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Searching for prospective vanadium-based drugs for the treatment of Chagas disease, a new series of
heteroleptic [VIVO(L-2H)(NN)] compounds was developed by including the lipophilic 3,4,7,8-
tetramethyl-1,10-phenanthroline (tmp) NN ligand and seven tridentate salicylaldehyde semicarbazone
derivatives (L1–L7). The compounds were characterized in the solid state and in solution. EPR spectroscopy
suggests that the NN ligand is bidentate bound through both nitrogen donor atoms in an axial–equatorial
mode. The EPR and 51V-NMR spectra of aerated solutions at room temperature indicate that the compounds
are stable to hydrolysis and that no significant oxidation of VIV to VV takes place at least in 24 h. The
complexes are more active in vitro against Trypanosoma cruzi, the parasite responsible for Chagas disease,
than the reference drug Nifurtimox and most of them are more active than previously reported [VIVO(L-2H)(NN)]
complexes of other NN co-ligands. Selectivity towards the parasite was analyzed using J-774 murine macrophages
as mammalian cell model. Due to both, high activity and high selectivity, L2, L4, L5 and L7 complexes could be
considered new hits for further drug development. Lipophilicity probably plays a relevant role in the bioactivity of
the new compounds. The [VIVO(L-2H)(NN)] compounds were designed aiming DNA as potential molecular target.
Therefore, the novel L1–L7 tmp complexes were screened by computational modeling, comparing their
DNA-binding features with those of previously reported [VIVO(L-2H)(NN)] compounds with different NN
co-ligands. Whereas all the complexes interact well with DNA, with binding modes and strength tuned in different
extents by the NN and semicarbazone co-ligands, molecular docking suggests that the observed anti-T. cruzi activity
cannot be explained upon DNA intercalation as the sole mechanism of action.

© 2015 Elsevier Inc. All rights reserved.
1. Introduction

Chagas disease (American trypanosomiasis) is an endemic illness
that affects around 10 million people in Latin America, mainly living in
poverty-stricken areas. It causes more deaths than any other parasitic
disease in this region and is considered by WHO as one of the 17
neglected diseases due to lack of interest in the development of new
drugs shown by the pharmaceutical industry. Moreover, Chagas disease
is becoming an emerging health problem in non-endemic areas, such as
United States, Australia and some European countries, because of grow-
ing population movements. The disease is produced by the protozoan
parasite Trypanosoma cruzi (T. cruzi) and transmitted to themammalian
98 29241906.
host through the bite of specific triatomine bugs. Although the occur-
rence of acute cases has diminished due to efforts in controlling the vec-
tor transmission undertaken by the countries involved in the WHO
Southern Cone Initiative, more efficient and less toxic drugs capable of
circumventing increasing drug resistance are urgently needed to treat
chagasic patients.

The current chemotherapies are based on the old nitroaromatic
drugs Benznidazole and Nifurtimox. However, both show several toxic
effects on the patients and almost no activity in the chronic phase of
the disease. Nevertheless, only very few new compounds have ad-
vanced to clinical trials, since their introduction in the clinical practice
more than 40 years ago [1–5].

The development of bioactive metal compounds has demonstrated
to be a promising approach in the search for new antiparasitic drugs.
This strategy has led to the identification of some prospective metal-
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based drugs against highly prevalent parasitic illnesses, such as Chagas
disease, malaria, leishmaniasis and amoebiasis [6–10]. The biological
relevance of vanadium has led to increasing research on the potential
medicinal uses of its compounds [11] and many vanadium-based pro-
spective drugs have been proposed towards the treatment of several
types of diseases. Traditionally the research on vanadium medicinal
chemistry has focused on improving biodistribution and tolerability of
the vanadium insulin-enhancing core or on the development of anti-
tumor compounds [12–17]. More recently, some research groups
began to dedicate efforts for the development of vanadium prospective
agents against parasites that provoke some of the most prevalent para-
sitic illnesses [16–18].

In particular, our group has been working on the rational design of
oxidovanadium(IV)-based compounds bearing activity against T. cruzi
by including polypyridyl ligands (NN) having DNA intercalating capac-
ity. This strategy points out at DNAas a potential parasite target andwas
inspired by two main facts: i) compounds able to modify nucleic acids
have shown high interest for anti-tumor drug design and ii) highly
proliferative cells, such as tumor cells and trypanosomatid parasites,
show many metabolic similarities [19]. In particular, it is well
known that many compounds that efficiently interact with DNA also
exert anti-trypanosomal activity and that different homoleptic and
heteroleptic oxidovanadium(IV) compounds with polypyridyl ligands
have shown antitumoral properties [20–25]. Under this strategy
two families of structurally related compounds with the formulae
[VIVO(SO4)(H2O)2(NN)] and [VIVO(L-2H)(NN)], have been synthe-
sized, fully characterized and their biological activity evaluated on
the parasite [18,26–32]. The series of twenty five heteroleptic
[VIVO(L-2H)(NN)] compounds,where L are the tridentate salicylaldehyde
semicarbazone derivatives L1–L5 (Fig. 1) and NN is either dipyrido[3,2-a:
2′,3′-c]phenazine (dppz), 2,2′-bipyridine (bipy), 1,10-phenanthroline
(phen), 5-amine-1,10-phenanthroline (aminophen) or 5,6-epoxy-5,6-
dihydro-1,10-phenanthroline (epoxyphen), included several compounds
with very interesting biological properties. Namely, most of the
VIVO-compounds were more active than Nifurtimox. Moreover, in
general they were several-fold more active than the polypyridyl
ligands included in their coordination spheres. The in vitro
anti T. cruzi activity resulted mainly dependent on the nature of the
NN ligand and almost independent of the chemical nature of the sub-
stituents R1 and R2 in the salicylaldehyde moiety (Fig. 1). Neverthe-
less, the brominated semicarbazone ligands tend to generate the
most active compounds in each series. The phen, epoxyphen and
aminophen series showed very high selectivity to the parasite in re-
spect to mammalian cell models.

Having twenty five structurally related compounds, a QSAR study
was carried out to get a design guide for further drug development.
The results highlighted the relevance of the lipophilicity of the com-
pounds and of the structure of the NN co-ligand on the anti-T. cruzi ef-
fect. The π-expanded systems dppz, phen and phen derivatives may
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Fig. 1. Salicylaldehyde semicarbazone ligands L1–L7 and new heteroleptic VIVO-comp
intercalate between base pairs of DNA. Moreover, the highly electro-
philic epoxyphenmay reactwith protein nucleophiles andDNA through
the epoxide-moiety,while thenucleophilic aminophenmay react/inter-
act with biological electrophiles through the amino moiety. The QSAR
study led to a design guide for the development of new compounds,
with improved biological profiles [31,32].

In respect to the mechanism of action of the compounds, their inter-
action with DNAwas assessed through different techniques: agarose gel
electrophoresis, viscosity measurements and atomic force microscopy
(AFM) [18,26–32]. In addition, a metabolomic study carried out by incu-
bating the parasite with the two most active VIVO-compounds pointed
themitochondrion and/or related enzymatic systems as potential targets
for these complexes. In addition, coordination to vanadiummay improve
bioavailability due to increased lipophilicity of the phenanthroline deriv-
atives upon coordination [32].

In the currentworkwe further expand the series of [VIVO(L-2H)(NN)]
compounds by including the more lipophilic 3,4,7,8-tetramethyl-1,10-
phenanthroline (tmp, Fig. 1) asNN ligand and by enlarging the previous
group of semicarbazone ligands (L1–L5) with the inclusion of two new
halogenated derivatives: 5-chlorosalicylaldehyde semicarbazone (L6)
and 3,5-dibromosalicylaldehyde semicarbazone (L7). These structural
modifications were designed to further evaluate the effect of lipophilic-
ity and the presence of halogen substituents on the anti-T. cruzi activity.

Aiming to get a deeper insight into the probable mechanism of ac-
tion across the whole family of compounds, computational modeling
was carried out to compare the ability of each of the six series of com-
plexeswith different NN co-ligands to intercalate DNA. For this purpose
DNAmolecular dockingwas assessed for the seven new tmp complexes
and for the head of each of the previously reported [VIVO(L-2H)(NN)]
series (L = L1; NN = bipy, phen, dppz, aminophen or epoxyphen).

2. Materials and methods

2.1. Materials

All common laboratory chemicals were purchased from commercial
sources and used without further purification. Semicarbazone ligands
L1–L7 (Fig. 1) were synthesized from an equimolar mixture of the cor-
responding aldehyde and semicarbazide and characterized by C, H and
N elemental analyses, and FTIR spectroscopy [31–36].

2.2. Syntheses of the oxidovanadium(IV) complexes, [VIVO(L-2H))(tmp)],
1–7

The [VIVO(L-2H)(tmp)] complexes, where L = salicylaldehyde
semicarbazone (L1), 5-bromosalicylaldehyde semicarbazone (L2),
2-hydroxy-3-methoxybenzaldehyde semicarbazone (L3),
3-ethoxysalicylaldehyde semicarbazone (L4), 5-bromo-2-hydroxy-3-
methoxybenzaldehyde semicarbazone (L5), 5-chlorosalicylaldehyde
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ounds 1–7 including 3,4,7,8 tetramethyl-1,10-phenanthroline (tmp) as co-ligand.
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semicarbazone (L6) or 3,5-dibromosalicylaldehyde semicarbazone (L7)
and tmp= 3,4,7,8-tetramethyl-1,10-phenanthroline, were synthesized
using the following general procedure: 0.375 mmol of L (67 mg L1,
97 mg L2, 78 mg L3, 84 mg L4 or 108 mg L5, 80 mg L6, 127 mg L7)
and 0.375 mmol (89 mg) of tmp were suspended in 20 mL of absolute
ethanol previously purged with nitrogen for 10 min. [VIVO(acac)2]
(0.375 mmol, 100 mg) was dissolved in 5 mL of absolute ethanol,
previously purged with nitrogen, and was added to the previous
mixture. This was then heated and refluxed under nitrogen for 24 h.
The brown-orange solid formed was filtered off from the hot mixture,
and washed three times with 2 mL portions of EtOH:Et2O (1:1).

2.2.1. [VIVO(L1-2H)(tmp)]·H2O, 1
Yield: 125 mg, 67%. Anal. calc. for C24H25N5O4V: C, 57.8; H, 5.1; N,

14.0. Found: C, 57.6; H, 5.1; N, 14.0. ESI-MS (electrospray ionization
mass spectra) (MeOH) m/z [found (calcd)]: 237.1 (237.14) (25%)
[tmp + H]+, 259.1 (259.12) (100%) [tmp + Na]+, 481.3 (481.12)
(40%) [M+ H]+. ΛM(DMSO): 4.0 μS/cm2.

2.2.2. [VIVO(L2-2H)(tmp)]·H2O, 2
Yield: 137 mg, 63%. Anal. calc. for C24H24BrN5O4V: C, 49.9; H, 4.2; N,

12.1. Found: C, 50.1; H, 4.5; N, 11.9. ESI-MS (MeOH)m/z [found (calcd)]:
237.1 (237.14) (100%) [tmp+H]+, 259.1 (259.12) (90%) [tmp+Na]+

and 559.1 (559.03) (85%), 560.1 (20%), 561,1 (90%), 562,1 (20%) (Br iso-
topic pattern) [M+ H]+. ΛM(DMSO): 3.4 μS/cm2.

2.2.3. [VIVO(L3-2H)(tmp)]·H2O, 3
Yield: 125 mg, 63%. Anal. calc. for C25H27N5O5V: C, 56.8; H, 5.1; N,

13.2. Found: C, 56.6; H, 5.2; N, 13.2. ESI-MS (MeOH) m/z [found
(calcd)]: 237.1 (237.14) (80%) [tmp + H]+, 259.1 (259.12) (80%)
[tmp + Na]+, 511.3 (511.13) (100%) [M + H]+, 555.2 (555.11) (25%)
[M+ 2Na–H]+. ΛM(DMSO): 1.6 μS/cm2.

2.2.4. [VIVO(L4-2H)(tmp)]·1/2 H2O, 4
Yield: 127 mg, 65%. Anal. calc. for C26H25N5O3V·½ H2O: C, 58.5; H,

5.3; N, 13.1. Found: C, 58.7; H, 5.0; N, 13.2. ESI-MS (MeOH) m/z [found
(calcd)]: 237.1 (237.14) (10%) [tmp + H]+, 259.1 (259.12) (60%)
[tmp+ Na]+, 525.3 (525.15) (65%) [M + H]+. ΛM(DMSO): 2.0 μS/cm2.

2.2.5. [VIVO(L5-2H)(tmp)], 5
Yield: 167 mg, 76%. Anal. calc. for C25H24BrN5O4V: C, 50.9; H, 4.1; N,

11.9. Found: C, 50.6; H, 4.4; N, 11.5. ESI-MS (MeOH)m/z [found (calcd)]:
237.1 (237.14) (30%) [tmp + H]+, 259.1 (259.12) (30%) [tmp + Na]+,
589.0 (589.05) (100%), 590.1 (30%), 591.0 (100%), 592.0 (30%) (Br iso-
topic pattern) [M+ H]+, 611.0 (611.03) (12%) (also shows isotopic Br
pattern) [M+ Na]+. ΛM(DMSO): 3.5 μS/cm2.

2.2.6. [VIVO(L6-2H)(tmp)]·H2O, 6
Yield: 97 mg, 48%. Anal. calc. for C24H24ClN5O4V: C, 54.1; H, 4.5; N,

13.1. Found: C, 54.3; H, 4.8; N, 13.2. ESI-MS (MeOH) m/z [found
(calcd)]: 237.1 (237.14) (10%) [tmp + H]+, 259.1 (259.12) (100%)
[tmp + Na]+ and 515.1 (515.09) (7%), 516.1 (2%) (Cl isotopic pattern)
[M+ H]+. ΛM(DMSO): 2.2 μS/cm2.

2.2.7. [VIVO(L7-2H)(tmp)]·H2O, 7
Yield: 137mg, 56%. Anal. calc. for C24H23Br2N5O4V: C, 43.9; H, 3.5; N,

10.7. Found: C, 44.0; H, 3.9; N, 10.3. ESI-MS (MeOH)m/z [found (calcd)]:
237.1 (237.14) (60%) [tmp + H]+, 259.1 (259.12) (80%) [tmp + Na]+,
637.1 (636.95) (40%), 638.1 (10%), 639.0 (80%), 640.0 (20%), 641.0
(42%), 642.0 (10%) (2Br isotopic pattern) [M + H]+. ΛM(DMSO):
1.7 μS/cm2.

2.3. Physicochemical characterization

C, H and N analyses were carried out with a Thermo Scientific Flash
2000 elemental analyzer. Conductometric measurements were done at
25 °C in 10−3 M DMSO solutions using a Conductivity Meter 4310
Jenway [37]. Measurements were done over time in order to access
the stability of the complexes in this medium. A 500-MS Varian Ion
TrapMass Spectrometer was used to measure ESI-MS of methanolic so-
lutions of the complexes in the positive mode (after dissolution of the
complexes in a very small amount of DMF, N,N-dimethylformamide).
A combination of several scans was made for each sample.

The FTIR absorption spectra (4000–300 cm−1) of the complexes and
the free ligands were measured as KBr pellets with a Shimadzu
IRPrestige-21 instrument. 51V-NMR spectra of ca. 3 mM solutions of
the complexes in DMF (p.a. grade) (5% D2O was added) were recorded
on a Bruker Avance III 400 MHz instrument. 51V chemical shifts were
referenced relative to neat VOCl3 as external standard. EPR spectra
were recorded at 77 K with a Bruker ESP 300E X-band spectrometer
coupled to a Bruker ER041 X-band frequency meter (9.45 GHz). The
complexes were dissolved at room temperature in DMF p.a. grade, pre-
viously degassed by passing N2 for 10min, to obtain ca. 3mM solutions.
Complexes with non-halogenated semicarbazone ligands showed low
solubility and the obtained suspensions were separated by decantation
and ~300 μL samples were taken from the clear solutions and immedi-
ately frozen in liquid nitrogen formeasurement of their EPR spectra. The
solutions were allowed to stand under air at room temperature for 24 h
after which 51V NMR spectra were measured (5% D2O was added). For
complex 2 several ~300 μL samples were periodically also collected
(and frozen in liquid nitrogen) for EPR analysis within 24 h of standing
always in contact with air at room temperature. The spin Hamiltonian
parameters were obtained by simulation of the spectra with a program
developed by Rockenbauer and Korecz [38].

2.4. Biological studies

2.4.1. Anti-T. cruzi activity
T. cruzi epimastigotes (Tulahuen 2 strain) were grown at 28 °C in an

axenic medium (BHI-Tryptose) supplemented with 5% fetal bovine
serum (FBS) as previously described [39,40]. Cells from a 10-day-old
culture (stationary phase) were inoculated into 50 mL of fresh culture
milieu to give an initial concentration of 106 cells/mL. Cell growth was
followed every day by measuring the absorbance of the culture at
600nm. Before inoculation, themediumwas supplementedwith the in-
dicated amount of the studied complexes from a freshly prepared stock
solution in DMSO. The activity of the co-ligand tmp was also deter-
mined. Nifurtimox (Nfx) was used as the reference trypanosomicidal
drug. The final concentration of DMSO in the culture medium never
exceeded 0.4%, and the control was run in the presence of 0.4% DMSO
and in the absence of the studied compounds. No effect on epimastigote
growth was observed due to the presence of up to 1% DMSO in the cul-
ture milieu.

The percentage of inhibition (PGI) was calculated as follows: PGI
(%) = {1− [(Ap − A0p) / (Ac − A0c)]} × 100, where Ap = A600 nm of
the culture containing the studied compound at day 5; A0p = A600 nm

of the culture containing the studied compound just after addition of
the inocula (day 0); Ac = A600 nm of the culture in the absence of the
studied compound (control) at day 5; A0c = A600 nm in the absence of
the studied compound at day 0. To determine IC50 values (50% inhibito-
ry concentrations) parasite growth was followed in the absence (con-
trol) and presence of increasing concentrations of the corresponding
compound. At day 5, the absorbance of the culture was measured and
related to the control. The IC50 value was taken as the concentration of
compound under study necessary to reduce the absorbance ratio to 50%.

2.4.2. Cytotoxicity on mammalian cells
J-774murine macrophage-like cells (ATCC, USA) were maintained by

passage in Dulbecco's modified Eagle's medium (DMEM) containing
4 mM L-glutamine, and supplemented with 10% heat inactivated
fetal calf serum and 1% of antibiotics (10,000 U/mL penicillin and
10,000 μg/mL streptomycin). J-774 cells were seeded (1 × 105 cells/
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well) in 96 well microplates with 200 μL of RPMI 1640 medium supple-
mented with 20% heat-inactivated fetal calf serum. Cells were allowed
to attach for 48 h in a humidified 5% CO2/95% air atmosphere at 37 °C
and, then, exposed to the studied complexes (1.0–50.0 μM) for 48 h.
The cytotoxicity of co-ligands tmp was also determined. Afterwards, cell
viability was assessed bymeasuring themitochondrial-dependent reduc-
tion of 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
(MTT) (Sigma) to formazan. For that purpose, MTT was added to cells
to a final concentration of 0.4 mg/mL and cells were incubated at 37 °C
for 3 h. After removing the milieu, formazan crystals were dissolved in
DMSO (180 μL), and the absorbance at 595 nm was read using a micro-
plate spectrophotometer.

Cytotoxicity percentages (% C) were determined as follows: % C =
[100 − (ODd − ODdm) / (ODc − ODcm)] × 100, where ODd is the
mean of OD595 nm of wells with macrophages and different concentra-
tions of the compounds; ODdm is themean of OD595 nm ofwells with dif-
ferent compound concentrations in the milieu; ODc is the growth
control and ODcm is the mean of OD595 nm of wells with milieu only.
Results are expressed as IC50 (compound concentration that reduces
50% control absorbance at 595 nm). Every reported IC50 is the average
of three different experiments. The selectivity indexes, SI, were
expressed as the ratio between IC50 in macrophages and IC50 in
T. cruzi (Tulahuen 2 strain) [41].

2.5. Lipophilicity studies

Reversed-phase TLC experimentswere doneon precoated TLC plates
SIL RP-18W/UV254 and eluted with MeOH:DMF:buffer Tris–HCl 10 mM
pH7.4 (85:5:10, v/v/v). Stock solutionswere prepared in puremethanol
(Aldrich) prior to use. The plates were developed in a closed chromato-
graphic tank, dried and the spots were located under UV light. The Rf

values were averaged from two to three determinations, and converted
to RM via the relationship: RM = log10 [(1 / Rf) − 1] [42–44].

2.6. DNA interaction assessed by computational modeling

The ability to interactwith a 20-mer B-DNAduplex of the new seven
[VO(L-2H)(tmp)] complexes (1–7 in Fig. 2) and the heads of the other
five NN series [VO(L1-2H)(NN)] (NN = phen, bipy, aminophen,
epoxyphen, and dppz, respectively identified as 8–12 in Fig. 2) was ex-
plored by computational modeling combining a density functional the-
ory (DFT) structural characterization of the complexes in solution and
ligand–DNA docking.

2.6.1. Preparation of the structure of ligands and B-DNA template
Previous to ligand–DNA docking, the structure of the twelve VIVO-

complexes under study (1–12 in Fig. 2) was fully optimized in aqueous
solution, described by a continuum model (IEF-PCM [45] with Bondi
atomic radii [46]). Grimme's UB97-D density functional including dis-
persion [47] was used with the 6–31+ G(d,p) basis set [48] to describe
H/C/N/O/Cl/Br atoms and the LANL2DZ pseudopotential and the associ-
ated basis set [49,50] were assigned to vanadium. The nature of all spe-
cies asminimawas verified by analytic Hessian calculations at the same
level of theory. All these calculations were done using Gaussian09 rev.
D.01 software [51].

Following a docking protocol recently proposed and validated
[52–54] to identify two of the main DNA binding modes (intercalation
and minor groove recognition) without biases with AutoDock [55,56],
a canonical B-DNA template containing a preformed intercalation
site at the central base steps of the ds(CAGTGCATACGTGGGCTCCA)
20-mer was built. For this purpose, molecular dynamics simulations
(MD) in aqueous solution were run with the AMBER 12 suite [57] on
the complex established with ellipticine, a well-known DNA
intercalator [58] (see further details on the force fields [59–61] and sim-
ulation conditions [62–64] applied in the Supporting information, that
includes Fig. S1, displaying the structural features of the DNA template).
After ellipticine removal, the resulting DNA structure incorporating the
intercalation gap at the CG central steps of the duplex was used for
docking.

2.6.2. Ligand–DNA duplex docking
All docking studies were done using AutoDock 4.2 [55,56].

Gasteiger–Marsili charges were used [65]. Parameters for VIV were in-
cluded in AutoDock's parameters file (Rii and ii values for VIV ion were
based on AutoDock parameters for transition metals [66]). Since the
precise location of the ligands in DNA was unknown, a grid map of
60 × 60 × 126 points with a resolution of 0.675 Åwas applied to explore
the entire macromolecule surface, with the maps initially centered on
the whole DNA 20-mer. Each docking experiment consisted of 25 inde-
pendent runs, with an initial population of 50 individuals and a
maximum of 50 × 106 energy evaluations and 27,000 generations
(as optimized by Ricci and Netz [53]). For the remaining parameters,
AutoDock 4.2 default values were used. Results differing by less than
2.0 Å in root-square-deviation (RMSd) were grouped into the same
cluster. Theoretical dissociation constants (Kd) were calculated
from the free energy of binding (ΔGbind) according to the following
equation Kd = exp(ΔGbind / RT) with T = 298 K. As Huey et al. [56]
clearly stated AutoDock 4.2 employs an empirical free energy force
field specially designed to estimate ligand–macromolecule binding
constants Kb (the inverse of Kd) by capturing both enthalpic and en-
tropic contributions to the formation of the complex in a limited
number of terms enabling the calculation of ΔGbind.

3. Results and discussion

Seven new VIVO-complexes of the tridentate salicylaldehyde
semicarbazone derivatives L1–L7 and tmp as bidentate co-ligand
(Fig. 1) were synthesized with reasonable yields. The new compounds
were characterized in the solid state and in solution using different
techniques. Analytical, TGA, conductimetric, and ESI-MS, FTIR and EPR
spectroscopic results are in agreement with the proposed formulation:
[VIVO(L-2H)(tmp)]·xH2O. Their molecular formulae are also depicted
in Fig. 1. The compounds are non-conducting in DMSO. ESI-MS experi-
ments confirmed their molecular formulation, as the M + H+ peak
was present in the spectra of all compounds. The peaks assigned to
the tmp ligand (tmp + H+ at 237.1) and its sodium adduct
(tmp+Na+ at 259.1) were also present in all spectra. The isotopic pat-
terns due to the presence of one or two Br atoms in complexes 2, 5 and 7
were identified in the peaks assigned to the metal complexes. The 3:1
isotopic pattern due to the chlorine atom in complex 6 was also ob-
served in the [M+ H]+ peak.

3.1. Characterization of the complexes in the solid state

3.1.1. IR spectroscopic studies
Tentative assignments of themain IR bandsweremade based on our

previous reports on vibrational behavior of metal complexes of
salicylaldehyde semicarbazone derivatives [26,28,29,31–36,67–69].
Some selected IR bands and their assignment are presented in Table 1.
The absence of the ν(C_O) bands, present in the ligands spectra at
around 1672–1698 cm−1, indicates the enolization of the amide func-
tionality upon coordination to vanadium. Instead, strong bands at ca.
1600–1620 cm−1 are observed, which are characteristic of the coordi-
nation of the ligand enolate forms [68].

The shift of ν(C_O) andν(C_N) bands and the absence of the sharp
weak phenolic ν(OH) (in the 3430–3500 cm−1 region) and of the
ν(NH) (in the 3150–3190 cm−1 region) bands are in agreement with
tridentate coordination of the semicarbazone ligand through the car-
bonylic oxygen (OC_O), the deprotonated azomethyne nitrogen
(Nazomethyne) and the deprotonated phenolic oxygen (Ophenolate). In ad-
dition, the complexes show a characteristic strong peak at around
960 cm−1 assigned to ν(V_O). All the spectral modifications observed



Fig. 2. PCM–DFT structures of the oxidovanadium(IV) complexes modeled in aqueous solution: [VO(L1-2H)(tmp)], 1, [VO(L2-2H)(tmp)], 2, [VO(L3-2H)(tmp)], 3, [VO(L4-2H)(tmp)],
4, [VO(L5-2H)(tmp)], 5, [VO(L6-2H)(tmp)], 6, [VO(L7-2H)(tmp)], 7, [VO(L1-2H)(phen)], 8, [VO(L1-2H)(bipy)], 9, [VO(L1-2H)(aminophen)],10, [VO(L1-2H)(epoxyphen)], 11, and
[VO(L1-2H)(dppz)], 12.
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upon complexation agree with those previously reported for other
[VIVO(L-2H)(NN)] analogous complexes [26,28,31–34].
3.2. Characterization of the complexes in solution

EPR studies were carried out to further characterize the new
VIVO-complexes. In addition, as the biological activity of the com-
plexes was tested in vitro in aerated diluted solutions and with incu-
bating periods of several days, additional spectroscopic studies were
done to understand the stability of the new complexes at room tem-
perature towards hydrolysis and/or oxidation of VIV and to compare
it with the equivalent data previously reported for [VIVO(L-2H)(NN)]
complexes with different NN co-ligands [28,31,32].
Thus, the solutions were prepared and kept at room temperature
and samples were periodically collected and frozen in liquid nitrogen.
The X-band EPR spectra were measured for DMF solutions at 77 K and
are shown in Fig. 3. The EPR spectra are similar for all seven tmp com-
plexes, each depicting a pattern corresponding to the presence of only
one species. All spectra were simulated and the determined spin
Hamiltonian parameters are included in Table 2.

The g values and hyperfine coupling constants are in agreement
with those obtained for related [VIVO(L-2H)(NN)] compounds in
which NN refers to phen, bipy, dppz, aminophen and epoxyphen:
gz ~ 1.948±0.008 and Az ~ 159.8±0.4× 10−4 cm−1. These parameters
were previously assigned to complexes with binding modes including
the semicarbazone as a tridentate ligand bound equatorially
by Ophenolate, Nazomethyne andOC−O, and the phenanthroline-type ligands



Table 1
Tentative assignment of selected IR bands of the [VIVO(L-2H)(tmp)] complexes 1–7. Bands
for the free semicarbazone ligands L1–L7 are included for comparison. Band positions are
given in cm−1.

Compound ν(VO) ν(CO) ν(CN)a ν(OH) ν(NH)

L1 [22] – 1695 1593 3493 3155
[VIVO(L1-2H)(tmp)], 1 959 1618 1599 – –

L2 [22] – 1698 1596 3470 3170
[VIVO(L2-2H)(tmp)], 2 961 1614 1599 – –

L3 [22] – 1676 1586 3466 3160
[VIVO(L3-2H)(tmp)], 3 959 1617 1595 – –

L4 [22] – 1667 1593 3433 3160
[VIVO(L4-2H)(tmp)], 4 959 1618 1598 – –

L5 [22] – 1672 1572 3477 3191
[VIVO(L5-2H)(tmp)], 5 960 1618 1593 – –

L6 – 1682 1579 3480 3157
[VIVO(L6-2H)(tmp)], 6 960 1619 1597 – –

L7 – 1674 1600 3473 3177
[VIVO(L7-2H)(tmp)], 7 961 1611 1593 – –

Crystallization solvent molecules were not included for simplicity.
a The bands assigned to ν(C_N) (azomethine) are associatedwith the aromatic (C_C)

stretching bands [69].

Table 2
SpinHamiltonian parameters obtained by simulation of the EPR spectrameasured at 77 K.

Compound gx,gy gz Ax,Ay × 104 cm−1 Az × 104 cm−1

[VO(L1-2H)(tmp)], 1 1.986 1.953 55.2 159.4
[VO(L2-2H)(tmp)], 2 1.985 1.952 54.9 159.8
[VO(L3-2H)(tmp)], 3 1.986 1.954 55.3 159.8
[VO(L4-2H)(tmp)], 4 1.986 1.954 55.8 159.9
[VO(L5-2H)(tmp)], 5 1.986 1.952 54.7 159.7
[VO(L6-2H)(tmp)], 6 1.985 1.952 54.8 159.5
[VO(L7-2H)(tmp)], 7 1.986 1.953 55.5 160.1
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bound as bidentate through the two N donors, in a equatorial–axial
mode [26,28,31,32].

In some of the previously reported systems a solvolysis species was
often also detected, particularly for the bipy complexes, but in the
Fig. 3. First derivative of the EPR spectra measured at 77 K for the [VO(L-2H)(tmp)]
complexes 1–7 in DMF.
present cases only one species is clearly identified in the EPR spectra, in-
dicating that besides being resistant to oxidation the solutions of the
new tetramethylphenanthroline heteroleptic complexes kept at room
temperature are also quite stable towards solvolysis.

In order to further evaluate the stability towards hydrolysis and/or
oxidation of VIV, a solution of complex 2 dissolved in DMF was kept at
room temperature over a 24 h period and ~300 μL sampleswere period-
ically collected and frozen in liquid nitrogen, and their EPR spectramea-
sured. The obtained spectra are shown in Fig. 4.

As shown in Fig. 4B, there is a slight increase in spectral intensity
within the first five hours, that has also been previously observed with
this type of complexes due to their slow dissolution. After 24 h the in-
tensity of the spectrum was ca. 85% of the intensity at 5 h, but no new
species could be detected by EPR. Overall, it can be concluded that com-
plex 2 shows quite high stability towards hydrolysis and/or oxidation of
VIV. This was corroborated by 51 V NMR spectroscopy as no peaks due to
VV-species were observed after 24 h. Similar behavior can be expected
for the other complexes of the series, since 24 h after dissolving the
complexes in DMF no color changes were observed and no signals
were detected by 51 V NMR spectroscopy, indicating that the complexes
are stable and do not significantly oxidize within this time frame.

From the solution spectroscopic characterization it can be concluded
that the [VO(L-2H)(tmp)] complexes are stable and resistant to solvol-
ysis and oxidation in DMF, similarly to their [VO(L-2H)(aminophen)]
and [VO(L-2H)(phen)] analogs [32]. Moreover, they aremuchmore sta-
ble than the bipy and epoxyphen complexes, which showed oxidation
within hours [28,31,32]. Therefore, upon dissolution in the media,
which will be in contact with cells, we anticipate that the complexes
will behave similarly.
3.3. Biological results

3.3.1. In vitro anti-T. cruzi activity and unspecific cytotoxicity
The VIVO-complexes and the tmp co-ligand were evaluated in vitro

for their anti-T. cruzi activity against epimastigotes of Tulahuen 2 strain
and their selectivity was analyzed using murine macrophages, J-774.
Macrophages are among the first cells with which T. cruzi has contact
in the entry process into a mammalian host. Therefore, they are widely
used as mammalian cell models for determining toxicity on mammals
and selectivity against parasites [70,71].

The obtained IC50 values are included in Table 3. The new
salicylaldehyde semicarbazone derivatives L6 and L7 were not active,
analogously to previously reported results for L1–L5 (IC50 N 25 μM) [31].

In molar units all new VIVO–vanadium complexes were more active
than the reference drug Nifurtimox and four of them more active than
tmp. They are among the most active compounds of the whole
[VIVO(L-2H)(NN)] series. In addition, all showed good selectivity index-
es (in the range 10–204), particularly themost active ones. As previous-
ly postulated for the other [VIVO(L-2H)(NN)] compounds, the
complexes of brominated ligands L2, L5 and L7 are the most active
and most selective. In addition, the complex of the chlorinated ligand
L6 is five times less active than the complex of the brominated analog
L2. Four of the complexes are more selective than the free tmp ligand.



A B

Fig. 4. First derivative of the EPR spectra measured at 77 K for solutions of complex 2 in DMF (3.0 mM). The solution was kept at room temperature in contact with air and samples were
periodically collected and frozen at the indicated time periods. A— full field region measured and B— central region of the EPR spectra. The compound is moderately soluble and the in-
tensity of the EPR spectra increased with time up to 5 h. All spectra were measured with the same acquisition parameters: 5 scans, gain = 1.78 × 104, modulation amplitude = 2, time
constant and conversion time = 20.48.
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Due to their high activity and high selectivity, complexes 2, 4, 5 and 7
may be considered new hits for further drug development.
3.4. Lipophilicity studies

Lipophilicity of the new complexes and the free ligandswas evaluat-
ed using reversed-phase TLC experiments where the stationary phase,
precoated TLC-C18, simulates lipids of biological membranes or recep-
tors, and the selected mobile phase resembles the aqueous biological
milieu. The composition of themobile phase,MeOH:DMF:Tris–HCl buff-
er 10 mM pH 7.4 (85:5:10, v/v/v), is the one previously used to test the
othermembers of the series, thus, allowing comparison of thewhole se-
ries [31,32]. Thismethodology iswidely accepted bymedicinal chemists
as an alternative method to evaluate experimental lipophilicity [72].
Table 4 summarizes the RM values for each tmp compound.

As expected the new complexes are more lipophilic than their phen
analogous compounds [31]. In addition, as previously reported for the
rest of the series the complexes are more lipophilic than the free tmp
and semicarbazone ligands [31,32].

In the QSAR study previously reported for the whole [VIVO(L-2H)(NN)]
series, [32]we found that the optimal RM value formaximal anti-T. cruzi ac-
tivity should be close to 1.29. Herein, we confirmed that some of the most
active complexes, i.e. 2 and 4, fit very well this requirement. Other deriva-
tiveswith valueswith RMnear this one, i.e. derivative 3were outliers, prob-
ably due to other mechanism(s) of action being determinant to their
biological activity.
Table 3
In vitro biological activity on T. cruzi (Tulahuen 2 strain) and onmacrophages J-774 of the
oxidovanadium(IV) complexes, Nifurtimox (Nfx) and the tmp co-ligand. SD values are
included.

Compound IC50 (μM)
T. cruzi (Tulahuen 2)

IC50 (μM)
J-774 murine macrophagesa

SI

[VIVO(L1-2H)(tmp)], 1 3.2 ± 0.5 31 ± 3 10
[VIVO(L2-2H)(tmp)], 2 0.27 ± 0.09 25 ± 2 93
[VIVO(L3-2H)(tmp)], 3 3.5 ± 0.9 45 ± 5 13
[VIVO(L4-2H)(tmp)], 4 0.5 ± 0.1 18 ± 1 37
[VIVO(L5-2H)(tmp)], 5 0.25 ± 0.08 51 ± 8 204
[VIVO(L6-2H)(tmp)], 6 1.3 ± 0.3 18 ± 1 12
[VIVO(L7-2H)(tmp)], 7 0.6 ± 0.1 33 ± 3 55
tmp 0.7 ± 0.1 12 ± 1 17
Nfx 7.7 ± 0.3 [32] 316.0 ± 0.5 [41] 41

SI: selectivity index = IC50 macrophages (μM)/IC50 T. cruzi.
a Values are the average of three sets of experiments.
3.5. Interaction with DNA as explored by molecular docking

Our strategy of antitrypanosomal vanadium-based drug design has
been supported on the development of newheteroleptic vanadium com-
pounds by selection of different NNDNA intercalating co-ligands, aiming
DNA as the potential target [26,28,31,32]. Therefore, having now six re-
lated [VIVO(L-2H)(NN)] series, including six different NN co-ligands
and seven salicylaldehyde semicarbazone derivatives (L1–L7), it would
be pertinent to compare their DNA interaction ability and to evaluate if
the biological activity could be correlated with it, assessing the way this
feature is modulated by changes in the nature of both the L-2H and NN
co-ligands. For this purpose the interaction mode with DNA for the
seven new tmp complexes 1–7 as well as for the five previous heads of
series (L = L1) identified as species 8–12 in Fig. 2, was determined and
compared through computational modeling with the corresponding
tmp new complex.

3.5.1. Ligand–DNA binding mode and strength
The bindingmodes resulting from DNA docking are shown in Figs. 5

and 6, superimposed by groups of compounds to facilitate a comparison
of the predicted binding modes within the tmp series (compounds 1–7,
Fig. 5A) and across the heads of each of the six [VIVO(L1-2H)(NN)] series
(compounds 1 and 8–12, Figs. 5B and 6). The relative strength of each
DNA-interaction across the whole 1–12 series, as predicted by
AutoDock, is reported in Table 5.

Compounds 9 and 12, heads of the NN = bipy and dppz series, are
taken here as benchmark for assessing the predictive capacity of the
docking experiments by comparison to the well-documented behavior
of octahedral RuII species: [Ru(bipy)2dppz]2+ and [Ru(phen)2dppz]2+

are known to strongly interact with DNA by intercalating the dppzmoi-
ety between two base pairs [58,73,74] while [Ru(bipy)3]2+ does not
Table 4
RM values obtained for the VIVO-complexes 1–7. The values for the free semicarbazones,
tmp and Nfx are included for comparison.

Compound RM Compound RM

[VIVO(L1-2H)(tmp)], 1 1.38 L1 −0.75 [31]
[VIVO(L2-2H)(tmp)], 2 1.21 L2 −0.75 [31]
[VIVO(L3-2H)(tmp)], 3 1.19 L3 −0.035 [31]
[VIVO(L4-2H)(tmp)], 4 1.20 L4 −0.66 [31]
[VIVO(L5-2H)(tmp)], 5 1.17 L5 0.12 [31]
[VIVO(L6-2H)(tmp)], 6 1.18 L6 −0.67
[VIVO(L7-2H)(tmp)], 7 0.77 L7 −0.78
tmp −0.055 Nfx 1.22 [31]



Fig. 5. Predicted DNA-bindingmode as compared within and across series. (A) Compounds 1–7. Color code: 1 red, 2 cyan, 3 blue, 4 yellow, 5 pink, 6 gray, 7 green. (B) Compounds 1, and
8–11. Color code: 1 red, 8 orange, 10 purple, 11 black. DNA strands A/B are evidenced in the nucleobase labels. The binding mode of compounds 9 and 12 is shown in Fig. 6.
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intercalate at all, even atmicromolar concentrations [58,75], showing that
they correctly discriminate between DNA groove binders (9, Fig. 6B) and
intercalators (12, Fig. 6A).

The dppzmoiety of 12 appears deeply intercalated in the DNAminor
groove between G15A/C16A, slightly angled and protruding from the
base-pair stack into the major groove (Fig. 6A), closely resembling the
intercalation mode of Λ-[Ru(phen)2dppz]2+ at a GG site [76].
Compound 9 binds into the minor groove near the 5′ end of the DNA
20-mer, rich in G … C steps. In both cases the \NH2 group present in
Fig. 6. Predicted DNA-binding mode for [VIVO(L1-2H)(dppz)], 12 (A) and [VIVO(L1-2H)(bipy)
correctly discriminate between intercalators and groove binders.
the L1 moiety donates hydrogen-bond to O atoms from G14A (Fig. 6A)
or fromA4B's phosphate (Fig. 6B). Compounds 1–7, 8, and 10 all display
a wedge-like partial intercalation mode (Fig. 5), approaching DNA from
the minor groove as 12, but with the phen moiety of each NN co-ligand
contacting G15B/C16B and the rest of the ring exposed to the solvent
(see further details in Fig. S2 in the SI), in accordance with the interca-
lating mode reported for Λ-[Ru(phen)3]2+ [77]. Finally, bearing
epoxyphen as NN co-ligand makes 11 a minor groove binder
(Fig. 5B) such as 9, but placed immediately above the intercalation
], 9 (B) considered as benchmarks for determining the reliability of the docking model to



Table 5
Trends on the strength of the ligand–DNA interaction for species 1–12 in terms of binding
free energies (ΔGbind) and dissociation constants (Kd) as predicted by AutoDock 4.2.a

Species ΔGbind (kcal/mol) Kd (M)

[VIVO(L1-2H)(tmp)] 1 −9.2 1.79 × 10−7

[VIVO(L2-2H)(tmp)] 2 −9.1 2.19 × 10−7

[VIVO(L3-2H)(tmp)] 3 −8.3 7.65 × 10−7

[VIVO(L4-2H)(tmp)] 4 −8.5 5.64 × 10−7

[VIVO(L5-2H)(tmp)] 5 −8.7 3.89 × 10−7

[VIVO(L6-2H)(tmp)] 6 −9.3 1.51 × 10−7

[VIVO(L7-2H)(tmp)] 7 −8.6 5.28 × 10−7

[VIVO(L1-2H)(phen)] 8 −7.8 1.90 × 10−6

[VIVO(L1-2H)(bipy)] 9 −7.0 3.97 × 10−5

[VIVO(L1-2H)(aminophen)] 10 −7.8 1.90 × 10−6

[VIVO(L1-2H)(epoxyphen)] 11 −6.6 1.44 × 10−5

[VIVO(L1-2H)(dppz)], 12 −10 4.63 × 10−8

a See Section 2.6.2 for a description and references on the calculation of these
magnitudes.
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gap, at a G… C rich site almost central in the DNA 20-mer. This shows
how phen replacement by epoxyphen impairs the intercalative
ability of the co-ligand. All this evidence globally confirms that the
nature of the NN co-ligand is the main factor in defining the
DNA binding mode of these species.

Regarding the strength of the DNA interactions predicted by
molecular docking, it is worth to recall here that whereas AutoDock 4.2
scoring functions are of value to compare relative binding affinities in a se-
ries of similar compounds, they have been shown to overemphasize
H-bonding (eventually favoring as top scores structures with
RMSd N 2 Å from the available crystal structures [52,53]). Thus a quanti-
tative use of the binding affinities in Table 5 as predictors to discriminate
between species with dissimilar DNA binding modes is not advised. The
top scoring structures reported here are good to qualitatively evaluate
unknown binding modes and as a starting point for determination of
ΔGbind with more sophisticated modeling methods.

In general terms, minor groove DNA binders 9 and 11 are thosewith
lower affinity (predicted highest Kd values) in agreement with experi-
ments on related RuII complexes [58]. Among the minor groove
intercalators, compound 12 establishes the strongest interaction with
DNA through dppz co-ligand, followed by the new seven species corre-
sponding to the tmp series (1–7). Tetramethyl substitution in phen ap-
pears to confer 1–7 enhanced affinity towards DNA with respect to 8.
The substitution on the phenol moiety of the semicarbazone ligand
along the [VIVO(L-2H)(tmp)] series seems to have very low incidence
on the DNA affinity when introduced at the R2 position (1, 2, and 6 in
Fig. 5A and Table 5), being the effects more appreciable when intro-
duced at R1, resulting in a diminished DNA-affinity (3–5 and 7, Fig. 5A
and Table 5). Contrasting the DNA affinity data in Table 5 with the bio-
logical anti-T. cruzi activity reported for the tmp series in Table 3 and for
the other five NN series in references [31] and [32], no clear correlation
is found among both sets, suggesting that although most of the species
under study display good DNA intercalating capacity (improved at the
seven new compounds) DNA noncovalent interaction would not ex-
plain the observed profiles of biological activity for these species.
Further research focusing on the identification of the key features of
the mechanism of action underlying the high activity and selectivity of
the new hits for drug development reported here is needed and has
been undertaken by us conducting a more complete computational
screening of the properties of the six [VIVO(L-2H)(tmp)], which is
currently under progress.

4. Conclusions

The previous series of heteroleptic VIVO-complexes, [VIVO(L-2H)(NN)],
including tridentate salicylaldehyde semicarbazone derivatives as ligands
(L = L1–L5) and different polypyridyl co-ligands NN, was expanded. A
new series of [VIVO(L-2H)(tmp)], where tmp= 3,4,7,8-tetramethyl-1,10-
phenanthroline and L = L1–L5 or the new halogenated derivatives
5-chlorosalicylaldehyde semicarbazone (L6) or 3,5-dibromosalicylaldehyde
semicarbazone (L7), was synthesized and characterized in the solid state
and in solution by a combination of techniques. As in the previous series,
the VIV-center is in octahedral environmentwith the tmp ligand coordinat-
ed in an equatorial–axialmode and the tridentate semicarbazone ligandoc-
cupying the remaining equatorial positions.

The new complexes showed IC50 values in the low micromolar or
submicromolar range against T. cruzi epimastigotes. They were more
toxic to the parasite than most of the previously reported analogs and
the anti-trypanosomal drug Nifurtimox. Additionally, the new series of
compounds displayed good to high selectivities towards the parasite.
The complexes of the brominated ligands L2, L5 and L7 showed the low-
est IC50 values and the highest selectivity indexes.

A deeper insight into the mechanism of DNA interaction of the
complexes was gained from molecular docking, suggesting that
although the new species are good intercalators, DNA would not be
the sole molecular target explaining the observed high activity and
selectivity. Further research is currently ongoing to gain more insight
on the possible mechanism of action.

The lipophilicity seems to play a relevant role in the bioactivity of the
new compounds in agreement with the QSAR study, previously de-
scribed by us, that involved 25 structurally related [VIVO(L-2H)(NN)]
complexes with five different NN-ligands.
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