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Severalmixed ligand vanadiumand copper complexeswere synthesized containing 8-hydroxyquinoline (8HQ) and
a ligand such as picolinato (pic−), dipicolinato (dipic2−) or a Schiff base. The complexeswere characterized by spec-
troscopic techniques and by single-crystal X-ray diffraction in the case of [VVO(L-pheolnaph-im)(5-Cl-8HQ)] and
[VVO(OMe)(8HQ)2], which evidenced the distorted octahedral geometry of the complexes. The electronic absorp-
tion data showed the presence of strong ligand to metal charge transfer bands, significant solvent effects, and
methoxido species in methanol, which was further confirmed by 51V- NMR spectroscopy. The structures of
[CuII(dipic)(8HQ)]Na and [VIVO(pic)(8HQ)] were confirmed by EPR spectroscopy, showing only one species in
solution. The biological activity of the compounds was assessed through the minimal inhibitory concentration
(MIC) of the compounds against Mycobacterium tuberculosis (Mtb) and the cytotoxic activity against the cisplatin
sensitive/resistant ovarian cells A2780/A2780cisR and the non-tumorigenic HEK cells (IC50 values). Almost all
tested vanadium complexes were very active against Mtb and the MICs were comparable to, or better than, the
MICs of drugs, such as streptomycin. The activity of the complexes against the A2780 cell line was dependent on
incubation time presenting IC50 values in the 3–14 μM(at 48 h) range. In these conditions, the complexes were sig-
nificantly (*P b 0.05–**P b 0.001) more active than cisplatin (22 μM), in the A2780 cells and even surpassing its ac-
tivity in the cisplatin-resistant cells A2780cisR (2.4–8 μM vs. 75.4; **P b 0.001). In the non-tumorigenic HEK cells
poor selectivity toward cancer cells for most of the complexes was observed, as well as for cisplatin.

© 2014 Elsevier Inc. All rights reserved.
1. Introduction

Tuberculosis is a pulmonary infection disease initiated by the
pathogenic bacteria Mycobacterium tuberculosis (Mtb) [1]. Despite the
development of potentially curative chemotherapy, tuberculosis is re-
sponsible for the death of about 2 million people and is still a leading
cause of humanmortality in the world. In addition, the treatment is ex-
pensive, is extended and also causes several side effects and acquired re-
sistance. Therefore many researchers are searching for new alternative
compounds for the treatment of tuberculosis, showingminimum inhib-
itory concentrations (MICs) comparable to, or better than, the reference
drugs used in the treatment of this infectious disease [2–4].

Structures derived from biologically active natural products are very
important in drug discovery [5]. The 8-hydroxyquinolines (quinolin-8-
.

ols) are known for their antimicrobial properties, among other activities.
8-Hydroxyquinoline (8HQ) itself, is a privileged structure, which is pres-
ent in many bioactive natural products, and consequently it has been
used as a source for many drugs used in a diversity of diseases which in-
clude, amongmany others, neurodegenerative diseases [6,7] and herpes
[8]. Di-halogenated 8-hydroxyquinolines are a group of known drugs
showing anti-amoebic activity, as well as possessing antibacterial and
antifungal properties [9], andwere extensively used to treat intestinal in-
fections [10,11]. Namely, clioquinol (5-chloro-7-iodo-quinolin-8-ol= 5-
Cl-7-I-8HQ)waswidely used to treat diarrhea for around 30 years till the
1970s, andwas studied in Phase II trials for Alzheimer's disease [12]. 8HQ
has been considered promising for the treatment of tuberculosis [13–15],
but to our knowledge it was never used in clinical trials for this purpose.

These antimicrobial properties are considered to be non-selective,
and 8HQ derivatives are used topically for antimicrobial action, e.g.,
anticaries [16]. 8-Hydroxyquinoline has also been commonly used for
its chelating ability, especially for ZnII and CuII[7,17–19]. Cloxyquin (5-
chloroquinolin-8-ol = 5-Cl-8HQ) has shown activity against bacteria,
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fungi, and protozoa [20–23], and rather recently its anti-tuberculosis ac-
tivity against Mtb, as well as of many other 8-hydroxyquinolines, in-
cluding multidrug-resistant strains, was reported [24,14,15]. One of
the most potent compounds of this class is 8HQ itself [15].

Substantial progress has been made in the field of tuberculosis re-
search over the last 20 years, which focused mainly on the control of
the infection. However, Mtb is still a worldwide health problem, due to
the emergence of multi-drug resistant strains of Mtb, and to the associa-
tion of Mtb and HIV infections, that has caused a global increase in Mtb
[25]. First-line drugs for treatment of tuberculosis comprise: isoniazid, ri-
fampin, ethambutol, pyrazinamide and streptomycin [25]. Resistance to
these drugs results in treatment failure and the need for application of
second-line drugs with a prolonged period of therapy. Even in these
cases treatment frequently fails [26,27]. Consequently, there is the need
for new anti-tuberculosis agents, especially those with distinct mecha-
nisms of action, so that resistance to the current drugsmay be overcome.

Cancer is a class of diseases characterized by unregulated cell growth
and represents a major public health problem worldwide [28]. The in-
crease in survival rates is due to better cancer treatment, in particular
tomore efficient anticancer drugs.Metallo-drugs like cisplatin and its de-
rivatives have been widely used for the treatment of cancer patients;
however, these compounds have severe side effects (e.g., nephrotoxicity,
toxicity, nausea and vomiting) and acquired resistance. For this reason,
there is also much interest in synthesizing new metal compounds,
whichmight be effective for treatment and have less adverse side effects.

Our group has been developing research in the medicinal chemistry
field, focusing on the development of transition metal complexes for
therapeutic use [29–32], since the application of metal complexes as
therapeutic agents is well established, particularly in the anti-cancer
field. The anti-microbial activity of vanadium compounds has not been
much explored. Namely, only a few studies have been published on va-
nadium complexes with activity against M. tuberculosis[33–35]. Taking
this into account, as well as the importance of 8-hydroxyquinolines
in medicine, and the fact that metal complexes with drugs may display
increased biological activity when compared to the free drugs, we
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Scheme 1. Schematic molecular structures of some of
developed vanadium and copper complexes containing 8HQ and other
ligands such as picolinic (or dipicolinic) acid or a Schiff base, and inves-
tigated their biological activity. Their structural formulae are depicted in
Scheme 1. The complexes were fully characterized by spectroscopic
methods and X-ray diffraction in selected cases. Their biological activity
was assessed through an anti-tuberculosis activity assay (determination
of their MICs) and a cancer cell-growth inhibition assay (determination
of their IC50 values).

2. Experimental

2.1. Materials and methods

All common laboratory chemicals were purchased from commercial
sources and used without further purification. Synthesized compounds
were characterized byC,H andNelemental analyses, andby FTIR, circular
dichroism (CD), 1H, 51V NMR and EPR spectroscopies (whenever
appropriate).

2.2. Synthesis of the complexes

2.2.1. [VIVO(L-pheolnaph-im)]2 (1)
The precursor compound 1 was prepared by adapting a procedure

reported in the literature [36].

2.2.2. [VVO(naph-L-Pheol-im)(8HQ)] (2) and [VVO(naph-L-Pheol-im)
(5-Cl-8HQ)] (3)

The procedure for the preparation of compounds 2 and 3was as fol-
lows: 0.40mmol of the appropriate 8-hydroxyquinoline (0.060 g of 8HQ
for 2 or 0.070 g of 5-chloro-8-hydroxyquinoline for 3) was added to a
tetrahydrofuran (THF) solution (20 mL) of complex 1 (0.15 g,
0.40 mmol). The mixture was stirred for 24 h at room temperature
and 100 mL of water was then added to the dark red mixture obtained.
The precipitatewasfiltered,washedwithwater and n-hexane and dried
under vacuum.
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2.2.2.1. [VVO(L-pheolnaph-im)(8HQ)] (2). Yield: 43% (0.09 g). Elemental
analysis calcd. (%) for C29H23N2O4V: C 67.71, H 4.51, and N 5.45;
found: C 68.2, H 4.8, and N 5.1. 51V NMR (300 MHz, CDCl3, δV/ppm):
−493.6 (major) and−482.6 (minor).

2.2.2.2. [VVO(L-pheolnaph-im)(5-Cl-8HQ)] (3). Yield: 64% (0.14 g).
Elemental analysis calcd. (%) for C29H22N2O4ClV·0.5C6H14: C 64.93,
H 4.94, and N 4.73; found: C 65.0, H 4.4, and N 4.8. 51V NMR (300
MHz, CDCl3, δV/ppm):−495.6 (major) and−484.6 (minor). Crystals
of 3 suitable for single crystal X-ray diffraction were grown from 1,2-
dichloroethane solution.

2.2.3. [VIVO(pic)(8HQ)] 4
10 mL of an ethanolic solution of VIVO(acac)2 (0.53 g, 2.0 mmol)

(acac = acetylacetone) and 10 mL of 2-picolinic acid (0.246 g,
2.0 mmol) in ethanol weremixed. Themixturewas stirred under nitro-
gen for 1 h and then 10 mL of 8-hydroxyquinoline (0.29 g, 2.0 mmol)
and NaOH (0.08 g, 0.2 mmol) was added. The color of the solution
changed from green to brown and precipitation occurred. The brown
precipitatewaswashedwith diethyl ether, filtered and dried under vac-
uum. Elemental analysis calcd. (%) for C15H10N2O4V·1.2H2O: C 50.78,
H 3.52, and N 7.90; found: C 50.7, H 3.3, and N 7.7. UV–Vis (λmax/nm
and ε/M−1 cm−1): 271 (9340), 330 (2800), 388 (2500) and 580
(800). FTIR: ν(V_O) = 964 cm−1.

2.2.4. [VVO(Sal-Gly)(8HQ)] 5
Salicylaldehyde (sal, 0.610 mL, 5.0 mmol) was added to a water

solution (10 mL) of glycine (0.375 g, 5.0 mmol) and NaOH (0.40 g,
10 mmol). The mixture was stirred for 1 h, then a solution of
VIVO(acac)2 (1.13 g, 5.0 mmol) was added. This mixture was stirred
for another hour, followed by addition of 8HQ (0.73 g, 5.0 mmol) and
NaOH (0.4 g, 5 mmol) in ethanol. The mixture was stirred for 4 h
and the precipitate formed was washed with diethyl ether and ethanol,
filtered and dried under vacuum. Elemental analysis calcd. (%) for
C18H13N2O5V·1.5H2O: C 52.06, H 3.88, and N 6.75; found: C 52.26,
H 3.5, and N 6.6. 51V NMR (DMF, δV/ppm): −494.1 (100%) and
−530.0 (60%). UV–Vis (λmax/nm and ε/M−1 cm−1): 275 (10920),
319 (4760), 363 (3730) and 570 (1870).

2.2.5. [CuII(dipic)(8HQ)]Na 6
10 mL solution of copper acetate (0.40 g, 2.0 mmol) and 10 mL of

dipicolinic acid (0.33 g, 2.0 mmol), both in ethanol, were stirred
together for an hour. Then, 10 mL solution of 8HQ (0.29 g, 2 mmol)
and NaOH (0.080 g, 2.0 mmol) in ethanol was added. The mixture
was stirred for 4 h and the precipitate formed was washed with diethyl
ether and ethanol, filtered and dried under vacuum. Elemental analysis
calcd. (%) for C16H9N2O5CuNa·1.4H2O: C 48.28, H 2.99, and N 7.04;
found: C 48.3, H 2.7, and N 7.0. UV–Vis (λmax/nm and ε/M−1 cm−1):
274 (14,000), 340 (1550), 430 (2260) and 770 (45).

2.2.6. [VVO(OMe)(8HQ)2] 7
A solution of 8-hydroxyquinoline (0.145 g, 1.0 mmol) in acetone (10

mL) was added to a solution of [VIVO(acac)(pydx-aebmz)] (0.48 g,
1.0 mmol), where pydx-aebmz is the Schiff base obtained by condensa-
tion of pyridoxal and 2-(2-aminoethyl)-benzimidazole [37], in acetone
(40 mL) and stirred for 5 h. The brown color of the solution slowly
changed to green. After reducing the volume of the solvent to ca. 15
mL at reduced pressure and keeping at room temperature, a green pre-
cipitate was obtained within 24 h. This was filtered out and further dis-
solved in methanol (10 mL) with heating to give a brown solution.
Leaving the solution for slow evaporation in air resulted in brown crys-
tals of [VVO(OMe)(8HQ)2] suitable for X-ray diffraction analysis. Yield:
0.237 g (61%). Using methanol directly gave a brown solution from
which a similar brown complex was separated after reducing the sol-
vent volume and keeping at room temperature. Anal. calc. for
C19H15N2O4V: C 59.08, H, 3.91, and N, 7.25%. Found: C, 59.5, H, 3.7, and
N, 7.3%. 51V NMR (MeOD-d4, δV/ppm): −470.0. UV (λmax/nm): 206,
209, 240, 328, 384 and 504.

2.3. Physicochemical characterization

C, H and N analyses were carried out with a Carlo Erba
Model EA1108 elemental analyzer. The FTIR absorption spectra
(4000–400 cm−1) of the complexes and the free ligandsweremeasured
with KBr pellets with a Bomen FTIR model M102 instrument. The
UV-visible (UV–Vis) absorption spectra were measured with a
Perkin Elmer Lambda 35 spectrophotometer. 51V NMR spectra of
the VV-complexes were recorded on a Bruker Avance III 400 MHz
instrument; 51V chemical shifts (δV) were referenced relative to
neat VOCl3 as external standard. The CD spectra were recorded
with a JASCO 720 spectropolarimeter with quartz Suprasil® cells. In
the 250–700 nm range the usual UV–Vis photomultiplier and 2 to
5 mm path length cells were used, while in the 400–1000 nm range 1,
2 or 5 cm path length quartz cells and a red-sensitive photomultiplier
(EXWL-308) as a detector were used.

2.4. Crystallographic study

Crystals suitable for single crystal X-ray diffraction studies of
[VVO(L-pheolnaph-im)(5-Cl-8HQ)] (3) and [VVO(OMe)(8HQ)2] (7)
were obtained by recrystallization from 1,2-dichloromethane and
ethanol, respectively. Three-dimensional X-ray data were collected
on a Bruker Kappa Apex CCD diffractometer at low temperature for
3 by the ϕ–ω scan method. Reflections were measured from a hemi-
sphere of data collected from frames each of them covering 0.3° in ω
for 3. Measurements were carried out on an Oxford Xcalibur Gemini,
Eos CCD diffractometer with graphite-monochromated CuKα (λ =
1.54178 Å) radiation for 7 and X-ray diffraction intensities were
collected (ω scans with ϑ and κ-offsets), integrated and scaled with
the CrysAlisPro suite of programs [38]. The unit cell parameters
were obtained by least-squares refinement (based on the angular
settings for all collected reflections with intensities larger than
seven times the standard deviation of measurement errors) using
CrysAlisPro for 7. Data were corrected empirically for absorption
employing the multi-scan method implemented in CrysAlisPro for
7. The structures were solved by direct methods with SHELXS-97
[39] and the molecular model refined by the full-matrix least-
squares procedure on F2 with SHELXL-97 [40]. The hydrogen atoms
were included in calculated positions and refined with the riding
model, except for C(9) and C(10) in 3, and C(1), C(3), C(5), C(7),
C(10), C(11), C(12), C(14) and C(15) in 7, which were located in a
difference Fourier map and left to refine freely. Further details of
the crystal structure determinations are given in Table 1. A final dif-
ference Fourier map showed no residual density outside: 0.595 and
−0.412 e·Å−3 for 3 and 0.525 and −0.461 e·Å−3 for 7. A weighting
scheme w= 1 / [σ2(Fo2) + (0.0710P)2 + 0.00000P] for 3 and w= 1 /
[σ2(Fo2) + (0.0515P)2 + 1.3893P] for 7, where P = (|Fo|2 + 2|Fc|2) /
3, were used in the latter stages of refinement. The crystal structure
data was deposited as CCDC 1000881 (for 3) and 812059 (for 7)
and contains the supplementary crystallographic data for the struc-
ture reported. The data can be obtained free of charge viahttp://
www.ccdc.cam.ac.uk/conts/retrieving.html, or from the Cambridge
Crystallographic Data Centre, 12 Union Road, Cambridge CB2 1EZ,
UK; fax: (+44) 1223 336 033; or e-mail: deposit@ccdc.cam.ac.uk.

2.5. Anti-M. tuberculosis activity assay

The anti-Mtb activity of some of the ligands and of the vanadium
complexes was determined by the Resazurin Microtiter Assay (REMA)
[41]. Stock solutions of the compounds were prepared in DMSO and di-
luted in Middlebrook 7H9 broth (Difco Laboratories), supplemented
with oleic acid, albumin, dextrose and catalase (OADC enrichment

http://www.ccdc.cam.ac.uk/conts/retrieving.html
http://www.ccdc.cam.ac.uk/conts/retrieving.html
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Table 1
Crystal and structure refinement data for 3 and 7.

Formula C31H26Cl3N2O4V (3) C19H15N2O4V (7)
Mr 647.83 386.27
T [K] 100(2) 153.2
λ, Å [Mo, Kα] 0.71073 0.71073
Crystal system Monoclinic Monoclinic
Space group P21 P21/c
a [Å] 10.6045(5) 13.982(3)
b [Å] 11.4552(6) 7.8774(16)
c [Å] 12.0644(7) 15.497(3)
β [°] 104.058(3) 109.84(3)
Z 2 4
Volume [Å3] 1421.65(13) 1605.6(6)
Dcalcd[g/cm−3] 1.513 1.598
μ mm−1 0.672 0.647
Reflections measured 17,791 14,758
Independent reflectionsa 5576 2389
R(int) 0.0557 0.0576
Goodness-of-fit on F2 1.032 1.001
R1

b 0.0478 0.0438
wR2 (all data)b 0.1321 0.1197

a I N 2σ(I).
b R1 = ∑||F0| − |Fc|| / ∑|F0| andwR2 = {∑[w(||F0|2 − |Fc|2|)2] / ∑[w(F04)]}1/2.
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BBL/Becton Dickinson, Sparks, MD, USA), to obtain final drug concentra-
tion ranges from0.15 to 250 μg/mL. The serial dilutionswere carried out
with a Precision XS Microplate Sample Processor (BioTek™). The isoni-
azidwas dissolved in distilledwater, according to the recommendations
of the manufacturer (Difco Laboratories, Detroit, MI, USA), and used as
a positive control. M. tuberculosis H37Rv ATCC 27294 was grown for
7–10 days in Middlebrook 7H9 broth supplemented with OADC, plus
0.05% Tween 80 to avoid clumps.

Suspensions were prepared and their turbidities matched to the op-
tical density of the McFarland no. 1 standard. After a further dilution of
1:25 inMiddlebrook 7H9 broth supplementedwith OADC, 100 μL of the
culture was transferred to each well of the 96-well microtiter plate
(NUNC), together with the test compounds. Each assay was set up in
triplicate. Microplates were incubated for 7 days at 37 °C, and then
resazurin was added for the reading after 24 h of incubation in the
same conditions. The wells that turned from blue to pink, with the
development of fluorescence, indicated growth of bacterial cells, while
maintenance of the blue color indicated bacterial inhibition [41,42].
The fluorescence was read (530 nm excitation filter and 590 nm
emission filter) in a SPECTRAfluor Plus (Tecan) microfluorimeter. As
positive control the MIC of isoniazid was determined on each micro-
plate. The acceptable range of isoniazid MIC value is 0.015–0.05 μg/mL
[41,42].

2.6. Anti-tumor activity

2.6.1. Cell culture conditions
The human ovarian adenocarcinoma cells, A2780 (cisplatin sensi-

tive) and A2780cisR (cisplatin resistant) and a non-tumorigenic cell
line, the human embryonic kidney cells HEK-293 (American Type
Culture Collection, ATCC) were used in this study. The cells were main-
tained in media (Gibco) RPMI 1640 (A2780/A2780cisR) or DMEM
(Dulbecco's modified Eagle medium) with Glutamax I (HEK-293) sup-
plemented with 10% (v/v) heat inactivated fetal bovine serum (FBS)
and 1% penicillin/streptomycin (Invitrogen). Cell lines were cultured
in flasks in a CO2 incubator (Heraeus, Germany) with 5% CO2 in a hu-
midified atmosphere at 37 °C. For the assays, cells in exponential
growth were detached with trypsin–EDTA, suspended in medium and
seeded in 96-well plates at a density of 104–2 × 104 cells/200 μL.

2.6.2. Cytotoxicity assays
For evaluation of cellular viability, cells were treated with six

concentrations of the compounds within the concentration range
0.1 μM–200 μM previously dissolved in DMSO (final concentration
b 1%), diluted in medium and incubated for 24, 48 and 72 h at 37 °C
and 5% CO2. Cisplatin, the positive control for the ovarian cells, whenev-
er applied, was first dissolved in H2O, then in medium and added at the
same concentrations used for the tested compounds. Analysis of cell
survival was carried out by the MTT [MTT = 3-(4,5-dimethylthiazol-
2-yl)-2,5-diphenyltetrazolium bromide] colorimetric assay at 24, 48
and 72 h of incubation. This assay is based on the reduction of the tetra-
zolium salt to formazan by amitochondrial dehydrogenase inmetabolic
active cells. The cellular viability is proportional to the production of
formazan [43]. After each time set for incubation the medium was
discarded and a solution of MTT dissolved in phosphate buffered saline
(PBS) (0.5mg/mL)was added to eachwell (200 μL) and the plateswere
incubated at 37 °C for 3–4 h. Then, 200 μL of DMSO was added to each
well to dissolve the formazan crystals. Absorbance was measured at
570 nm with a plate spectrophotometer (Power Wave Xs, BioTek).
Each experiment was repeated at least two times, and each concentra-
tion tested in at least six replicates. Results are expressed as a percent-
age of cellular viability with respect to control wells (cells in the
absence of the compounds). The IC50 values were calculated from
plots for cell survival (%) versus compound concentration with the
GraphPad Prism software (version 4.0). The anti-tumor activity of the
complexes was measured in terms of the IC50 (i.e., compound concen-
tration that induces 50% of cell death). The statistical analysis was
done using the GraphPad Prism software. *P b 0.05 was considered
significant.

3. Results and discussion

The 8-hydroxyquinoline vanadium(IV and V) and copper(II)
compounds, synthesized by procedures described in the Experimental
section, were obtained in moderate to good yields, and characterized
by UV–Vis and FTIR spectroscopy. Schiff base complexes 2 and 3 were
obtained by the reaction of the vanadiumprecursor 1with the appropri-
ate 8-hydroxyquinoline. Scheme 1 shows the structural formulae of the
complexes, which are proposed based on spectroscopic data and
elemental analysis. For 3 and 7 crystals suitable for single crystal X-ray
diffraction studies were obtained and their structural features are
discussed below.

3.1. Single crystal X-ray diffraction studies

Compound 3 consists of the tridentate Schiff base ligand coordinated
equatorially to a VVO3+moiety and the 5-chloro-8-quinolinolato ligand
completing the octahedral coordination environment, with a cis OArO

and a trans Npyr, relative to the V_O bond (Fig. 1). One dichlorometh-
anemolecule completes the asymmetric unit. The equatorial plane com-
prises a [Nimine, Ophenolate, Ophenolate, ORO] donor atom set (mean
deviation from the plane = 0.0343(13) Å), and the VVO center is
projected from this plane by 0.311 Å. This results in a distorted
octahedral VVO center, with strained 5- and 6-membered chelate
rings. Selected bond distances and angles are provided in Table 2.
The V\Nimine bond V(1)\N(1) (2.087(3) Å) is ca. 0.2 Å longer
than the V\OArO and V\ORO bonds. The V\Npyr bond V(1)\
N(2) (2.375(3) Å) is significantly longer than V(1)\N(1) due to the
trans effect exerted by the Ooxido ligand. The V\Nimine bond lengths
are in line with what was reported for related VIVO(Schiff base)
compounds [44–48].

Suitable crystals for single crystal X-ray diffraction studies were also
obtained for [VVO(OMe)(8HQ)2] (7). The asymmetric unit contains only
one molecule of the compound. Nica et al. reported a complex with an
identical formulation as a secondary productwhile reacting ammonium
metavanadate with n-hydroxycarbonic acid N-salicylidenehydrazides
in the presence of 8HQ [49]. However, although having the same formu-
lation, [VVO(OMe)(8HQ)2] (7) has a different color and the crystals cor-
respond to a distinct asymmetric unit. Crystals of the same compound 7



Fig. 1. ORTEP diagram of 3 using 30% probability ellipsoids. Hydrogen atoms are omitted
for clarity.
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were also obtained from solutions containing complex 5, and were also
characterized by single crystal X-ray diffraction.

This VVO-compound 7 presents a distorted octahedral geometry
(Fig. 2), with two quinolin-8-olate bidentate ligands with the two
N atoms bound trans to the Ooxido and OMeO− donors. The bond
lengths and angles, Table 2, are in the range found for other related
VO-compounds [50,51]. π–π stacking interactions between the
aromatic systems are present in the crystal packing with an average
distance of ca. 3.58 Å.
3.2. Circular dichroism and electronic absorption characterization

Complexes 2 and 3 have chiral Schiff base ligands and were studied
by circular dichroism (CD) spectroscopy. The recorded electronic ab-
sorption and circular dichroism spectra are shown in Figs. 3 and 4. The
relevant λmax, molar absorptivity (ε) and molar circular dichroism
(Δε) values obtained for these and for complexes 4–6 are listed in
Table 3. Spectra were also measured 72 h after sample preparation in
Table 2
Selected bond lengths [Å] and angles [°] for 3 and 7.

Compound 3 C

Bond lengths/Å B

V(1)\O(1) 1.603(3) V(1)\N(1) 2.087(3) V
V(1)\O(2) 1.830(3) V(1)\N(2) 2.375(3) V
V(1)\O(3) 1.879(3) N(1)\C(10) 1.303(5) V
V(1)\O(4) 1.889(3) N(1)\C(8) 1.478(5)

Compound 3 C

Bond angles/° B

O(1)\V(1)\O(2) 100.74(13) O(3)\V(1)\O(4) 96.60(11) O
O(1)\V(1)\O(3) 99.21(12) O(3)\V(1)\N(1) 159.78(11) O
O(1)\V(1)\O(4) 96.74(13) O(3)\V(1)\N(2) 75.74(10) O
O(1)\V(1)\N(1) 100.95(13) O(4)\V(1)\N(1) 82.56(11) O
O(2)\V(1)\O(3) 96.07(12) O(4)\V(1)\N(2) 79.56(11) O
O(2)\V(1)\O(4) 156.43(12) N(1)\V(1)\N(2) 84.28(11) O
O(2)\V(1)\N(1) 78.72(12) O(1)\V(1)\N(2) 173.23(13) O
order to observe any changes in the spectra with time (Figs. SI-1 to SI-
12 and Table SI-1 in Supporting information).

Regarding the electronic absorption spectra of compounds 2 and 3
(Fig. 3), both present very similar band profiles in the same solvent.
The most noticeable feature exhibited by both, either in CHCl3 or
MeOH, is the strong and broad Ophenolate\VVO pπ–dπ* LMCT bands
encompassing the 470–650 nm range. These transitions are typical of
phenolate-bound VVO3+ species and are also present in the spectrum
measured in DMF for 5 [37,52]. A significant solvent effect is also ob-
served. For instance, MeOH causes a decrease in λmax and ε of this
LMCT transition relative to CHCl3. A solvent effect is also observed on
the azomethine (C_N) n–π* and π–π* transitions present in the 360–
430 nm range [47,48]. In this case, these transitions are blue-shifted in
MeOH and are significantly more prominent and stronger than in
CHCl3. The bands below 340 nm are assigned to intraligand transitions.
Again, solvent effects manifest in this range similarly as for λ N 350 nm.

The spectrum measured for the VIV-complex 4 in DMF shows a
strong LMCT band due to Ophenolate\VIVO pπ–dπ* transition centered
at 580 nm that overlaps the weak d–d transitions. CuII-complex 6
shows one weak d–d band at 770 nm. These compounds show very
low solubility in other solvents and thus solvent effects cannot be
evaluated.

Compounds 2 and 3 exhibit CD spectra in the UV and visible range
(see Fig. 4). The Ophenolato\VVO pπ–dπ* LMCT transition is present as a
very broad positive band encompassing the 500–700 nm range, which
in turn indicates the existence of chirality at the metal center [34]. The
solvent effect is also observable in this case; this LMCT transition is
less intense in MeOH than in CHCl3, although the blue-shift observed
earlier is not so discernible. The azomethine (C_N)n–π* andπ–π* tran-
sitions are observed as negative bands in the 350–450 nm range, partly
superimposing (and canceling) the charge transfer band in the 450–
500 nm range. These transitions have lower associated Δε values in
MeOH than in CHCl3. Below 350 nm the CD profiles for compounds 2
and 3 exhibit pronounced solvent effects, which affect the observable
λmax of the intraligand transitions, appearing significantly blue-shifted
in MeOH relative to CHCl3.

The spectral differences observed may be due to the greater coordi-
nating character ofMeOH. Compounds 2 and 3may partly exchange the
alkoxido or quinolinolato ligands for methanol or methoxido ligands.
For instance, the exchange of a phenolato donor for amethoxido can ex-
plain the decrease in CD intensity of the Ophenolato\VVO pπ–dπ* LMCT
transition. Ligand exchange can also occur between the alkoxido
donor of the amino alcohol moiety and MeOH, altering the λmax and ε
of the CT transitions below 450 nm.

Furthermore, spectral changeswere observed 72h after theprepara-
tion of the samples. While the electronic absorption profiles show
ompound 7

ond lengths/Å

(1)\O(1) 1.900(2) V(1)\O(1M) 1.778(2)
(1)\O(2) 1.925(2) V(1)\N(1) 2.296(3)
(1)\O(3) 1.594(2) V(1)\N(2) 2.191(2)

ompound 7

ond angles/°

(3)\V(1)\O(1M) 101.14(10) O(1M)\V(1)\N(1) 85.45(9)
(3)\V(1)\O(1) 95.80(10) O(1)\V(1)\N(1) 76.31(9)
(1M)\V(1)\O(1) 101.98(9) N(2)\V(1)\N(1) 82.97(9)
(3)\V(1)\O(2) 101.02(10) O(1M)\V(1)\O(2) 91.66(9)
(1)\V(1)\O(2) 155.87(9) O(3)\V(1)\N(2) 91.61(10)
(1M)\V(1)\N(2) 164.58(9) O(1)\V(1)\N(2) 85.13(9)
(2)\V(1)\N(2) 77.28(9) O(3)\V(1)\N(1) 170.73(10)



Fig. 2. (A) ORTEP diagram drawn at 30% probability level representing the molecular structure of [VVO(OMe)(8HQ)2] (7), showing the atomic numbering scheme. Hydrogen atoms were
omitted for simplicity. (B) Packing view of the crystal structure of [VVO(OMe)(8HQ)2], whereπ–π stacking interactions between the aromatic systems are emphasized in the center of the
figure.
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minor changes with time (see Figs. SI-1 to SI-4 in Supporting informa-
tion), the CD profiles present a significant overall decrease in optical ac-
tivity below 450 nm (see Figs. SI-5 to SI-7 in Supporting information).
This decrease may be attributed to the partial hydrolysis in solution. In
the visible range of the CD spectra the changes after 72 h are much
less pronounced or not seen, and this possibly means that the 8HQ li-
gand, which is responsible for the high intensities of these bands, is
still bound to the VV center.
3.3. 51V NMR characterization

All VV-complexes were characterized by 51V NMR spectroscopy and
the behavior of compounds 2 and 3 in methanol and chloroform was
also compared. The spectra obtained for complexes 2 and 3 are present-
ed in Fig. 5. In CHCl3 they depict very similar spectra, consisting of two
observable species within the δV range: −500 to −480 ppm. It is
known that octahedral VVO species coordinated to mixed [N,O] donors
may exhibit distinct chemical shifts depending on the donor atoms'
cis- or trans- to the V_O bond [53–56]. In the case of 2 and 3, the
VVO3+ center can be coordinated to either a [Nimine, ORO, Ophenolate,
Ophenolate] or a [Nimine, ORO, Ophenolate, Npyr] equatorial donor atom
set, each conformational isomer yielding distinct chemical shifts. How-
ever, it cannot be predicted which of these isomers is themost stable in
solution, despite the crystal structure obtained for 3 indirectly
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Fig. 3. Isotropic electronic absorption spectra of chloroform and methanol solutions of 2
and 3 measured, with a 1 mm optical path: (a) 2 in CHCl3 (1.2 mM), (b) 3 in CHCl3
(1.3 mM), (c) 2 in MeOH (1.5 mM), and (d) 3 in MeOH (1.4 mM).
suggesting that it may be the VVO[Nimine, ORO, Ophenolate, Ophenolate]-
equatorial conformer. The spectrum measured for 5 in DMF depicts two
species, the major one at δV = −494.1 ppm and the minor one at
−530.0 ppm. These should correspond to the two conformational iso-
mers, but now the one up-field is less important.

In methanol the 51V NMR spectra of both compounds differ signifi-
cantly from those in chloroform, with two additional VV species being
observed further upfield at δV = −534.8 ppm and −525.3 ppm (for
complex 2, see Fig. 5). The major species observed earlier at ca.
−494.0 ppm in chloroform is slightly shifted upfield and its intensity
is greatly reduced, and the major signals now present are at ca. −472
± 1.5 ppm. These observations suggest the hydrolysis of the Schiff
base ligand. Tentatively, the methanol- and methoxido-containing
mixed ligand species are assigned to the signals at δV = −534.8 ppm
and −525.3 ppm. Also tentatively, the signals at ca. −472 ppm are
assigned to either the related VV-complex with one of the Ooxido donors
protonated [56], i.e. to VVO(OH)-species, or to a VV-species with a di-
rectly coordinated methanol molecule, or VVO–8HQ complexes. In fact,
complex 7 shows only one peak with δV = −470 ppm; if we assume
that the structure is approximately maintained in solution, the
bands with δV ≈ −472 ± 1.5 ppm, present in the spectra of
Fig. 5, may indeed be due to VV–8HQ species.
3.4. EPR characterization

The paramagnetic complexes 4 and 6were characterized in solution
by EPR spectroscopy. Fig. 6 shows the measured spectra (at 77 K) and
those obtained by simulation with the computer program developed
by Rockenbauer and Korecz [57].

Both spectra exhibit hyperfine patterns consistent with axial-type
spectra ofmonomeric VIVO andCuII species. The spinHamiltonian param-
eters obtained by simulation were the following: gx,y = 1.987, gz =
1.951, Ax,y = 59.7 × 10−4 cm−1 and Az = 169.4 × 10−4 cm−1 for the
VIVO-complex 4, and gx,y = 2.06, gz = 2.26, Ax,y = 21 × 10−4 cm−1

and Az = 170.6 × 10−4 cm−1 for the CuII-complex 6.
The values of the VIVO hyperfine coupling constant Az can be esti-

mated (Az
est) using the additivity relationship [58,59] with an esti-

mated accuracy of ±3 × 10−4 cm−1. For complex 4 if we consider a
binding mode involving both bidentate ligands in the equatorial
plane, and taking Az(Ophenolate) = 38.9 × 10−4 cm−1, Az(OCO2

) =
42.6 × 10−4 cm−1 and Az(Npyr) = 44.0 × 10−4 cm−1[60,61], then
Az
est = 169.6 × 10−4 cm−1, that agrees well with the experimental

Az. For the CuII complex the ratio gz/Az = 132 indicates a square
pyramidal geometry [62].
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Fig. 4. Circular dichroism spectra of chloroform and methanol solutions of 2 and 3measured with a 1 mm optical path length: (a) 2 in CHCl3 (1.9 mM), (b) 3 in CHCl3 (1.2 mM), (c) 2 in
MeOH (1.5 mM), and (d) 3 in MeOH (1.4 mM).
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3.5. Anti-tuberculosis assays

The antibacterial activity of the complexes against the strains of
M. tuberculosis was evaluated by measuring their MIC values by the
REMA Assay [41,42]. The MIC values are included in Table 4; the values
for several other complexes were also determined for comparison. The
MICs of compounds 2, 4, 5 and 7 (ca. 1.5 μg/mL) are comparable to, or
better than, the MICs of some ‘second line’ drugs, such as streptomycin
(1.0 μg/mL), ciprofloxacin (2.0 μg/mL), p-aminosalicylic acid (0.5–2.0-
μg/mL), ethionamide (0.63–1.25 μg/mL), cycloserine (12.5–50 μg/mL),
gentamicin (2.0–4.0 μg/mL), ethambutol (0.94–1.88 μg/mL), kana-
mycin (1.2–5.0 μg/mL), tobramycin (4.0–8.0 μg/mL), clarithromycin
(8.0–16 μg/mL) and thiacetazone (0.125–2.0 μg/mL) [15,42,63,64].
If the comparison is made on a molar basis, complexes 2, 4, 5 and 7
Table 3
Data on electronic transitions of the complexes in solution.

Compound Solvent Electronic absorption Circular dichroism

λ/nm ε/M−1 cm−1 λ/nm Δε/M−1 cm−1

2 CHCl3 523 4584 525 1.56
401 6687 400 −8.21
326 17,499 334 0.85

276 1.52
MeOH 496 2361

398 9585 400 −7.55
310 14,210 306 −4.47

265 7.74
3 CHCl3 528 4185 515 2.07

402 6332 400 −7.47
329 14,746 332 2.94

271 5.99
MeOH 491 2448

398 10,117 400 −7.14
310 13,399 305 3.88

268 6.17
4 DMF 580 800

388 2500
330 2800
271 9340

5 DMF 570 1870
363 3730
319 4760
275 10,920

6 DMF 770 45
430 2260
340 1550
274 14,000
are more active than all these currently used drugs. In short, some of
these complexes are very active against Mtb.

In contrast, complex 3, containing the cloxyquin ligand, shows no
relevant activity (MIC N 25 μg/mL), as well as VIVO(pic)2, VIVO(dhp)2,
VIVO(maltol)2, VIVO(dipic)(H2O) and Cu(dipic)(H2O). Acetylacetone,
[VIVO(acac)2] and the vanadium salts VIVOSO4 and NH4VVO3 have not
shown any inhibition at the concentration of 50 μg/mL [35], indicating
that most probably it is 8HQ that is the relevant species for the activity
observed. In fact, 8-hydroxyquinoline was shown to have quite a low
MIC [15], and its frequency of resistance (FOR) was estimated to be
lower than 10−10 [15], which is a significantly better value than the
FOR for several currently approved and experimental anti-Mtb drugs
[65]; for example, the FOR for rifampicin is ~7 × 10−8 [15].

The ligands being good iron chelators is a factor noticed to be related
to good activity against Mtb [66–71]; this is probably related to their
ability to bind intracellular iron (or other essential metal ions such as
CuII or ZnII), which is considered essential to the mycobacteria [71].
This would support a non-specific mechanism of action for 8HQ. In
fact 8HQ is quite lipophilic and has high affinity for FeIII (log β1 = 13,
log β2 = 25.3, log β3 = 36.7 [72]). However, addition of relatively
high amounts of iron, copper, zinc or nickel salts had no impact on the
MIC determined for 8HQ [15], suggesting that scavenging of essential
metals is probably not the main mechanism of action. Additionally,
dhp (Deferiprone®) is a well known iron chelator, but we found that
VIVO(dhp)2 did not show any relevant activity toward M. tuberculosis.
It is also known that mycobacteria have a very wide lipid-rich hydro-
phobic cell wall. Thus, lipophilicity of the compounds and easy penetra-
tion into the cell wall are also relevant factors for the activity of the
compounds against Mtb. VIVO(dhp)2 is not a particularly lipophilic (or
hydrophilic) compound; this may be a factor for its low activity.

Thus, there must be other reasons to explain why 8HQ and com-
plexes 2 and 4–7, containing 8HQ, are very active toward Mtb. There-
fore, the knowledge of the molecular basis on how these compounds
act in mycobacteria is lacking, as is the case of other compounds such
as isoniazid, which is a drug used for a long time in Mtb treatment, for
which there is no complete knowledge of its action and resistance in
the mycobacteria [73].

The ability of 8HQ to elude resistance suggests interactions with
multiple molecular targets. As long as this does not reflect a propensity
for host toxicity, it may be a desirable property for anti-infectives, but
not much information is available concerning human safety of 8HQ.
While high doses of clioquinol (5-Cl-7-I-8HQ)were shown to be neuro-
toxic in experimental animals, thus probably also in humans, it was ar-
gued that the non-halogenated 8HQ would be expected to be less
disruptive to membrane potential and could prove safer [15]. The inclu-
sion of 8HQ as ligands in Cu- or V-complexes might theoretically



Fig. 5. A) 51V NMR spectra of 2 in CHCl3 (a) and methanol (b). B) 51V NMR spectra of 3 in CHCl3 (a) and methanol (b).
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Fig. 6. X-band EPR spectra measured on frozen solutions (77 K) of 4 in DMF (A) and 6 in CHCl3 (B). The calculated spectra obtained by simulation are included for comparison.
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improve its bioavailability for use in anti-tuberculosis treatments, but
further in vivo studies would be required to confirm this possibility.
Table 4
Antibacterial activity (MIC) of compounds against strains of Mycobacterium tuberculosis
and their cytotoxic activity (IC50) against ovarian cancer A2780 cells after 48 h challenge.

Identification MIC (μg/mL) MIC (μM) IC50 (μM)

[VVO(L-pheolnaph-im)(8HQ)] (2) 1.5 ± 2.0 2.9 8.1 ± 2.8
[VVO(L-pheolnaph-im)(5-Cl-8HQ)] (3) ≥25 ≥42.23 5.7 ± 1.6
VIVO(pic)(8HQ) (4) 1.5 ± 1.3 4.1 14.0 ± 4.5
VIVO(sal-Gly)(8HQ) (5) 1.4 ± 1.4 3.4 10.9 ± 5.0
CuII(dipic)(8HQ) (6) – – 3.1 ± 1.6
VVO(MeO)(8HQ)2(7) 1.4 ± 2.2 3.7 5.4 ± 1.9
Cu(dipic)(H2O) N25 N90
VIVO(dipic)(H2O) N25 N90
VIVO(dipic)(phen) N25 N60
VIVO(pic)2 N25 N80
VIVO(dhp)2a N25 N70
VIVO(maltol)2a N25 N80
8HQb[15] 0.36 2.5 18.8 ± 4.0
Isoniazid [41,42] 0.03 0.22
Pic N25 Non-cytotoxic
Dipic Non-available Non-cytotoxic

a Hdhp = 3-hydroxy-1,2-dimethylpyridin-4(1H)-one; Hmaltol = 3-hydroxy-2-methyl-
4H-pyran-4-one.

b We did not find a MIC value for 5-Cl-8HQ; the MIC for 5-Br-8HQ is close to that for
8HQ [15].
3.6. Cytotoxicity

The cytotoxic activity of the compounds (complexes and ligands)
was evaluated in the A2780 ovarian cisplatin sensitive cells within the
concentration range 0.1 μM–200 μM after 24, 48 and 72 h challenge
using the colorimetric MTT assay [43]. The IC50 values were calculated
for each compound and results are presented in Fig. 7 and Table 4
(also in Fig. SI-13 and Table SI-2). Time-dependent cytotoxicity assays
with complexes 2–7 showed that after 48 h of continuous incubation,
the complexes displayed high antiproliferative activities, with IC50

values in the micromolar range (3–14 μM). The cytotoxicity of 8HQ,
picolinic and dipicolinic acids was also evaluated in the A2780 cells in
the same experimental conditions (Fig. 7, Table 4, Table SI-2). The
picolinic and dipicolinic acids showed no cytotoxic activity with IC50

N 200 μM while 8HQ and cisplatin showed activity with IC50 values of
18.8 ± 4.0 μM and 22.4 ± 5.0 μM, respectively. The antiproliferative ef-
fect of 8HQ observed in the ovarian tumor cells at longer incubation
times could be the result of compound binding to metal enzymes
required for DNA synthesis, leading to DNA damage and cell death, al-
though some reports showed that 8HQ had no toxic effects on normal
cells (Vero green monkey kidney cells) [7,15].

As shown in Fig. 7, most complexes displayed significantly different
cytotoxic activities compared with 8HQ and cisplatin in particular the
vanadium complexes 2 (*P b 0.05 vs. 8HQ and cisplatin), 3 (*P b 0.05
vs. 8HQ and cisplatin) and 7 (*P b 0.05 vs. 8HQ and cisplatin) and the
copper complex 6 (**P b 0.001 vs. 8HQ and cisplatin) at 48 h incubation.
In the same experimental conditions the IC50 value obtained for 8HQ
was not significantly different (ns) from cisplatin after 48 h treatment.

The cytotoxicity of the compounds against the ovarian cells was also
evaluated at 24 and 72 h treatment. After 24 h treatment, the cytotoxic
activity of the complexes against A2780 cells is not significantly different
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Fig. 7. IC50 values found for A2780 ovarian cells after different incubation timeswith the complexes, 8HQ and cisplatin. The statistical analysis confirmed that the IC50 value obtainedwith
8HQ is not significantly different from cisplatin after 48 h treatment. On the contrary, the IC50 values obtained formost of the complexeswere significantly different from cisplatin after the
same period of incubation: **P b 0.001 vs. cisplatin for 6; *P b 0.05 vs. cisplatin for 2, 3 and 7 (shown in the figure); not significantly (ns) different from cisplatin for 4 and 5. **P b 0.001 vs.
8HQ for 6; *P b 0.05 vs. HQ for 2, 3 and 7 at 48 h incubation (not shown in the figure).
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from cisplatin (except complex 6) but significantly different from8HQ in
particular for complexes 2 (*P b 0.05 vs. 8HQ), 3 (*P b 0.05 vs. 8HQ) and 7
(**P b 0.001 vs. 8HQ) and complex 6 (***P b 0.0001 vs. 8HQ). Copper
formed a very active complex with 8HQ, even at short incubation times
and, in contrast with the vanadium complexes, the activity did not in-
crease with time of treatment. Results indicated that complexation of
8HQ with the metal ions increased the antiproliferative activities up to
48 h treatment. At 72 h incubation no improvement was observed in
complexes' activity, compared to 8HQ and cisplatin.

Compounds' activity was also evaluated in the A2780cisR and non-
tumorigenic HEK cells in order to detect any differences between the
three cell lines concerning their sensitivity to the compounds and any
selectivity with regard to tumor cells. For this purpose, cisplatin, the
positive control for the ovarian cancer cells was also included. The re-
sults presented in Fig. 8 (also in Table SI-3) demonstrate that all com-
plexes show significantly higher activities (lower IC50 values) than
cisplatin in theA2780cisR cell line (**P b 0.001 vs. cisplatin). The activity
of the complexes observed in the A2780cisR cell line indicated that
complexes can overcome cisplatin cross-resistance in the cisplatin-
resistant cell lines, in particular for vanadium complex 4 (*P b 0.05,
A2780 vs.A2780cisR)with amuch lower resistance factor (RF) than cis-
platin (0.52 vs. 3.36) (Table SI-3).

However, in the non-tumorigenic HEK cells the IC50 values found for
most complexes indicated a not significant selectivity toward cancer
cells suggesting that the decrease in cellular viability may be a conse-
quence of toxic effects of the compounds and not due to its anticancer
Fig. 8. A comparative evaluation of the IC50 values found for A2780/A2780cisR ovarian and HEK
pares IC50 values obtained for the compounds in the A2780 cells vs. HEK cells. *P b 0.05 for 7 a
different (ns) in both cells after 48 h incubation.
properties. This particularly relates to copper complex 6, which is the
most toxic compound against the three cell lines, with no specific anti-
tumor property. In contrast, complex 7 is a more effective antitumor
complex, i.e., showing a significant selectivity against cancer cells. This
is an interesting result, i.e., the compound somehowarrests cell prolifer-
ation in cancer cells; additionally this is also surpassing cisplatin in the
A2780 cisplatin resistant cells, RF = 1.31 vs. 3.36 (cisplatin). The analo-
gous complexes 2 ([VVO(naph-L-Pheol-im)(8HQ)]) and 3 [VVO(naph-L-
Pheol-im)(5-Cl-8HQ)] appear to present a structure–activity relation-
ship. The presence of chlorine increases the cytotoxic activity in the
three cell lines studied after 48 h treatment. This effect was particularly
significant in the A2780cisR cells and the HEK cells (*P b 0.05, 2 vs. 3).
4. Conclusions

Several 8-hydroxyquinoline derivatives have found application as
therapeutic drugs. Taking into account the fact that metal complexes
with drugs may display increased or distinct biological activity when
compared to the free drug, mixed ligand vanadium(IV and
V) complexes [and also copper(II)] containing 8-hydroxyquinoline
were synthesized. The complexes were fully characterized by spectro-
scopic techniques and in some cases by single crystal X-ray diffraction.
The crystal structure characterization showed the VV-complexes with
distorted octahedral geometrywith the 8HQnitrogen atom coordinated
trans to the V–oxido bond.
cells after 48 h incubation with the compounds and cisplatin. The statistical analysis com-
t 48 h treatment. The IC50 values obtained with 8HQ, 2, 3, 4, 5 and 6 are not significantly
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The electronic absorption data showed the presence of strong
Ophenolate\VVO pπ–dπ* LMCT bands, significant solvent effects,
and the co-existence of methoxido species in methanol, which was
also suggested by 51V NMR spectroscopy. The structure of the CuII and
VIVO-complexes was confirmed by EPR spectroscopy, showing the
presence of only one species in solution.

The biological activity of the compounds was assessed through
the minimal inhibitory concentration of the compounds against
M. tuberculosis (only for the vanadium complexes) and cytotoxicity to
A2780/A2780cisR human ovarian cancer cells (IC50 values). Four of
the synthesized complexes (2, 4, 5 and 7) were qualified as potential
anti-Mtb agents, having lower MICs than some drugs commonly used
to treat Mtb. Interestingly, compound 3, containing the 5-Cl-8HQ
showed no relevant activity. Further in vivo studies are required, includ-
ing the effect against drug-resistant strains and bacilli in a state of
latency, as well as to investigate the intramacrophage activity of the
new complexes.

The complexes displayed cytotoxic activities in the A2780/
A2780cisR ovarian tumor cells, with IC50 values ranging from 2.4 to
14 μM after 48 h of continuous treatment and can surpass cisplatin
resistance (mainly complex 4). Complexation of 8HQ with the metal
ions improved the antiproliferative activities. This effect seemed to be
more evident for shorter incubation times (24 h). The activity of the
compounds was also evaluated in the non-tumorigenic HEK cells. Re-
sults indicated poor selectivity toward cancer cells for most of the com-
plexes, as well as for cisplatin. Some complexes, particularly complex 7,
[VVO(OMe)(8HQ)2] are promising dual anti-tuberculosis and anti-
proliferative metallodrug candidates.
Abbreviations

8HQ 8-hydroxyquinoline
acac acetylacetone or acetylacetonato
5-Cl-8HQ 5-chloroquinolin-8-ol = cloxyquin
5-Cl-7-I-8HQ 5-chloro-7-iodo-quinolin-8-ol = clioquinol
CD circular dichroism
DMEM Dulbecco's modified Eagle medium
DMF dimethylformamide
FOR frequency of resistance
HEK cells human embryonic kidney cells
IC50 compound concentration that induces 50% of cell death
LMCT ligand to metal charge transfer
MeOH methanol
MIC minimum inhibitory concentration
Mtb Mycobacterium tuberculosis
MTT 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium

bromide
ns not significant
OADC oleic acid, albumin, dextrose and catalase
Nimine imine-N atom
Npyr pyridine-N atom
Ooxido oxido-O atom
Ophenolate phenolato-O atom
ORO alcoholato-O atom
PBS phosphate buffered saline
REMA Resazurin Microtiter Assay
THF tetrahydrofuran
δV 51V chemical shift
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