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In the search for new therapeutic tools against neglected diseases produced by trypanosomatid
parasites, and particularly against African Trypanosomiasis, whose etiological agent is Trypanosoma
brucei, organoruthenium compounds with bioactive nitrofuran containing thiosemicarbazones (L) as
co-ligands were obtained. Four ruthenium(ir) complexes with the formula [Ru,(p-cymene),(L),] X,
where X = Cl or PF,, were synthesized and the crystal structures of two of them were solved by X-ray
diffraction methods. Two of the complexes show significant in vitro growth inhibition activity against
Trypanosoma brucei brucei and are highly selective towards trypanosomal cells with respect to
mammalian cells (J774 murine macrophages). These promising results make the title organoruthenium
compounds good lead candidates for further developments towards potential antitrypanosomal

organometallic drugs.

Introduction

Tropical diseases constitute a major health problem and offer
big challenge for drug discovery.! Among the infectious illnesses
designated by the World Health Organization as neglected tropical
diseases, those produced by protozoan parasites that belong to
the trypanosomatid genus and kinetoplastid order constitute
major health problems concentrated in the poorest tropical or
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subtropical regions of the planet.** Particularly, Human African
Trypanosomiasis, together with American Trypanosomiasis and
Leishmaniasis, account for the highest rates of death among
neglected tropical diseases.> Human African Trypanosomiasis
(Sleeping sickness), caused by Trypanosoma brucei (T. brucei) (Try-
panosoma brucei gambiense and Trypanosoma brucei rhodesiense),
is currently a resurgent disease with epidemic character in many
regions of Africa that can be fatal if not treated. The lack of
surveillance, health care and new treatments and the emergence of
resistance to old drugs favored the reappearance of the disease.>*
The drugs currently available for the treatment of Human African
Trypanosomiasis, pentamidine, suramin, eflornithine and melar-
soprol, show toxicity problems and variable efficacy depending on
the type and stage of the disease.>®

Attempts towards the development of trypanocidal metal-
based compounds have been described.”” In particular, we
have been successfully working on the development of po-
tential anti-trypanosomal metal-based agents through different
strategies.>?? One of these approaches involves metal coor-
dination of trypanocidal ligands. The design of antiparasitic
compounds which combine ligands bearing anti-trypanosomal
activity and pharmacologically active metals in a single chem-
ical entity could provide drugs capable of modulating multiple
targets simultaneously.® This strategy aims to enhance efficacy
and improve safety by lowering the therapeutic dose and/or
circumventing drug resistance mechanisms.* The metal could act
as a carrier and stabilizer for the drug until it reaches its target,
while at the same time the organic drug carries and protects the
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metal, preventing side reactions in its transit towards a second
target of biological action. Metal-drug combined effects may
result in an important enhancement of the activity of the drug
and the appearance of new mechanisms of action.”® Applying this
concept Sanchez-Delgado et al. studied ruthenium complexes of
clotrimazole and ketoconazole for anti-trypanosome therapy and
ruthenium chloroquine species as antimalarials. Synergistic effects
were observed in most cases."'**

We also used this approach to develop classic Pd(11), Pt(1r), Ru(1r)
and Ru(1n) coordination compounds of bioactive S-nitrofuryl
and 5-nitroacroleine containing thiosemicarbazones.'>'>!718 These
ligands had shown higher in vitro activity against 7. cruzi, the
etiological agent of American Trypanosomiasis (Chagas disease),
than the reference drug nifurtimox. Their main mode of action, as
for nifurtimox and other nitroheterocyclic antiparasitic agents, is
related to the intracellular reduction of the nitro moiety followed
by redox cycling, yielding reactive oxygen species (ROS) known to
cause parasite damage.” Moreover, some years ago the genomes of
T. cruzi, T. brucei and Leishmania major were decoded,” showing
a high degree of similarity. Thus, 7. cruzi and T. brucei could
possess common enzymatic targets and metabolic pathways and
therefore these thiosemicarbazone ligands could also be active
on T brucei® In this sense, the anti-7. cruzi drug nifurtimox
(combined with eflornithine) was included in 2009 in the World
Health Organization’s Model List of Essential Medicines for
the treatment of Human African Trypanosomiasis, which also
supports our proposal.®

In the search for new metal-based antitrypanosomal agents, we
expanded our previous work on classical coordination compounds
through the development of organometallic compounds that in-
clude these potentially bioactive thiosemicarbazones as co-ligands.
Organoruthenium compounds are currently emerging as innova-
tive metal-based drugs, mainly as promising antitumor agents.**
In addition, organoruthenium and organoiron compounds had
been previously identified as potential antimalarial agents.?3!-3
In particular, ferroquine is being developed by Sanofi-Aventis
under phase II clinical trials.® Nevertheless, organometallics
against American or African Trypanosomiasis have not yet been
described. Ruthenium-arene compounds including bioactive co-
ligands could show potential as therapeutic tools against try-
panosomatid parasites and, particularly, against 7. brucei. In this
work, we synthesized and characterized four new Ru-p-cymene
compounds that include four bioactive 5-nitrofuryl containing
thiosemicarbazones, shown in Fig. 1, as co-ligands. The novel
organometallics and the free ligands were evaluated in vitro on
T. brucei brucei. T. brucei brucei is the etiologic agent of Nagana
disease of cattle and it is a suitable model of the species that cause
Human African Trypanosomiasis. In addition, the selectivity
of their antitrypanosomal action was evaluated by testing the
cytotoxicity of the most active compounds on J774 macrophages
as mammalian model cells.

S

R=H HL1

/ \ )k R =methyl HIL2

N R = ethyl HL3

O,)N 0 / \N NHR R =phenyl HIL4
H

Fig. 1 Bioactive 5-nitrofuryl containing thiosemicarbazones selected as
ligands.

Experimental
General considerations

All common laboratory chemicals were purchased from com-
mercial sources and used without further purification. [Ru(p-
cymene)Cl,], and the thiosemicarbazone ligands were prepared
according to previously published procedures.?

Physical measurements

C, H and N analyses were performed with a Carlo Erba Model
EA1108 elemental analyzer. A 500-MS Varian Ion Trap Mass
Spectrometer was used to measure electrospray ionization mass
spectra (ESI-MS) of methanol solutions of the complexes. Each
spectrum was obtained as a combination of several scans for
each sample. UV-vis spectra were recorded on a Shimadzu UV-
1603 instrument. FTIR spectra (4000-400 cm™) of the complexes
and the free ligands were measured as KBr pellets with a
Bomen FTIR model MB102 instrument. 'H-NMR spectra of
the complexes were recorded at 400 MHz on a Bruker Avance
instrument. Experiments were performed at 30 °C in DMSO-
ds. Tetramethylsilane was used as the internal standard. Cyclic
voltammetry experiments were carried out on ca. 1.0 x 10° M
DMSO (spectroscopic grade) solutions using a Metrohm 693 VA
instrument with a 694 VA Stand converter and a 693 VA Processor
and a three-electrode cell under nitrogen atmosphere at room
temperature with tetrabutyl ammonium perchlorate (TBAP) (ca.
0.1 M) as the supporting electrolyte. A hanging drop mercury
electrode (HDME) was used as the working electrode, a platinum
wire as the auxiliary electrode, and saturated calomel (SCE) as the
reference electrode.

Synthesis of the compounds

[Ru",(n°-p-cymene),(L1),]CL,. [Ru(p-cymene)Cl], (0.08
mmol, 50 mg) and L1 (0.16 mmol, 35 mg) were dissolved in
5 mL of dichloromethane. The reaction mixture was refluxed
for 5 h. A red solid was isolated by filtration of the hot mixture.
Yield: 23 mg, 58%. Found: C, 39.26; H, 3.95; N, 11.58. Calc.
for Ru,Cl,C5,HxN;O,S,: C, 39.62; H, 4.12; N, 11.62%. ESI-MS
(MeOH) m/z [Found (Calcd)]: 449.1 (449.0) (100%) ([Ru,(p-
cymene),(L1),]* = [Ru,C;,HiNOqS, 7). UV-vis (phosphate
buffer pH 7.04 2% DMSO) ...« (¢ M'cm™): 413 (14.8 x 10°), 291
nm. '"H-NMR: 6 =7.49 (2H, d, furan-H), 7.87 (2H, d, furan—H),
8.35 (2H, s, -CH=N), 7.94 (2H, br s, NH), 1.05 (6H, d, p-cym
CH(CH,;),), 1.14 (6H, d, p-cym CH(CHj;),), 2.24 (6H, s, C-CH;
p-cym), 2.59 (2H, m, p-cym CH(CH;),), 5.71 (2H, d, p-cym
phenyl-H), 5.83 (2H, d, p-cym phenyl-H), 6.21 (2H, d, p-cym
phenyl-H), 6.36 (2H, d, p-cym phenyl-H) ppm. Single crystals
suitable for X-ray diffraction were obtained by slow evaporation
of a dichloromethane solution.

[Ru",(n°-p-cymene),(L2),](PF,),. Solutions of [Ru(p-
cymene)ClL], (0.08 mmol, 50 mg; 10 mL MeOH) and L2
(0.16 mmol, 38 mg; 10 mL MeOH) were mixed and stirred at
room temperature for 24 h. The red reaction mixture was reduced
to 10 mL on a rotary evaporator. Isopropanol (4 mL) and SmL ofa
NaPF, methanolic solution (28 mg, 0.17 mmol) were sequentially
added. A red solid precipitated. Yield: 43 mg, 86%. Found: C,
33.46; H, 3.51; N, 9.03. Calc. for Ru,P,F,,C;,H;,N;O(S,: C,
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33.55; H, 3.65; N, 9.29%. ESI-MS (MeOH) m/z [Found (Calcd)]:
positive mode: 463.1 (463.0) (100%) ([Ru,(p-cymene),(L2),]*" =
[Ru,Cy, HoNOGS,*); negative mode: 144.8 (144.9) (PFy).
UV-vis (phosphate buffer pH 7.04 2% DMSO) A, (¢ M~'cm™):
414 (17.6 x 10°), 288 nm. '"H-NMR: 6 = 7.27 (2H, d, furan-H),
7.80 (2H, d, furan-H), 8.46 (2H, s, -CH=N), 8.43 (2H, br s, NH),
0.90 (6H, d, p-cym CH(CH;),), 0.98 (6H, d, p-cym CH(CHs;),),
2.36 (6H, s, C-CHj; p-cym), 5.94 (2H, d, p-cym phenyl-H), 6.06
(2H, d, p-cym phenyl-H), 6.28 (2H, d, p-cym phenyl-H), 6.46
(2H, d, p-cym phenyl-H) ppm.

[Ru",(n°-p-cymene),(L3),](PF;),. Solutions of [Ru(p-
cymene)CL], (0.08 mmol, 50 mg; 10 mL MeOH) and L3
(0.16 mmol, 40 mg; 10 mL MeOH) were mixed and stirred at
room temperature for 24 h. The red reaction mixture was reduced
to 10 mL on arotary evaporator. Isopropanol (4 mL) and SmL ofa
NaPF, methanolic solution (28 mg, 0.17 mmol) were sequentially
added. A red solid precipitated. Yield: 41 mg, 80%. Found: C,
34.80; H, 3.78; N, 8.84. Calc. for Ru,P,F,C;sHsN;O(S,: C,
34.73; H, 3.86; N, 9.00%. ESI-MS (MeOH) m/z [Found (Calcd)]:
positive mode: 477.1 (477.0) (100%) ([Ru,(p-cymene),(L3),]** =
[Ru,CysHysNgO6S,**); negative mode: 144.8 (144.9) (PFy).
UV-vis (phosphate buffer pH 7.04 2% DMSO) A, (¢ M'em™):
417 (15.0 x 10%), 287 nm. '"H NMR: 6 = 1.03 (6H, t,—~CHs), 7.21
(2H, d, furan-H), 7.79 (2H, d, furan—H), 8.43 (2H, s, -CH=N),
8.46 (2H, br s, NH), 0.92 (6H, d, p-cym CH(CH,),), 0.95 (6H,
d, p-cym CH(CH,),), 2.39 (6H, s, C-CH; p-cym), 2.73 (2H, m,
p-cym CH(CHj;),), 2.93 (2H, m, p-cym CH(CHj;),), 5.96 (2H, d,
p-cym phenyl-H), 6.10 (2H, d, p-cym phenyl-H), 6.32 (2H, d,
p-cym phenyl-H), 6.39 (2H, d, p-cym phenyl-H) ppm. Suitable
crystals for X-ray diffraction were obtained by slow evaporation
of a methanol solution.

[Ru",(n°-p-cymene),(L4),]CL,. Solutions of [Ru(p-
cymene)Cl,], (0.08 mmol, 50 mg; 10 mL MeOH) and L4
(0.16 mmol, 49 mg; 10 mL MeOH) were mixed and stirred at
room temperature for 24 h. The red reaction mixture was reduced
to 10 mL on a rotary evaporator. A red solid was isolated by
filtration. Yield: 30 mg, 65%. Found: C, 47.16; H, 4.15; N, 9.89.
Calc. for Ru,CLCyH,xNgOqS,: C, 47.10; H, 4.28; N, 9.99%.
ESI-MS (MeOH) m/z [Found (Calcd)]: positive mode: 525.2
(525.1) (100%) ([Ru,(p-cymene),(L4),]** = [Ru,CyyHysNsOgS, ).
UV-vis (phosphate buffer pH 7.04 2% DMSO) A,..« (¢ M'cm™):
426 (17.1 x 10°), 311 nm. '"H NMR: é = 6.94 (2H, t, phenyl-H),
7.25 (4H, t, phenyl-H), 7.86 (2H, d, furan-H), 7.63 (4H, d,
phenyl-H), 8.21 (2H, d, furan—H), 8.80 (2H, s, -CH=N), 9.70
(2H, br s, NH) 1.05 (6H, d, p-cym CH(CH;),), 1.07 (6H, d,
p-cym CH(CH,),), 2.07 (6H, s, C-CH; p-cym), 5.59 (2H, d, p-cym
phenyl-H), 5.62 (2H, d, p-cym phenyl-H), 5.71 (2H, d, p-cym
phenyl-H), 5.73 (2H, d, p-cym phenyl-H) ppm.

X-ray crystallographic studies

Suitable crystals for X-ray diffraction studies were obtained as
described above. Data were collected at 125(2) K by using graphite
monochromated Mo-Ko radiation in a Bruker SMART APEX II
CCD X-ray diffractometer. Structure resolution and refinement
were performed using SHELX.3* Details are included in Table
1. Those H atoms not found in Fourier maps were included from
models and constrained as riding on their bound atoms. Generally,
we preferred the inclusion of experimentally found H atoms in the
atomic list, and so some H atom distances are shorter than the
conventional value 0.96 A.

Table 1 Crystal data and structure refinement for [Ru,(p-cymene),(L1),]Cl, and [Ru,(p-cymene),(L3),](PF), complexes

[Ru, (p-cymene),(L1),]CL,-8H,O0

[Ru, (p-cymene),(L3),](PFe),-H,O

Empirical formula C;,H;5CLN;O,Ru,S, CyHyF,NgO,P,Ru, S,
Crystal color Dark red Brown

Formula weight 1095.88 1261.04

Crystal System Monoclinic Monoclinic

Space group P2,/c Cc

Temperature K 125(2) 125(2)

Wavelength (A) 0.71073 0.71073

a (é) 19.809(7) 21.639(8)

b(A) 25.120(8) 11.066(4)

c(A) 19.115(6) 21.408(12)

B(©) ) 108.286(4) 113.206(4)

Volume (A?) 9031(5) 4712(4)

Z, density (mg mm™) 8,1.612 4,1.778
Absorption coefficient 0.948 0.901

Flack parameter — 0.03(2)

Crystal size (mm) 0.17%x0.17x0.13 0.10 % 0.08 x 0.08

6 range data collection 1.35,24.41 2.05, 26.73
Limiting indices —23,23/-29,29/-22,22 -27,27/-14,14/-27,27
Data collected/unique/ Rint 85246, 14865/0.0883 26397/9984/0.0653
Max, min. Transmission 0.86/0.83 0.93/0.91
Refinement method F? F?

Refined data/parameters 10119/1152 8246/677
Goodness-of-fit on F? 1.002 0.988

Final R,* Rw(all) [/ > 20(I)] 0.0457, 0.0842

Ry =Z|F, |- FAN/ZNF, |, wR, = [Zw(| F, I~ | F. P /Zw(| F, | ?)]"2.

0.0425, 0.0798
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Biological studies

Activity on T. brucei brucei strain 427. The infective form
of T. brucei brucei strain 427, cell line 449 (encoding one copy
of the tet-repressor protein: Pleo®;*), was aerobically cultivated
in a humidified incubator at 37 °C with 5% CO, in HMI-9
medium?® supplemented with 10% (v/v) fetal calf serum (FCS),
10 U mL™" penicillin, 10 pg mL™" streptomycin and 0.2 ug mL"™
phleomycin. 10 mM stock solutions of the test compounds and of
the Ru precursor [Ru(p-cymene)Cl,], were prepared using DMSO
as solvent and then diluted in culture medium to obtain five
experimental concentrations (from 100 uM to 0.01 uM). Controls
included compound vehicle (DMSO) at final concentrations
ranging from 0.0001 to 1% (v/v) and culture medium (growth
control). Each condition was tested in triplicate. The cytotoxic
effect of the compounds towards trypanosomes was evaluated by
absolute cell counting. Trypanosomes were grown to exponential
phase, harvested by centrifugation at 2000 g for 10 min at room
temperature and suspended at a density of 5 x 10° cells mL™ in
fresh culture medium. 1 mL of the cell suspension was plated into
each well of a 24-well culture plate. Compounds or DMSO were
immediately added at the concentrations described above and the
culture plate was incubated at 37 °C with 5% CO,. After 24 h, living
parasites were counted with a Neubauer chamber under a light
microscope or by flow cytometry. For the first counting technique,
parasites in wells were suspended by pipetting, if necessary, diluted
in phosphate buffered saline solution with 1% (w/v) glucose, and
then loaded onto a Neubauer chamber. Living parasites were
counted on both hemi-chambers with a light microscope. Lack of
motility and abnormal morphology were criteria used to exclude
dead parasites. For the flow cytometry analysis, 490 uL were taken
from each well and 10 pL of Count Bright™ absolute counting
beads (Invitrogen) were added as an internal counting standard.
The mixture was homogenised by short vortexing and analyzed
using a CyAn™ ADP (Dako) flow cytometer. The instrument
parameters were adjusted to discriminate cells from debris by
gating on the forward- and side-scatter signals, and to detect
the microspheres according to their fluorescence (A, 488 nm).
Analyses were performed on linear forward- vs. logarithmic side-
scatter dot plots from approximately 1000 gated microspheres
using the Summit 4.3 software (Dako). The cell density was
calculated using the following formula: cells uL™' = A/B x C/D,
where A = number of cell events, B = number of beads events, C =
assigned bead count of the lot (beads/10 uL), and D = sample
volume (490 puL). For each compound concentration, cytotoxicity
was calculated according to the following equation: Cytotoxicity
(%) = (experimental value — DMSO control)/(growth control —
DMSO control) x 100. The input value is the mean (n = 3) of
the cell densities and corrected absorbance at 450 nm (A4;**"),
respectively. The data were plotted as percentage cytotoxicity
versus drug concentration. ICy, values were obtained from dose
response curves fitted to a sigmoidal equation (Boltzmann model)
or extrapolated from non-linear fitting plots.

Cytotoxicity on murine macrophages. The J774 mouse
macrophage cell line was cultivated in a humidified 5% CO,/95%
air atmosphere at 37 °C in DMEM medium supplemented with
10% (v/v) FCS, 10 U mL™" penicillin and 10 ug mL™" streptomycin.
Stock solutions of the compounds to be tested were prepared

as described for anti-7. brucei activity tests. Each condition was
tested in triplicate. The cytotoxic effect of the compounds towards
macrophages was evaluated by colorimetric assay of cell viability
with a tetrazolium salt (WST-1 reagent). For macrophages, cells
grown to the mid-log phase were detached from the culture flask by
trypsinization for 10 min at room temperature followed by gentle
scraping. After centrifugation at 300 g for 5 min at room temper-
ature, the cell pellet was resuspended in fresh culture medium at a
cell density of 5 x 10* cells mL™. 250 uL of the cell suspension was
added per well to a 96-well flat bottom microculture plate. After
24 h incubation in a humidified atmosphere with 5% CO, at 37 °C,
the conditioned medium was replaced in each well by 200 uL fresh
culture medium alone (growth control) or the added compounds
or DMSO at different concentrations (see above). Following an
additional 24 h incubation, the culture medium was removed and
the wells were washed twice with 250 puL of prewarmed fresh
culture medium. Cell viability was assessed using the reagent
WST-1 (Roche) diluted 1:10 in culture medium. 110 pL of the
diluted reagent was added per well and incubated at 37 °C with
5% CO,. After 3 h, the absorbance of the formazan dye produced
by metabolically active cells was measured at 450 nm (reference
wavelength at 630 nm) with an EL 800 microplate reader (Biotek).
Control wells (n = 12) containing cell proliferation reagent but
lacking cells were included as blank. The corrected absorbance
values at 450 nm were obtained by subtracting the corresponding
absorbance value at 630 nm and the blank average (e.g. 4;**° = 4;*°
— A% — 4P, Cytotoxicity was calculated and ICs, values
were obtained as described for cytotoxicity on T. brucei brucei.

Calf thymus DNA interaction experiments. Complexes were
preliminary tested for their DNA interaction ability using native
calf thymus DNA (CT DNA) (Type I) by modification of a
previously reported procedure.”>* CT DNA (50 mg) was dissolved
in water (30 mL) overnight. Solutions of the complexes in DMSO
(spectroscopy grade) (1 mL, 10 M) were incubated at 37 °C
with a solution of CT DNA (1 mL) for 96 h. DNA/complex
mixtures were exhaustively washed to eliminate the unreacted
complex. Quantification of bound metal was achieved by atomic
absorption spectroscopy on a Perkin Elmer 5000 spectrometer.
Standards were prepared by diluting a metal standard solution for
atomic absorption spectroscopy. Final DNA concentration per
nucleotide was determined by UV absorption spectroscopy using
a molar absorption coefficient of 6000 M~' cm™ at 260 nm.

Results and discussion
Syntheses and characterization of the new ruthenium complexes

Four Ru(11)-p-cymene dimeric complexes including bioactive 5-
nitrofuryl containing thiosemicarbazones as ligands were syn-
thesized with high purity and reasonable yields. Analytical, ESI
mass spectrometry and FTIR and '"H-NMR spectroscopic results
are in agreement with the formula [Ru,(p-cymene),(L),]X,, where
X = Cl or PF, depending on the thiosemicarbazone ligand. In
all cases ESI-MS spectra in the positive mode showed the most
intense peak at a m/z value that is assigned by simulation of the
spectra to the [Ru,(p-cymene),(L),]** dimer. The isotope pattern
for this signal is consistent with this assignment. In addition,
the L2 and L3 complexes showed in the negative mode the peak
corresponding to m/z of the hexafluorophosphate counterion. As
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Table 2 Significant vibration bands of the [Ru,(p-cymene),(L1),]X, complexes, useful for determining the mode of coordination of the ligands

Compound V(C=N) V,(NO,) V(N-N) 6(NO,) + furan” Other bands

HL1° 1602 1356 1108 811

[Ru,(p-cymene),(L1),]Cl, 1605 1349 1160 809

HL2* 1599 1354 1114 808

[Ru,(p-cymene),(L2),](PF), 1588 1351 1168 813 v.(PF) 847; §,(FPF) 558
HL3* 1602 1352 1104 805

[Ru,(p-cymene),(L3),](PF), 1586 1351 1172 813 v,(PF) 846; 6,(FPF) 558
HL4® 1595 1344 1104 811

[Ru,(p-cymene),(L4),]Cl, 1602 1338 1166 809

v: stretching; 8: bending; a: asymmetric;* 6(NO,) + furan modes or furan hydrogen wagging symmetric modes; * From reference 38.

a general trend for all the compounds ESI(+)-MS spectra for 24
h-aged solutions still exhibited the major signal ascribed to the
dimeric parent compound with overall charge +2, indicating that
the parent complex was still present in solution.

Infrared spectroscopic results

Although the complexity of the IR spectra of the thiosemicar-
bazone ligands and, consequently, of their ruthenium complexes
increases as the R-substituent complexity increases, this family
of ruthenium compounds shows a common spectral pattern. The
IR vibrational spectroscopic behavior of the four ruthenium p-
cymene compounds was compared to that previously reported for
the free ligands and their palladium(1r), platinum(ir), ruthenium(ir)
and ruthenium(1m) coordination compounds.'*!*171838 Sjonificant
vibration bands of the ruthenium compounds, diagnostic of
the coordination mode of the ligands, could be tentatively
assigned (Table 2). After coordination, the v(C=N) bands of
the thiosemicarbazone free ligands, at approximately 1500-1600
cm™, shift to higher frequencies. In addition, v(C=S) bands at
around 820-850 cm™, should shift to lower wavenumbers when
thiosemicarbazones act as N, S bidentate ligands but, as has been
previously stated, they could not be unambiguously assigned for
the metal compounds due to the complexity of the spectra in
this region.*® Nevertheless, significant changes are observed in
this region after coordination. These modifications are consistent
with coordination of the thiosemicarbazone ligands through the

thiocarbonylic sulfur and the azomethynic nitrogen. The v(NH)
band, at approximately 3120-3150 cm™, is not observed in the
complexes due to deprotonation of the ligands.

The strong v,(PF) and ,(FPF) bands of the PF,~ counterion are
also observed, at around 840 and 560 cm™, for the Ru-p-cymene
L2 and L3 hexafluorophosphate salts.*

"H-NMR results

NMR experiments confirmed the structures of the synthesized
complexes and the results are in agreement with those of the other
spectroscopies. The "H-NMR experiments showed narrow signals,
typical for Ru(i) diamagnetic complexes. 'H-NMR integrations
and signal multiplicities are in agreement with the proposed
formulae. Signals corresponding to the p-cymene moiety are
duplicated due to non equivalent p-cymene molecules in the
dimer. The complexes showed similar '"H chemical shifts for
the common nitrofuryl thiosemicarbazone portions and also for
the p-cymene moiety. Relevant results are shown in Table 3.
The attached figure shows the numbering scheme of the free
thiosemicarbazone ligands. When the thiosemicarbazone ligand
is coordinated, the effect of both the metal coordination and
the ligand deprotonation is apparent for the protons that are
located close to the coordinating atoms ie. the azomethynic
nitrogen and the thiocarbonylic sulfur. Upon coordination, the
most distinguishing feature of the spectra is the change in chemical
shift of the ilydenic proton, numbered 3. In all complexes, the

Table 3 Relevant '"H-NMR chemical shift values (§) in ppm of HL and the L portion in [Ru,(p-cymene),(L),]X, at 303 K in DMSO-d;. [Ru,(p-

cymene),(L),]X, compounds are designated as Ru-L for simplicity

1 2
S
/ \ N )J\ R
ON Z >\ N
0 3 | |

H H

4 5
H HLI’ RuLl A%y, HL2  Rul2  Adw,  HL¥®  RuL3  Adw,  HL&  RuId4 A
1 776 7.87 0.11 7.79 7.80 0.01 7.79 7.79 0.00 7.82 8.21 0.39
2 737 7.49 0.12 7.31 7.7 ~0.04 7.31 7.1 ~0.04 7.49 7.86 0.37
3 800 8.35 0.35 7.98 8.46 0.48 7.98 8.43 0.45 8.08 8.80 0.72
4 87— = 1187  — = s _ 1220 — -
5 8% 7.94 ~0.58 8.52 8.43 ~0.09 8.54 8.46 ~0.08 1016 970 ~0.46

* A8 = (8compiex — OLigana); ® From reference 26.
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Table 4 Selected geometrical parameters including bond distances, separation for non bonded atoms, dihedral angles and bond angles for [Ru,(p-

cymene),(L1),]Cl, and [Ru,(p-cymene),(L3),](PF;), complexes

[Ru, (p-cymene),(L1),]CL,-8H,0

[Ru,(p-cymene),(L3),|(PF),-H,O

Rul-Ru2

Rul-S1, Rul-S2

Ru2-S1, Ru2-S2

Ru-N

Ru-C(aromatic) - range
Ru-arene centroid

N’-N” stacking

Rul-S1-S2 Dihedral, Ru2-S1-S2
furyl-furyl dihedral

3.565(1), [3.537(1)]

2.162(9)-2.275(5)

3.285(9), [3.387(8)]
14.0, [12.1]
7.5,[13.7]

2.350(1), 2.428(2) (Ru3) [2.344(2), 2.417(2)]
2.418(2), 2.347(2) (Rud) [2.420(2), 2.349(1)]
2.077(5), 2.077(5) (Ru3) [2.081(5), 2.093(5)] (Ru4)

1.701(7), 1.707(7) (Ru3) [1.719(7) 1.706(7)] (Rud)

3.557(1)
2.3521(15), 2.4313(16)
2.3495(15), 2.4009(16)
2.085(4), 2.092(4)
2.178(5)-2.277(5)
1.711(6), 1.705(6)
3.401(6)

12.7

13.92)

Distances in A. Values in square brackets are a selection of geometrical data for the 2nd molecule in the asymmetric unit of [Ru,(p-cymene),(L1),]ClL,,
for instance Ru3-Ru4 separation of 3.537(1) A, is shown next to that of Rul-Ru2.

signal of this proton is significantly displaced downfield. The
absence of a signal corresponding to proton 4 is in accordance
with the coordination of the ligands in a monodeprotonated form.

Crystal structures

The title compounds are binuclear dicationic complexes having a
central core formed by two Ru and two S atoms (Fig. 2 and Fig. S1,
ESI¥). This 4-membered ring is not planar as the dihedral angle
between the Rul-S1-S2 and Ru2-S1-S2 planes ranges between
7.5° and 13.7° (Table 4). The metal coordination polyhedron is
piano-stool shaped, the legs of which are defined by one N and
two S atoms. There are some compounds containing the dinuclear
arene-RuS moiety in the CSD, and about 40% of them show
bonding interactions between metal centers (Ru-Ru distances
within 3 A). The second group has Ru-Ru separations within
the range 3.30-3.70 A; the 2 complexes here reported fall within
this group with Ru-Ru separations longer than 3.53 A. As in
our complexes, this latter set having large separation between
metals is also associated with small dihedral angles between the
Rul-S1-S2 and Ru2-S1-S2 planes in the CSD. There is marked
asymmetry of the Ru—S bond distances in the title compounds;
the shorter bond is about 2.35 A and the longer one about

N(10) 0(10} 0(12) N(1)

ol ? N(12) %; N—F(Bl 3(:
N(4)
N(3)
A=
'\:.,,/60(3)
N1
ol
0(2)

Fig. 2 The cationic [Ru,(p-cymene),(L1),]** in [Ru,(p-cymene),(L1),]CL,
showing ellipsoids; H atoms, water molecules and chloride are omitted.

2.43 A. Stacking of the thiosemicarbazone ligand in the title
compounds is seen, defining a sort of pentagonal prism with 2
N atoms within graphite interaction of 3.401(6) A for the L3
complex (Table 4, Fig. 3 for Ru-L3 complex). Both independent
molecules in the L1 complex show related values of 3.285(9) A
and 3.387(8) A. To our knowledge, the only reported structure
showing a similar feature is bis(y,-N-cyano-N’-methylthiourea)-
bis(p-cymene)-di-ruthenium(ir),* where a ring of sequence Ru—
S—C-N replaces our 5 membered ring Ru—S—C-N-N moiety. In
this case, the corresponding prism has four faces made by the two
Ru-S bonds plus two C---N separations of 3.01 and 3.04 A. Co-
planarity between the furyl and nitro moieties within 13° is seen as
shown by the dihedral angle between both planes. Also both furyl
rings in each complex are almost co-planar (Table 4), although
these rings are not above each other.

\

Fig.3 The pentagonal prism for the [Ru,(p-cymene),(L3),]** cation (only
one base is stick style), whose lateral faces are defined by two Ru-S bond
distances (2.401 A, 2.431 A) and three additional separations (C---N,
N---N, and N---C), 3.509 A, 3.401 A and 3.003 A, respectively; H atoms
omitted.

Comparing our 2 complexes, it is seen that the pair of Ru-S
bond distances in each complex is not sensitive to the substituents

This journal is © The Royal Society of Chemistry 2012
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in the thiosemicarbazone ligand since one is systematically longer
(2.35 and 2.43 A). The same equivalence is seen in the Ru-N
bond lengths, about 2.08 A, and the Ru-arene—centroid distance,
about 1.71 A. However, a difference is seen in the stacking N---N
separation, from 3.28 to 3.40 A, which may be due to packing
forces.

Geometric data for both molecules in the asymmetric unit of
[Ru,(p-cymene),(L.1),]Cl, are mostly equivalent. Exceptions are
the Ru---Ru separation in one complex, 3.565(1) A (Rul---Ru2),
which is slightly longer than for Ru3---Ru4, 3.537(1) A. Also, the
stacking distance between N atoms differs between both dinuclear
complexes, 3.285(9) A (N3---N12), and 3.387(8) A (N22---N32),
respectively, as do the dihedral angles between furyl rings or
within the 4-membered ring Ru-S-Ru-S (Table 4). The packing
of the [Ru,(p-cymene),(L1),]Cl, complex shows a large amount
of water molecules within a channel (Fig. 4), occupying the
central part of the crystal lattice along the a direction. Some
of these water molecules establish H-bonds with N23, the nitro
group (O31) and the chloride. There are 5 dinuclear Ru octahy-
drates found in the CSD. One of them, (W,-ox0)-bis((oxalato)-
(2,27,6’,2"”-terpyridine))-di-ruthenium(iir) octahydrate,** shows a
water channel with diameter of about 8 A through the center of
the crystallographic cell. This is narrower than the one found in our
[Ru,(p-cymene),(L1),]Cl,-8H,0 complex, having a water channel
diameter of about 12 A.

»:/
1

(‘{

Fig. 4 Ellipsoid style for packing of [Ru,(p-cymene),(L1),]Cl, showing
the channel of disordered water (red oxygen) parallel to the a axis; H atoms
omitted.

Biological studies

In vitro activity on T. brucei brucei strain 427. All the new
ruthenium compounds showed growth inhibitory activity on T
brucei brucei, inducing a dose-dependent antiproliferative effect on
parasites treated for 24 h (Table 5). [Ru,(p-cymene),(L1),]Cl, and
[Ru,(p-cymene),(L4),]Cl, are the most active, with ICs, values of
0.5 uM and 2.9 uM, respectively (Table 5). The growth inhibitory
activity of Ru-L2 and Ru-L3 compounds against 7. brucei brucei
was 6- to 30-fold lower than those of the Ru-L1 and Ru-L4
derivatives. Interestingly, in contrast to the other Ru complexes,
exposure of the parasites to 1 uM Ru-L4 for an additional 24 h

Table 5 In vitro activity against 7. brucei brucei, cytotoxicity on murine
macrophages and selectivity index (SI) values of the 5-nitrofuryl thiosemi-
carbazone ligands and their Ru p-cymene derivatives

Macrophages T brucei

Compound 1Csp/uM 1Cs/uM  SI (fold)*
[Ru,(p-cymene),(L1),]Cl, >100 2.9 >35
[Ru,(p-cymene),(L2),](PFs), ND 10.6 ND
[Ru,(p-cymene),(L3),](PFs), ND 17.3 ND
[Ru, (p-cymene),(L4),]Cl, 26 0.5 52
L1 64 1.1 58
L2 ND 11.0 ND
L3 ND 17.3 ND
L4 ND >100uM  ND
[Ru(p-cymene)Cl,], ND >100uM ND

“SI: ICs, macrophages/1Cs, T. brucei brucei. ND: not determined. Results
are the means of three different experiments.

caused a significant cell death (drop of two Logy, in cell number,
not shown). This data suggests a mechanism of action for Ru—
L4 that might involve slow metabolism of the compound to more
active byproducts, or accumulative and irreversible cellular dam-
age. It is interesting to emphasize that [Ru,(p-cymene),(1L4),]Cl,
showed a very significant increase in growth inhibitory activity
with respect to the L4 ligand (ICs, > 100 uM). The Ru-p-cymene
starting compound, [Ru(p-cymene)Cl,],, did not show growth
inhibitory activity on the parasite (ICs, > 100 uM, Table 5).
This fact demonstrates the relevance of including the bioactive
thiosemicarbazone ligand in the Ru coordination sphere. The
thiosemicarbazone ligands L1-L3 per se exerted a cytotoxic effect
comparable to their Ru-p-cym complexes (ICs, values of 1.1 uM,
11.0 uM, 17.3 uM for L1, L2, L3 and 2.9 uM, 10.6 uM and
17.3 uM for Ru-L1, Ru-L2 and Ru-L3, respectively).

Cytotoxicity on J774 murine macrophages. The specificity of
the antitrypanosomal activity of the most active Ru compounds
(Ru-L1 and Ru-L4) and thiosemicarbazone ligand L1 was evalu-
ated by analyzing their cytotoxicity against a murine macrophage-
like cell line (J774). The cytotoxicity observed was, in ascending
order: Ru-L1 (ICs, > 100 uM) > L1 (ICs, 64 uM) > Ru-L4 (ICy,
26 uM). Comparison of the selectivity indices (SI) reveals that
L1 (SI 58) and the Ru-L4 complex (SI 52) are about 50-fold more
potent on bloodstream trypanosomes than on the mammalian cell
line. On the same order of magnitude but 1.5-fold lower is the SI
for Ru-L1 (SI 35).

The Special Programme for Research and Training in Trop-
ical Diseases (TDR), which performs leading research on lead
discovery against neglected diseases, has recently defined the
following criteria to consider a compound as a drug hit for African
trypanosomiasis: ICs, of 0.2 ugmL™" against whole organism and
ST > 100.”* Based on these criteria, none of the compounds tested
qualifies as a hit. However, the biological activity displayed by
[Ru,(p-cymene),(L4),]Cl, (ICs, on T brucei brucei of 0.5 uM, SI1 52)
and [Ru,(p-cymene),(L1),]Cl, (ICs, on 7. brucei brucei of 2.9 uM,
SI > 35) merits further investigation to draw final conclusions in
this respect. For instance, potential synergistic combinations of
these compounds with drugs currently employed to treat African
trypanosomiasis might be explored with the goal of reducing the
chemotherapeutic dosage, and the associated side effects, as well
as preventing or delaying the appearance of drug resistance.
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Fig. 5 Cyclic voltammetric results for [Ru,(p-cymene),(L4),]Cl,. Experimental conditions: hanging drop Hg working electrode, Pt wire auxiliary
electrode, saturated calomel (SCE) reference electrode, supporting electrolyte 0.1 M TBAP, | mM DMSO.

Other biologically relevant results. The compounds were de-
signed to show a dual mechanism of action by affecting different
targets or biologically significant processes in the parasite. The
compounds could potentially act by intra-parasite generation
of toxic free radicals due to the 5-nitrofuryl thiosemicarbazone
ligand. Additionally, they could interact with DNA through the
Ru-arene moiety. Accordingly, two preliminary studies, redox
behavior by cyclic voltammetry and CT-DNA covalent interac-
tion studies, were performed to evaluate the potential of these
organometallics to act through such a dual mechanism of action.

Cyclic voltammetry results. All ruthenium p-cymene com-
pounds displayed comparable voltammetric behavior in DMSO
solution. The metal complexes showed two well-defined waves
at around —1.6 and —0.7 V vs. SCE (Fig. 5). Couple I could be
assigned to a metal centered reduction process as reported for
other Ru-p-cymene complexes.** No significant changes in the
corresponding peak potential were observed for the different com-
pounds studied. As previously observed for the thiosemicarbazone
ligands and their palladium, platinum and ruthenium complexes,
couple IT corresponds to a quasireversible process involving a one-
electron transfer that had been assigned to the generation of the
anion radical RNO,"~ by reduction of the nitro group.'>!>!

The biological significance of the reduction potential of the nitro
moiety present in the thiosemicarbazone active ligand, in relation
to the ability of the compounds to be bioreduced in the parasite
leading to the toxic nitro anion radical species, has been previously
stated.'>*? Therefore, the effect of ruthenium complexation on this
peak potential was studied. Table 6 shows the reduction potentials
of the nitro moiety for the four ruthenium p-cymene compounds.
The potentials previously reported for the corresponding ligands
and some ruthenium S-nitrofuryl thiosemicarbazone coordination
compounds are included for comparison.’® Small changes were
observed in the reduction potentials of the nitro moiety of the
ligands as a consequence of ruthenium complexation. The new Ru-
p-cymene compounds showed lower values than those observed
for the corresponding ligands which could have a positive effect
on the biological activity of the new compounds as they would be
more easily bioreduced. In this aspect the generation of these novel

Table 6 Reduction potentials of the nitro moiety for the obtained
ruthenium p-cymene compounds and the corresponding ligands measured
in DMSO at 2000 mV s™'. Reduction potentials for previously reported
ruthenium S-nitrofurylthiosemicarbazone coordination compounds are
included for comparison'®

Compound E.° E,*

HL1“ -0.84 -0.75
[Ru,(p-cymene),(L1),]Cl, -0.80 —-0.66
[RuClL,(HL1),]’ -0.98 -0.77
[RuCl;(dmso)(HL1)]? -0.99 -0.74
[RuCI(PPh;)(L1),]* -1.09 -0.72
HL2“ -0.79 -0.71
[Ru,(p-cymene),(L2),](PF), -0.84 -0.68
[RuClL,(HL2),]® -1.02 -0.77
[RuCl;(dmso)(HL2)]® -0.92 -0.73
HL3" -0.79 -0.71
[Ru, (p-cymene),(L3),](PFs), —-0.84 —0.68
[RuCl,(HL3),]’ -1.12 -0.69
[RuCl;(dmso)(HL3)]? -0.96 —-0.69
[RuCI(PPh;)(L3),]’ -0.87 -0.73
HL4“ -0.78 -0.70
[Ru,(p-cymene),(L4),]Cl, -0.74 —-0.65
[RuCl,(HL4),]’ -0.94 -0.77
[RuCly(dmso)(HL4)]? -1.01 -0.72
[RuCI(PPh;)(L4),]* -1.03 -0.72

“ From reference 12° From reference 18. ¢ Cathodic peak potential* Anodic
peak potential. Potentials are reported in Volts vs. saturated calomel
electrode.

Ru-p-cymene dimers including 5-nitrofuryl thiosemicarbazones as
ligands could lead to a favorable change in bioreduction behavior,
with respect to the previously reported Ru 5-nitrofuryl thiosemi-
carbazone coordination compounds that showed higher reduction
potential values than was observed for the corresponding ligands.*®

Calf thymus DNA interaction experiments. In order to initially
address if interaction with DNA could be part of the mode
of action of the complexes, experiments with CT DNA were
carried out. Binding of the Ru compounds to CT-DNA was
studied by combining atomic absorption determinations (for
the metal) and electronic absorption measurements for DNA
quantification. The new compounds are very poor binding agents

This journal is © The Royal Society of Chemistry 2012
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Table 7 Interaction of the Ru compounds with CT DNA after 96 h of
incubation at 37 °C

nmol Ru/mg

Compound DNA base Ru/base*  base/Ru
[Ru,(p-cymene),(L1),]Cl, 42.7 0.014 71
[Ru,(p-cymene),(L2),](PFy), 28.2 0.009 108
[Ru,(p-cymene),(L3),](PF),  22.7 0.008 134
[Ru,(p-cymene),(L4),]Cl, 37.5 0.013 80

“ ruthenium (mol) per DNA base (mol).

for CT DNA (Table 7). The observed ruthenium—DNA binding
levels were almost 10-fold lower than those of the palladium(ir)
S-nitrofuryl thiosemicarbazone complexes previously developed.”
These results are in agreement with the structure of the complexes
that seems not to allow covalent binding to DNA bases due to
the lack of labile bonds such as Ru—Cl. Nevertheless, other DNA
interaction types should be evaluated in further studies.

Conclusions

Four new dimeric ruthenium arene compounds of the formula
[Ru,(p-cymene),(L),]X,, where X = Cl or PF,, with bioactive
nitrofuryl containing thiosemicarbazones as co-ligands were syn-
thesized and fully characterized. Two of them showed in vitro
activity against 7. brucei brucei and high selectivity indices (ICs,
mammalian cells/ICs, parasite). Preliminary studies suggest the
potential of the complexes to act as dual parasite inhibitors.
Further studies are needed to obtain insight into the probable
mechanism of action of the new Ru p-cymene compounds and
are currently in progress. The promising results obtained herein
make these organoruthenium compounds good lead candidates
for further developments towards potential antitrypanosomal
organometallic drugs.
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