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Abstract

:

New complexes of trivalent cobalt with substituted thiosemicarbazone ligands having an NNS donor system {HL1 = 4-(4-nitrophenyl)-1-((pyridin-2-yl)methylene)thiosemicarbazide and HL2 = 4-(2,5-dimethoxyphenyl)-1-((pyridin-2-yl)methylene)thiosemicarbazide} were synthesized via the in situ oxidation of divalent cobalt chloride accompanying its addition to the ligands. The complexes C1 and C2 were characterized via elemental (CHNS) analysis and 1H NMR, FT-IR and UV-Vis. spectroscopic data. Further, conductometric studies on the DMF solutions of the complexes indicated their 1:1 nature, and their diamagnetism revealed the low-spin trivalent oxidation state of the cobalt in the complexes. The X-ray diffraction analysis of complex C1 indicated that it crystallizes in the triclinic space group P-1. The metal exhibits an octahedral environment built by two anionic ligands bound via pyridine nitrogen, imine nitrogen and thiol sulfur atoms. The complex is counterbalanced by a chloride ion. In addition, two lattice water molecules were detected in the asymmetric unit of the unit cell. The ligand HL2 (20 mg/mL in DMSO) displayed inhibition zones of 10 mm against both S. aureus and E. coli, and the same concentration of the respective complex raised this activity to 15 and 12 mm against these bacterial strains, respectively. As a comparison, ampicillin inhibited these bacterial strains by 21 and 25 mm, respectively. Screening assay by HL1 on four human cancer cells revealed the most enhanced activity against the breast MCF-7 cells. The induced growth inhibitions in the MCF-7 cells by all compounds (0–100 μg/mL) have been detected. The ligands {HL1 and HL2} and complex C2 gave inhibitions with IC50 values of 52.4, 145.4 and 49.9 μM, respectively. These results are more meaningful in comparison with similar cobalt complexes, but less efficient compared with the inhibition with IC50 of 9.66 μM afforded by doxorubicin. In addition, doxorubicin, HL1 and HL2 induced cytotoxicity towards healthy BHK cells with IC50 values of 36.42, 54.8 and 110.6 μM, but surviving fractions of 66.1% and 62.7% of these cells were detected corresponding to a concentration of 100 μg/mL of the complexes (136.8 μM of C1 and 131.4 μM of C2).
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1. Introduction


Cobalt is an essential element for maintaining good human health, its role being predominately associated with the function of cobalamin (vitamin B12) that indirectly regulates growth and the DNA synthesis, in addition to its role in creating red blood cells and maintaining a healthy nervous system [1]. Compared with other metal compounds, the cobalt ones as pharmaceutics have been much less explored in the literature [2,3,4,5,6,7,8,9,10]. Nevertheless, the cobalt compounds are seen as imaging agents [2], hypoxia-targeting agents [3], enzyme inhibitors [4] and drug-delivery scaffolds [5]. This is in addition to their functions as anticancer [6], antiviral [7], antifungal [8] and antibacterial [9] agents. Doxovir, for instance, is a common Schiff base complex of a trivalent cobalt cation acting as a therapeutic in clinical trials and showing efficiency, in a vague mechanism, against the herpes simplex virus 1 (HSV1) [7]. A unique property of trivalent cobalt compared with other 3d metal ions that grants its usefulness in medicine is that the trivalent cobalt complexes are kinetically inert due to the cobalt(III) low-spin d6 electron configuration [10]. This permits ligand substitution reactions in Co(III) complexes, compared with divalent cobalt complexes, on much slower rates [10]. This dichotomy between divalent and trivalent cobalt ions allows for the development of trivalent cobalt prodrugs that become reduced in the biological systems to form labile divalent cobalt complexes (d7 complexes) that afterwards release their ligands, leading to cell cytotoxicity [11]. This reductive release strategy has been investigated for several classes of Co(III) complexes, with the ultimate objective being the selective targeting of the hypoxic environments [3].



Thiosemicarbazones (TSCs) are a class of Schiff base N and S donor ligands formed via the condensation of thiosemicarbazides with various carbonyl compounds [12,13,14,15]. The TSC ligands can react with the metals as neutral or monoanionic species; crystallography can determine these different binding modes, as the C–S bond in the neutral form is a double bond of 1.67–1.72 Å, while the deprotonated TSC form produces a formal C–S single bond of 1.71–1.80 Å [16]. The interest in the TSCs is driven by a potential significance in their biological applicability, due to their ability for DNA binding [17,18], as anticancer [19,20,21], bactericidal [22], fungicidal [23,24], antitrypanosomal [25,26] and antimalarial [27] agents. In general, the heterocyclic TSCs were reported to give more valuable biological activities compared with the aromatic ones; triapine (3-aminopyridine-2-carboxaldehyde thiosemicarbazone), an example of N(4)-substituted TSCs, has been involved in a phase I trial for patients suffering from advanced solid tumors [12,13,14,15]. The mechanism of action of the TSCs in medicine is still controversial, but it was concluded that these compounds act via inhibiting the enzyme ribonucleotide reductase that affects the biosynthesis of DNA precursors [12,13].



In view of this introduction, this paper presents the preparation of two trivalent cobalt complexes, acronymed as C1 and C2, produced via the reactions of cobalt(II) chloride hexahydrate with the tridentate thiosemicarbazone ligands {HL1 = 4-(4-nitrophenyl)-1-((pyridin-2-yl)methylene)thiosemicarbazide and HL2 = 4-(2,5-dimethoxyphenyl)-1-((pyridin-2-yl)methylene)thiosemicarbazide}. Following the synthesis and full characterization of these cobalt complexes, we here report the antibacterial activities of these complexes and their ligands against a Gram +ve (S. aureus) and a Gram −ve (E. coli) bacterial species, in addition to the cytotoxic behavior of these compounds against human breast cancer MCF-7 cells.




2. Results and Discussion


2.1. Formation of the Cobalt(III) Complexes


Detailed information on the synthesis of HL1 [28] and HL2 [29] (Figure 1) was described in the respective literature. Briefly, the reaction of 4-nitrophenyl isothiocyanate for HL1 or 2,5-dimethoxyphenyl isothiocyanate for HL2 with hydrazine hydrate produced thiosemicarbazides. These thiosemicarbazides were filtered, acidified in ethanolic solutions with droplets of glacial acetic acid and reacted with 2-formylpyridine to obtain the Schiff base ligands. The crystallization of the ligands with aqueous ethanol resulted in pure products analyzed by elemental microanalysis and spectroscopic techniques (1H-NMR, 13C-NMR, UV–Visible and FT-IR). As solutions in DMSO-d6, the proton (Figure 2) and 13C NMR (Figure 3) spectra of HL1 and HL2 were determined. The 1HMR spectrum of HL1 cleared three singlet resonances integrated for the hydrazine NH (8.62 ppm), thiourea NH (10.48 ppm) and azomethine CH (12.27 ppm) protons. This is in addition to the appearance of multiple peaks {doublet and triplet} in the range of 7.43–8.40 ppm assigned to the pyridine and benzene ring protons. On another hand, the proton NMR spectrum of HL2 showed the same singlet peaks of HL1 at 8.21, 10.10 and 12.16 ppm, in addition to a sum of seven peaks {two triplet, four doublet and one singlet} in the 6.75–8.61 ppm range due to the ring protons. Furthermore, two singlet resonances at 3.72 and 3.85 ppm due to the two methoxy groups’ protons were observed in the spectrum of HL2. The 13C NMR spectrum of HL1 showed peaks at 116.88, 120.95, 123.43, 123.78, 124.70, 136.51, 143.85, 144.29, 144.79, 149.23, 152.47 and 175.78 ppm, and that of HL2 showed peaks at 55.01, 56.08, 109.04, 109.92, 112.11, 119.09, 123.86, 128.01, 136.28, 142.61, 145.42, 149.17, 152.12, 152.43 and 174.89 ppm. In general, rather than the chemical shifts at 55.01 and 56.08 ppm corresponding to the two methoxy groups in HL2, the other ligand peaks are located at almost-similar positions, indicating similar structures of the ligands. The exhibition of this ligand class of solution thione-thiol tautomerism and their act in a monoanionic manner upon chelation in their complexes were reported [30,31,32,33,34].



The reactions between 1:2 molar amounts of cobalt(II) chloride hexahydrate and the TSC ligands occurred in methanol. Although the ligand solutions turned dark immediately after the addition of the cobalt(II) chloride, indicating the formation of cobalt complexes, these complexes required a relatively long time to separate out in the solid form (around one month). The complexes C1 and C2 formed in moderate yields (67% for C1 and 59% for C2). These complexes showed very good solubility in a wide variety of organic solvents, including acetone, acetonitrile, chlorinated hydrocarbons (dichloromethane and chloroform) and alcohols (methanol and ethanol). Preliminary analyses of these complexes by the measuring of their CHNS contents, magnetic susceptibilities and electrical conductivities in DMF solutions (1 mM) were conducted. The elemental data revealed the combination of two ligand anions, a chloride ion and two water molecules with the cobalt cation in the complexes. The magnetic susceptibilities were almost zero, assigning diamagnetism to the complexes. The molar conductivity values of complexes C1 and C2 were of 72.12–77.81 Ω−1cm2mol−1 in the range reported for 1:1 electrolytes [35,36], and these values did not markedly change after 24 h of clearing the complexes’ stability in their solutions [36].



The diamagnetism of C1 and C2 indicates the rapid oxidation of the cobalt(II) cation, once bound to the TSC ligand, to its trivalent form. In general, Co(II) is a stable high-spin cation of pink color in both water and methanol. This cobalt(II) cation has a    t  2 g  5   e g 2    electron configuration. In addition to a strong field ligand, the cation electrons attain the low spin state    t  2 g  6   e g 1   . Indeed, the ligands sometimes have a strong enough field (e.g., TSC ligands) to cause great splitting between these energy states. This leads to the oxidation of the Co(II) cation to the trivalent oxidation state due to the destabilization of the single electron in the cobalt(II) cation and its removal [37].



The isolated complexes were further characterized by spectroscopic (1H NMR, FT-IR and UV–Visible) analyses. The 1H NMR spectra of the complexes (Figure 4) are similar to the ligands’, but the disappearance of the singlet peaks of the hydrazine hydrogen indicates the coordination in the thiol form. On the other hand, the 13C NMR spectra (Figure 5) exhibits only five and eight peaks for complexes C1 and C2, respectively. The compounds HL1 (30 mg), HL2 (32 mg), C1 (73 mg) and C2 (76 mg) were dissolved in dichloromethane to form 10 mL of a stock solution of 10 mM of each compound. The successive dilution of these solutions was performed thrice that in each step 1 mL of each solution was diluted with dichloromethane (total volume = 10 mL). The final solutions of 10 μM were then used in the UV–visible spectral measurements. The spectrum of each ligand (Figure 6) displayed only an absorption at 333 nm for HL1 and 326 nm for HL2 both assigned for intraligand n-π* transitions [36]. The spectra of complexes C1 and C2 are very dissimilar to the ligands’. Complex C1 displays two distinct absorption maxima at 384 and 239 nm, while complex C2 displays three peaks at 255 (sh), 296 and 428 nm. The peaks recorded at 239, 255 and 296 nm are intraligand-based [36], but the electronic transitions at 384 and 428 nm are due to ligand-to-metal charge transfer [36]. Indeed, Co(III) complexes with octahedral symmetry should give bands due to 1A1g→ 1T1g, 1A1g→ 1T2g, 1A1g→ 3T1g and 1A1g→ 3T2g transitions [38]. However, the identification of these d-d bands is complicated by overlap with the charge transfer bands and the presence of weak spin-forbidden transition bands [38].



With respect to the FT-IR spectral data measured for the compounds in KBr pellets, the exhibition of bands at 3116 cm−1 for HL1 and 3136 cm−1 for HL2 is attributed to υ(2NH) vibrations. The disappearance of these transitions in the spectra of complexes C1 and C2 reveals the deprotonation of these ligands in the complexes [32]. The bands for vibrations of the thioamide moiety {υ(CS) + υ(CN)}, seen at 1330 and 846 cm−1 in the HL1 spectrum and at 1391 and 842 cm−1 in the HL2 spectrum, underwent movement to 1312 and 791 cm−1 in the complex C1 spectrum and to 1314 and 819 cm−1 in that of the complex C2. These results indicate existence of bonding with the TSC sulfur in both of the complexes [33]. The TSC 4N—H moiety is known to involve in hydrogen bonds of various strengths before and after the metal coordination; this shifts the respective stretching bands of the ligands to higher wavenumbers in the spectra of the complexes [32]. Each ligand spectrum exhibited a band attributed to stretching vibrations in the ligand azomethine bonds (at 1582 cm−1 for HL1 and 1606 cm−1 for HL2), the cobalt coordination affected these bands to place at lower wavenumbers in the range of 1523–1572 cm−1 in the complexes’ spectra [33]. The indicated azomethine-cobalt coordination in the complexes can also be proven by new bands at 589–578 cm−1 for υ(Co–Nazomethine) in their spectra [33]. The stretching vibrational transitions of the ligand N—N bonds are found in the 1051–1078 cm−1 range in their spectra; however, these bands blueshifted to the wavenumber 1098–1099 cm−1 range in the spectra of C1 and C2 [34]. The cobalt coordination with the TSC pyridine rings is indicated by bands in the ranges of 644–688 cm−1 and 427–452 cm−1 assigned for both of in-plane and out-of-the-plane pyridine ring deformation. However, these bands locate at 664 and 404 cm−1 for HL1 and at 622 and 407 cm−1 for HL2 in the spectra of the free ligands [30].




2.2. X-ray Diffraction Analysis


Table 1 gives a summary of the crystal structure and the refinement data for complex C1. The selected bond lengths and angles in the complex are provided in Table 2. As presented in Figure 7 (molecular structure of the complex), the crystallographic asymmetric unit of the complex contains a mononuclear complex cation composed of two identical N2S tridentate anionic ligands both wrapped around a cobalt(III) ion exhibiting a six coordination geometry. In the asymmetric unit, a chloride anion (Cl1) and two water molecules (O5, O6) of crystallization (one of them is disordered over two positions) were also found.



The coordination is realized via imine nitrogen (N2, N7), thiolate sulfur (S1, S2) and pyridine nitrogen (N1, N6) atoms, with the formation of four 5-membered chelate rings in the complex (Figure 7). The donor atoms around the cobalt(III) cation form a distorted octahedron with the ligands having almost coplanar atoms meridionally coordinated, so that the imine nitrogen atoms (N2 and N7) are trans-located with a N2—Co1—N7 bond angle of 179.1 (2)°. On the other hand, the pyridine nitrogen atoms (N1 and N6) and the sulfur atoms (S1 and S2) are in cis-positions, with bite angles of 90.7 (2)° [N1—Co1—N6] and of 90.50 (5)° [S1—Co1—S2]. The donor atoms in each ligand anion are almost coplanar, and the two NNS planes are orthogonal to each other. The Co—S bond distances are of 2.215 (1)-2.208 (2) Å, and the Co—N distances fall in the range 1.881 (4)-1.971 (5) Å. However, the Co—N(pyridine) bonds {1.969 (3) and 1.971 (5) Å} are longer than the Co—N(imine) ones {1.885 (4) and 1.881 (4) Å} [39]. These values agree with values reported for similar cobalt(III) complexes [40]. Further, the C—S bond distances in both ligand anions are of 1.741 (6) Å and 1.744 (5) Å, indicating the TSC ligands in their thiol form [40]. In both ligands, the C—N and N—N bond lengths are intermediate between double- and single-bond characters owing to the delocalization of the charge along the entire ligand skeleton [39].




2.3. Bacterial Inhibition


Figure 8 shows the antibacterial assay results of HL1, HL2, C1, C2 and the ampicillin drug (20 mg/mL in DMSO) against bacterial strains of S. aureus (Gram-positive) and E. coli (Gram-negative). The results are represented as the inhibition zone diameters (in mm) measured by the disc diffusion method of Kirby–Bauer [41]. Ampicillin afforded inhibitions with 21 and 25 mm against S. aureus and E. coli, respectively. The compounds HL1, HL2, C1 and C2 showed respectively inhibitions of 0, 10, 0 and 15 mm against S. aureus and of 0, 10, 0 and 12 mm against E. coli. These results indicate no activity of the ligand HL1 and its respective complex against the studied bacterial strains. However, HL2 and C2 gave moderate antibacterial activities slightly higher for the complex against the two bacterial strains, but the activities are still less when compared with the standard. The inactivity of HL1 and its complex, compared with the activities of HL2 and C2, is probably due to their higher nitrogen content, as nitrogen is a vital element required for the growth of the microorganisms [42]. Indeed, metal complexes have been reported in several papers as long-acting drugs with slow releases in the cells, and the higher activities given by complexes relative to those of their ligands have been documented in several papers that concluded that upon coordination, the ligands bio-active or -inactive improved their antimicrobial activities or attained some pharmacological action [43,44].




2.4. Cytotoxic Activity


To determine the anti-proliferative activity of the present TSC compounds, the cytotoxicity of ligand HL1 against cells of A-549 human lung carcinoma, MCF-7 human breast cancer, HEPG-2 human liver cancer and HCT-116 human colon cancer was evaluated by the SRB assay method, which is more advantageous over the MTT method as the latter is more prone to interferences in the results not related to cell viability [45]. The ligand in five concentrations (0–100 µg/mL) was evaluated to determine the concentration against each cell, leading to 50% proliferation inhibition (IC50 value). This preliminary test showed the greatest cytotoxic activity against MCF-7 cells (IC50 = 15.8 µg/mL, cell proliferation = 9.6% at 100 µg/mL) and a bit less significant cytotoxic effect against HEPG-2 cells (IC50 = 23.5 µg/mL, cell proliferation = 33.2% at 100 µg/mL). This is while the addition of up to 100 µg/mL of HL1 offered cell proliferation of 64.1% and 60.4% in the A-549 and HCT-116 cancer cells, respectively.



Therefore, we compared the activities of all ligands and complexes against human epithelial-adenocarcinoma MCF-7 cells (model cells for breast cancer; the most prevalent cancer among women on the globe) [46]. Solutions of varied concentrations of all compounds (0–100 μg/mL) in DMSO were prepared, and the anti-proliferative activities against MCF-7 cells were found to follow a concentration-dependent manner (Figure 9). Indeed, the ligand HL2 activity has much enhanced upon complexation, causing percent proliferation change from 47.7% by HL2 to 38.7% by C2 (compound concentration = 100 μg/mL), and IC50 values of 145.4 and 49.9 μM were determined for the ligand and its complex, respectively. On the contrary, the ligand HL1 showed great cytotoxic activity on this cell type and the complexation with cobalt inversely affected the ligand anti-proliferative activity; HL1 and its complex at 100 μg/mL afforded cell proliferations of 9.6% (IC50 = 52.4 μM) and 62.1%, respectively.



These results (Table 3) {IC50 of HL1, HL2 and C2 = 52.4, 145.4 and 49.9 μM, respectively} in general indicate a high dependence on the substituents that the nitro group in ligand HL1 greatly enhanced through its anti-proliferative activity in comparison with that of HL2, while the much less activity of C1 in comparison with that of C2 is probably due to the more synergetic effect in C2. Indeed, three trivalent cobalt complexes with TSC ligands {4-(4-halophenyl)-1-((8-hydroxyquinoline-2-yl)methylene)thiosemicarbazones; halo = fluoro (HA), chloro (HB) and bromo (HC)} were reported in literature [46]. These complexes (ligands) exhibited anti-proliferative activities towards MCF-7 cells with IC50 values of 195.9 (1111.5), 381.8 (1740.0) and 126.3 (1006.2) μM [47]. This means that the investigated compounds HL1, HL2 and C2 in this paper, due to the redox activity of cobalt and structural diversity of the complexes, are exceptional [47]. Nevertheless, comparing these IC50 values with the value of 9.66 μM given by doxorubicin as a standard drug under the same experimental conditions and with reported values for other standards {cisplatin (7.2 μM), carboplatin (0.02 μM) and tamoxifen (0.0455 μM)} [47] indicates lower activities by the TSC compounds under investigation.



Finally, to fulfill this study, we measured the induced cytotoxicity by the TSC ligands, the cobalt complexes and doxorubicin to normal BHK (baby hamster kidney) cells. We determined an IC50 value of 36.42 μM for doxorubicin and values of 54.8 and 110.6 μM for HL1 and HL2, respectively. However, interestingly, surviving fractions of normal BHK cells of 66.1% and 62.7% were determined, respectively, corresponding to concentration of 100 μg/mL of the complexes (136.8 μM of C1 and 131.4 μM of C2), indicating a low toxicity to the normal BHK cells by the coordination compounds.





3. Materials and Methods


3.1. Materials and Physical Measurements


Hexahydrated cobalt chloride, 4-nitrophenyl isothiocyanate, 2,5-dimethoxyphenyl isothiocyanate, hydrazine hydrate, doxorubicin and pyridine-2-carboxaldehyde were purchased from reputable manufacturers (Alfa Aesar, Kandel, Germany; MERCK, Hohenbrunn, Germany or Sigma-Aldrich, Steinheim, Germany). All other chemicals were supplied in analytical-grade form and were used as they were received. All syntheses, manipulations, experiments and analyses were conducted in the air at ambient room temperature, unless mentioned otherwise. The TSC ligands, HL1 [28] and HL2 [29], were each synthesized via two-step procedures following respective papers. The nuclear magnetic resonances (1H NMR and 13C NMR) were provided in DMSO-d6 with a Bruker 400 MHz spectrometer (Bruker Corporation, Billerica, MA, USA) equipped with TMS (i.e., tetramethylsilane) as an internal reference. Carbon, hydrogen, nitrogen and sulfur analyses were determined by the instrument Vario EL III CHNS Element Analyzer (elementar Analysensysteme GmbH, Langenselbold, Germany). Solution electrical-conductivities of complexes C1 and C2 (1 mM) in dimethylformamide were investigated by a Jenway 4320 conductivity meter (Cole-Parmer, Vernon Hills, IL, USA). All compounds’ UV-visible absorption spectra were determined in CH2Cl2 with a Perkin-Elmer Lambda 40 UV/VIS spectrometer (PerkinElmer, Waltham, MA, USA), and the vibrational transitions in the compounds pressed in KBr pellets were scanned with the use of a Nicolet iS10 FT-IR spectrometer (Thermo Fisher Scientific, Waltham, MA, USA). Diamagnetism of the cobalt complexes was proven by a Sherwood MKI magnetic susceptibility balance (Sherwood Medical, St. Louis, Missouri, USA) utilizing Hg[Co(SCN)4] as a calibration standard.




3.2. X-ray Crystallography


The crystallography studies on a single crystal of complex C1 of dimensions 0.27 × 0.16 × 0.14 mm were conducted at 123 (2) K using a Bruker D8 QUEST diffractometer (Bruker Corporation, Billerica, MA, USA) with MoKα radiation (λ = 0.71073 Å). The Bruker SAINT software package was used in the integration of the frames [48], and the multi-scan method (SADABS) for correcting the absorption effects [49]. The complex C1 structure was solved with direct method and refined with SHELXTL program [50]. Anisotropic refinement for all non-H atoms was performed. The H-atoms were located at calculated positions by a riding model. The hydrogen atoms of the thiourea and hydrazine fragments were freely refined. The molecular graphic of complex C1 was drawn with ORTEP-3 [51] with ellipsoid at 50% probability level.




3.3. Synthesis of the Complexes


A hundred milligrams of each TSC ligand (0.332 mmol of HL1 or 0.316 mmol of HL2) was dissolved in warm methanol (10 mL), and CoCl2.6H2O (38–39 mg; 0.158–0.166 mmol) was added while stirring. The dark solutions were stirred for one hour at the room temperature, before standing in a fridge for a month. The complexes (single crystals of C1 and microcrystals of C2) were filtered, washed with a few milliliters of methanol followed by diethyl ether and dried in the air.



[Co(L1)2]Cl.2H2O C1: Yield = 81 mg (67%). Anal. Calcd.(Found) for C26H24N10O6S2CoCl (MW = 731.05 g/mol), C = 42.72 (42.60) %, H = 3.31 (3.33) %, N = 19.16 (18.98) % and S = 8.77 (8.66) %. 1H NMR (DMSO-d6, ppm): 7.43 (1H, d, pyridine), 7.80 (1H, d, pyridine), 7.87 (1H, t, pyridine), 8.06 (1H, t, pyridine), 8.26 (2H, d, benzene), 8.40 (2H, d, benzene), 10.48 (1H, s, thiourea) and 12.19 (1H, s, azomethine). 13C NMR (DMSO-d6, ppm): 125.25, 127.00, 145.75, 150.93 and 177.40. FT-IR (KBr, cm−1) = 3312 υ(4NH), 1572 υ(C=N), 1312–791 [υ(CS) + υ(CN)], 1098 υ(N–N), 688 Py(iP), 589 υ(Co–Nazomethine) and 427 Py(OP). Electronic (dichloromethane, nm) = 239 and 384. Λ (DMF, Ω−1cm2mol−1) = 72.12. Magnetic moment = diamagnetic.



[Co(L2)2]Cl.2H2O C2: Yield = 71 mg (59%). Anal. Calcd.(Found) for C30H34N8O6S2CoCl (MW = 761.16 g/mol), C = 47.34 (47.69) %, H = 4.50 (4.32) %, N = 14.72 (14.71) % and S = 8.43 (8.20) %. 1H NMR (DMSO-d6, ppm): 3.77 (3H, s, CH3), 3.89 (3H, s, CH3), 6.78 (1H, d, pyridine), 7.05 (2H, d, pyridine), 7.41 (1H, t, pyridine), 7.91 (1H, t, pyridine), 8.03 (1H, s, benzene), 8.13 (1H, d, benzene), 8.61 (1H, d, benzene), 10.10 (1H, s, thiourea) and 12.11 (1H, s, azomethine). 13C NMR (DMSO-d6, ppm): 56.82, 58.32, 112.99, 120.57, 126.07, 137.99, 144.21 and 150.26. FT-IR (KBr, cm−1) = 3394 υ(4NH), 1523 υ(C=N), 1314–819 [υ(CS) + υ(CN)], 1099 υ(N–N), 644 Py(iP), 578 υ(Co–Nazomethine) and 452 Py(OP). Electronic (dichloromethane, nm) = 255(sh), 296 and 428. Λ (DMF, Ω−1cm2mol−1) = 77.81. Magnetic moment = diamagnetic.




3.4. In Vitro Antibacterial Activity Assay


The antibacterial activity of the cobalt complexes, together with their respective ligands and ampicillin (reference drug) against Staphylococcus aureus ATCC 12600 G (+ve) and Escherichia coli ATCC 11775 G (−ve) bacteria received from the American Tissue Culture Collection (ATCC, Alexandria, MN, USA), was assayed in triplicate via the modified Kirby–Bauer disc diffusion method [41]. From each bacterium, a volume of 100 μL was moved to nutrient broth medium (10 mL) and allowed to reach the count of 5 × 108 cells/mL. From each bacterial culture, a suspension of 100 μL was taken and layered on agars containing fresh media. The bacterial species were incubated for 1 day at 37 °C. A solution (20 mg/mL) in DMSO of each compound that its antibacterial effect was to be investigated was prepared, and 8.0 mm blank paper discs (Schleicher & Schuell, Sevilla, Spain) were each impregnated with a volume of ten microliters from each solution. The placement of these discs onto the bacterial agars caused the diffusion of the compound solution and the inhibition of the bacterial growth around the discs. The inhibition zones were determined with slipping callipers according to the National Committee for Clinical Laboratory Standards.




3.5. Cytotoxic Activity against Cancer and Normal Cell Lines


Human cancer cells of lungs (A-549), breasts (MCF-7), livers (HEPG-2) and colons (HCT-116) and normal cells of baby hamster kidneys (BHKs) were originally received from the American Tissue Culture Collection (ATCC, Alexandria, MN, USA) and kept at the National Cancer Institute in Cairo (Egypt) by serial sub-culturing. The activities given by the TSCs were investigated in triplicate according to a published paper [45]. First, the incubation of the cells (4000 cells/well) into 96-well microtiter tissue culture microplates was performed in fresh medium (200 μL) at 37 °C and less than 5% of CO2. One day afterwards, all compounds, including doxorubicin as a reference drug, were freshly dissolved in DMSO to form a series of 0–100 μg/mL solutions of each compound, and each solution was added to a cell plate. Incubation was conducted further for 48 h, and the cultures were fixed by layering cold trichloroacetic acid (50%, 50 μL) at 4 °C on each well. The cell cultures were washed with distilled water, before staining with fifty microliters of sulphorhodamine B (SRB, 0.4%) solution in acetic acid (1%) for half an hour in the dark at ambient atmosphere. After rewashing with acetic acid (1%) and air drying, TRIS (10 mM, pH 10.5, 200 μL) was added to each well to solubilize the dye. The optical density of each well was investigated at 570 nm by employing an ELISA microtiter plate reader.





4. Conclusions


In this paper, two cobalt complexes (C1 and C2) derived from tridentate thiosemicarbazones of pyridine-2-carboxyldehyde (HL1 and HL2) were prepared. The analysis revealed the 1:1 ionic nature and trivalent oxidation state of cobalt in the complexes. XRD studies indicated full structural parameters in complex C1. Antibacterial and anticancer activities of the ligands and complexes were investigated. Most pronounced, complexation with cobalt in complex C2 enhanced the antibacterial activity of the ligand against S. aureus and E. coli, but the activities are still less compared with the induced activities by the ampicillin standard. However, against human MCF-7 cancer cells, both HL1 and complex C2 afforded good results, greater than the results given by several Co-TSC complexes, but lower than the activity given by doxorubicin. Nevertheless, doxorubicin induced higher cytotoxicity towards BHK normal cells compared with the ligands, and the toxicities towards normal BHK cells by the complexes were much lower.
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Figure 1. Structures of the TSC ligands. 
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Figure 2. 1H NMR spectra of HL1 (a) and HL2 (b) measured in DMSO-d6. 
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Figure 3. 13C NMR spectra of HL1 (a) and HL2 (b) measured in DMSO-d6. 
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Figure 4. 1H NMR spectra of C1 (a) and C2 (b) measured in DMSO-d6. 
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Figure 5. 13C NMR spectra of C1 (a) and C2 (b) measured in DMSO-d6. 
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Figure 6. UV-Visible spectra of compounds {HL1 and HL2} (a) and compounds {C1 and C2} (b) measured in dichloromethane. 
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Figure 7. Molecular drawing of [Co(L1)2]Cl.2H2O (C1) with thermal ellipsoids at 50% probability level (the crystallization water molecules and all H atoms have been removed for more clarity). 
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Figure 8. Correlation plot between the antibacterial activities against S. aureus and E. coli, expressed as the inhibition zone diameters in mm, and the compounds under investigation. 
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Figure 9. Anti-proliferative activities displayed by various concentrations of ligands (HL1 and HL2) and complexes (C1 and C2) against MCF-7 cancer breast cells. 
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Table 1. Crystallographic data for the cobalt(III) complex C1.
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	Empirical formula
	C26H24N10O6S2CoCl
	µ (mm−1)
	0.872



	Formula weight
	731.05
	F (000)
	748.0



	Crystal system
	Triclinic
	θ range for data collection (°)
	2.508 to 25.499



	space group
	P -1
	Reflections collected
	5446



	a (Å)
	11.8902 (8)
	Unique refl. collected (Rint)
	4012 (0.0536)



	b (Å)
	12.4093 (8)
	Completeness to theta
	98.9%



	c (Å)
	12.5613 (9)
	Parameters (Restraints)
	511(537)



	α (°)
	118.026 (2)
	Max. and min. transmission
	0.746 and 0.665



	β (°)
	108.500 (2)
	GOF on F2
	1.090



	γ (°)
	95.735 (2)
	R1 [I > 2σ(I)]
	0.0581



	Volume (Å3)
	1481.28 (18)
	wR2 (all data)
	0.1582



	Z
	2
	Largest diff. peak, hole/e Å−3
	0.838 and −0.483



	Density (g/cm3)
	1.639
	CCDC number
	2175750
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Table 2. Selected bond lengths (Å) and angles (°) for complex C1.
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	Atoms
	Distance (Å)
	Atoms
	Angle (°)
	Atoms
	Angle (°)





	Co1—S1
	2.215 (1)
	S1—Co1—S2
	90.50 (5)
	Co1—S2—C20
	94.4 (2)



	Co1—S2
	2.208 (2)
	S1—Co1—N1
	168.0 (1)
	Co1—N1—C1
	129.1 (3)



	Co1—N1
	1.969 (3)
	S1—Co1—N2
	85.1 (1)
	Co1—N1—C5
	111.2 (3)



	Co1—N2
	1.885 (4)
	S1—Co1—N6
	91.4 (1)
	Co1—N2—N3
	124.8 (3)



	Co1—N6
	1.971 (5)
	S1—Co1—N7
	95.3 (1)
	Co1—N2—C6
	116.1 (3)



	Co1—N7
	1.881 (4)
	S2—Co1—N1
	89.9 (1)
	Co1—N6—C14
	129.9 (3)



	S1—C7
	1.741 (6)
	S2—Co1—N2
	93.3 (1)
	Co1—N6—C18
	111.8 (3)



	S2—C20
	1.744 (5)
	S2—Co1—N6
	168.1 (1)
	Co1—N7—N8
	124.3 (3)



	N1—C1
	1.317 (6)
	S2—Co1—N7
	85.8 (1)
	Co1—N7—C19
	117.0 (3)



	N1—C5
	1.366 (6)
	N1—Co1—N2
	82.9 (2)
	C1—N1—C5
	119.5 (4)



	N2—N3
	1.362 (5)
	N1—Co1—N6
	90.7 (2)
	N3—N2—C6
	119.1 (4)



	N2—C6
	1.297 (4)
	N1—Co1—N7
	96.7 (2)
	N8—N7—C19
	118.7 (4)



	N6—C14
	1.331 (6)
	N2—Co1—N6
	98.6 (2)
	C14—N6—C18
	118.3 (4)



	N6—C18
	1.368 (7)
	N2—Co1—N7
	179.1 (2)
	N2—N3—C7
	111.0 (4)



	N7—N8
	1.377 (5)
	N6—Co1—N7
	82.3 (2)
	N7—N8—C20
	110.7 (4)



	N7—C19
	1.285 (8)
	Co1—S1—C7
	94.6 (2)
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Table 3. IC50 values (μM) of MCF-7 cancer and BHK normal cells exposed to compounds HL1, HL2, C1, C2 and doxorubicin (dox).
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MCF-7

	
BHK




	
HL1

	
HL2

	
C1

	
C2

	
dox

	
HL1

	
HL2

	
C1

	
C2

	
dox






	
IC50 (μM)

	
52.4

	
145.4

	
>136.8 *

	
49.9

	
9.66

	
54.8

	
110.6

	
>136.8 *

	
>131.4 *

	
36.42








The cytotoxic activities of all compounds up to the concentration 100 μg/mL were determined. The IC50 values marked with (*) were not investigated, because these values are greater than 100 μg/mL.
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