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Although effective against epimastigotes (proliferative form) and of low cytotoxicity in mammals, the
aryl-4-oxothiazolylhydrazones (ATZ) display only limited activity against trypomastigotes (bloodstream
form) of Trypanosoma cruzi. Considering the metal complexation approach with bioactive ligands as one
possible strategy for improving the biological efficacy of ATZ, a set of eight new ruthenium-ATZ com-
plexes (RuCl,ATZCOD, COD is 1,5-cyclooctadiene) were prepared, chemically and biologically character-
ized, including in vitro assays against epimastigotes and trypomastigote forms of the parasite and also
assessment of cytotoxicity in mammals. Two of these complexes presented antitrypanosomal activity
at non-cytotoxic concentrations on mammalian cells and of higher potency than its metal-free ligands,
while the metallic precursor [RuCl,COD(MeCN),] showed only moderate antitrypanosomal activity. Com-
parative analysis between the ruthenium complexes and metal-free ligands demonstrated the usefulness
of this approach, with the establishment of new SAR data. Additional pharmacological tests, including a
DNA bond assay, gave rise to the proposal of a single preliminary explanation for the molecular origin of

the bioactivity.

Crown Copyright © 2009 Published by Elsevier Ltd. All rights reserved.

1. Introduction

Trypanosoma cruzi, the parasitic protozoan agent of Chagas’ dis-
ease or American trypanosomiasis, affects about 17 million people,
and around 100 million people are at risk of infection across Latin
America.! T. cruzi infection results in a generally mild acute phase,
followed by a relatively long but asymptomatic ‘indeterminate’
phase, while it is estimated that around 30% of infected patients
will develop the symptomatic chronic phase of Chagas’ disease,
which is characterized by the presence of myocarditis (often called
chagasic cardiomyopathy) and in some cases, pathological disor-
ders of the peripheral nervous and gastrointestinal systems.?3
Benznidazole (Rochagan®) is the only chemotherapeutic agent
used for the treatment of Chagas patients, but it is highly toxic
and of limited efficacy during the chronic phase of the disease.*

* Corresponding authors. Tel.: +55 81 3341 8511; fax: +55 81 2126 8510
(A.CLL.).
E-mail addresses: cdonnici@terra.com.br (C.L. Donnici), ana.leite@pq.cnpq.br
(A.C.L. Leite).

There is thus great interest in developing novel approaches and
targets for anti-T. cruzi drug design.

On the one hand, several biochemical pathways of fundamental
importance (e.g., sterol biosynthesis® and pyrophosphate metabo-
lism®) and validated targets (e.g., cysteine protease cruzain,’ trypa-
nothione reductase,® trans-sialidase®) of T. cruzi have proved useful
for more advanced designs of new anti-T. cruzi agents. On the one
other hand, an important way of discovering new antitrypanoso-
mal agents is structural optimization of validated lead compounds
and also increasing the ‘drugability’,'® exploring useful medicinal
chemistry concepts, such as bioisosterism,!! molecular hybridiza-
tion,'? applying pharmacophore models,'* in addition to the com-
plexation of transition metals with bioactive ligands.'*

A significant number of studies have provided evidence of the
usefulness of applying the complexation of transition metals with
antitrypanosomal ligands as a strategy for enhancing pharmaco-
logical properties (efficacy, bioavailability) or the desired chemical
properties (such as the lipophilicity, reactivity).!> The DNA struc-
ture was the first recognized target'* for the antitrypanosomal
metal complexes, although, more recently, other T. cruzi targets
that interact with metal complexes have been discovered, such
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as the cysteine protease cruzain,'® trypanothione reductase,'”
NADH-fumarate reductase'® and also affecting the nitric oxide
level.®

Among the transition metals, ruthenium has proved to be an
excellent choice for the development of anti-T. cruzi metal com-
plexes, as illustrated briefly in Figure 1, because of their redox sta-
bility, excited state lifetime and rate of ligand exchange. For
example, Ru(ll) complexes of ketoconazole?® clotrimazole®® or
benznidazole?' are more potent when compared with free bioac-
tive ligands in inhibiting T. cruzi cell cultures.

In our previous studies, a congener series of aryl-4-oxothiazol-
ylhydrazones (ATZ) was designed as antitrypanosomal agents. The
in vitro pharmacological results indicated that, although effective
in inhibiting epimastigotes (proliferative form) at micromolar range
and of low cytotoxicity in mammals, the majority of ATZ derivatives
displayed only moderate to poor activity against trypomastigotes
(bloodstream form) of T. cruzi.?? In fact, although of limited efficacy,
this family of compounds is endowed with some of the desired bio-
logical and chemical features—low cytotoxicity, non-nitrated, non-
peptide, and chemically tractable—and thus represent an attractive
scaffold for the design of antitrypanosomal agents.

From the point of view of medicinal chemistry, the AZT are
deemed to be non-classical bioisosters!! of thiosemicarbazones,
and much effort has been devoted to studying the structure-activ-
ity relationships (SAR) of metal-thiosemicarbazone complexes,?
although, there is no report in the literature of complexation of
AZT with ruthenium or with other transition metals, with the
exception of a few examples involving organometallic com-
pounds.?* Furthermore, sulfur-based ligands have been shown to
display the desired pharmacological features and have subse-
quently attracted special attention.?’

Considering the bioinorganic approach to be one possible strat-
egy for enhancing the pharmacological profile of ATZ ligands, in
this study we describe the preparation and biological characteriza-
tion of eight new ruthenium complexes with ATZ ligands [Ru-
Cl,(ATZ)(COD)], where COD represents 1,5-cyclooctadiene. We
chose COD as the second ligand, because this ligand possesses
remarkable ability to interact with biological targets by way of
hydrophobic interaction and also provides chemical stability
throughout the Ru complexes.?®2” Furthermore, to get an insight
into the mechanism of action, studies of DNA interaction and more
elaborate parasite inhibition tests were performed for selected Ru
complexes.

2. Results
2.1. Chemistry

The ruthenium complexes were obtained by reaction of one
equivalent of the metallic precursor [RuCly(1*-CgH;2)(MeCN),]*®

Ph
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with one equivalent of the respective ATZ1-8 ligand in methanol
under reflux. All these complexes were fully characterized using
chemical analysis and spectroscopic data. The elemental analysis
(C, H and N) data accorded well with the calculated values. The
TH NMR spectra of the complexes were consistent with their corre-
sponding protons both in terms of chemical shifts and the number
of hydrogen atoms, in accordance with the proposed formula. More
specifically, the CH=N protons of the complexes resonated at 10.9-
11.9 ppm as a singlet, owing to a deshielding effect observed for
those protons that are in close proximity to the coordinating atoms
(azomethynic nitrogen), while, on free ligands, CH=N protons res-
onated at 6.9-7.8 ppm.

The '*C NMR spectra revealed the presence of the expected
number of signals corresponding to different types of carbon atoms
present in the complexes. In this analysis, eight well-resolved res-
onance peaks were observed, which also showed that the carbons
on the COD ligand coordinated with ruthenium were nonequiva-
lent. The signals arising from azomethine carbon (CR=N) under-
went an upward shift and occurred at 6 157-162 ppm, and also
provide proof that nitrogen is involved in coordination. Assign-
ment of each individual band to a specific vibration of IR spectra
was attempted. The strong bands at (1635-1637 cm™!) were
observed in all the complexes, which are attributable to the chela-
tion of (vCR=N) with metal. By contrast, the (vCR=N) bands for the
free ligands are generally of higher frequency (1640-1645cm™')
and are of weaker intensity than those observed in the Ru com-
plexes. In addition to this, bands in the low wavenumber region
for the ruthenium complexes that may be tentatively attributed
to (VRu-N, vRu-S) were observed. These are of importance in con-
firming that the sulfur atom is involved in the sphere of coordina-
tion. These spectra data allow it to be concluded that an N,S-
bidentate coordination is involved in these complexes, as proposed
in Scheme 1. All the complexes were soluble in methanol, DMSO,
dichloromethane, chloroform and acetonitrile, producing intense
yellow or brown solutions.

2.2. Pharmacology

All complexes were tested in vitro against the epimastigote
(proliferative form) and trypomastigote (bloodstream form) of T.
cruzi (Y strain) and also for cytotoxicity using BALB/c mouse
splenocytes. Lymphocytes, which are the most abundant type of
cells present in spleen cells, constitute a highly susceptible group
of cells and this is, therefore, a suitable method for carrying out
the cytotoxicity tests.?° The anti-T. cruzi properties were expressed
in terms of the ICso (M) values, the cytotoxicity being expressed
as the highest concentration tested that was not cytotoxic for the
splenocytes. Benznidazole (Bdz) and Nifurtimox (Nfx) were used
as the reference antitrypanosomal drugs. All free ligands were pre-
viously subjected to a biological assay using the same technique for
epimastigote and trypomastigote forms of T. cruzi,>? and structure-
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Figure 1. Selected ruthenium complexes endowed with antitrypanosomal activities. For these examples, bioactive ligands (L) were employed.
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Scheme 1. Preparation of ruthenium complexes.

activity relationships (SARs) will be qualitatively discussed using
the chemical group of ligands and comparison of Ru complexes
with their corresponding free ligands. For the purposes of compar-
ison, the antitrypanosomal properties of the metallic precursor
[RuCly(M*-CgH1,)(MeCN),] were tested, so as to establish a point
of reference for the ruthenium entity (Table 1).

3. Discussion

First, the R-ATZ1, which possesses the non-substituted ligand
ATZ1, showed ICsq values of 3.8 and 6.2 uM against epimastigote
and trypomastigote forms of T. cruzi, respectively, whereas that
ATZ1 ligand displayed significant activity only against the trypo-
mastigote form, with ICsq = 7.8 uM. By contrast, the metallic pre-
cursor was only able to inhibit the proliferation of epimastigotes,
although with lower potency than the R-ATZ1 complex and the
reference drugs, Nfx and Bdz. As for the more liposoluble ATZ2
and ATZ3 ligands, their R-ATZ2 and R-ATZ3 complexes did not dis-

Table 1
In vitro biological characterization of ATZ ligands and their ruthenium complexes
Compd ICso (UM)? Trypanosoma cruzi, Y strain  Cytotoxicity
- - - (ng mL~1)°
Trypomastigotes Epimastigotes
at 24 h at 11 days
ATZ1 7.8 35.0 >100
R-ATZ1 6.2 3.8 1(1.4)
ATZ2 48.2 03 >100
R-ATZ2 5.0 8.1 1.0
ATZ3 10 2.9 >100
R-ATZ3 6.4 109 1.0
ATZ4 Nd 83.3 >100
R-ATZ4 27.2 87.2 1.0
ATZ5 84.8 63.4 >100
R-ATZ5 7.0 114 1.0
ATZ6 20 92.3 >100
R-ATZ6 53 6.4 2 (4.5)
ATZ7 824 439 >100
R-ATZ7 33 24 1.0(1.7)
ATZ8 Nd 429 >100
R-ATZ8 5.5 1.8 5.0 (8.0)
RuCly(n*-CgHi,)(MeCN), Nd 12.7 1.0(1.4)
Bdz® 5.0 6.6 25
Nfx“ 85 1.9 1.0 (34)

@ Calculated at seven concentrations using data obtained from at least three
independent experiments, with a SD less than 10% in all cases.

b Expressed as the highest concentration tested that was not cytotoxic for the
BALB/c mice splenocytes. Values in uM are showed in parentheses.

¢ Bdz, Benznidazole and Nfx, Nifurtimox. Nd is not determined at tested
concentrations.

play enhanced potency against the epimastigote form. However,
these two complexes showed activity against the trypomastigote
form, as exemplified by the R-ATZ2 complex, which was nine times
more potent than free ligand ATZ2.

The R-ATZ6, R-ATZ7 and R-ATZ8 complexes, designed using
three congener ligands, were able to reduce the growth of the par-
asite at concentrations well below 10 uM, showing a potency sim-
ilar to that of Bdz and Nfx. The efficacy of these complexes against
the trypomastigote form was more remarkable when compared
with their respective ATZ6, ATZ7 and ATZS8 ligands. Furthermore,
an interesting trend was observed in these three complexes: the
R-ATZ8 and R-ATZ7 (ligands with a p-bromo or p-chloro substitu-
ent, respectively) were three times more potent than the R-ATZ6
complex (ligand with a p-methyl substituent). However, the
majority of complexes showed an undesired range of cytotoxicity
in mammals, and only the R-ATZ8 complex displayed antitrypan-
osomal properties at concentrations that are not cytotoxic for
mammalian cells. This represents the kind of profile that is gener-
ally required for antiparasitic agents acting against parasites over
mammalian counterpart.

It is also worth commenting further on the role of substituents
attached to ligands located near the coordination sphere. Varying
the substituents produces the following order of potency: R-
ATZ6 > R-ATZ5 > R-ATZ4. Analysis of the ligand structures for
these three complexes revealed that attaching a methyl at the R2
position (R-ATZ5) marginally decreases potency in comparison to
R-ATZ6. In addition, the displacement of the methyl from the R
(R-ATZ5) to R1 position (R-ATZ4) results in remarkable loss of po-
tency. These results thus provide an insight regarding the impact of
the presence of a substituent on a ligand located very near to atoms
involved in the coordination sphere with ruthenium on antitrypan-
osomal activity (Scheme 2). In other words, this probably occurs as
a result of some kind of steric changes that affect the geometry of
complexes, resulting in the distinguishable process of recognition
by or affinity with parasite targets.

With regard to the manner that the drugs act against the T. cruzi
parasite, which may be trypanostatic (i.e., merely delaying parasite
replication) or trypanocidal (effectively killing the parasite), analy-
sis of the time-response curves during the antitrypanosomal assay
revealed that two complexes (R-ATZ7 and R-ATZ8) inhibited epi-
mastigote replication at day 13 after completion of treatment, this
being very similar to Bdz, which is described as a trypanocidal dru-
g.42 This biological performance suggests that the Ru complexes
are probably trypanocidal agents.

To ascertain whether complexation with a ligand is an essential
factor for antitrypanosomal activity, the same culture of trypom-
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quantities of metal-free ligand ATZ8 and metallic precursor
[RuClz(n“—CgH]2)(MeCN)2], with ICso being measured after 24 h
of treatment. In this short test, the ICso value was 15.4 uM, approx-
imately three times higher than that of the corresponding R-ATZ8
complex (ICso = 5.5 uM). This key finding provides evidence that
the formation of the metal complex plays a crucial role in deter-
mining the antitrypanosomal properties, rather than the simple
presence of the ligand or ruthenium alone.

Research into kinetoplastid parasite targets have provided
evidence that damage to DNA (affecting the topology and orga-
nization of intracellular DNA) or the inhibition of DNA topoi-
somerases (affecting the replication of DNA) provide a tool for
preferentially killing the highly replicative parasite cells within
the host.3° To acquire greater understanding of the antiprotozoal
activity, we performed one short assay of DNA interaction using
plasmid DNA, which was carried out under agarose gel electro-
phoresis. For this assay, we chose the R-ATZ8 complex, which
is one of the most selective of such complexes, with a view to
comparing it with the metallic precursor [RuCly(n?*-
CgHi3)(MeCN),]. The ruthenium complex, R-ATZS8, shows a con-
centration-dependent ability to modify the migration and rela-
tive proportions of the plasmid DNA conformation ( Fig. 2),
while such effects are not observed in the case of free ligand 8
(data not shown). In the case of [RuCly(n*-CgH;3)(MeCN),], the
strongest effect on conformation changes in plasmid DNA was
observed as soon as a concentration of 10 uM was reached.
The data therefore suggest that the DNA structure may consti-
tutes one of targets used by ruthenium complexes to produce
anti-T. cruzi effects.

A survey of the literature shows that the ligand exchanges in
ruthenium-based drugs represent a crucial pathway in the biolog-
ical activity.>! In light of these studies, it seems appropriate to pro-
pose that a loss or exchange of chlorine ligands may occur in the
complexes described here, providing a means for drug activation
or formation of reactive species that can covalently interact with
biomacromolecules.

4. Conclusions

We have demonstrated that the complexation of bioactive li-
gands with ruthenium leads to a new set of anti-T. cruzi agents
with an attractive range of efficacy against the aforementioned
parasite. Structure-activity relationships between the ligands
and complexes were successfully determined by comparing ICsq
values. The combined data from pharmacological tests are con-
sistent with the conclusion that the R-ATZ8 complex constitutes
an example of a prototype of antitrypanosomal drug. The action
mechanism must, in part, be related to action on the DNA struc-
ture. Obviously, is to be expected that other biological properties

————

0 10 50 100 10 (UM)

Figure 2. Effect of increasing concentrations of complex R-ATZ8 on plasmid DNA.
All reactions were incubated in 10 uM Tris-HCl (pH 7.4) to a final volume of 20 pL,
and incubated for 24 h at 37 °C. The concentrations used (M) are given at the
bottom of gel section. The metallic precursor [RuCl,COD(MeCN),] was used as the
point of reference.

of the free ligands may have been modified subsequent to metal
coordination and further investigations will describe this in due
course.

5. Experimental
5.1. Chemistry

All common laboratory chemicals were purchased from com-
mercial sources and used without further purification. Melting
points were determined using a Thomas Hoover apparatus and
are uncorrected. FTIR spectra were obtained using a Perkin Elmer
283B spectrometer in the range of 150-4000 cm~' (KBr pellets)
and at 150-700 cm™! (as polyethylene pellets). '"H NMR and '3C
NMR spectra were measured on a Bruker 200 MHz NMR spectrom-
eter (at 200 MHz for 'H and 60 MHz for '3C) using CDCl; as solvent
and TMS as an internal standard. Coupling constants (J) are given in
hertz. Splitting patterns are designated as follows; s, singlet; d,
doublet; t, triplet; m, multiplet. In the NMR data, COD represents
1,5-cyclooctadiene and Het thiazole heterocyclic. Elemental analy-
ses were performed on a PE-2400 instrument for C, H, and N and
the results lay within the acceptable range (+0.4%). The
[RuCly(M*-CgH12)(CH3CN),] complex was prepared in accordance
the procedure outlined in the literature,?® using RuCls as the initial
metal source. All ATZ ligands were synthesized as previously re-
ported?? and obtained in the form of a racemic mixture for the chi-
ral products.
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5.1.1. General procedure for synthesis of ruthenium
complexes>3?

A solution of aryl-4-oxothiazolylhydrazone (0.001 mol) in dry
methanol (10 mL) was added to a Schlenk flask containing
a magnetically stirred solution of [Ru(n*-CgH;;)(CH3CN),Cl,)]
(0.001 mol) in hot dry methanol (10 mL) in a water bath. After
heating and magnetic stirring under reflux for 4 h, the obtained
solution turns orange. The reaction flask was then agitated at room
temperature for 2 h and a yellowish solid precipitate obtained.
After filtration, washing with cold methanol and drying in a vac-
uum at room temperature, the pure complex was obtained in med-
ium yields.

5.1.1.1. Dichloro [2-(phenylthio-(Z)-ethylidene)hydrazone-1,3-
thiazol-4(5H)-one] cyclooctadiene ruthenium(Il) (R-ATZ1). Green-
ish solid; yield: 49%; dec. temp. 215 °C (from methanol). Anal.
Calcd for C19H,3N30S,Cl,Ru: C, 41.83; H, 4.25; N, 7.70. Found: C,
41.87; H, 4.27; N, 7.73. UV-vis (cm™!): v 22,010, 36,736, 49,419.
IR (Vimax, cm~1): 3170 (NH), 1710 (C=0), 1635-1600 (C=N), 1000
(C-S), 539, 505, 489 (Ru-N, Ru-S). 'H NMR (CDCls, 6, ppm): 10.9
(1H, s, -CH=N), 7.4-7.0 (5H, m, aryl), 7.38 (1H, s, NH), 4.6-4.5
(2H, m, =CHCOD), 4.1-3.9 (6H; 2H of CH=COD; 2H of CH,Het,
2H, of CH,-S), 2.6-2.5 (4H, m, exo CH;), 2.2-2.1 (4H, m, endo
CH,). '3C NMR (CDCls, ppm) 6 181.1 (C=0), 168.8 (C=N), 158.4
(CH=N), 130.6, 129.3, 129.1, 127.1, 98.9, 91.7, 89.3, 86.1, 83.09,
39.1 (Ar-S-CH,), 32.1, 28.2, 28.1, 28.0.

5.1.1.2. Dichloro [2-(phenylthio-(Z)-ethylidene)hydrazone-5-
ethyl-1,3-thiazol-4(5H)-one] cyclo octadiene ruthenium(II) (R-
ATZ2). Green solid; yield: 41%; dec. temp. 185 °C (from metha-
nol). Anal. Calcd for Cy;H,7N30S,CI,Ru: C, 43.98; H, 4.75; N, 7.33.
Found: C, 44.07; H, 4.70, N, 7.40. UV-vis (cm~!): v 22,012,
36,740, 49,418. IR (Vnax, cm~'): 3165 (NH), 1705 (C=0), 1635,
1600 (C=N), 1000 (C-S), 499, 484, 468 (Ru-N, Ru-S). 'H NMR
(CDCl3, ppm) & 11.9 (1H, s, CH= N), 7.56 (1H, s, NH), 7.2-7.1 (5H,
m, aryl), 4.6-4.2 (4H, m, =CHCOD), 3.34 (1H, m, CH), 3.58 (2H, d,
CH,Het); 2.6-2.5 (4H, m, exo CH,), 2.2-2.1 (4H, m, endo CH,),
1.80 (2H, m, CH,), 1.11 (3H, t, CH3). '*C NMR (CDCl;, ppm) 6
183.54 (C=0), 175.2 (C=N), 162.0 (CH=N), 156.6, 131.8, 131.7,
131.3, 129.9, 98.6, 97.2, 91.2, 82.8, 51.2 (Ar-S-CH,), 49.1, 39.3
(CH,-Het), 33.9, 31.9, 27.9, 11.2 (CH3).

5.1.1.3. Dichloro [2-(phenylthio-(Z)-propylide-ene)hydrazone-
1,3-thiazol-4(5H)-one] cycloocta diene ruthenium(Il) (R-
ATZ3). Yellow solid;yield: 49%; dec.temp. 225 °C (from methanol).
Anal. Calcd for C;gH5N30S,CI,Ru: C42.93; H,4.50; N, 7.51. Found: C,
42.97,H, 4.56, N, 7.50. UV-vis (cm™'): v 22,011, 36,739, 49,420. IR
(Vmax €M~ 1): 3171 (NH), 1711 (C=0), 1636, 1600 (C=N), 1001 (C-
S), 540, 506, 490 (Ru-N, Ru-S); 'H NMR (CDCls, ppm) 6 10.8 (1H, s,
-CH=N), 7.5-7.3 (6H; 5H, m, aryl; 1H, s, NH), 4.7-4.6 (4H, m, =CH
COD), 3.94 (2H, CH,Het), 3.1-3.0 (6H, 4H, exo CH,COD and 2H,
CH,); 2.3-1.9 (6H; 4H, endo CH,COD and 2H of CH,-CH=N). '3C
NMR (CDCl;, ppm) ¢ 180.4 (C=0), 177.7 (C=N), 159.8 (CH=N),
130.5, 129.8, 129.1, 129.1, 95.7, 91.3, 89.9, 85.4, 38.3 (CH,-S-Ar),
34.0 (CH,-Het), 32.2 (CH,-CH=N), 29.6, 26.6, 28.5, 28.1.

5.1.1.4. Dichloro [2-(phenylthio-(Z)-propylide-2-ene)hydrazone-
5-methyl-1,3-thiazol-4(5H)-one] cyclooctadiene ruthenium(II)
(R-ATZ4). Light-yellow solid; yield: 48%; dec. temp. 287 °C (from
methanol). Anal. Calcd for C,;H,7N30S,Cl,Ru: C, 43.98; H, 4.74; N,
7.33. Found: C, 44.07, H, 4.70, N, 7.40. UV-vis (cm™'): v 22012,
36738, 49420. IR (Vimax, cm~1): 3165 (NH), 1707 (C=0), 1635-1600
(C=N), 1002 (C-S), 498, 485, 469 (Ru-N, Ru-S). '"H NMR (CDCls,
ppm): 6 10.9 (1H, t, =CHN), 7.5-7.2 (5H, m, aryl), 7.58 (1H, s, NH),
4.50 (1H, q, CH), 4.3-4.2 (4H, m, =CHCOD); 3.58 (2H, d, CH,); 2.6-
2.5 (4H, m, exo CH,), 2.45 (3H, s, CH3-C=N); 2.2-2.1 (4H, m, endo

CH,); 1.65 (d, 3H, CHs). '3C NMR (CDCls, ppm): § 183.0 (C=0), 163.5
(CH3C=N), 134.0, 132.5, 128.1, 88.7, 87.7, 85.1, 84.9, 49.3 (CH,-S-
Ar), 47.8 (CH,-CH=N), 47.5 (CH,-Het), 33.2, 32.8, 31.6, 27.4, 20.9,
19.9,16.9 (CH3).

5.1.1.5. Dichloro [2-(para-methylphenylthio-(Z)-ethylidene)hydra-
zone-5-methyl-1,3-thiazol-4(5H)-one] cyclooctadiene ruthenium(II)
(R-ATZ5). Greenish solid; yield: 45%; dec. temp. 217 °C (from metha-
nol). Anal. Calcd for C;1H27N30S,ClyRu: C,43.98; H, 4.74; N, 7.33. Found:
C,44.07,H,4.70,N, 7.40. Found: C,44.10; H, 4.66; N, 7.44.UV-vis (cm™!):
v22,009, 36,738, 49,421. IR (Vimax, cm ™~ ): 3166 (NH), 1707 (C=0), 1635,
1601 (C=N), 1000 (C-S), 498, 483, 469 (Ru-N, Ru-S). 'H NMR (CDCls,
ppm) 6 11.0 (1H, =CHN), 7.2-7.1 (4H, m, aryl), 7.56 (1H, s, NH), 4.6—-
4.5 (4H, m, =CHCOD), 4.48 (1H, q, CH), 3.68 (2H, s, CH;), 2.6-2.5 (4H,
m, exo CH,), 2.2-2.1 (4H, m, endo CH,), 2.09 (3H, s, CHs), 1.26 (3H, d,
CHsHet). '3C NMR (CDCl5, ppm) 6 184.3 (C=0), 161.9 (C=N), 159.3
(CH=N), 156.6, 146.3, 137.3, 131.7, 131.9, 130.1, 110.0, 96.1, 91.0, 90.9,
68.7, 51.2 (CH,-S-Ar), 49.1 (CH,-Het), 27.9, 21.4 (CH3), 16.9 (CH3).

5.1.1.6. Dichloro [2-(para-methylphenylthio-(Z)-ethylidene)hydra-
zone-1,3-thiazol-4(5H)-one] cyclooctadiene ruthenium(Il) (R-
ATZ6). Greenish solid; yield: 51%; dec. temp. 205 °C (from meth-
anol). Anal. Calcd for C,gH;5N30S,Cl,Ru: C,42.93; H, 4.50; N, 7.51.
Found: C,42.98; H, 4.55; N, 7.48. UV-vis (cm~'): v 22,009, 36,735,
49,418. IR (Vinax, cm~1): 3169 (NH), 1708 (C=0), 1635, 1604 (C=N),
1001 (C-S), 535, 498, 483 (Ru-N, Ru-S). 'TH NMR (CDCls, ppm) 6
11.9 (1H, s, CH=N), 7.2-7.1 (4H, m, aryl), 7.58 (1H, s, NH), 4.31
(4H, d, CHy), 4.6-4.5 (4H, m, =CHCOD), 2.6-2.5 (4H, m, exo CH,),
2.1-2.2 (4H, m, endo CH,); 2.18 (3H, s, CHs3). *C NMR (CDCls,
ppm) § 178.9 (C=0), 168.3 (C=N), 157.7 (CH=N), 131.5, 131.1,
130.1, 129.5, 98.7, 89.9, 86.1, 83.1, 39.4 (CH,-S-Ar), 36.4 (CH,-
Het), 34.3, 33.8, 28.9, 24.5, 21.4 (CHs).

5.1.1.7. Dichloro [2-(para-chlorophenylthio-(Z)-ethylidene)hydra-
zone-1,3-thiazol-4(5H)-one] cyclooctadiene ruthenium(ll) (R-
ATZ7). Llight-green solid; yield: 65%; dec. temp. 204 °C (from metha-
nol). Anal. Calcd for C;9H2,N30S,ClsRu: C,39.35; H, 3.82; N, 7.25. Found:
C,39.41,H,3.86,N,7.31.UV-vis (cm~1):122,011,36,737,49,418. IR (Vimax»
cm™1): 3165 (NH), 1705 (C=0), 1635, 1600 (C=N), 1000 (C-S), 499, 484,
468 (Ru-N, Ru-S). 'H NMR (CDCl5, ppm) é 11.8 (1H, s, CH=N), 7.3-7.2
(4H, m, aryl), 7.56 (1H, s, NH), 4.6-4.5 (4H, m, =CHCOD); 4.0-3.8 (2H,
CH,), 3.58 (2H, d, CH,Het); 2.6-2.5 (4H, m, exo CH;), 2.2-2.1 (4H, m, endo
CH,). >*CNMR (CDCl5, ppm) 6 180.9 (C=0), 168.9 (C=N), 158.5 (CH=N),
157.7,133.3, 132.1, 129.6, 110.0, 98.9, 89.5, 83.1, 39.0 (CH,-S-Ar), 34.0
(CH,-Het), 33.1, 32.0, 30.7, 28.9.

5.1.1.8. Dichloro[2-(para-bromophenylthio-(Z)-ethylidene)hydra-
zone-1,3-thiazol-4(5H)-one] cyclooctadiene ruthenium(Il) (R-
ATZ8). Yellowish solid; yield: 58%; dec. temp. 204 °C (from
methanol). Anal. Calcd for C;9H,,N30S,BrCl,Ru: C, 36.55; H, 3.55;
N, 6.73. Found: C, 36.59; H, 3.60; N, 6.70. UV-vis (cm™'): v
22,011, 36,740, 49,420. IR (Vmax, cm™'): 3167 (NH), 1705 (C=0),
1637, 1602 (C=N), 1703 (C=0), 1002 (C-S), 499, 484, 468 (Ru-N,
Ru-S). 'H NMR (CDCls, ppm): 6 11.7 (1H, s, CH=N), 7.2-7.1 (4H,
m, aryl), 7.51 (1H, s, NH), 4.6-4.5 (4H, m, =CH COD); 4.0-3.8
(2H, s, CHy), 3.58 (2H, d, CH,Het); 2.6-2.5 (4H, m, exo CH;), 2.2-
2.1 (4H, m, endo CH,). '*C NMR (CDCl;, ppm): § 181.4 (C=0),
177.1, 176.0, 158.1 (CH=N), 133.9, 131.7, 130.8, 119.4, 101.1,
98.9, 94.2, 82.6, 39.7(CH,-S-Ar), 38.2 (CH,-Het), 31.2, 30.4, 28.0.

5.2. Pharmacological tests

5.2.1. In vitro cytotoxicity

The cytotoxicity of the complexes was determined using BALB/c
mice splenocytes (5 x 10° cells-well™!) cultured in 96-well plates
in Dulbecco’s Modified Eagle’s Medium (DMEM, Sigma Chemical
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Co., St. Louis, MO) supplemented with 10% of fetal calf serum (FCS;
Cultilab, Campinas, SP, Brazil) and 50 pgmL~' of gentamycin
(Novafarma, Anapolis, GO, Brazil). Each compound was evaluated
at five concentrations (1, 2, 5, 10, 25, 50, 100 pg mL™'), in triplicate.
Cultures were incubated in the presence of *H-thymidine (1 pCi
well~1) for 24 h at 37 °C and 5% CO,. After this period, the content
of the plate was harvested to determine *H-thymidine incorpora-
tion using a beta-radiation counter (LKB Wallac Rack Beta, Pharma-
cia Biotech). The cytotoxicity of the compounds was determined by
comparing the percentage of >H-thymidine incorporation (as an
indicator of cell viability) in drug-treated wells in comparison to
untreated wells. Non-cytotoxic concentrations were defined as
those causing a reduction of >H-thymidine incorporation below
10% in relation to untreated controls.

5.2.2. In vitro antiproliferative activity

Epimastigotes of T. cruzi (Y strain) were cultivated at 26 °C in
Liver Infusion Tryptose medium (LIT) supplemented with 10% fetal
calf serum, 1% hemin, 1% R9 medium and 50 pg mL~! gentamycin.
Parasites (10%/cells/mL) were cultured in a fresh medium in the
absence or in the presence of the compounds being tested (from
stock solution in DMSO). Cell growth was determined after 11 days
of culture by counting viable forms in a hemacytometer, in tripli-
cate. The complexes used were from a stock solution in DMSO.
To determine the ICsg, cultures of Y strain epimastigotes in the
presence of different concentrations of the compounds were eval-
uated after 11 days as described above. ICsq calculation was carried
out using non-linear regression on prisM 4.0 GrAPHPAD Software. Y
strain T. cruzi trypomastigotes were obtained from culture super-
natants of Vero cell line at 37 °C and placed in 96-well plates
(4 x 10° well™!) in a DMEM medium supplemented with 10% FCS
and 50 pg mL~' gentamycin. Viable parasites were counted in a
hemacytometer 24 h after addition of complexes by way of trypan
blue exclusion. The percentage of inhibition was calculated in rela-
tion to untreated cultures. The same procedure was performed for
Bdz and Nfx (reference drugs) and vehicle alone, DMSO as blank.

5.2.3. DNA studies

The pUC119 plasmid DNA (300 uM) was combined with differ-
ent concentrations (0-100 pM) of the ruthenium complex R-8 pre-
viously dissolved in DMSO and diluted to the proper concentration
using the Tris-HCI buffer. The samples were then incubated for
24 h (overnight) at 37 °C. During this time, appreciable hydrolysis
or decomposition of the ruthenium complex was not detected by
TLC. The reaction was then stopped by the addition of NaCl (1 M)
to achieve a final chloride concentration of 0.2 M. 20 pL of each
sample were run (100 V for 30 min.) in 1% agarose gel with 1 x TBE
(containing 0.45 M Tris-HCl, 0.45 M boric acid, 20 puM EDTA, pH
8.0) and the reaction was stained with ethidium bromide. The
bands were then viewed using a transluminator under UV light.
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