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a b s t r a c t

Three promising antimycobacterium tuberculosis ruthenium(II) complexes with the deprotonated
ligands 2-hydroxynicotinic acid (2-OHnicH), 6-hydroxynicotinic acid (6-OHnicH) and 3-hydroxypicolinic
acid (3-OHpicH) were synthesized and characterized. Structural analysis revealed three different
coordination modes depending of the hydroxypyridinecarboxylate ligand. In the complex [Ru(2-
OHnic)(dppb)(bipy)]PF6 (1), the 2-OHnic anion is coordinated by the O,O-chelating mode (via carboxylate
group and phenolate oxygen), in the [Ru(6-OHnic)(dppb)(bipy)]PF6 (2) a O–O chelation by the carboxyl-
ate group is observed for the 6-OHnic ligand and for the complex [Ru(3-OHpic)(dppb)(bipy)]PF6 (3) a
N,O-chelating mode (via carboxylate) occurs to the 3-OHpic anion. The compounds were evaluated for
activity against Mycobacterium tuberculosis H37Rv ATCC 27294 using Resazurin Microtitre Assay (REMA)
plate method and cytotoxicity in VERO CCL-81 cell line. All the synthesized compounds exhibited good
antimycobacterial activity and a completely lack of cytotoxicity activity, indicating a good selectivity
index.

� 2014 Elsevier Ltd. All rights reserved.
1. Introduction

Tuberculosis (TB) is a serious public health problem, one of the
most dangerous infective disease world-wide. [1,2] Recent reports
have estimated that about one third of the world population is
infected with Mycobacterium tuberculosis (Mtb) [3]. The expanding
number of multidrug resistant in the TB cases does not only create
problems for the treatment but also the costs are ever-increasing
[4–6]. According to the Global TB Control Report of the World
Health Organization there are 300.000 new cases per year of tuber-
culosis multi-drug-resistant [3]. For these reasons the search for
new chemicals with antimicrobial activity has increased [7–10]. In
the last years, metal complexes have received considerable interest
related to antitubercular applications [11–15]. In previous studies
realized in our research group, ruthenium phosphine/diimine
complexes were evaluated and provided evidence that they are
potential agents against mycobacterial infections, specifically
against M. tuberculosis H37Rv [16,17]. Therefore, to obtain new
active compounds, our present strategy was to use three isomeric
ligands with potentially different coordination modes: 3-hydrox-
ypicolinic acid (3-OHpicH), 2-hydroxynicotinic acid (2-OHnicH)
and 6-hydroxynicotinic acid (6-OHnicH) (Scheme 1). Pyridinecarb-
oxylic acids and their derivatives are present in many natural prod-
ucts, with interest in medicinal chemistry due to the wide variety
of physiological properties displayed by the natural and also many
synthetic derivatives. [18–20] 2-OHnicH and 6-OHnicH present
tautomerism, both in the solid state and in solution (Scheme 1)
[21]. These molecules can act as versatile ligands with distinct
coordination behavior: monodentate, bridging, N–O and O–O che-
lating [22]. Some authors have described the ligand 2-OHnic coor-
dinated to copper and cobalt complexes by phenolyc and
carboxylic oxygen atoms [23]. On the other hand, 6-OHnic can
coordinate by the carboxylate group [24], whereas, 3-hydroxypico-
linate ligand exhibits N,O-chelation when coordinated with vana-
dium, silver and zinc metals [25–27].

In this paper, we report the synthesis, characterization,
molecular structures, the in vitro antimycobacterial activity and
cytotoxicity activity of three cationic Ru(II) complexes with
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formula [Ru(2-OHnic)(dppb)(bipy)]PF6 (1), [Ru(6-OHnic)(dppb)-
(bipy)]PF6 (2) and [Ru(3-OHpic)(dppb)(bipy)]PF6 (3).

2. Materials and methods

2.1. Materials and measurements

All manipulations were performed under an inert atmosphere
of purified argon using Schlenk techniques. Reagent grade solvents
were appropriately distilled before use. The RuCl3 3H2O was
purchased from Aldrich. The ligands 1,4-bis(diphenylphos-
phino)butane (dppb), 2,20-bipyridine (bipy), 2-hydroxynicotinic
acid, 6-hydroxynicotinic acid and 3-hydroxypicolinic acid were
used as received from Aldrich. The cis-[RuCl2(dppb)(bipy)] com-
plex was prepared according to published procedure [28].

NMR spectra were recorded on a Bruker 9.4 T instrument
(400 MHz for hydrogen frequency) for samples in CH2Cl2, using a
capillary containing D2O. The IR spectra of the powdered com-
plexes were recorded from CsI pellets in the 4000–200 cm�1 region
and were collected on a FTIR Bomem-Michelson 102 spectrometer.
Cyclic voltammetry (CV) experiments were carried out at room
temperature in CH2Cl2 containing 0.10 M Bu4N+ClO4 (TBAP) (Fluka
Purum), using a BAS-100B/W Bioanalytical Systems Instrument;
the working and auxiliary electrodes were stationary Pt foils, a
Lugging capillary probe was used and the reference electrode
was Ag/AgCl. Microanalysis was performed by Microanalytical Lab-
oratory of Universidade Federal de São Carlos, São Carlos (SP),
using a Fisons CHNS, mod. EA 1108 elemental analyzer.

2.2. Synthesis of ruthenium(II) complexes 1–3

The hydroxypyridinecarboxylate complexes were synthesized
by reaction of cis-[RuCl2(dppb)(bipy)] (0.132 mmol; 100 mg) with
the corresponding (0.132 mmol; 18.4 mg) ligands 2-hydroxynico-
tinic acid (2-OHnicH) (1), 6-hydroxynicotinic acid (6-OHnicH) (2)
and 3-hydroxypicolinic acid (3-OHpicH) (3), in methanol (20 mL)
under argon atmosphere, at room temperature, for 6 h in an
1:1 M ratio. The ligands were previously deprotonated with trieth-
ylamine (0.14 mmol; 0.02 mL) in methanol. The final orange solu-
tions were concentrated to ca. 1 mL and 0.128 mmol (21.0 mg) of
Scheme 1. Structures of the ligands 2-OHnicH, 6-OHnicH and 3-OHpicH and the
tautomeric equilibrium occurring in 2-OHnicH and 6-OHnicH.
NH4PF6 solubilized in water (5 mL) was added for the precipitation
of the complexes, in order to obtain orange precipitates. The solids
were filtered off, well rinsed with water and diethyl ether, and
dried in vacuo.

2.2.1. Data for [Ru(2-OHnic)(dppb)(bipy)]PF6 (1)
Yield: 92 mg (72%). Anal. Calc. for C44H40F6N3O3P3Ru: exptl

(calc) C, 54.47 (54.66); H, 4.14 (4.17); N, 4.28 (4.35). IR: greek letter
nu(C@O) (s) 1639, nuas(COO�) (m) 1594, nus(COO�) (m) 1320,
beta(N–H) (w) 1554, nu(C@C) (m) 1435, nu(C@N) (m)
1469 cm�1, nuasP–F (s) 841, gamaCH (m) 700, nu(Ru–N) (w) 547,
nus(P–F) (m) 554, gama(N–H) (w) 518 and nu(Ru–O) (w)
506 cm�1. 1H NMR (400.21 MHz, CDCl3, 298 K): d (ppm) 10.9 (s,
N–H of 2-OHnic); 8.86 (d,1H, 3J = 3.92 Hz); 8.57 (d, 1H,
3J = 7.5 Hz); 8.16 (d, 1H, 3J = 5.5 Hz); 7.96 (d, 1H, 3J = 4.7 Hz); 7.76
(d, 1H, 3J = 6.18 Hz); 7.68 (t, 1H, 3J = 8.54 Hz); 7.53 (t, 1H,
3J = 7.51 Hz); 7.11 (t, 1H, 3J = 8.01 Hz); 6.68 (d, 1H, 3J = 6.91 Hz);
6.35 (t, 1H, 3J = 7.00 Hz); 6.22 (t, 1H, 3J = 6.96 Hz) (aromatic hydro-
gens for bipy and 2-OHnic); 7.85–6.00 (overlapped signals, 20H
aromatic hydrogens for dppb); 3.8–1.5 (8H, CH2 of dppb).

2.2.2. Data for [Ru(6-OHnic)(dppb)(bipy)]PF6 (2)
Yield: 100 mg (78%). Anal. Calc. for C44H40F6N3O3P3Ru: exptl

(calc) C, 54.45 (54.66); H, 4.19 (4.17); N, 4.40 (4.35). IR: nu(C@O)
(s) 1709, nuas(COO�) (m) 1639, nus(COO�) (m) 1338, beta(N–H)
(w) 1598, nu(C@C) (m) and nu(C@N) (m) 1440, nuasP–F (s) 844,
gamaCH (m) 700, nu(Ru–N) (w) 559, nus(P–F) (m) 554, gama
(N–H) (w) 520 and nu(Ru–O) (w) 502 cm�1. 1H NMR
(400.21 MHz, CDCl3, 298 K): d (ppm) 12.7 (s, N–H of 6-OHnic);
8.09 (d,1H, 3J = 6.35 Hz); 8.81(d, 1H, 3J = 5.1 Hz); 8.57 (t, 1H,
3J = 7.2 Hz); 8.31 (m); 8.13 (m); 7.83–6.94 (m) (aromatic hydro-
gens for bipy and 6-OHnic); 6.85–6.00 (overlapped signals, 20H
aromatic hydrogens for dppb); 4.0–1.0 (8H, CH2 of dppb).

2.2.3. Data dor [Ru(3-OHpic)(dppb)(bipy)]PF6 (3)
Yield: 115 mg (90%). Anal. Calc. for C44H40F6N3O3P3Ru: exptl

(calc) C, 54.50 (54.66); H, 4.10 (4.17); N, 4.44 (4.35). IR: = nu(C@O)
(s) 1641, nuas(COO�) (m) 1600, nus(COO�) (m) 1307, nu(C@C) (m)
1462, nu(C@N) (m) 1434 cm�1, nuasP–F (s) 844, gamaCH (m) 700,
nus(P–F) (m) 559, nu(Ru–O) (w) 504 and nu(Ru–O) (w) 409 cm�1.
1H NMR (400.21 MHz, CDCl3, 298 K): d (ppm) 12.6 (s, O–H of
3-OHpic); (ppm) 8.98 (d,1H, 3J = 4.96 Hz); 8.26 (d, 1H,
3J = 4.5 Hz); 8.20 (d, 1H, 3J = 6.9 Hz); 8.07 (d, 1H, 3J = 7.56 Hz); 8.0
(t, 1H, 3J = 7.41 Hz); 7.88 (d, 1H, 3J = 5.89 Hz); 7.70 (t, 1H,
3J = 7.23 Hz); 7.59 (d, 1H, 3J = 7.66 Hz); 7.46 (t, 1H, 3J = 7.19 Hz);
7.37 (t, 1H, 3J = 7.11 Hz) (aromatic hydrogens for bipy and
3-OHpic); 7.32–6.09 (overlapped signals, 20H aromatic hydrogens
for dppb); 3.3–1.5 (8H, CH2 of dppb).

2.3. X-ray crystallography analysis and data collection

Crystals of the complexes were grown at room temperature by
slow evaporation of methanol/dichloromethane solutions. The
crystals were mounted on an Enraf–Nonius Kappa-CCD diffractom-
eter with graphite monochromated Mo Ka (k = 0.71073 Å) radia-
tion. The final unit cell parameters were based on all reflections.
Data collections for three complexes were carried out at room tem-
perature (293 K), with the COLLECT program [29]; integration and
scaling of the reflections were performed with the HKL Denzo-
Scalepack system of programs [30]. The crystal structures were
solved by the Direct method using SHELXS-97 [31] and refined aniso-
tropically (non-hydrogen atoms) by full-matrix least-squares on F2

using a SHELXL-97 [32] program. A Gaussian method implemented
was used for the absorption corrections [33]. All hydrogen atoms
were positioned stereochemically and refined using the riding
model.
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Furthermore, a positional disorder in the PF6
� anion of the com-

plex 3 can be reliably modeled. This disorder was refined over two
occupancy sites for each atom of fluorine. The program ORTEP-3
[34] was used for drawing the molecules. WINGX was used to pre-
pare materials for publication. The main crystal, collection and
structure refinement data for complexes 1–3 are summarized in
Table 4.

2.4. Theoretical calculations

The geometry optimization was performed using a i-7 com-
puter, with a GAUSSIAN 09 program with the B3LYP hybrid density
functional combined with the 6-31G(d,p) and LACVP basis set for
Ru atoms [35]. The calculation of frequencies used to find the min-
imum geometries does not have imaginary values.

2.5. Anti-M. tuberculosis activity assay

The anti-MTB activity of the compounds was determined by the
Resazurin Microtiter Assay (REMA) [36]. Stock solutions of the test
compounds were prepared in dimethyl sulfoxide (DMSO) and
diluted in Middlebrook 7H9 broth (Difco), supplemented with oleic
acid, albumin, dextrose and catalase (OADC enrichment - BBL/Bec-
ton Dickinson, Sparks, MD, USA), to obtain final drug concentration
ranges from 0.05 to 25 lg/mL. The serial dilutions were realized in
a Precision XS Microplate Sample Processor (Biotektm). The isonia-
zid was dissolved in distilled water, as recommended by the man-
ufacturer (Difco laboratories, Detroit, MI, USA), and used as a
standard drug. MTB H37Rv ATCC 27294 was grown for 7 to 10 days
in Middlebrook 7H9 broth supplemented with OADC, plus 0.05%
Tween 80 to avoid clumps. Cultures were centrifuged for 15 min
at 3,150 x g, washed twice, and resuspended in phosphate-buffered
saline and aliquots were frozen at �80 �C. After 2 days, an aliquot
was thawed to determine the viability and the Colony-Forming
Unit (CFU) after freezing. MTB H37Rv was thawed and added to
the test compounds, yielding a final testing volume of 200 lL with
2 � 104 CFU/mL. Microplates with serial dilutions of each com-
pound were incubated for 7 days at 37 �C, after resazurin was
added to test viability. Wells that turned from blue to pink, with
the development of fluorescence, indicated growth of bacterial
cells, while maintenance of the blue colour indicated bacterial inhi-
bition [36,37]. The fluorescence was read (530 nm excitation filter
and 590 nm emission filter) in a SPECTRAfluor Plus (Tecan�) micro-
fluorimeter. The MIC was defined as the lowest concentration
resulting in 90% inhibition of growth of MTB [37] As a standard
test, the MIC (minimal inhibitory concentration) of isoniazid was
determined on each microplate. The acceptable range of isoniazid
MIC is from 0.015 to 0.06 lg/mL [36,37]. Each test was set up in
triplicate.
Table 4
MIC values of antimycobacterial activity of ruthenium complexes, free ligands and
reference drugs.

Compound MIC (g/mL) MIC (M)

2-OHnicH >50 >359.4
6-OHnicH >50 >359.4
3-OHpicH 31.5 226.4
bipy 25.0 169.1
dppb 50 117.2
cis-[RuCl2(dppb)(bipy)] 3.9 5.1
1 0.39 0.4
2 6.3 6.4
3 3.1 3.2
isoniazid 0.03 0.4
ethambutol 20.7 5.6
gatifloxacin 3.3 0.9
2.6. In vitro cytotoxicity assay

Vero line (ATCC�CCL-81™) was used to determine cytotoxicity
(IC50). The cells were kept incubated at 37 �C with 5% CO2 surface
in plates with 12.50 cm2, containing 10 mL of DMEM (Vitrocell�)
medium culture supplemented with 10% fetal bovine serum, gen-
tamicin sulfate (50 mg/L) and amphotericin B (2 mg/L).This tech-
nique consists in collecting the cells using a solution of trypsin/
EDTA (Vitrocell�), centrifugation (2000 rpm for 5 min) and count-
ing the number of cells in Newbauer chamber adjusting to
3.4 � 105 cells/ml in DMEM. This suspension was deposited on
each well 200 lL of a 96-well microplate obtaining a cell concen-
tration of 6.8 � 104 cells/well and incubated at 37 �C in an atmo-
sphere of 5% CO2 for 24 h for cell attachment to the plate. The
following dilutions of test compounds were prepared so as to
obtain concentrations from 500 to 1.95 lg/mL. The dilutions were
added to the cells after the removal of any medium and cells that
did not adhere, and incubated again for 24 h. The cytotoxicity of
the compounds was determined by adding 30 lL of resazurin
and read after 6 h of incubation. The reading was performed in
microplate Spectrafluor Plus (TECAN�) reader using excitation
and emission filters at wavelengths of 530 and 590 nm respec-
tively. The cytotoxicity (IC50) was defined as the highest concentra-
tion of compound able of allowing the viability of at least 50% of
the cells.
2.7. Selectivity index

The selectivity index (SI) of the metal complexes was calculated
by dividing the IC50 for the Vero cells by the MIC for the pathogen.
The higher the value of SI the agent analyzed is more active against
the tuberculosis bacillus and less cytotoxic to the host, being con-
sidered as a promising substance that with SI higher than 10.
3. Results and discussion

3.1. Synthesis and crystallography

The chemical reactivity of the deprotonated hydroxypyridine-
carboxylates ligands with the precursor cis-[RuCl2(dppb)(bipy)]
enabled the synthesis of complexes with general formula
[Ru(L)(dppb)(bipy)]PF6, L = 2-OHnic; 6-OHnic; 3-OHpic, containing
three chelated ligands, under mild conditions, by simple chloride
exchange (Scheme 2). The orange ruthenium(II) hydroxypyridine-
carboxylates complexes were isolated, as pure solids, from metha-
nol, in good yields. The elemental analyses of the complexes are
described in experimental section and they agree well with the
proposed formulations. The molar conductance values measured
in methanol at room temperature vary from 70.0 to 90.0 S cm2 -
mol�1, revealing the 1:1 electrolytic nature [38] of the 1–3 com-
plexes with the hydroxypyridinecarboxylate molecules acting as
monocharged bidentates ligands in all cases.

The crystal structures of complexes 1–3 were determined by
single crystal X-ray diffraction. ORTEP diagrams [34] of the com-
plexes with the main labeled atoms are shown in Figs. 1–3,
together with selected bonds and angles lengths. Utilizing the crys-
tallographic data was possible to confirm the coordination mode of
ligands 2-OHnic and 6-OHnic in the keto tautomeric form, respec-
tively in complexes 1 and 2. Also was confirmed that the 2-OHnic
ligand is coordinated to Ru(II) by the carboxylate and phenolate
oxygens, forming a 6-membered chelating ring, while the 6-OHnic
ligand is coordinated through carboxylate oxygens to form a 4-
membered chelating ring. In complex 3 the 3-OHpic ligand showed
a N–O (oxygen from carboxylate) coordination mode forming a
five-membered chelate ring.



Scheme 2. Different coordination modes for the 2-OHnic, 6-OHnic and 3-OHpic ligands in complexes 1–3, respectively.

Fig. 1. Molecular structure of the cation [Ru(2-OHnic)(dppb)(bipy)]+in 1. Hydro-
gens atoms, non-coordinated anions and the methanol molecule in the crystal
lattice are omitted for clarity. Selected bond lengths [Å] and angles [�]: Ru1–N3
2.052(4), Ru1–N2 2.107(3), Ru1–O3 2.091(3), Ru1–O1 2.124(2), Ru1–P1 2.300(1),
Ru1–P2 2.318(1), O2–C1 1.239(5), O3–C3 1.269(4), C1–O1 1.265(5); P1–Ru1–P2
96.56(4), O3–Ru1–O1 86.86(10), N3–Ru1–N2 78.78(17), N3–Ru1–O3 168.76(13),
O1–Ru1–P1 173.20(8), N2–Ru1–P2 171.41(8).

Fig. 2. Molecular structure of the cation [Ru(6-OHnic)(dppb)(bipy)]+ in 2. Hydro-
gens atoms, non-coordinated anions and the dichloromethane molecule in the
crystal lattice are omitted for clarity. Selected bond lengths [Å] and angles [�]: Ru1–
N3 2.054(3), Ru1–N2 2.089(3), Ru1–O2 2.210(2), Ru1–O1 2.136(2), Ru1–P1
2.284(9), Ru1–P2 2.328(9), O2–C1 1.272(4), O3–C4 1.239(4), O1–C1 1.282(4); P1–
Ru1–P2 98.37(3), O2–Ru1–O1 60.73(9), N3–Ru1–N2 78.76(11), N3–Ru1–O2
101.32(10), O1–Ru1–P1 108.39(7), N2–Ru1–P2 170.73(8).

Fig. 3. Molecular structure of the cation [Ru(3-OHpic)(dppb)(bipy)]+ in 3. Hydro-
gens atoms and non-coordinated anions are omitted for clarity. Selected bond
lengths [Å] and angles [�]: Ru1–N3 2.068(2), Ru1–N2 2.084(2), Ru1–O1 2.104(2),
Ru1–N1 2.317(2), Ru1–P1 2.337(1), Ru1–P2 2.344(1), O2–C1 1.248(4), O3–C3
1.325(4), O1–C1 1.276(4); P1–Ru1–P2 93.90(3), O1–Ru1–N1 78.25(9), N3–Ru1–N2
78.50(9), N3–Ru1–O1 166.54(9), N1–Ru1–P1 172.60(7), N2–Ru1–P2 174.02(7).
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In complex 1 the asymmetric unit consists of a cationic complex
with a PF6

� as counter-ion and methanol as solvate which stabilize
the crystal structure with the ruthenium center, adopting a dis-
torted octahedral coordination geometry formed by three biden-
tate ligands. The complex consists structurally of a bidentate
phosphine (dppb) trans to a nitrogen atom of bipy and to one of
the carboxylate oxygen atoms, the other bipy nitrogen is trans to
the hydroxyl oxygen of 2-OHnic ligand, as showed in Fig. 1. The
crystal structure of this complex is stabilized by hydrogen bonds
involving the PF6

� anion and the complex forming C–H� � �F contacts,
and also the methanol molecule with the complex resulting in a
classical O1s–H1s� � �O2 hydrogen bond separated by 2.038 Å,
O1s� � �O2 (donor� � �acceptor) distance of 2.693 Å and forming an
O1a–H1s� � �O2 angle of 136.77� (Fig. S1). In complex 2 the 6-OHnic
ligand, Fig. 2, showed a O–O chelation through the carboxylate
with a small bite angle (O–Ru–O = 60.73(9)�). The bond distances
C1–O1 and C1–O2 from the carboxylate group are 1.282 (4) and
1.272 (4) Å, respectively, showing the electron delocalization asso-
ciated with the chelation. The coordination of the 6-OHnic as the
keto tautomeric form in this complex was confirmed analyzing
the C4–O3 distance [1.239 (4) Å], showing a double bond character.
In this crystal structure it is observed a strong N1–H1� � �O3 interac-
tion at distance of 1.915 Å and angle of 174.71� forming centro-
symmetric dimmers, with N1� � �O3 separation of 2.772 Å. Also
there are C–H� � �F contacts bridging the molecules of this complex
(Fig. S2).
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In complex 3 one PF6
� anion and a CH2Cl2 molecule are present

in the asymmetric unit. As shown in Fig. 3, in this structure the
phosphorus atoms are disposed trans to nitrogen atoms, one from
the bipy ligand, and other from the 3-OHpic ligand. The oxygen
atom of the carboxylate group is positioned trans to the remaining
bipy nitrogen atom. The C1-O1 bond distance of 1.276 (4) Å, indi-
cates a single bond character of the coordinated oxygen from car-
boxylate group, which is negatively charged. In this structure is
observed intramolecular hydrogen bond forming a six-membered
ring. This O3–H3� � �O2 interaction presents a distance of 1.847 Å
and angle of 147.04� with O3� � �O2 separation of 2.568 Å. Such
characteristic is also observed in the free 2-OHnicH ligand [23].
The structure of 3 shows C–H� � �O intermolecular contacts linking
the molecules of the complex and C–H� � �F contacts (Fig. S3) that
are present in all the crystal structures from this work.

3.2. Spectroscopical characterization

In the 31P{1H} NMR spectra of the complexes 1 and 2 two dou-
blets were observed, indicating the presence of two inequivalent
phosphorus atoms (Table 1), while for compound 3 only one sin-
glet was observed. The signals, in the region of 39.0–50.3 ppm,
are consistent with a geometry where one of the nitrogens of the
bipyridine is trans to one phosphorus atom of dppb for the three
complexes [39], and the second is trans to oxygen of carboxylate
group (complexes 1 and 2). In complex 3, it is attributed that the
pyridinic nitrogen of 3-OHpic ligand is trans to a phosphorus atom,
resulting in a coalescence of the signals caused by the similarity of
the nitrogen atoms of bipy and 3-OHpic ligands. When the 31P{1H}
NMR spectrum of 3 was obtained in CDCl3, instead CH2Cl2/D2O
capillary, the two expected doublets signals were observed
(Fig. 4, Table 2). Such effect is due to the solvent ability of modify-
ing the multiplicity and sensitive characteristics of the phosphorus
atoms from the dppb ligand and has been observed for similar
compounds [40].

In the 1H NMR spectra of complexes 1 and 2 were observed sin-
glet signals at d 10.9 and 12.7 ppm, respectively. These are assigned
to the protonated form of the pyridinic nitrogen, indicating that the
ligands 2-OHnic and 6-OHnic coordinate to metal in the keto form
[24], as showed in Scheme 2.

3.3. Electrochemical studies

The cyclic voltammograms of complexes 1–3 showed a
quasi-reversible process (ipa/ipc � 1.1) attributed to the RuII/RuIII
Table 1
Crystallographic data and structure refinement for complexes 1–3.

1

Formula [RuC44H40N3O3P2]PF6�CH
Molecular weight 998.81
Crystal system monoclinic
Space group P21/c
a (Å) 12.6982(2)
b (Å) 20.4393(3)
c (Å) 17.6770(3)
b (�) 109.775(1)
Cell volume (Å3) 4317.37(12)
Z 4
Dcalc (g/cm3) 1.537
F(000) 2040
l (mm�1) 0.548
Crystal size (mm3) 0.20 � 0.19 � 0.14
hmin, hmax (�) 3.17–26.80
Reflections collected 33371
Independent reflections (Rint) 9113 (0.0404)
Final R indices [I > 2r(I)] R1 = 0.0599, wR2 = 0.1713
R indices (all data) R1 = 0.0801, wR2 = 0.1851
Minimum and maximum residual density (e Å�3) �1.244, 0.888
oxidation (between 1.30 V and 1.35 V) followed by the RuIII/RuII

reduction (between 1.21 and 1.29 V) as showed in Table 3. These
data indicates little electronic difference among the complexes
despite the different coordination modes of the hydroxypyridine-
carboxylates ligands in complexes 1–3. The E1/2 value for the
precursor cis-[RuCl2(dppb)(bipy)] was observed at 0.60 V [28]
clearly indicating that the substitution of two monoanionic
chlorides by a single monocharged chelating 2-OHnic, 6-OHnic or
3-OHpic stabilizes the Ru(II) metallic center by approximately
0.70 V.

3.4. Theoretical calculations

As suggested by DFT calculation, the HOMOs of complexes 1–3
present strong participation of the d orbitals of the Ru atom and of
the hydroxypyridinecarboxylates ligands. This was also previously
observed by other ruthenium/diphosphine complexes synthesized
in our laboratory [41]. The LUMOs are essentially the same for all
complexes 1–3, with great participation of bipyridine orbitals.
The Fig. S4 shows the graphic representation of the HOMO and
LUMO of the studied complexes. The HOMO’s energy for com-
plexes 1–3 are �0,28600 u, �0,30083 u and �0,29975 u, respec-
tively. These values are essentially identical, as are the oxidation
potentials, as can be seen in Table 3. In this case the calculation
data support the electrochemical results for the oxidation poten-
tials of the complexes.

3.5. Antimycobacterial activity

The antimycobacterial activity of the Ru(II) compounds 1–3,
and also the precursor complex and free ligands were evaluated
in vitro against M. tuberculosis H37Rv strains by the MABA method
[37]. As can be observed from the data collected in Table 4, all of
the new compounds tested exhibit promising activity, with MIC
values ranging from 0.4 to 6.4 lM. These MICs values are compara-
ble to, or better, than those of some ‘‘second’’ and ‘‘first’’ line drugs
used in current therapy [42,43]. Complexes 1 and 3 have stronger
in vitro activity than ethambutol (MIC 5.62 lM), and complex 1 is
more active than gatifloxacin (MIC 0.99 lM) [44], SQ 109 (MIC
1.56 lM) and TMC 207 (0.81 lM), the last two are promising drug
candidates, currently in the human clinical trials phase [42]. Com-
plex 1 also showed activity quite similar to that of the main drug
isoniazid (MIC 0.36 lM), which is the clinically used as a first-line
drug in several schemes of conventional tuberculosis treatment.
According to the biological results, it is clear that the coordination
2 3

3OH [RuC44H40N3O3P2]PF6�CH2Cl2 [RuC44H40N3O3P2]PF6

1051.70 966.77
monoclinic monoclinic
P21/c C2/c
10.8490(1) 33.7233(4)
20.7270(3) 13.8371(2)
20.7000(3) 20.5792(2)
97.0040(10) 122.720(1)
4620.02(10) 8079.15(17)
4 8
1.512 1.590
3136 3936
0.626 0.581
0.60 � 0.30 � 0.15 0.40 � 0.39 � 0.26
3.11–26.72 2.94–26.78
33088 30022
9751 (0.0397) 8562 (0.0477)
R1 = 0.0511, wR2 = 0.1482 R1 = 0.0471, wR2 = 0.1413
R1 = 0.0801, wR2 = 0.1617 R1 = 0.0610, wR2 = 0.1479
�0.646, 0.950 �0.925, 0.747



Fig. 4. 31P{1H} NMR spectra of complex 3 (A) CH2Cl2/D2O capillary and (B) CDCl3.

Table 2
31P{1H} NMR data for complexes 1–3.

Compound 31P{1H} (2JP–P/Hz)

1a 43.4(d); 41.5(d) 32
2a 50.3(d); 47.0(d) 32
3a 39.0(s) –
3b 38.4(d); 37.6(d) 32

a In CH2Cl2/D2O capillary.
b In CDCl3.

Table 3
Cyclic voltammetry data for complexes 1–3.a

Compound RuII/RuIII (V) RuIII/RuII (V) E1/2 (V)

1 1.30 1.22 1.26
2 1.35 1.28 1.31
3 1.35 1.20 1.27

a Conditions: 0.100 V s�1, CH2Cl2, 0.1 mol L�1, TBAP.
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of the ligands (2-OHnic, 6-OHnic and 3-OHpic) to ruthenium cen-
ters promoted an increase in antitubercular activity, as showed in
Table 4. Despite the structural similarities of complexes 1–3, com-
plex 1 was significantly more active than complexes 2 and 3,
respectively, by a factor of sixteen and eight. Until the moment
there is no clear motivation for this difference.

3.6. Cytotoxicity activity

The cytotoxicity (IC50) was performed in epithelial cells (VERO)
and the highest concentration of the compounds capable of allow-
ing the viability of cells by 50% was determined. Compounds 1–3
showed a complete lack of activity against the normal cells studied
with IC50 higher than 500 mg/mL. According to Orme et al. candi-
dates for new drugs must have an selectivity index (SI) equal to
or higher than 10, together with MIC lower than 6.25 mg/mL (or
the molar equivalent) and a low cytotoxicity [45]. SI is used to esti-
mate the therapeutic window of a drug and to identify drug candi-
dates for further studies. Thus, the ruthenium(II) complexes 1–3
studied here, with SI values of 1282, 79 and 161, respectively,
are very promising new antituberculosis drug candidates, and
therefore they could be tested in the in vitro infection model [16].

4. Conclusion

Three complexes of ruthenium with hydroxypyridinecarboxy-
lates ligands (2-OHnic, 6-OHnic and 3-OH-pic) were synthesized
and characterized by a combination of NMR, FTIR, electrochemical,
and X-ray diffraction methods. Coordination of these ligands to
ruthenium occurs in a bidentate fashion, in which each one can
coordinate to the metal center in different forms. The synthesized
complexes presents the formula: [Ru(2-nicOH)(dppb)(bipy)]PF6 (1)
with O–O chelation (via the carboxylate group and phenolate
oxygen), forming a six membered chelate ring, [Ru(6-nicOH)(dppb)-
(bipy)]PF6 (2) with an O–O chelation by the carboxylate group,
forming a four membered chelating ring and [Ru(3-picOH)(dppb)-
(bipy)]PF6 (3) with a N–O chelation (through the pyridine nitrogen
and carboxylate oxygen), forming a five membered chelate ring.
The spectroscopic and the X-ray data confirm that the complexes
1 and 2 are adopting a keto tautomeric form. The biological
results of antimycobacterial activity assays provided evidence that
the ruthenium(II) complexes 1–3 are potential agents against
mycobacterial infections mainly due to the low MIC values found
and also the high selectivity against M. tuberculosis H37Rv when
compared with normal cells.
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