancer cell membranes, indicating that

compounds must be selectively absorbed via a Plasmodium-
specific uptake mechanism, without affecting erythrocytes at
the tested concentration.

Antiplasmodial Activity in a Synchronized P. falciparum
Culture. Following the establishment of the compound’s
activity against Pf blood stages (Table 1), the activity of
compound Ru2 against the erythrocytic stage of the parasite’s
life cycle was investigated in a tightly synchronized Pf culture
(3D7). Parasitemia and parasite development were analyzed by
flow cytometry and by Giemsa-stained thin blood smears
(Figure S). The in vitro speed of action of Ru2 was assessed by
incubation of synchronized parasites at the ring and
trophozoite stages in the presence of a 10-fold ICg,
concentration of the compound. Parasites were challenged
for 3 and 6 h periods and, following drug removal, were
allowed to resume growth in drug-free culture medium. After
completion of one maturation cycle (48 h), Ru2 induced a
modest decrease in total parasitemia of <50%, indicating only a
moderate impairment of reinvasion against both ring and
trophozoite stages (Figure SA). In contrast, after growing for
96 h in the absence of the drug, the parasites were still unable
to resume growth, with an inhibition effect of almost 100%
under all conditions (Figure SA). This indicates that,
regardless of the stage of development, Ru2 can induce
irreversible damage to the parasite cell after contact with the
parasite for only 3 or 6 h, strongly suggesting a cytocidal mode
of action. A considerable fraction of parasites, both during the
initial 48 and 96 h of recovery, lacked the characteristic
morphology of rings or trophozoites and were instead severely
perturbed, with a vast majority showing a lack of DNA and/or
organized nucleus, and hyaline, vacuolated and dispersed
cytoplasm (Figure 5B).°' Particularly at 96 h, the very few
parasites observed were debris-like forms or very condensed
crisis forms (Figure SB). These results indicate that Ru2
impairs asexual parasite differentiation, exhibiting fast para-
siticidal activity against both the ring and trophozoite stages of
.

Liver-Stage Antiplasmodial Activity. Compounds were
further evaluated for their ability to inhibit the invasion and
development of Plasmodium parasites in liver cells, using an in
vitro infection model that employs a human hepatoma cell line
(Huh7) infected with firefly luciferase-expressing P. berghei
rodent malaria parasites.’®*” IC, values are listed in Table 2,
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and representative dose—response curves are shown in Figure
S12.

Table 2. In Vitro Antiplasmodial Activity (liver stage) of
Ruthenium Compounds

P. berghei ICg, (uM)

Rul 0.33 + 0.14
Ru2 0.451 + 0.010
Ru3 1.33 + 0.25
Ru4 2.68 + 0.69
Ru$ 420 + 147
ATV®* 0.0011

PQ** 9.5

Notably, ruthenium compounds were able to significantly
affect hepatic infection, with ICs, values within the range of
0.33—4.20 yM. Rul and Ru2 presented the best activities,
displaying ICs, values of 0.33 and 0.451 uM, respectively
(nonsignificant difference). In contrast to what was observed
against the blood-stage infection of Pf strains, Ru3 was found
to be less active against the liver stage of infection than its Rul
and Ru2 counterparts, with Ru4 and Ru$ again displaying the
lowest activity. While all compounds are thus much less active
than atovaquone (ATV), an inhibitor of the parasite’s
cytochrome bc, with potent liver-stage activity,”® they were
shown to be significantly more effective than primaquine, the
gold standard for targeting liver-stage parasites, which requires
metabolic activation to exert its effect.”* Compounds are thus
more active than other ruthenium-arene compounds against
the liver stage of P. berghei (50% inhibition at 10 uM).”” The
confluency of Huh7 hepatoma cells was not affected within the
compound concentration ranges used for IC, determinations,
demonstrating the absence of cytotoxicity under the
experimental conditions employed (Figure S12).

B CONCLUSIONS

Herein, we report “half-sandwich” cyclopentadienylruthenium-
(II) compounds of the general formula [(77°-CsRs)Ru(PPh;)-
(N-N)][PF4], a scaffold tested for the first time as an
antiplasmodial agent. Compounds displayed very high potency
against the blood stage of P. falciparum, with the most potent
compounds revealing single-digit nanomolar activity (ICs,) in
3D7-GFP and low nanomolar activity in CQ-resistant Dd2 and
artemisinin-resistant IPC5202 strains, while showing residual
cytotoxicity in hepatic cells (HepG2). In the liver stage of P.
berghei, the best compounds (Rul and Ru2) exhibited
submicromolar antiplasmodial activity with no toxicity to
hepatic host cells (Huh7). Confocal microscopy studies
uncovered parasite-selective absorption of NBD-labeled
compounds Ru4 and Ru$ in 3D7-infected erythrocytes, and
parasite nuclear accumulation of both compounds, with
accumulation of Rus$ also in the hemozoin-containing digestive
vacuole. Lead compound Ru2 revealed impairment of asexual
differentiation in a blood-stage 3D7 P. falciparum-synchronized
strain, and fast parasiticidal activity against both ring- and
trophozoite-stage parasites. These compounds rank among the
best metalloantimalarials'® reported so far'®™'®**7* and are
especially relevant considering the nonhybridization with
organic antimalarial drugs. Overall, these results highlight the
cyclopentadienylruthenium(II) scaffold as a promising anti-
plasmodial chemotype and are expected to inspire others in the
discovery of new, “out-of-the-box” metallo-antiplasmodials.
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