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ABSTRACT: Three water-soluble Ru(II) chiral heteroleptic
coordination compounds [Ru(en)(pdto)]Cl2 (1), [Ru(gly)-
(pdto)]Cl (2), and [Ru(acac)(pdto)]Cl (3), where pdto =
2,2′-[1,2-ethanediylbis-(sulfanediyl-2,1-ethanediyl)]dipyridine,
en = ethylendiamine, gly = glycinate, and acac =
acetylacetonate, have been synthezised and fully characterized.
The crystal structures of compounds 1−3 are described. The
IC50 values for compounds 1−3 are within nanomolar range
(14, 12, and 6 nM, respectively). The cytotoxicity for human
peripheral blood lymphocytes is extremely low (>100 μM).
Selectivity indexes for Ru(II) compounds are in the range
700−1300. Trophozoites exposed to Ru(II) compounds die
through an apoptotic pathway triggered by ROS production.
The orally administration to infected mice induces a total elimination of the parasite charge in mice faeces 1−2-fold faster than
metronidazole. Besides, all compounds inhibit the trophozoite proliferation in amoebic liver abscess induced in hamster. All our
results lead us to propose these compounds as promising candidates as antiparasitic agents.

■ INTRODUCTION

Amoebiasis is the infection of the human gastrointestinal tract
caused by the protozoan parasite Entamoeba histolytica. The
parasites colonize the intestinal mucosa, causing amoebic
dysentery. In some circumstances, they are capable to migrate
toward the liver, producing an amoebic liver abscess.1 The
mentioned disease is prevalent in developing countries affecting
sometimes up to 50% of the general population and is
estimated to cause more than 100000 deaths per year, being the
fourth leading cause of death just behind malaria, Chagas
disease, and leishmaniasis.2

Metronidazole or nitroimidazole derivatives (tinidazole,
secnidazole, ornidazole)3 and, recently, nitazoxanide4 (Figure

1) are the first-line drugs in the treatment of amoebiasis and
other parasitic diseases such as giardiasis, thrichomoniasis, and
leishmaniasis. The action mechanism of these compounds
involve the generation of a short-lived nitroso free radical by
intracellular reduction through the transfer of an electron to the
nitro group of the drug besides the capacity to bind DNA
inducing single and double strand breaks.5,6

However, these compounds can produce several adverse
effects including nausea, diarrhea, and/or metallic taste in the
mouth, headache, dizziness, vomiting, glossitis, stomatitis, dark
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urine, and/or paraesthesia7 and, less often, central nervous
system toxicity.7 Besides, there is an increasing concern about
the development of metronidazole-resistant E. histolytica strains
affecting the population.4−6

To obtain new alternatives for the treatment of parasitic
diseases, a new approach using coordination compounds that
involve a transition metal element has been increasing in recent
decades. The use of coordination and organometallic
compounds provides several advantages regarding shape,
stability, and a great gamut of oxidation states to reach diverse
biological specific targets. This approach using transition
compounds has been used against various parasitic diseases
such as leishmaniasis (Leishmania major),8 Chagas disease
(Trypanosoma cruzi),9 sleeping sickness (Trypanosoma bru-
cei),10 malaria (Plasmodium falciparum),11 or even bacteria such
as Mycobacterium tuberculosis12 with encouraging results.
Particularly for amoebiasis, only few coordination compounds
of vanadium, copper, ruthenium, and palladium have been
investigated as potential amoebicidal compounds.3 In 2012, we
reported the amoebicidal activity of first row transition metals
coordination compounds Mn(II), Fe(II), Co(II), Ni(II),
Cu(II), and Zn(II) with an hexadentate donor ligand 2,9-

bis(2′,5′-diazahexanyl)-1,10-phenanthroline (N6).13 For these
compounds, redox active derivatives showed remarkable
nanomolar IC50 values against E. histolytica trophozoites.
Growth inhibition potency and morphological results strongly
suggest that these coordination compounds induce a redox
imbalance in the parasites, producing its death.13

Particularly for ruthenium derivatives, it is believed that
oxidation state Ru(II) is the active form to produce the
antiparasitic14 and antitumor effects.15 Here we report the
synthesis, characterization, and the X-ray diffraction structures
of the water-soluble Ru(II) coordination compounds [Ru(en)-
(pdto)]Cl2 (1), [Ru(gly)(pdto)]Cl (2), and [Ru(acac)(pdto)]
Cl (3), where pdto = 2,2′-[1,2-ethanediylbis(sulfanediyl-2,1-
ethanediyl)]dipyridine, en = ethylenediamine, gly = glycinate,
and acac = acetylacetonate. The design of these compounds
involve the redox potential modulation through the mod-
ification of bidentate ligand and the incorporation of aromatic
rings in the ligand structure that provides the capacity to
interact with DNA.16 Additionally, electrochemical and
computational studies were performed to determine the
electronic density distribution in the complexes. The
amoebicidal activity displayed by these Ru(II) coordination

Figure 1. Structure of nitroimidazole derivatives used as antiparasitic agents.

Scheme 1a

aReagents and conditions to obtain Ru(II) coordination compounds: compound 1, ethylendiamine, MeOH, 3 h reflux; compound 2, MeOH, glycine
deprotonated in NH4OH:H2O (1:4) mixture, 3 h reflux; compound 3, acetylacetone previously deprotonated with trimethylamine in MeOH,
MeOH, 3 h reflux. For details, see Experimental Section.
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compounds in both in vitro and in vivo models allow us to
suggest them as potential amoebicidal agents.

■ RESULTS AND DISCUSSION

Synthesis. The ligand pdto as well as the precursor
compound [Ru(Cl)(PPh3)(pdto)]Cl were synthesized accord-
ing to our previous report.17 The synthesis of the new
coordination compounds 1, 2, and 3 is depicted in Scheme 1,
employing as starting material the compound [Ru(Cl)(PPh3)-
(pdto)]Cl. The solubility of these compounds in water is really
important, with values within the range of 41−45 mg/mL that
represent concentrations from 69.8 to 78 mM.
Elemental analysis of compound 1 provided a molecular

formula RuC18H32N4S2O2Cl2 ([Ru(en)(pdto)]Cl2·2H2O).
Chemical shifts and multiplicities of the signals in aliphatic
region confirm the presence of diastereotopic hydrogen atoms
due to the coordination of donor atoms of pdto and
ethylenediamine that fix their positions, named according to
Scheme 1. COSY and HETCOR experiments were used to
identify and associate the signals with the corresponding
chemical shifts and coupling constant. Doublets in 1.72 and
2.64 ppm with JH

1
−H

1′ = 9.9 Hz were assigned to proton H1.
Signals in 1.72 (ddd) and 3.25 ppm (td) (JH

2
−H

2′ = 5.4 Hz,
JH

2
−H

3 = 9.6 Hz, JH
2
−H

3′ = 5.1 Hz), 2.72 (td) and 3.25 ppm (td)
(JH

2
−H

3 = 9.6 Hz, JH
3
−H

3′ = 4.2 Hz, JH
2
−H

3′ = 5.1 Hz), and 1.72
(ddd) and 2.64 ppm (dd) (JH

9
−H

9′ = 7.5 Hz, JH
8
−H

9 = 4.5 Hz,
JH

8′−H9′ = 4.0 Hz) were associated with protons H2, H3 and H9,
respectively. Doublet of doublets in 3.68 (dd) and 4.88 ppm
(dd) were associated with proton H8 (−NH2 group). Complete
NMR assignation available in the Experimental Section. The
fixed position of hydrogen atoms suggested by NMR was
confirmed by the X-ray structure of compound 1 (Figure 2).
For compound 2, the molecular formula determined by the

elemental analysis was RuC18H37N3O7S2 ([Ru(gly)(pdto)]Cl·
5H2O). The

1H NMR spectrum for this compound showed the
double of signals compared to those found for compound 1 due
to the lowering of symmetry, however, it was possible to
identify diastereotopic hydrogen atoms associated with the
methylene groups of pdto ligand employing the results of
COSY and HETCOR experiments (data not shown). Hydro-
gen atoms of amino acidato were assigned to signals in
chemical shifts 3.64 (dd), 4.84 (dd) ppm (JH

21
−H

22 = 11.7 Hz,
JH

21
−H

21′ = 6.5 Hz) for −NH2 group and signals in 2.53 (dd),

3.18 (dd) ppm (JH
21
−H

22 = 11.7 Hz, JH
22
−H

22′ = 4.0 Hz) for the
methylene group.
For compound 3, the molecular formula found was

RuC21H31N2S2O4Cl·2H2O ([Ru(acac)(pdto)]Cl·2H2O). The
same pattern observed for compound 1 was present in the
aliphatic region of the 1H NMR spectra identifying hydrogen
atoms H1, H2, and H3 with chemical shifts and coupling
constants as follows: 1.71 (d), 1.72 (td), 2.6 (td), 2.74 (d), 2.96
(ddd), 3.31 (ddd), JH

1
−H

1′ = 13.2 Hz, JH
2
−H

2′ = 3.3 Hz, JH
2
−H

3

= 15.6 Hz, JH
2′−H3′ = 5.10 Hz, JH

3
−H

3′ = 4.8 Hz. Hydrogen
atom H8 was found as a singlet at 4.71 ppm, while hydrogen
atoms of methyl group identified as H9 was located as a single
at 1.07 ppm.

X-ray Diffraction Studies. Suitable single crystals of
complexes [Ru(en)(pdto)]Cl2 (1), [Ru(gly)(pdto)]Cl (2),
and [Ru(acac)(pdto)]PF6 (3a) were obtained by different
methods. The former was obtained from a methanolic solution
introduced in an ether chamber and kept at 4 °C by 4 weeks.
Single crystal of compound 3a was obtained once the chloride
counterion was changed by hexafluorophosphate anion.
Crystals of compound 2 were obtained directly from the
mother liquor of the recrystallization process. Details of data
collection and structure solution and refinement can be found
in Supporting Information, Table S1. Supporting Information,
Table S2 summarizes the selected bond distances and angles for
compounds 1, 2, and 3a (see Supporting Information).
The compound 1 (Figure 2a) crystallizes as a racemate and

shows a distorted octahedral geometry around the ruthenium-
(II) with pyridine rings in trans position and sulfur donor atoms
of pdto in a cis conformation, and the remaining coordination
positions were occupied by the nitrogen atoms of ethylenedi-
amine. The counterion Cl− (omitted in Figure 2a) is engaged in
hydrogen bonding with the amino groups of ethylenediamine
and the solvate methanol molecule (Figure S1 in Supporting
Information). Distorted octahedral geometries around the
metal ion were observed for compounds 2 and 3a with
minor differences in angles and bond lengths (Figure 2b,c).
Regarding intermolecular forces observed in the crystal
structures, the chloride ion and the water molecules of
compound 2 are involved in hydrogen bonds between them
and with the amino and carboxylate groups of glycine (Figure
S2 in Supporting Information). For compound 3a, no hydrogen
bonds were observed and the stabilization of the crystal can be
attributed to electrostatic interactions between the anion and

Figure 2. Molecular structure of (a) compound 1, (b) compound 2, and (c) compound 3a. Counter ions and solvate molecules are omitted for
clarity (probability level of displacement ellipsoids at 50%).
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several hydrogen atoms of the coordination compounds
(Figure S3 in Supporting Information).
In general for these compounds, Ru−N and Ru−S bond

lengths are slightly shorter (Ru−N = 2.101−2.118 Å and Ru−S
= 2.276−2.301 Å, see Table S2 in Supporting Information)
than those found in other monomeric Ru(II)-pdto compounds
such as in [Ru(phen)(pdto)]Cl, [Ru(bpy)(pdto)](PF6)2,
[Ru(dpa)(pdto)](ClO4)2, and [Ru(Cl)(PPh3)(pdto)]PF6,
where bond lengths are within the range Ru−N = 2.135−
2.156 Å and Ru−S = 2.315−2.347 Å.17,18 The observed
decrease in Ru−N and Ru−S bond lengths can be explained by
the greater basicity and the poor ability to participate in back-
bonding of ethylenediamine, glycine, and acetylacetonate in
comparison with aromatic diimines or phosphines previously
employed. As the electronic density increases around the metal
center due to the coordination of bidentate ligand, the
ruthenium ion is forced to place a larger amount of electron
density in the pyridine aromatic ring as well as in sulfur atoms
through π-backbonding. The net result of the mentioned
electronic redistribution is the shortening of the Ru−N and
Ru−S bond lengths and an increase in the compounds’ stability.
Electrochemical Studies. The electrochemical behavior of

ruthenium(II) compounds were studied by cyclic voltammetry.
For these studies, the counterion was exchanged for
hexafluorophosphate anion in order to avoid interferences
because in the employed conditions the electrochemical
transformation of Cl− to Cl2 is observed within the same
redox potential range that for the couple Ru(II)/Ru(III).17 It is
important to mention that electrochemical processes associated
with metal ions and pdto ligands have the same potential values
with both chloride and hexafluorophosphate counterions. A
typical voltammogram of compound 1-(PF6)2 obtained with a
platinum disk as the work electrode is presented in Figure 3
(blue voltammogram). For a complete cycle, one oxidation
signal (Ia) and one reduction signal (Ic) were detected. The
anodic peak potential value Epa(I) for signal Ia was 1.143 V|Fc−
Fc+ and the cathodic peak potential value Epc(I) for signal Ic
was 1.053 V| Fc−Fc+.

The ΔEp value was 0.090 V, which was similar than those
obtained for the couple Fc|Fc+ in the same conditions.
Cathodic and anodic peak currents were proportional to v1/2,
indicating that process I is diffusion-controlled. Therefore, the
process I can be attributed to a reversible electron transfer for
the redox couple [RuII(en)(pdto)]+2/[RuIII(en)(pdto)]+3. The
electrode potential value was 1.098 V| Fc−Fc+, which was
obtained using the equation E0 = (Epa + Epc)/2. The
electrochemical behavior for compounds 2a and 3a was similar
to that described for 1a. Summary of half-wave potentials of the
compounds is shown in Table 1. The energy employed to get
the oxidation process follows the order: [RuII(Cl)(pdto)-
(PPh3)]

+ > [RuII(en)(pdto)]+2 > [RuII(gly)(pdto)]+ >
[RuII(acac)(pdto)]+.

Theoretical Studies. To understand the distribution of the
electronic density in the whole molecule, quantum mechanics
calculations were performed using DFT with the level of theory
m06-2x20 and a 6-311G (d, p) basis set using the crystal
structures of the compounds as starting point for the geometry
optimization. Table S2 (Supporting Information) compiles the
bond lengths calculated by DFT and the experimental ones,
showing the correspondence between them.
Figure 4 depicts the HOMO−LUMO orbitals for com-

pounds 1−3. From the figure of HOMO orbital, it is clear that
electron density is located mainly around the metal ion with
and to a lesser extent in the pyridine rings and the sulfur atoms
when ethylenediamine is coordinated to the metal ion
(compound 1). For compound 2, the HOMO orbital involves
the participation of the pyridine rings but only one of the sulfur
atoms of the pdto ligand, which is in a trans disposition of the
carboxylate group that also participates in the HOMO orbital
distribution. On the other hand, in compound 3 it is possible to
observe the pseudoaromaticity reached by the system once the
oxygen atoms of acac were coordinated to the Ru(II). All the
atoms of acac with exception of the methyl groups are related
with the HOMO orbital in this complex, which implies that
electron density is distributed in both the ligand and the metal
center.
The above discussion helps to explain the electrochemical

behavior of these coordination compounds. If the electron
density remains in the metal center, the energy involved to get
the oxidation of the metal ion is lower (compound 1) than in
those cases where the electron density can be located in other
atoms as in the carboxyl group of compound 2 or in the whole
structure of acac of compound 3.
Under the QTAIM theory,21 differences in the electronic

density around the metal center (ΔN(A)) can be determined
employing the equation:

Δ = −N N N(A) (group@complex) (isolated group)

The values obtained were compiled in Table 1 and were
marked as ΔNRu, ΔNpdto, and ΔNligand to indicate the
differences of electronic density found in each part of the
coordination compound compared with the noncoordinated
ligands. From the table, both ligands are losing electron density
while the metal ion gets it. Thus, it is clear that energy
employed in the oxidation process of Ru(II) (E1/2) decreases as
the electronic density around the metal ion increases (ΔNRu).

In Vitro Amoebicidal Activity. In vitro amoebicidal
activity of ligand pdto and ruthenium(II) compounds [Ru-
(Cl)(PPh3)(pdto)]Cl, 1, 2, and 3 as racemate form were
performed in cultures of HM1:IMSS Entamoeba histolytica
trophozoites. Positive controls with metronidazol and negative

Figure 3. Cyclic voltammogram for a solution 1.0 × 10−3 mol dm−3 of
compound 1a ([Ru(en)(pdto)](PF6)2, blue), 2a ([Ru(gly)(pdto)]-
PF6, red), and 3a ([Ru(acac)(pdto)]PF6, black), in the presence of 0.1
M TBABF4 in CH3CN. Scan rate 0.1 V s−1. The working electrode
used was platinum.
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controls with phosphate buffer solution (PBS) were used.
Results showed that pdto is not an effective inhibitor of the
amoebic culture proliferation, while compound [Ru(Cl)(PPh3)-
(pdto)]Cl showed only slight efficacy against the trophozoites
with IC50 = 136 μM.
In contrast, compounds with bidentate ligands in the

coordination sphere of ruthenium(II) (1−3) were highly active
against amoeba trophozoites with IC50 values in the nanomolar
range. The obtained values are 140, 120, and 60 nM for
compounds 1, 2, and 3, respectively (Table 2). These values
represent a 50−100-fold increase of the in vitro antiproliferative
activity with respect to the current first choice drug for amoebic
treatment in humans, metronidazole (IC50 = 6.8 μM).
When the cells were exposed during 24 h to the Ru(II)

compounds, rounding and shrinkage of trophozoites were
observed. The decrease of cell size as well as the nuclear
membrane damage produced by the increase in Ru(II)
concentration can be observed with fluorescently stained
trophozoites shown in Figure 5 (carboxyfluorescein diacetate
succinimidyl ester (CFDA-SE) and propidium iodide (PI) were
used as fluorescent markers).

Trophozoites of control cultures have shown an intense
green fluorescence with CFDA-SE, nonstaining with PI and
cellular size between 25 and 40 μm, the expected normal size
for a trophozoite (Figure 5, left panel). In contrast, the size of
treated trophozoites decreases as the concentration of the
Ru(II) compound increases. Moreover, increased red fluo-
rescence in the images suggests an increase in the amount of

Table 1. Experimental and Theoretical Electronic Parameters Obtained for Compounds [Ru(Cl)(PPh3)(pdto)]Cl, 1, 2, and 3

compd E1/2 (RuII/III) (V)
a HOMO LUMO ΔE(HOMO−LUMO) ΔNRu

b ΔNpdto
b ΔNLigand

b

[Ru(Cl) (PPh3) (pdto)]
+ 1.130 1.25 −0.58 −0.30

1 1.098 −0.4991 −0.2349 −0.26415 1.07 −0.73 −0.33
2 0.983 −0.3725 −0.1314 −0.24107 1.03 −0.63 −0.40
3 0.710 −0.3524 −0.1171 −0.23526 0.96 −0.64 −0.32
metronidazole −1.015c

aElectrochemical determinations were done employing the compounds with hexafluorophosphate as counterion. bDifferences in the electronic
population were calculated subtracting the electronic population of the free components (metal ions and ligands) to the electronic population found
in the coordination compound. cRedox potential values were referenced to Fc|Fc+ employing E0 = 0.640 V vs NHE for Fc|Fc+ couple.

Figure 4. Grid representations of HOMO and LUMO orbitals of compounds 1, 2, and 3 using an isodensity value of 0.3. The left side of the plot
shows the lateral view of the molecules; the right side shows the upper view. In all cases, only the cationic moieties were considered.

Table 2. Inhibitory Concentration 50% (IC50) Obtained for
Compounds [Ru(Cl)(PPh3)(pdto)]Cl, 1, 2, and 3 in
HM1:IMSS and Human Peripheral Blood Lymphocytes
Cultures

compd
IC50 (μM)a

trophozoites
IC50 (μM)a

lymphocytes

[Ru(Cl)(PPh3)(pdto)]Cl >100 >100
1 0.14 ± 0.020 >100
2 0.12 ± 0.010 >100
3 0.06 ± 0.005 >100
metronidazole 6.80 ± 0.200 >100b

aIC50 was determined by multivariable linear regression from viability
kinetic experiment. bValue obtained from ref 19.
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genetic material exposed because the red color only appears
when PI interacts with DNA.
The above results are similar to that observed in trophozoites

exposed to other coordination compounds (i.e., [MN6]
2+ where

M = Ni(II) or Mn(II) and N6 = (2,9-bis(2′,5′-diazahexanyl)-
1,10-phenanthroline);13 [RuCl2(N-phenyl-5-nitrofuryl-thiose-
micarbazone) (HPTA)2]Cl2)

9 and known oxidative stress
inducers such as the aminoglucoside G418,22a hydrogen
peroxide,22b and nitric oxide species.22c For the latter
compounds, it has been proved the existence of apoptosis-
like processes and the results are in agreement with the
proposal of Huppertz, who established the cell size reduction
and shrinkage of the cytoplasm as two of the most reliable
morphological criteria for defining a programmed cell death
(PCD) process.23a,b

To explore the death pathway induced by the compounds of
Ru(II), an experiment in which trophozoites were stained with
annexin V (AV) and propidium iodide (PI) once they were

exposed for 72 h to the previously determined IC50 was
developed (Figure 6). The results show that the number of
events identified as apoptotic (apoptosis or late apoptosis) is in
agreement with the growth inhibition capacity determined
above, following the order: 3 > 2 > 1. It is interesting to notice
that for compound 3 almost 90% of the analyzed cells were
found in an apoptotic stage (53% in apoptosis and 39% in late
apoptosis), meanwhile compound 2 and compound 1 induce
apoptosis to only 50% and 34% of the cells, respectively. Thus,
for compound 1−3, the main death pathway induced by them
is apoptosis.
To determine the cytotoxicity of Ru(II) compounds over

normal cells, human peripheral blood lymphocytes (HPBL)
were exposed for 72 h to the IC50 values of each compound
determined in trophozoites and stained with the same
procedure employed for them (Figure 6). There is no evidence
of apoptosis induction in HPBL by any of the evaluated Ru(II)
compounds because the higher percentage observed was 2.6%.

Figure 5. Fluorescent images of trophozoites after 24 h incubation with different concentrations of the compound 2 stained with CFDA-SE and PI.
From left to right, control trophozoites (untreated), and trophozoites treated with 1, 10, and 100 μM of compound 2, respectively. In contrast to
green fluorescence of control trophozoites, cell size decrease and red nucleus staining were detected in the treated cultures with the increase of
coordination compound concentration.

Figure 6. Flow cytometry determinations to identify death pathways induced by Ru(II) coordination compounds. Plots showing the events
associated with necrosis (Q1/PI+), late apoptosis (Q2/AV+, PI+), apoptosis (Q4/AV+), or viable cells (Q3/AV−, P−) were obtained after the
trophozoites and human blood peripheral lymphocytes (HBPL) were exposed for 72 h to coordination compounds. The IC50 values employed in
both trophozoites and HBPL were that determined in trophozoites.
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Moreover, the above result coincides with the low IC50 values
found in lymphocytes when they were exposed to the
coordination compounds, showing in all cases values greater
than 100 μM (Table 2). With the IC50 values determined for
the coordination compounds on the trophozoites and HPBL
cultures, it is possible to obtain a selectivity index for each
compound using the formula: SI = (IC50 mammalian cells)/
(IC50 trophozoites). In this case, the selectivity index gave
values major than 714, 833, and 1666 for compounds 1−3,
respectively. The highest ratio found for metal-based
antiparasitic compounds in our knowledge.
Apoptosis induction seems to be triggered by the reactive

oxygen species (ROS) produced by the administration of
Ru(II) compounds. ROS determination was done adding
MitoSOX to trophozoite cultures that have been exposed to the
IC50 of the corresponding coordination compound for 72 h.
Results shown that the trophozoites exposed to compound 3
present the higher ROS generation (45.8%) compared with
nontreated trophozoites. On the other hand, compounds 1 and
2 only induce the production of ROS in 22.7% and 26.9% of
the events analyzed (Figure 7). The generated ROS shown a
direct relationship with the redox potential as well as with the
IC50 values. As the redox potential becomes more positive, a
decrease in ROS generation and an increase in the IC50 value

are registered. In accordance with the obtained results, as its
capacity as reductor increases, the better is its amoebicidal
activity due to the increase in its capacity to produce ROS
inside the trophozoites, which is reflected in the percentage of
induced apoptosis and the quantity of compound used to
produce the desired effect, which means that the compounds
decrease their effectiveness to inhibit the trophozoite’s
proliferation as their capacity to produce ROS and therefore
to induce apoptosis.
According to the results shown in Table 2, the cytotoxicity of

compounds 1−3 is modulated by the modification of the
coordination sphere of Ru(II) in the same way that the changes
observed in the electron density around the metal center
(ΔNRu) or the redox potentials (E1/2). For N6 system (N6 =
2,9-bis(2′,5′-diazahexanyl)-1,10-phenanthroline), the best re-
sults with IC50 values in the nanomolar range were shown by
compounds MnN6 (80 nM) and NiN6 (60 nM) with redox
potential values of 0.5 and 1.01 V vs Fc/Fc+, respectively. In the
case of ruthenium (II) systems, all evaluated compounds have
IC50 values in the nanomolar range (60−140 nM) and the
redox potential values were within the range of 0.7−1.1 V vs
Fc/Fc+,13 defining a range of redox potential that has to be
explored in order to identify new candidates that could be
evaluated as amoebicidal agents. In the described examples, the

Figure 7. Flow cytometry determinations to identify ROS production induced by the exposition to IC50 values of the Ru(II) coordination
compounds. Plots showing the events associated with ROS production (Q1/MitoSOX+) and the cells that do not produce ROS at appreciable levels
(Q4/MitoSOX−).
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free ligands did not show antiproliferative activity, making
evident the role of the metal center in the observed amoebicidal
activity besides the presence of bidentate ligands in the
enhancement of the activity.
The identification of a redox potential range (0.5−1.1 V vs

Fc/Fc+) for coordination compounds with great capacity to
inhibit the growth of HM1:IMSS trophozoite cultures, the fact
that all metals involved in the active compounds have shown an
oxidation process instead of the reduction process that is
associated with ROS production by metronidazole and the
morphological changes observed in the trophozoites exposed to
Ru(II) coordination compounds lead us to suggest that these
compounds might have significant participation in the
induction of oxidative stress that leads to the parasite death
through an apoptotic process but by a different action
mechanism than that described for nitroazole derivatives.
A similar behavior where small differences in redox potential

and a wide range of antiparasitic activities is reported for 5-
nitroimidazole derivatives.24 Thus, even though the number of
compounds is not enough to provide conclusive data about the
effect of redox potential over the amoebicidal activity of these
Ru(II) compounds, half-wave potential values or electron
density around the metal center obtained from DFT
calculations can be employed as electronic descriptors with
the aim of develop new and effective amoebicidal agents in a
rational way. The use of DFT derived electronic descriptors has
proved to be effective to predict cytotoxic and physicochemical
properties of several systems,25a−c encouraging us to continue
to use the approach in future works related with the
development of metal-based antiparasitic drugs.
In Vivo Amoebicidal Activity. Reduction of Parasite

Charge on Mice Infected with Entamoeba muris. The highly

inhibitory in vitro effects of the Ru(II) coordination
compounds against the Entamoeba histolytica trophozoites,
encouraged the evaluation of these compounds to control an
intestinal infection of Entamoeba muris on CD1 mice. The
decision to use E. muris infected mice was due to the lack of a
good model to establish intestinal infection with E. histolytica.
Also, the natural infection avoids the use of an invasive
technique such as intracecal infection with Entamoeba histolytica
trophozoites.26 Additionally, it is reported that the metabolites
produced by E. muris are homologues to those produced by E.
histolytica27 and the life cycle is the same with only different
hosts.28

Infected CD1 mice were treated for 3 days with 5 mg/kg of
each compound every 12 h. Compounds were dissolved in
sterile water and administered in the stomach with the aid of a
cannula. The presence of cysts (the infective form of Entamoeba
muris) and trophozoites in the mice faeces was determined
daily during the administration of the compounds and an
additional determination was done 5 days after the last dose of
the treatment.
The daily coprological analysis showed that compound 3

completely eliminated the parasites since the first day of
administration (Table 3). This remarkable in vivo amoebicidal
effect was followed by the compound 1, which shows an
amoebicidal activity of 85% after one single day of treatment
and 100% of effectiveness after 2 days. Both compounds 3 and
1 were more effective reducing the parasite population than
metronidazole, which exhibited 70% of parasite population
decrease after 1 day of treatment and reached the complete
eradication of the parasites in the third day of treatment. For all
of these compounds, no evidence of the parasites reappearance
was detected even after the 5 days post-treatment (Table 3).

Table 3. Reduction of Parasitic Load in CD1 Mice Naturally Infected with E. muris Treated with Ru (II) Coordination
Compoundsa

time (days) control metronidazole [Ru(Cl)(PPh3)(pdto)]Cl 1 2 3

1 0 70 ± 3.2 20 ± 2.1 85 ± 1.3 50 ± 1.1 100 ± 2.4
2 0 73 ± 2.7 22 ± 1.9 100 ± 1.7 62 ± 2.5 100 ± 1.6
3 0 100 ± 2.5 25 ± 3.6 100 ± 3.1 95 ± 1.6 100 ± 1.3
5 post-treatment 0 100 ± 3.1 31 ± 2.5 100 ± 2.9 76 ± 3.2 100 ± 3.2

aData represent percentage of reduction ± standard deviation from three animals per group. After 3 days of treatment, mice were placed in
individual cages in order to avoid reinfection.

Figure 8. Wet mounts of faeces obtained at initial time (untreated), second day of treatment, and in the fifth day post-treatment with the Ru(II)
coordination compound 1. Cysts (most of the structures observed; inlet zoom) and some trophozoites (arrow heads) are clearly observed in control
samples. Parasites practically disappears after 2 days of treatment with 1.
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On the other hand, compound 2 showed 50% of efficiency after
1 day of treatment, increasing gradually to 95% after the third
day. In spite of the almost total eradication of the parasites, 5
days post-treatment, the parasite population increased 19%
(Table 3), suggesting a reactivation of the parasites that were
not eliminated within the 3 days of treatment with this
compound. Finally, the compound [Ru(PPh3)(Cl)(pdto)]Cl
showed the lower activity with only 31% of amoebicidal activity
after 3 days of treatment. During all the treatment, body weight
and temperature of mice were monitored and compared with
the mice of control group. In all cases, there is no evidence of
significant changes of these parameters in the treated mice.
Microscopy images of the faeces of untreated and treated mice
with (1) compound are shown in Figure 8.
Effect of Ru(II) Compounds on Amoebic Liver Abscess in

Hamster. In addition to the reduction of parasitic charge on
mice infected with Entamoeba muris, the capacity of the Ru(II)
compounds to reduce the trophozoite population responsible
of the amoebic liver abscess in hamsters was evaluated. Once
the amoebic liver abscess was induced in the hamster, each
Ru(II) compound was administered with the same concen-
tration employed with the mice infected with Entamoeba muris,
that is, 5 mg/kg of body weight. At 96 h postadministration, the
hamsters were sacrificed and the histopathological analysis
performed.
The livers of control group shown the usually observed reply

in the amoebic liver abscess model that involves tissue damage,
inflammation, and well conserved trophozoites. The observed
inflammation is the immunological response to the infection.
The administration of Ru(II) compounds have shown no
differences with the control group regarding tissue damage.
However, a decrease in the inflammation and in the number of
trophozoites was observed (Figure 9). The remaining
trophozoites present damage in the membrane. Inflammation
decrease could be associated with the decrease of trophozoites
proliferation, which suggest that infection is being controlled.
Membrane damage and rounding observed in the remaining
trophozoites is consistent with the morphological changes
observed in the in vitro assays, which confirm the effect of the
coordination compounds in the parasite viability through redox
imbalance.
The in vitro antiproliferative activity against E. histolytica

trophozoites cultures, the elimination of parasite population of

CD1 mice infected with Entamoeba muris as well as the growth
inhibition of trophozoites in the amoebic liver abscess
described here highlights the importance of the coordination
compound function as amoebicidal agents.
Several of the promising antiparasitic compounds were

characterized to be involved in redox processes. Some of them
react with molecular oxygen or endogen proteins to produce
reactive oxygen species (ROS) with a consequent redox
imbalance. Others interact with specific proteins such as
thioredoxin reductase, inhibiting the protein and depriving the
parasite of one of the main detoxification systems that it
possess,29a,b a mechanism described for the amoebicidal activity
of auranofin.30 Auranofin was identified by the authors as a
promising therapy for amoebiasis due to the 10-fold increase in
the growth inhibition potency against E. histolytica cultures
compared with metronidazole. In this work, we report three
new Ru(II) coordination compounds that are 50−100-fold
more effectives than metronidazole over trophozoites cultures
and without cytotoxic effect over human peripheral blood
lymphocytes besides the noteworthy capacity that was shown to
eliminate the trophozoites and cysts of E. muris of the infected
mice. Therefore, we propose these three new Ru(II)
coordination compounds as a promising agents for the
treatment of amoebiasis.
Our results showed that Ru(II) coordination compounds

exhibit high amoebicidal activity both in vitro and in vivo and
using lower doses than metronidazole, the first drug of choice
against human amoebiasis. It is important to remark that these
compounds do not shown a cytotoxic effect on the normal cells
at the doses employed and according to the determined
selectivity index really high doses must to be used to produce
an undesirable effect on the lymphocytes. The described results
shown the opportunity provided by the coordination
compounds to find new compounds for the treatment of
parasitic diseases just as has been occurred in other diseases
such as cancer, arthritis, Alzheimer’s, Huntington’s, and many
others.31

■ CONCLUSIONS

Three new water-soluble Ru(II) coordination compounds 1, 2,
and 3 were synthesized, characterized, and their molecular
structures were reported. Their electrochemical behavior shows
reversible processes for the oxidation of the metal ion which

Figure 9. Photomicrographs of hematoxylin/eosin stained tissue sections from hamster liver with induced amoebic abscess of untreated controls and
treated with Ru(II) compounds [Ru(pdto)(PPh3)(Cl)]Cl, 1, 2, and 3. The Ru(II) compounds were administered at a final concentration of 5 mg/kg
of body weight.
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follows the order 3 < 2 < 1. The energy obtained for the
oxidation process can be explained with the electron density
around the metal center obtained from DFT calculations which
follows the order 1 > 2 > 3. Ru(II) coordination compounds
showed a remarkable anti-E. histolytica activity in vitro with IC50
values in the nanomolar range (1 = 140 nM, 2 = 120 nM, and 3
= 60 nM) that represent an increase of 50−100-fold in the
antiproliferative activity than the first choice drug for amoebic
treatment in humans, metronidazole. All evaluated compounds
induce the parasite death through an apoptotic pathway
triggered by ROS production without apparent cytotoxic effect
to human peripheral blood lymphocytes. The selectivity index
for compounds 1−3 are one of the highest reported for metal-
based antiparasitic compounds with values greater than 714,
833, and 1666, respectively. Even though the lack of enough
compounds to provide conclusive data, amoebicidal activity
could partially be described employing electronic descriptors
such as redox potential values or the electronic density around
the metal center, providing a new tool for the design of metal-
based amoebicidal compounds. In vivo testing was carried out
using E. muris infected mice with the compounds orally
administered. All compounds showed a clear capacity to
decrease the parasite populations in CD-1 mice without
observable adverse effects on treated mice. The most active
compound 3 eliminates the parasites in mice faeces 48 h earlier
than metronidazole. Besides, the compounds are capable to
inhibit the proliferation in the amoebic liver abscess induced in
hamster. The damage observed in the remaining trophozoites
are consistent with the damage observed in the trophozoites
cultures exposed to coordination compounds in the in vitro
assays. These results represent a great advance in the rational
search for new compounds for the treatment of human
amoebiasis, justify additional efforts to further investigation
regarding the antiparasitic activity of metal-based drugs and
encourage us to explore the specific action mechanism due to
the potential of these compounds as promising alternative for
the treatment of amoebiasis.

■ EXPERIMENTAL SECTION
Materials, Apparatus, and General Methods. The solvents

(J.T. Baker) and other chemicals (Sigma-Aldrich) were used without
further purification. Elemental analyses (C, H, N, S) were performed
in a Fisons Instruments analyzer model EA 1108. Infrared spectra in
the range of 4000− 400 cm−1 were acquired in a Nicolet Avatar 320
FT-IR using KBr pellets. Mass spectra were obtained in a JEOL
SX102A mass spectrometer with a matrix of nitro benzyl alcohol and
dissolved in CH3CN. A VARIAN Unity Inova spectrometer was used
to record all NMR spectra, 1H (300 MHz) and 13C (75.5 MHz); TMS
was used as a reference and D2O and CD3CN as solvents. A Hewlett-
Packard 5484A diode array spectrophotometer was used to acquire
UV−vis spectra using methanol as solvents. Conductivities were
measured with a JENWAY 4330 conductivity pH meter. The
conductivity data were obtained at sample concentrations of ca. 1 ×
10−3 M in methanol solutions at 25 °C. All electrochemical
measurements were performed in acetonitrile (HPLC grade) using a
PAR-273 potentiostat/galvanostat controlled by PC software. X-ray
diffraction measurements were performed on an Oxford Diffraction
Gemini-Atlas diffractometer. The purity of the compounds was
determined by elemental analysis with a Fisons Instruments analyzer
model EA 1108. The purity of the compounds is >95% for all
synthesized compounds.
Synthesis. 2,2′-[1,2-Ethanediylbis(sulfanediyl-2,1-ethanediyl)]-

dipyridine (pdto). This compound was prepared by the method
described by Goodwin and Lions32 with 83.96% yield. Elemental Anal.

Calcd for C16H20N2S2: C, 63.1; H, 6.6; N, 9.2; S, 20.5. Found: C, 63.1;
H, 6.2; N, 9.7; S, 20.1%.

[RuCl2(PPh3)3] dichlorido tris(triphenylphosphine) ruthenium (II)
was prepared according to a previously described method17 with 92.4%
yield. Elemental Anal. Calcd for RuCl2P3C54H45: C, 67.7; H, 4.7.
Found: C, 67; H, 4.9%

[RuCl(pdto)(PPh3)]Cl·H2O (2,2′-[1,2-ethanediylbis(sulfanediyl-
2,1-ethanediyl)]dipyridine) (chlorido) (triphenylphosphine) ruthe-
nium (II) chloride monohydrate was prepared by the method
described by Ortiź Frade17 with 87.3% yield. Elemental Anal. Calcd
for RuC34H37N2S2OPCl2: C, 55.3; H, 4.8; N, 3.8; S, 8.7. Found: C,
55.1; H, 4.8; N, 3.9; S, 8.5%.

[Ru(en)(pdto)]Cl2·2H2O (1) (Ethylenediamine) (2,2′-[1,2-
Ethanediylbis(sulfanediyl-2,1-ethanediyl)]dipyridine) Ruthenium
(II) Chloride Dihydrate. For the synthesis of this compound, 60 μL
(1 mmol) of ethylenediamine were added to 50 mL of methanol
containing 0.76 g (1.00 mmol) of [RuCl(pdto)(PPh3)]Cl·H2O. The
mixture was heated under reflux by 3 h under constant stirrer. The
solution was concentrated, and the product was precipitated with ethyl
ether and solid was filtered under vacuum and washed several times
with ethyl ether. The yellow solid obtained was purified through a
neutral alumina chromatographic column using a mixture
CH2Cl2:CH3OH (4:1) as the eluent. Yield 89.6%. Elemental Anal.
Calcd for RuC18H32N4S2O2Cl2 (572.5 g/mol): C, 37.75; H, 5.63; N,
9.4; S, 11.2. Found C, 37.60; H, 5.59; N, 9.71; S, 11.16%. IR (KBr, ν/
cm−1): 2926, 1611, 1567, 1304, 1478, 1440, 793, 755, 644, 1429, 3346,
1611, 1412, 3230. Λ (MeOH) = 174 S cm2 mol−1. UV−vis (MeOH,
λ/nm) = 214, 252, 364. MS (FAB+): m/z 501 ([M]+). 1H NMR (300
MHz, D2O, δ/ppm) = 1.72 (m, 3H), 2.64 (m, 2H), 2.72 (td, 1H), 3.25
(m, 2H), 3.68 (dd, 1H), 4.88 (dd, 1H), 7.28 (m, 2H), 7.70 (ddd, 1H),
8.85 (dd, 1H), JH

1
−H

1′ = 9.9 Hz, JH
2
−H

2′ = 5.4 Hz, JH
2
−H

3 = 9.3 Hz,
JH

2
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3
−H

3′ = 4.2 Hz, JH
4
−H

5 = 7.6 Hz, JH
4
−H

6 = 2.0 Hz,
JH

5
−H

6 = 15.0 Hz, JH
5
−H

7 = 2.0 Hz, JH
6
−H

7 = 5.4 Hz, JH
8
−H

8′ = 11.7 Hz,
JH

8
−H

9 = 4.5 Hz, JH
9
−H

9′ = 7.5 Hz, JH
8′−H9′ = 4.0 Hz. 13C NMR (75.5

MHz, D2O, δ/ppm) = 31.6, 25.1, 35.4, 167.0, 124.7, 138.6, 128.1,
155.8, 44.1. Single crystals were obtained from a methanolic solution
placed inside an ethyl ether chamber that was kept at 4 °C for a period
of 4 weeks.

[Ru(en)(pdto)](PF6)2·3H2O (1a) (Ethylenediamine) (2,2′-[1,2-
Ethanediylbis(sulfanediyl-2,1-ethanediyl)]dipyridine) Ruthenium
(II) Hexafluorophosphate Trihydrate. This compound was obtained
dissolving 500 mg of compound 1 in methanol. To the obtained
solution, two equivalents of NaPF6 (1.7 mmol, 0.293g) previously
dissolved in methanol was added drop by drop. The final mixture was
stirred until a yellow solid was obtained. The yellow powder was
washed three times with dichloromethane. Dichloromethane was
removed with the help of a rotary vapor. Elemental Anal. Calcd for
RuC18H34N4S2O3P2F12 (809.6 g/mol): C, 26.70; H, 4.23; N, 6.92; S,
7.92. Found: C, 26.64; H, 4.18; N, 6.89; S, 7.89.

[Ru(gly)(pdto)]Cl·6H2O (2) (Glycinato) (2,2′-[1,2-Ethanediylbis-
(sulfanediyl-2,1-ethanediyl)]dipyridine) Ruthenium (II) Chloride
Hexahydrate. For this compound, 0.75 g (1.00 mmol) of glycine
were dissolved in 10 mL of NH4OH:H2O (1:4) mixture. This mixture
was added to a solution containing 0.54 g (1 mmol) of [RuCl(pdto)-
(PPh3)]Cl·H2O and 40 mL of water. The final mixture was heated to
reflux by 3 h under constant stirrer. Final solution was concentrated,
and the yellow product was precipitated with ethyl ether. Purification
of the product was done by recrystallization using the water−methanol
solvent pair; the precipitate obtained was filtered under vacuum and
washed several times with ethyl ether. Yield 82.4%. Elemental Anal.
Calcd for RuC18H35N3O8S2Cl (623 g/mol): C, 34.69; H, 5.82; N,
6.74; S, 10.29. Found: C, 34.67; H, 5.58; N, 6.73; S, 10.28%. IR (KBr,
ν/cm−1): 1309, 1481, 769, 1594, 1436, 1332, 3137, 831. Λ (MeOH) =
108 S cm2 mol−1. UV−vis (MeOH, λ/nm) = 215, 250, 369. MS
(FAB+): m/z 480 ([M]+). 1H NMR (300 MHz, D2O, δ/ppm) = 1.59
(m, 2H), 1.64 (ddd, 1H), 1.66 (ddd, 1H), 1.73 (ddd, 1H), 2.53 (dd,
1H), 2.57 (td, 1H), 2.58 (td, 1H), 2.72 (dd, 1H), 2.76 (ddd, 1H), 2.8
(td, 1H), 3.18 (m, 3H), 3.64 (d, 1H), 4.84 (d, 1H), 7.25 (m, 3H), 7.65
(ddd, 1H), 7.68 (m, 2H), 8.82 (dd, 1H), 8.92 (dd, 1H), JH
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Hz, JH

1
−H
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2
−H
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2
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Hz, JH
5
−H

6 = 9.9 Hz, JH
7
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Hz, JH
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−H
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14 = 4.49 Hz, JH
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JH
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−H
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JH

21
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21′ = 11.7 Hz, JH
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22′ = 6.0 Hz. 13C NMR (75.5 MHz, D2O, δ/
ppm) = 20.2, 20.7, 24.3, 28.3, 30.1, 40.6, 118.7, 120.0, 121.8, 122.0,
133.1, 133.5, 150.3, 150.4, 158.2, 160.3, 179.7. Suitable crystals for
crystallographic study were obtained from a methanolic solution
placed inside an ethyl ether chamber that was maintained at 4 °C by 3
weeks.
[Ru(gly)(pdto)]PF6·2H2O (2a) (Glycinato) (2,2′-[1,2-Ethanediylbis-

(sulfanediyl-2,1-ethanediyl)]dipyridine) Ruthenium (II) Hexafluor-
ophosphate Dihydrate. Compound 2a was obtained employing the
same methodology described to get compound 1a. In this case, only
one equivalent of NaPF6 was used (8.73 mmol, 0.146 g). Elemental
Anal. Calcd for RuC18H28N3S2O4PF6 (661 g/mol): C, 32.72; H, 4.27;
N, 6.36; S, 9.70. Found: C, 32.69; H, 4.11; N, 6.34; S, 9.67.
[Ru(acac)(pdto)]Cl·2H2O (3) (Acetylacetonato) (2,2′-[1,2-

Ethanediylbis(sulfanediyl-2,1-ethanediyl)]dipyridine) Ruthenium
(II) Chloride Dihydrate. The synthesis of this compound was done
employing 100 μL (1.00 mmol) of acetylacetone that was dissolved in
10 mL of methanol. To the resulting solution, 61 μL (1 mmol) of
triethylamine was added under constant stirrer. This mixture was
added to a solution previously prepared with 0.54 g (1.00 mmol) of
[RuCl(pdto)(PPh3)]Cl·H2O and 40 mL of methanol. Final solution
was kept under reflux by 3 h. Once that time has passed, the solution
was concentrated and the product was precipitated with the addition
of ethyl ether. The solid obtained was filtered under vacuum and
washed several times with ethyl ether. The compound was purified
through a neutral alumina chromatographic column using a
CH2Cl2:CH3OH (5:1) mixture as the eluent. Yield 89.8%. Elemental
Anal. Calcd for RuC21H31N2S2O4Cl (576 g/mol): C, 43.77; H, 5.42;
N, 4.86; S, 11.13%. Found: C, 43.7; H, 5.4; N, 4.84; S, 11.08. IR (KBr,
ν/ cm−1): 3424, 2920, 1604, 1312, 1478, 777, 604, 1437, 1569, 1512,
1396, cm−1, Λ = 85 S cm2 mol−1. UV−vis (MeOH, λ/nm) = 218, 251,
349, 380. MS (FAB+): m/z 505 ([M]+). 1H NMR δ = 1.07 (s, 3H),
1.72 (m, 2H), 2.6 (td, 1H), 2.74 (ddd, 1H), 2.96 (ddd, 1H), 3.31
(ddd, 1H), 4.71 (s, 1H), 7.07 (t, 1H), 7.11 (dd, 1H), 7.51 (t, 1H), 8.65
(d, 1H), JH
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2
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2′ = 3.3 Hz, JH
2
−H

3 = 13.6 Hz,
JH

2′−H3′ = 5.10 Hz, JH
3
−H

3′ = 4.8 Hz, JH
4
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5 = 7.5 Hz, JH
4
−H

6 = 1.5 Hz,
JH

5
−H

6 = 15.0 Hz, JH
5
−H

7 = 2.0 Hz, JH
6
−H

7 = 5.4 Hz. 13C NMR δ = 32.5,
25.9, 34.0, 164.7, 126.7, 138.3, 123.7, 154.8, 99.8, 188.3, 188.3, 28.5,
28.5. Suitable single crystals for X-ray diffraction study were obtained
once the counterion was interchanged by the addition of the
concentrate solution of sodium hexafluorophosphate under constant
stirring. The precipitated product was filtered under vacuum and
washed several times with ethyl ether; once dry, the solid was dissolved
in methanol and the resulting solution was left at 4 °C to produce the
slow evaporation of the solvent.
[Ru(acac)(pdto)]PF6·2H2O (3a) (Acetylacetonato) (2,2′-[1,2-

Ethanediylbis(sulfanediyl-2,1-ethanediyl)]dipyridine) Ruthenium
(II) Hexafluorophosphate Dihydrate. This compound was obtained
following the same methodology than the used to get compound 2a.
Elemental Anal. Calcd for RuC21H31N2S2O4PF6 (686 g/mol): C,
36.78; H, 4.55; N, 4.08; S, 9.35. Found: C, 36.80; H, 4.54; N, 4.09; S,
9.38.
The stability of Ru(II) coordination compounds in water and PBS

was determined following the absorption of the maxima associated
with a MLCT of the complexes, that is, the absorption at 364, 369, and
380 nm for compounds 1, 2, and 3, respectively. After two months of
monitoring, no evidence of displacement of the absorption maxima
was found and only absorbance decrease was detected. The
absorbance decrease is only of 20% compared with the determination
done just before dissolving the compounds. A similar percentage
decrease (23%) was determined for the compounds in PBS. Thus, the
half-life of these compounds in water and PBS is greater than two
months.
Single Crystal X-ray Diffraction. A suitable single crystal of

compounds 1 and 2 were mounted on a glass fiber and crystallo-
graphic data were collected with an Oxford Diffraction Gemini “A”

diffractometer with a CCD area detector with λMoKα = 0.71073 Å and
monochromator of graphite. CrysAlisPro and CrysAlis RED software
packages were used for data collection and integration.32 The double
pass method of scanning was used to exclude any noise. The collected
frames were integrated by using an orientation matrix determined from
the narrow frame scans. Final cell constants were determined by a
global refinement; collected data were corrected for absorbance by
using analytical numeric absorption correction using a multifaceted
crystal model based on expressions upon the Laue symmetry using
equivalent reflections.33a On the other hand, crystallographic data for
compound 3 was collected on a Siemens P4 diffractometer with λMoKα
= 0.71073 Å and monochromator of graphite.33b

Structures solutions and refinement were carried out with the
SHELXS-2014 and SHELXL-2014 packages.34 WinGX v2014.1
software was used to prepare material for publication.35 Full-matrix
least-squares refinement was carried out by minimizing (Fo

2 − Fc
2)2.

All non-hydrogen atoms were refined anisotropically.
The H atoms of the aqua group (H−O) and the H atoms of the

amine group (H−N) were located in the difference map and refined
isotropically with Uiso(H) = 1.5 for H−O and 1.2 for H−N. H atoms
attached to C atoms were placed in geometrically idealized positions
and refined as riding on their parent atoms, with C−H = 0.93−0.99 Å
and with Uiso(H) = 1.2Ueq(C) for aromatic and methylene groups and
Uiso(H) = 1.5Ueq(C) for methyl groups. Crystal data and experimental
details of the structure determination of 1−3 are listed in Table S1 in
the Supporting Information.

The crystal of compound 3 loses crystallinity during the X-ray data
collection, and it has been only possible to collect a fraction of 69%
before sample degradation. However, with the collected data it is
possible to resolve and refine the molecule (see Supporting
Information). Only polycrystalline powder samples have been
obtained of compound 3 after several unsuccessfully attempts to
obtain a new crystal, hence the difficulty to collect complete, high-
quality X-ray data.

The crystallographic data for the structures reported in this paper
has been deposited with the Cambridge Crystallographic Data Centre
as supplementary publication no. CCDC 917271−917273. Copies of
the data can be obtained free of charge on application to CCDC, 12
Union Road, Cambridge, CB2 1EZ, UK (fax: (+44) 1223−336−033,
e-mail: deposit@ccdc.cam.ac.uk).

Electrochemistry. All electrochemical measurements were per-
formed in CH3CN solution containing 0.1 M tetrabutylammonium
tetrafluoroborate (TBABF4) as supporting electrolyte. All electro-
chemical experiments were acquired using a potentiostat/galvanostat
PAR-273. A typical three-electrode array was employed: platinum disk
as working electrode, platinum wire as counter-electrode, and a pseudo
reference electrode of silver. All solutions were bubbled with nitrogen
prior each measurement. All potentials were reported versus the
couple Fc/Fc+ according to IUPAC convention.36 A ΔEp for couple
Fc/Fc+ of 0.090 V (scan rate = 0.10 V s−1) was obtained in the
experimental conditions. Because of the electrochemical response of
chloride ions in MeCN, the electrochemical behavior of all complexes
was evaluated using its corresponding PF6

− salts, 1a, 2a, and 3a. The
counterion exchange does not affect the potential were the signals for
the electrochemical processes of metal center and ligand were
observed.

Computational Details. To extract the electronic properties of
the Ru complexes, a full geometry optimization was calculated starting
from the available crystal structures. The optimization was performed
using density functional theory with the m062x20 level of theory using
a 6-311G(d,p) basis set. The M06 family of DFT functionals have
been proven to be adequate for these types of compounds.37a,b No
negative frequency was detected, ensuring a well converged structural
optimization. Charge and multiplicity values were +2/1 for 1 and +1/1
for compounds 2 and 3. Bond and angle comparison between the
experimental and calculated structures is presented in Table S1 in the
Supporting Information. All quantum mechanics calculations were
done in the gas phase using the D.01 version of the g09 program.38

Parasite Culture. E. histolytica HM1-IMSS trophozoites were
axenically grown in TYI-S33 medium.39 Amoebas (1 × 105 of live
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trophozoites) were placed in tubes with 3 mL of TYI-S33 medium and
the corresponding compound of each compound previously dissolved
in sterile water so that the final concentrations were as follows: 1000,
100, 10, 1, 0.1, and 0.01 μM. Amoebic trophozoites viability was
assessed employing two vital markers (1) trypan blue (Sigma, 0.4%,
liquid, sterile-filtered) and (2) carboxyfluorescein diacetate (Vybrant
CFDA SE cell tracer kit, Invitrogen USA) and propidium iodide (1.0
mg/mL solution in water, Invitrogen, USA). Counts were done at 24,
28, and 72 h under a microscope using a hemocytometer by two
different persons. In brief, samples of 100 μL containing around 1 ×
104 treated parasites were added with 100 μL of Trypan Blue 0.4% or 1
μL of 5 μM CFDA and 1 μL of 1.5 μM propidium iodide, mixed and
incubated at room temperature for 15 min.
The reactive oxygen species (ROS) determination was done using

MitoSOX (Thermo Fisher Scientific) following the provider’s
protocol. Briefly, trophozoites exposed during 72 h to the IC50 values
of the corresponding Ru(II) compounds previously determined were
unattached by putting the flask on ice for 5 min. After washed three
times with PBS 1×, 3 μL of MitoSOX was added to the trophozoites
and then incubated by 15 min at 37 °C under an atmosphere of 5% of
CO2. Once the incubation time was reached, the stained trophozoites
were washed three times with PBS 1× to eliminate the dye excess.
Determinations were performed in a flow cytometer BD FACSCanto.
Peripheral Human Blood Lymphocytes Cultures. Lympho-

cytes Culture. Lymphocytes were obtained from blood samples of a
healthy individual with written consent. Lymphocytes were isolated in
a Ficoll gradient and then placed in Petri dishes with supplemented
RPMI 1640 medium on sterile conditions at 37 °C under 5% CO2.
Lymphocytes were sorted by flow cytometry using a specific F4/80
antibody.
Human Peripheral Blood Lymphocytes (HPBL) Viability Assays.

Effect of Ru(II) coordination compounds on lymphocytes viability was
determined by three independent assays by triplicate. For each
experiment, 1 × 105 lymphocytes per well were added in a 96 well-
plate with 90 μL of supplemented RPMI 1640 plus 10 μL of the
corresponding coordination compounds at final concentrations of 0.1,
1, 10, 100, and 1000 μM in each well. The exposures to each of the
coordination compounds were up to 60 h. Viability was assessed
employing two vital markers (1) Trypan Blue (Sigma, 0.4%, liquid,
sterile-filtered) and (2) carboxyfluorescein diacetate (Vybrant CFDA
SE cell tracer kit, Invitrogen, USA) and propidium iodide (1.0 mg/mL
solution in water, Invitrogen, USA). Counts were done every 12 h up
to 60 h under a microscope using a hemocytometer by two different
persons. In brief, samples of 100 μL containing around 1 × 104 treated
lymphocytes were added with 100 μL of Trypan Blue 0.4% or 1 μL of
5 μM CFDA and 1 μL of 1.5 μM propidium iodide, mixed, and
incubated at room temperature for 15 min.
In Vivo Methodology. To determine the in vivo activity of Ru(II)

coordination compounds, these were administered to CD1 male mice
8 weeks old were placed in cages with water and food ad libitum. The
compounds were previously dissolved in sterile water and doses of 5
mg/kg of body weight40 were deposited in the stomach of the mice
with the aid of a cannula every 12 h during 3 days. For counting
parasites in the mice faeces, they were sampled every 12 hours during
the 3 days of treatment and an extra sample was collected 5 days after
treatment ended. During all this time, weight and temperature of mice
were monitored. For the counting of parasites, 1 mg of faeces samples
were diluted in 20 μL of sterile saline solution. Cysts and trophozoites
of each sample were counted in a hemocytometer and compared with
the faeces samples of control mice without treatment. The protocol
entitled “Effect of Ruthenium Water-Soluble Compounds on Intestinal
Murine Amebiasis” with the number 246 was submitted and approved
by the Ethical Committee for the Care and Use of Laboratory Animals
of the Institute for Biomedical Research.
Amoebic Liver Abscess in Hamster. Experimental acute

amoebic liver abscess was induced following the technique described
by Perez-Tamayo.41 Briefly, 1 × 105 axenic trophozoites of E.
histolytica were injected into the portal vein of hamsters. After 12 h of
trophozoites inoculation, the IC50 of the corresponding compound
determined in vitro was administered to the hamsters intraperitoneally.

Four groups of three animals each were used for the determinations,
one of them used as a negative control (administered with
physiological solution). The compounds were solubilized in a final
volume of 300 μL of physiological solution. Then 96 h
postadministration, the animals were sacrificed in a CO2 chamber
and the liver was collected for histopathological analysis.
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(22) (a) Villalba, J. D.; Goḿez, C.; Medel, O.; Sańchez, V.; Carrero,
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