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Abstract

Three new thiourea ligands derived from the condims of aroyl- and aryl-isothiocyanate
derivatives with 2,6-diaminopyridine, named 1,l¥(gine-2,6-diyl)bis(3-(benzoyl)thiourea)
(L1), 1,1'-(pyridine-2,6-diyl)bis(3-(2-chlorobenzdiourea) (L2) and 1,1'-(pyridine-2,6-
diyl)bis(3-(4-chlorophenyl)thiourea) (L3), their ioo-vanadium(lV) complexes, namely
[VO(L1)(H-0)] (C1), [VO(L2)(H-O)] (C2) and [VO(L3(H.O)] (C3), and also, dioxo-
vanadium(V) complex containing 4-hydroxy-2,6-pyndi dicarboxylic acid (chelidamic acid,
H.dipic-OH) and metformin (N,N-dimethylbiguanide, Nletnamed [HMet][VO(dipic-
OH)],-H,0 (C4), were synthesized and characterized by el@hanalysis, FTIR antH NMR
and UV-visible spectroscopies. Proposed structimefee thiourea ligands and their vanadium
complexes were corroborated by applying geomettimopation and conformational analysis.
Solid state structure of complex JMet][VO.(dipic-OH)-HO (triclinic, Pi) was fully
determined by single crystal X-ray diffraction aysa$. In this complex, metformin is double
protonated and acted as counter ion. The antibakteroperties of these compounds were
investigated in vitro against standard Gram-positnd Gram-negative bacterial strains. The
experiments showed that vanadium(lV) complexesthadsuperior antibacterial activities than
novel thiourea derivatives and vanadium(V) compésgainst all Gram-positive and Gram-

negative bacterial strains.

Keywords. Thiourea; 4-hydroxy-2,6-pyridine dicarboxylic acid,N-dimethylbiguanide; Oxo-

vanadium(lV, V) complex; Antibacterial activity



1. Introduction

In recent years, many research efforts are diretctede development of effective antimicrobial
agentscaused bythe variety of drug-resistant strains and inhdntof the growth of them [1-5].
On the basis of the pharmacological studies of ¢benpounds containing carbonyl and
thiocarbonyl groups such as urea, thiourea and tk&ted analogues, it is proposed that the
thiourea derivatives and their transition metal pteres represent a wide diversity of biological
functions including antibacterial [6-16], antifunda7-21], anti-diabetic [22-24], antitubercular
[25], anti-human immunodeficiency virus (anti-HIJ26-28], anti-Hepatitis C virus (anti-HCV)
[29], Antitumor [30-31], antithyroid, anthelmintiaodenticidal, insecticidal, herbicidal, and
plant-growth regulator properties [32-34]. In mamyestigations, coordination of thiourea
derivatives as potential donor ligands to a ranfyenetal ions have led to increment in the
biological activity of these compounds, hence simgwthat complexation can be a novel
approach for the reduction of dose [35]. Vanadiamresent in trace amounts as physiologically
essential element with wonderful biological propet There are suggestions that vanadium
plays important roles in cells such as regulatibprmsphoryl transfer enzymes and cell’'s redox
potential [36]. Pharmacologically, vanadium compaainvith oxidation states +4 (IV) and +5
(V) have demonstrated anti-diabetic and anti-cagamic effects in humans [37]. Considering
the biological properties of vanadium and the aittiobial activities of thiourea derivatives, it
can be concluded that the combination of them ead ko the generation of novel improved
antimicrobial agents. In spite of extensive inwgafiions on insulin-enhancing properties and
anti-diabetic effects of vanadium compounds, a fesearchers have studied antimicrobial
activity of vanadium complexes, particularly, withiourea derivatives as ligands [38-42].

Furthermore, 4-hydroxypyridine-2,6-dicarboxylic dcwhich obtains from the substitution of



dipicolinic acid (2,6-pyridine dicarboxylic acid)ithr a hydroxyl group in position 4 and forms
the [VOy(dipic-OH)] complexes with various organic or inorganic couotes, has recently
revealed the rangef biological functions [43-45]. In view of this,eMfocused on the synthesis,
characterization and antibacterial activity of thneovel thiourea derivatives and their oxido-
vanadium(lV) complexes. Moreover, we fully investigd a new dioxo-vanadium(V) complex
with metformin, which has lately exhibited an appable biologicalactivity, as a counterion
namely [HMet][VO,(dipic-OH)],-H,O. Based upon the previous studies, the protonatidhe
metformin as a relatively strong base leads tovatiit in some biological processes [46]. Since
appropriate crystals from pure solid thiourea coumus were not available for X-ray
measurements, we carried out geometry optimizadioth conformational analysis to all free
ligands and oxido-vanadium(lV) complexes as a smpphtary tool to validate the proposed
structures. The antibacterial properties of all poonds were screened in vitro against two
standard Gram-positive (Staphylococcus aureus amdr&coccus faecalis) and two standard

Gram-negative (Escherichia coli and Pseudomonageesa) bacterial strains.

2. Experimental

2.1. Materials and instrumentation

All starting reagents and solvents were purchasemh fSigma-Aldrich and Merck and used as
received. Elemental analyses were performed ornca,l@HNS-932 elemental analyzer. Fourier
transform infrared spectra were recorded on a FOASCO 680-PLUS spectrometer as KBr
pellets in the 4000-400 chmspectral range. Proton NMR spectra at room tenperavere
obtained on a Bruker 400 spectrometer. Electromectsa (UV-visible (UV-Vis)) were recorded

on a UV-JASCO-570 spectrometer using 10 mm pasgHequartz cells at room temperature.
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2.2. Synthesis

2.2.1. Synthesis of thiourealigands and their oxido-vanadium(lV) complexes

The ligands L1 and L2 were synthesized using aquoe similar to that described in the
literature [8, 47] by the reaction of benzoyl clider (2 mmol) and 2-chlorobenzoyl chloride (2
mmol) separately with Ni$CN (2 mmol) in acetone to produce benzoyl-isotyanate and 2-
chlorobenzoyl-isothiocyanate, respectively, follawsy condensation of each of them with 2,6-
diaminopyridine (1 mmol). The ligand L3 was dirgcgynthesized by condensation of 4-
chlorophenyl-isothiocyanate (2 mmol) with 2,6-diaopyridine (1 mmol). The oxido-
vanadium(lV) complexes were also prepared accortlirte method described in the literature
[48] by the reaction of aqueous solutions (10 mibhe ammonium metavanadate ((N¥Os, 1
mmol) separately with an ethanol solution (10 mi)each of the ligands (1 mmol) in the
presence of triethyl amine. The reaction mixturesearefluxed for 48 h and then the complexes
were isolated as the solids. All the resultingdglioducts (ligands and complexes) were soluble
in acetone, ethanol, dichloromethane, DMSO and #lifhiethylformamide (DMF) and were re-
crystallized from an ethanol-dichloromethane migt(:2).

L1: Light yellow, m.p.: 156 °C. Anal. Calc. For{1:Ns0,S, (%; FW: 435.520 g.md): C,
57.91; H, 3.93; N, 16.08; S, 14.72; Found: C, 57H33.99; N, 16.05; S, 14.78. FTIR (KBr, tm
1): 3330.7, 3107.5, 3032.8, 1667.6, 1599.7, 15809%52.4, 1537.9, 1531.6, 1515.2, 1489.0,
1451.0, 1399.3, 1325.4, 1319.4, 1239.6, 1152.6051A072.6, 1021.9, 1000.7, 837.8, 796.4,
772.5, 734.8, 710.9, 687.9, 671.9, 661.8, 648.6.160547.8, 476.7, 456.0, 412/ NMR
(DMSO-ds, ppm): 13.21 (br s, 2H, NH), 11.72 (br s, 2H, NH)95-8.84 (m, 10H, phenyl

protons), 7.08-7.63 (m, 3H, pyridyl protons). UVsMDMSO, nm): 262, 274, 326.



L2: Light yellow, m.p.: 148 °C. Anal. Calc. Forf15CIbNs0,S,; (%; FW: 504.404 g.md1): C,
50.01; H, 3.00; N, 13.88; S, 12.71; Found: C, 50H8.97; N, 13.91; S, 12.75. FTIR (KBr, tm
l): 3390.1, 3221.1, 3180.1, 3111.7, 3046.6, 1676592.1, 1577.3, 1556.6, 1536.4, 1477.3,
1449.1, 1440.1, 1402.1, 1328.4, 1305.8, 1250.89823161.7, 1097.5, 1044.8, 1022.2, 844.4,
798.6, 771.6, 745.1, 726.7, 711.5, 692.9, 650.7,%570.3, 467.9, 438.84 NMR (DMSO-d;,
ppm): 12.84 (br s, 2H, NH), 11.15 (br s, 2H, NHB38.66 (m, 8H, phenyl protons), 7.18-7.69
(m, 3H, pyridyl protons). UV-Vis (DMSO, nm): 26072, 323.

L3: Yellow, m.p.: 153 °C. Anal. Calc. For,§15ClLNsS, (%; FW: 448.384 g.md): C, 50.90;

H, 3.37; N, 15.62; S, 14.30; Found: C, 50.84; RB13N, 15.71; S, 14.24. FTIR (KBr, C]m
3397.8, 3373.7, 3325.7, 3197.9, 3030.3, 1582.92.853484.2, 1448.1, 1401.2, 1350.9, 1305.2,
1260.0, 1222.9, 1195.9, 1156.6, 1089.3, 1013.4,682489.7, 771.1, 717.0, 670.1, 627.8, 613.4,
579.0, 495.4, 442.3H NMR (DMSO-c;, ppm): 11.20 (br s, 2H, NH), 10.86 (br s, 2H, NH),
7.71-8.63 (m, 8H, phenyl protons), 7.11-7.59 (m, Bktridyl protons). UV-Vis (DMSO, nm):
260, 274, 332.

C1: Green. Anal. Calc. For,gHi7/NsO.S,V (%; FW: 518.460 g.md): C, 48.65; H, 3.31; N,
13.51; S, 12.37; Found: C, 48.63; H, 3.29; N, 13%512.38. FTIR (KBr, ci): 3431.7, 3332.9,
3165.1, 3107.6, 3032.3, 1667.1, 1603.2, 1579.84 $51489.4, 1448.0, 1399.7, 1309.0, 1218.2,
1206.1, 1186.5, 1152.6, 1101.9, 1073.9, 1020.6,P9B1.3, 826.3, 795.5, 734.8, 711.4, 687.6,
671.3, 661.5, 648.7, 631.4, 606.9, 547.9, 525.9,247411.7. UV-Vis (DMSO, nm): 268, 320,
576, 867.

C2: Dark green. Anal. Calc. ForE:sCLNsOsSV (%; FW: 587.343 g.mdi): C, 42.94; H,
2.57; N, 11.92; S, 10.92; Found: C, 42.88; H, 2.§1;12.96; S, 10.96. FTIR (KBr, chr

3471.8, 3337.8, 3219.3, 3178.4, 3111.2, 3043.96.2671592.1, 1577.6, 1556.5, 1533.1, 1477.5,



1448.8, 1402.5, 1305.4, 1221.5, 1161.2, 1097.244041021.6, 986.1, 882.7, 844.3, 798.5,
744.9, 726.5, 711.1, 692.6, 650.5, 618.1, 57028, " 496.7, 468.1, 438.4. UV-Vis (DMSO,
nm): 269, 322, 569, 862.

C3: Dark green. Anal. Calc. Fori1:CLNsO,SV (%; FW: 527.291 g.mdi): C, 43.28; H,
2.10; N, 13.28; S, 12.16; Found: C, 43.22; H, 2.88;13.32; S, 12.19. FTIR (KBr, chr
3428.3, 3183.4, 3053.2, 1638.6, 1566.3, 1460.17139157.9, 985.8, 799.1, 611.0. UV-Vis
(DMSO, nm): 267, 324, 560, 859.

2.2.2. Synthesis of dioxo-vanadium(V) complex with chelidamic acid and metformin
hydrochloride

4-Hydroxypyridine-2,6-dicarboxylic acid (1.0 mmahd NaOH (2.0.mmol) were dissolved in
the mixture of ethanol/water (20 ml) and dropwisitled, under continuous stirring, to an
aqueous solution (10 ml) of VOS{1.0 mmol). Afterward metformin hydrochloride (0.5
mmol) was added to the resulting mixture and wéaxed forl8 h until the light green solution
obtained. After 6 days, green crystals suitableXfary structural analysis from the title dioxo-
vanadium(V) complex, C4, were obtained.

C4: pale green, Anal. Calc. ForgH»N7O1sV, (%; FW: 677.283 g.md): C, 31.92; H, 3.13; N,
14.48; Found: C, 31.53; H, 3.07; N, 14.55. FTIR (KBm'l):3341,3163, 2749, 1681, 1609,
1572, 1463, 1376, 1290, 1126, 1056, 948, 884, 868, 639, 576, 453H NMR (DMSO-d;,
ppm): 8.30 (s, dipic-OH), 7.61 (s, dipic-O#), 7.35 (s, dipic-O#), 3.00 (s, 6H, bMet). UV-
Vis (DMSO, nm): 220, 285.

2.3. Theoretical calculations

To gain an accurate understanding of the moleaitactures of thiourea derivatives and their

oxido-vanadium(lV) complexes, geometry optimizatenmd conformational analysis performed



in the gas phase with the Gaussian 09 suite ofranagand the Beck’s three-parameter hybrid
method B3LYP with the 6-31G(d,p) basis set. Vilma#l frequency analyses were also
performed at the same level to ensure the strustame local minima. The natural bond orbital
(NBO) method on the wave functions was obtainethatsame level of theory by NBO 3.1
program [49-55].

2.4. X-ray crystal structure deter mination dioxo-vanadium(V) complex C4

The crystal structure of [iVet][VO.(dipic-OH)],-H.O was obtained by the single-crystal X-ray
diffraction technique. Data for the dioxo-vanadiMnE€omplex C4 were collected on a Bruker
APEX Il area-detector diffractometer using graphm@nochromated Mo & radiation,A =
0.71073 A at 298(2) K. Data was analyzed with APE3Gftware, reduced using SAINT
program and the empirical absorption correctionsewagpplied using the SADABS program
[56]. The structure was solved by direct methods ifined using the least-squares method in
SHELXTL software packag&7]. All non-hydrogen atoms were refined anisoicafly. Outlier
reflections were omitted during the final refinerheaterials for publications were prepared
with SHELXTL [58], PLATON [58], WIinGX [59] and Mercury60]. Details of the X-ray data

collection are reported in Table 1.

2.5. Antibacterial assay

The antibacterial test was done in vitro against ®ram-negative standard strains of bacteria
(Escherichia coli; E. coli ATCC 25922 and Pseudoasomeruginosa; P. aeruginosa ATCC
27853) and two Gram-positive standard strains atdya (Staphylococcus aureus; S. aureus

ATCC 25923 and Enterococcus faecalis; E. faecali€@ 11700).

2.5.1. Deter mination of minimum inhibitory concentration



Minimum inhibitory concentrations for all synthestz thioureas and vanadium(lV, V)
complexes were investigated against all above-nastaadard bacterial strains by the broth
macrodilution assay in sterile test tubes [61]. Wheler Hinton Broth (MLB) medium was used.
Since DMSO has no effect on the microorganisms, DM$&s used as solvent for preparation of
stock solutions and further dilutions were donehwilistiled water. The concentrations of
assayed compounds were 1024, 512, 256, 128, 6416328, 4, 2 and Lig/ml. DMSO was
utilized as negative control. In nutrient broth nued 24 h fresh bacterial culture was prepared.
In order to compare the turbidity of bacterial avdt, McFarland Standard 0.5 solution was used
as turbidity standard. All the inoculated tubesewericubated at 36 °C and results were assessed
after 18 h for bacteria. The minimum inhibitory centration (MIC) was defined as the lowest
concentration of the compounds that prevents thibdlei growth of bacteria after incubation for

18 h, at 36 °C.

2.5.2. Deter mination of inhibition zone

The inhibition zones of the synthesized compouneewdetermined in vitro against all aforesaid
standard bacterial strains by the disk diffusiorthod. Sterilized paper disks (diameter = 6 mm)
were immersed in DMSO solution of tested compound$fie concentration equivalent to most
obtained MIC for 5 min. Then, they were taken aud attached to the surface of Muller Hinton
Agar (MHA) plates, which were inoculated with a fio@.01 cni) of the adequate inoculum of
the bacteria (10CFUs cni’). DMSO was used as a negative control while Anmik#MK-30

ug) and Gentamycin (GEN-103) were used as positive controls for Gram pos#ingbacterial
activity and Gram negative antibacterial activigspectively. All plates were incubated for 24 h
at 36 °C and the resulting diameter of each inioibizone showing no bacterial growth was

measured.



3. Results and Discussion
3.1. Characterization of thiourealigands and their oxido-vanadium(lV) complexes

3.1.1. Infrared spectr oscopy

The solid state properties of three new thiourgands and their oxido-vanadium(IV) complexes
were investigated by infrared spectroscopy. Thearefl spectra of these samples exhibit all the
expected frequency regions of théN—H), v(C=S), v(C=0) and v(C—N). The thiourea
derivatives can display thione-thiol tautomerism.the IR spectra of the ligands, ths—H)
band at around 2500-2600 ¢ris absent and, vice versa, multiple absorptiordbaslated to the
asymmetric and symmetric stretching vibrationshef (N—H) groups in the range of 3100-3400
cm™ are present, consequently, exhibiting formationhef thione tautomer in the solid state of
thiourea derivatives. The absorption band at aBo8D cnmt' is assigned to(Ph—H) stretching
mode. The characteristic IR bands associated \ghstretching vibrations of thionyl £5)
groups of the free thiourea ligands are appeardideimegion of 1325-1351, 1239-1260 and 824-
844 cm'. The multiple high or medium intensity absorptisands in the range of 1000-1200
cm?® are attributed to the(C—N) stretching vibrations. The(C=C) + v(C=N) vibration
frequencies of the pyridine ring found at around3-8600 crit. The ring wagging vibrations of
the pyridine group are observed in the range of@®and 789-798 crh The absorption band
at around 610 crhis from the in-plane ring deformation of the pymiel ring. For two thiourea
ligands L1 and L2, the sharp absorption band atieb870 critis responsible for the stretching
vibration of carbonyl (E&0) group. Besides, the absorption band observedoamnd 710 ci
corresponds to(C—Cl) stretching vibration of phenyl ring in two thigea ligands L2 and L3

[47-48].
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In the suggested structures of the complexes CilC&n(Figures 1 and 2), two thiourea ligands
L1 and L2, respectively, behave as binegative mtale chelating agents coordinating through
the nitrogen of the pyridyl group and two CS groimpshe thiol form to vanadyl ([V3]) ion.
The environment around the vanadium atom is pemtadmate. In the IR spectra of these
complexes, twa(C=S) bands of free thiourea ligands at around 13251239 crit underwent

a shift into lower frequencies at about 1305 an201éni* and thev(C=S) band of free thiourea
ligands at around 840 ¢hweakened upon complexation. These observationsestighe
participation of the C=S groups in the coordinatishich are in acceptable agreement with the
proposed structures of the complexes C1 and C2 [7].

The synthesis of complex C3 starts with the reaabiothe sulfur atoms in thionyl é€S) groups
with carbon atoms (C17 and C28) in the phenyl ringshe free thiourea ligand L3, which
eliminates four hydrogen atoms and forms two newe-fnembered rings. In the suggested
structure of the complex C3 (Fig. 3), the oxidizgdlization form of thiourea ligand L3 acts as a
binegative tridentate chelating ligand coordinatthgough the nitrogen atoms of pyridine and
thiourea to vanadyl ([VG]) ion. Similarly with the complexes C1 and C2, Témvironment
around the vanadium atom of complex C3 is pentaetinate. In the IR spectrum of this
complex, thev(C=S) band of free thiourea ligand L3 at 824 tis absent and the new
absorption band observed at 799 “tmorresponds tov(C—S) stretching vibration upon
cyclization [47].

According to the literature, the oxido-vanadium(ldBgmplexes display the IR band related to the
stretching vibration of vanadyl &0) group in the region of 995-940 &mThis characteristic
band for the square pyramidal oxido-vanadium(IVinptexes emerges at higher wave numbers,

while for octahedral oxido-vanadium(lV) complexespaars at 960-940 ¢ For example,
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Bakir J.A. Jeraghet al studied three monomeric square pyramidal oxidwadaum(IV)
complexes containing para-substituted phenyl-2ipiketone. The IR band of vanadyl group for
these complexes was observed in the range of 937e®8 [62]. In the IR spectra of present
oxido-vanadium(lV) complexes (C1, C2 and C3), themaracteristic IR absorption band
associated with the stretching vibration of vangi#=0) group is appeared at around 985'cm
and the broad absorption band at around 3425 ismattributed to thev(H,O) stretching
vibrations of coordinated water molecule. Their evlstoadness is representative of an intensive
H-bonding [63].

3.1.2. Electronic absor ption spectroscopy

DMSO solutions of three new thiourea ligands arartbxido-vanadium(lV) complexes were
prepared, and their electronic absorption specteewecorded in the range of 200-1000 nm.
Electronic excitation study of these samples in MVsblution display several absorption bands
in the UV and visible regions. For all thioureaaligls, in the UV region, three intense absorption
bands in the range of 260-262, 271-274 and 323AB3%vere assigned to intra-ligane>n* and

n—n* charge transfer transitions from phenyl and pyedrings of the free thiourea ligands.

According to the literature, the square pyramidabo-vanadium(lV) complexes display three
characteristic d—d transition bands with low intBes in the visible region. Electronic excitation
study of oxido-vanadium(IV) complexes in DMSO sautresult in the addition of DMSO trans
to the oxygen in the vanadyl moiety. Therefore,tthied band in DMSO is mostly absent due to
a blue shift for the d—d transitions [64]. For exde Bakir J.A. Jeraght al observed that their

monomeric square pyramidal oxido-vanadium(lV) coempk exhibit two d—d transition bands in
the visible region and the third band is abseni.[B8r present oxido-vanadium(lV) complexes

(C1, C2 and C3), in the UV region, two strong baatisround 268 and 322 nm are related to

12



intra-ligand charge transfer transitions within theurea moiety of the complexes and in the
visible region, the weak bands in the range of 860-nm are assigned to d—d transitions within

the oxido-vanadium(lV) moiety of the complexes§3].

3.1.3. NMR spectroscopy

Proton NMR spectroscopy was recorded in CDCI3 atrrdemperature at 400.00 MHz on a
Bruker 400 instrumentH NMR spectra of three new thiourea ligands mateféshe expected
characteristic resonances, multiplicity and intégra consistent with the corresponding
structures. In théH NMR spectra of the all free thiourea ligands, theracteristic signals for
the protons on the pyridyl ring were observed atuad 6y 7.08-7.69 ppm, while the
characteristic signals for the protons on the phengs were recognized in downfield abauyt
7.71-8.84 ppm. Moreover, the NH resonances notabhg downfield from other resonances and
as seen, NH signals were observed in the rangg df0.86-13.21 ppm as two broad singlet
signals in théH NMR spectra.

3.1.4. Theoretical studies

The optimization of the molecular structures of tinee thiourea ligands and their oxido-
vanadium(lV) complexes were performed at the DFEn@&ty Functional Theory) level of
theory. The most important geometrical parametérthe target compounds are gathered in
Tables 2 and 3. The configurations of transitiontaheomplexes with five-coordinate atoms
around metal ion can range from regular trigonplstamidal (RTBP) to regular square-based
pyramidal (RSBP) coordination. According to N6-V®p145.84° in C1 and 127.52° in C3),
N14-V-N27 (158.40° in C3), S13-V-S26 (149.07 ° ih)@&ngles, configurations of complexes
are RSBP and coordination is occurred through ttregen of the pyridyl group and two CS

groups in the thiol form with vanadyl ([V®) ion. As can been seen from Tables 2 and 3, N10-
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C12 bond length in C1 and C2 is shorter than thatliand L2. Also, C12-S13 and N6-C5 bond
lengths in these complexes are longer than thosbencorresponding ligands. These results
confirm suggested coordination through the nitrogethe pyridyl group and two CS groups in
the thiol form with vanadyl ion. On the other handntraction of N10-C12 and C12-N14 bonds
with the elongation of N6-C5 and C12-S13 bonds iconthe mentioned coordination in C3
complex.

The frontier molecular orbitals (HOMO and LUMO) thiourea ligands and their complexes are
presented in Fig. 4. In addition, some consideral#etronic features such as calculated natural
charges of atoms, dipole moments and energies dil@@nd LUMO for all thiourea ligands
and complexes are listed in Table 4. As can be,seehe HOMO molecular orbitals, the higher
negative charge density is around sulphur atomgshwmiurea ligands, which can increase
probability of nucleophilic attack from those to taleion. It can be found that more negative
charge on S13 and simultaneously less negativegebhaon N10 and N14 have led to
nucleophilic attack of the sulfur atoms in thiori{#=S) groups to carbon atoms (C17 and C28)
in the phenyl rings and formation of two new fivexmbered rings in the free thiourea ligand L3.
The higher energy of HOMO and the lower energy OMO facilitate the interaction between
the donor and acceptor of electron. On the basighef obtained results from previous
antibacterial studies [6], the quantity of diffecerbetween LUMO and HOMO energied=(.H)
and the level of the LUMO energies,(fuo) play important roles in the antibacterial actastof
these compounds.

3.2. Characterization of dioxo-vanadium(V) complex with chelidamic acid and metformin

hydrochloride

3.2.1. Infrared spectr oscopy
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The solid state properties of the dioxo-vanadiumg@inplex C4 was investigated by infrared
spectroscopy. The infrared spectrum of complex @éws strong, broad and branched
absorption bands at 2749-3500 “¢nbecause ofthe O-H stretching vibrations of the
crystallization water molecules, aliphatic C—H’s roétformin, aromatic C—H’s of pyridyl ring
and NH" stretching vibrations of metformin. The strong rettderistic absorption bands at 1681
and 1376 cit corresponds to the asymmetric and symmetric $iregcvibrations of carboxyl
groups, respectively. Furthermore, this complexilatdd one strong absorption band at 1056
cm}, which is attributed to the C—O (hydroxy) vibratiof dipic-OH ligand. In the IR spectrum
of the dioxo-vanadium(V) complex C4, two charadtcei absorption bands associated with the
symmetric and asymmetric stretching vibrations\6£0Q) group are observed at 948 and 884
cm?, respectively. This behavior is consistent witleypously reported dioxo-vanadium(V)
complexes of the dipicolinic acid and derivative6-67].

3.2.2. Electronic absor ption spectr oscopy

DMSO solution of the dioxo-vanadium(V) complex Cdasvprepared, and its electronic
spectrum was recorded in the range of 200-10006hectronic excitation study of this sample in
DMSO solution shows two absorption bands in the fdgion. The absorptionbands at 220 and
285 nm were assigned to the intra-liganebn* and n—n* charge transfer transitioris the dipic-
OH ligand. The band at 220 nm was probably superinpasth the G-V charge transfer involving the
double bonded oxo group.

3.2.3. NMR spectroscopy

Proton NMR spectrum of the dioxo-vanadium(V) compl confirms the presence of both Met
and (dipic-OHj~ fragments in this complex and gives four signal®MSO-g at&y 3.00, 7.35,

7.61 and 8.30 ppm. The resonanceaB8.00 ppm is assigned to methyl protons of metfarmi
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and the remaining three resonances corresponamtaoadic protons of the pyridyl ring in (dipic-
OH)™".

3.2.4. Description of the crystal structure of the dioxo-vanadium(V) complex C4

The molecular and crystal structure of dioxo-vanadlV) complex C4 was fully elucidated by
single crystal X-ray diffraction methods. The ORTH#Bw of the molecular structure of C4 is
shown in Fig. 5, together with the atomic labellsgheme. A list of the most important bond
distances and angles is reported in Table 5.

The vanadium atom shows a penta-coordinate envieahmchieved by two oxo ligands and by
the tridentate (dipic-OH) moiety. The configurations of transition metal @exes with five-
coordinate atoms can range from regular trigongysfaimidal (RTBP,Dsp) to regular square-
based pyramidal (RSBPC4) coordination. In order to assign the correctesngetrical
environment as trigonal-bipyramidal or squared pydal to the vanadium atom, thgparameter
defined in [68] can be considered. However, the eniral value of 0.32 in compound C4 didn’t
allow assigning unambiguously the corrected gednatroordination.

The (dipic-OHJ~ ligands are planar and the mean plane of thedidpsects the dioxo-vanadium
V=0 double bonds whose lengths are range from {3)081.617(3) A (average 1.61 A). The
V-Npy and VQan bond distances are V1-N6 2.072(3) A, V1-01 1.9y A3V1-03 1.990(2) A
and V2-N7 2.076(3) A, V2-012 1.606(3) A, V2-0131363) A (Table 5).

The asymmetric unit of compound C4 is constitutedviio molecular anion [Veidipic-OH)J, a
molecular cation [BMet]** and a water molecule. The cation lies on a symmenter. The
crystal packing is build up by several mediumsttorgy hydrogen bond interactions (Table 6
and Fig. 6). In particular the nitrogen atom of tation [HMet]*" is involved in two hydrogen

bonds with two carboxylic oxygen atom of the anjg®,(dipic-OH)]” [N(1)-+O(2) 2.933(4) A,
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N(1)-H(1B)---O(2) 148(3)° and N{1PD(11) 2.869(4) A, N(1)-H(1A)---O(11) 162(4)°].
Moreover, the water molecule is involved in thregdiegen bonds with two oxo and a
carboxylic oxygen atoms, [018)5 3.028(4) A, O(15)-H(15B)---O(5) 148(6)°, 0156
3.026(4) A, N(15)-H(15B)---O(6) 139(6)° and O1B10 2.554(1) A, O(15)-H(15A)---O(10)
157(4)°].

3.3. Antibacterial activities

All studied compounds were screened for antibadteaictivity in terms of the minimum
inhibitory concentration (MIC) by the broth macriudiion procedure and the zone of inhibition
by the disk diffusion method against different typd bacterial strains. The experiments were
repeated three parallel times. The values of mimmmhibitory concentrations and inhibition
zones of the all compounds are reported as mearst tHast three determinations and are
represented in Table 7. As is apparent from thétalh compounds revealed relatively good
inhibitory activities against the all bacterial atrs, compared to standard drugs as positive
controls used for comparison purposes. It can bbesalrawn from the table that relative to
negative control DMSO, all compounds have stroraggibacterial activities. The antibacterial
activities of oxo-vanadium(lV, V) complexes areatelely higher than those of three new
thiourea ligands, hence verifying that coordinatwith vanadium ion leads to increment in the
biological activity of these thiourea derivativ8$is increment in the antibacterial activity may
be because of the formation of the chelate, whetrehses the polarity of the compound and
thereby increases the lipophilic properties. Therowed lipophilic characteristics facilitate the
interaction of these complexes with cell componemid processes. Moreover, the antibacterial
activities of the oxido-vanadium(lV) complexes dhe highest against all types of bacterial

strains. All compounds inhibited the growth of lea@ with MIC values ranging between 64 and
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1024 ug/ml. On precise examination of the theoreticalitss it can be found that antibacterial
activities have some relationship with the LUMO mgnes and the difference between LUMO
and HOMO energies (Figures 7 and 8). We find thatthickness of inhibition zones for above-
named standard bacterial strains is linear witlsdéhfeatures in some samples. For example, the
differences between the LUMO and HOMO energiesanll3, C1, C2, C3 and C4 compounds
are linear with the thickness of inhibition zones P. aeruginosa, namely, the lower difference
between LUMO and HOMO energies leads to highebanterial activity. The linear equation is

y = -101.2x + 33.61, R2 = 0.872. These relationsy ra#tribute to the more appropriate
interaction of these complexes with cell componemd processes because of the accessibility

of the suitable orbitals. Figures 7 and 8 demotestraore instances of these connections.

4. Conclusions

Present research investigated the synthesis, d¢hdration, crystal structure, theoretical
calculation and antibacterial properties of threeurea ligands, their oxido-vanadium(I1V)
complexes and dioxo-vanadium(V) complex containchglidamic acid and metformin. From
the chemical structures of the resulting oxido-aama(1V) complexes, it can be concluded that
the configurations of oxido-vanadium(lV) complexaund the vanadium atom are square-
based pyramidal coordination. Theoretical calcafetishow that the antibacterial activities of
thiourea ligands and their oxido-vanadium(lV) coexas have some relation with the LUMO
energy and the difference between LUMO and HOMOrgas. The results of antibacterial
experiments show that all the synthesized compotaste good ability to inhibit growth of the

bacteria. Considering the antibacterial activitéthese compounds, we are currently working
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on the vanadium complexes with other thiourea liigafor the investigation of their biological

properties.

5. Abbreviations

L1 1,1'-(pyridine-2,6-diyl)bis(3-(benzoyl)thices)

L2 1,1'-(pyridine-2,6-diyl)bis(3-(2-chlorobenaithiourea)
L3 1,1'-(pyridine-2,6-diyl)bis(3-(4-chlorophentiourea)
c1 [VO(LL)(Hz0)]

C2 [VO(L2)(Hz0)]

c3 [VO(L3)(Hz0)]

C4 [H:Met][VO(dipic-OH)},-H,0O

HIV Human immunodeficiency virus

HCV Hepatitis C virus

H.dipic-OH 4-Hydroxy-2,6-pyridine dicarboxylic ati

Met N,N-Dimethylbiguanide

DMF N,N-dimethylformamide

DFT Density functional theory

m.p. Melting point

MLB Muller Hinton Broth

MHA Muller Hinton Agar

MIC Minimum inhibitory concentration

AMK Amikacin

GEN Gentamycin
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RTBP Regular trigonal-bipyramidal

RSBP Regular square-based pyramidal
HOMO Highest Occupied Molecular Orbital
LUMO Lowest Unoccupied Molecular Orbital
FW Formula weight

Acknowledgement

The authors are grateful to the University of Sisaad Baluchestan (USB) for financial support.

Appendix A. Supplementary materials
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Figurelegends

Fig. 1. The minimum energy structures of the ligattdand complex C1.

Fig. 2. The minimum energy structures of the ligah@dand complex C2.

Fig. 3. The minimum energy structures of the ligahicand complex C3.

Fig. 4. HOMO and LUMO Molecular orbitals of thedhrea ligands and their complexes.

Fig 5. ORTEP representation of C4. Displacemempssids are drawn at the 50% probability

level and H atoms are shown as small spheres ufaagbradii.

Fig. 6. The intermolecular hydrogen bonds betwé&enbiguanidium groups and the carboxylate
groups of the dipic-OH, between the oxo groupstaedvater molecules, as well as between the

carboxylate groups of dipic-OH and water molecwh donor. . .acceptor distance.

Fig. 7. The linear relations between the energiedsUMOs and the inhibition zones (a) for P.
aeruginosa in L1, C1, C2 and C3 samples; (b) fdia&calis in C1, C2 and C3 samples and (c)

for P. aeruginosa in C1, C2 and C3 samples.

Fig. 8. The linear relations of the differenceswszn the LUMO and HOMO energies and the
inhibition zones (a) for P. aeruginosa in L2, L3, €2, C3 and C4 samples; (b) for E. faecalis in
L1, L2, L3, C1, C2 and C3 samples; (c) for S. asreuL2, C1, C2 and C3 samples and (d) for

E. coliin C1, C2 and C3 samples.
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Fig. 2.
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Fig. 3.
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Fig. 6.
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Table 1. Crystal data and structure refinementémnplex C4

Empirical formula GsH21N7O15V
Molecular weight 677.30
Temperature (K) 293(2)
Crystal system Triclinic
Space group Pt
a(h) 6.7449(2)
b (A) 8.0197(2)
c(A) 23.0292(7)
a (°) 92.764(2)
B () 93.888(2)
v (©) 95.540(2)
Volume (&) 1235.14(6)
z 2
Deac (gem ™) 1.821
Absorption coefficient (mit) 0.849
F(000) 688
Crystal size (mm) 0.45 x 0.43 x 0.29
Theta range for data collection 2.66 to 25.00°
Index range -&h<8
—-9<k<9
-27<1<27
Reflections collected 39455
R(int) 0.0516
Final R indices [I>2sigma(l)] R; = 0.0440wWR, = 0.1088
R indices (all data) R; = 0.0590wWR, = 0.1199
Goodness-of-fit o 1.059
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Largest peak/hole [e A -0.719/0.683
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Table 2. The selected structure parameters of DRfii@urea ligands

L1 L2 L3
Bond Length (A)

N6-C5 1.329 1.329 1.340
C5-N10 1.411 1.412 1.406
N10-C12 1.382 1.382 1.377
C12-S13 1.651 1.650 1.670
C12-N14 1.402 1.401 1.382
N14-C22 1.415 1.408 —
C22-023 1.220 1.216 —
N14-C16 — — 1.415
Angle (°)

N6-C5-N10 117.45 117.34 110.91
C5-N10-C12 127.97 127.62 133.44
N10-C12-S13 125.66 125.63 125.89
N10-C12-N14 108.74 108.88 109.73
S13-C12-N14 125.60 125.49 124.38
C12-N14-C22 129.25 130.48 —
N14-C22-023 117.66 118.18 —
C12-N14-C16 — — 129.69
N14-C16-C17 — — 123.04
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Table 3. The selected structure parameters of DRfi@urea complexes

Angle (°)
N6-C5-N10
C5-N10-C12
N10-C12-S13

N10-C12-N14
C12-S13-C17
C12-N14-C16
C12-513-V
C12-N14-V
N6-V-S13
N6-V-N14
N6-V-024
N6-V-025
024-V-025
S13-V-024
S26-V-024
N14-V-024
N27-V-024
S13-V-S26

N14-V-N27

C1 C2 C3 C1 C2 C3
Bond Length (A)
123.94  123.01495 124.28 N6-C5 1.374 1.37408 1.393
129.60 128.13778 126.66 C5-N10 1.374 1.37586 1.362
127.22 126.8722 117.40 N10-C12 1.293 29162 1.292
113.40 112.64934 130.09 C12-S13 1.763 1.75282 1.797
— — 89.87 C12-N14 1.391 1.40701 1.357
— — 112.37 V-S13 2.400 2.39585 —
99.49 98.16496 — V-N14 — — 2.060
— — 121.76 V-N6 2.087 2.09171 2.096
92.22 91.02415  — V-024 1.563 1.56249 1.569
— — 90.25 V-025 2.105 2.10023 2.094
107.18 107.74616 116.65 S13-C17 - — 1.756
145.84  143.94332 127.52 N14-C16 - — 1.393
106.90  143.94332 115.83
103.03 102.77995 —
106.87 106.55816 —
— — 99.52
— — 99.52
149.07 149.98935 —
— — 158.40
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Table 4. Some theoretically computed HOMO, LUMO rgres, dipole moments and atom

charges of thiourea ligands and complexes

Charge L1 L2 L3 C1 C2 C3 C4
N6 -0.4429 -0.4411 -0.5458 -0.5658 -0.56497 -0.6197 —
N10 -0.6344 -0.6349 -0.6117 -0.5593 -0.54618 -B569 —
C12 0.2210 0.2217 0.2515 0.3151 0.29805 0.3177 —
S13 -0.0848 -0.0774 -0.1843 -0.1986 -0.16812 0.4122 —
N14 -0.6931 -0.6843 -0.6131 -0.6639 -0.65012 -01635 —
023 -0.5653 -0.5458 — -0.5696 -0.55282 — —

Enomo (a.U.) -0.21096  -0.21454  -0.21904 -0.21674  -0.218780.19377 -0.12021

ELuvo (a.U.) -0.06311  -0.06502  -0.05569 -0.07548 -0.078010.07918 0.0434
A= 0.14785 0.14952 0.16335 0.14126 0.14077 0.11459 6361

W (debye) 8.0194 10.6116 4.8643 2.2506 4.366 2.1629 —
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Table 5. Selected bond lengths [A] and angles [f@g]

[HoMet][VO(dipic-OH),-H,O

V(1)-0(5)
V(1)-O(6)
V(1)-0(1)
V(1)-0(3)
V(1)-N(6)

0(5)-V(1)-0(6)

0(5)-V(1)-0(1)
0(6)-V(1)-0(1)
0(5)-V(1)-0(3)
0(6)-V(1)-0(3)
0(1)-V(1)-0(3)
0(5)-V(1)-N(6)
0(6)-V(1)-N(6)
O(1)-V(1)-N(6)

O(3)-V(1)-N(6)

1.614(2)
1.617(3)
1.977(3)
1.990(2)
2.072(3)
109.17(15)
98.57(12)
98.96(13)
98.91(12)
99.29(12)
148.91(10)
129.41(13)
121.41(13)
74.83(10)

74.20(10)

V(2)-0(13)
V(2)-0(12)
V(2)-0(10)
V(2)-O(8)
V(2)-N(7)
0(13)-V(2)-0(12)
0(13)-V(2)-0(10)
0(12)-V(2)-0(10)
0(13)-V(2)-0(8)
0(12)-V(2)-0(8)
0(10)-V(2)-0(8)
0(13)-V(2)-N(7)
0(12)-V(2)-N(7)
0(10)-V(2)-N(7)

0(9)-V(2)-N(2)

1.603(3)
1.606(3)
1.996(3)
2.024(3)
2.076(3)
109.93j1
96.31(14)
101.30§15
98.71(14)
100.42(14)
147.46f12
132.21(15
117.85(16
74.49(12)

74.02(11)
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Table 6. Hydrogen bond details, distances (A) argles ¢)

for [HoMet][VO(dipic-OH)],-H0.

D-H--A D-H H--A D-A  D-H-A
N(1)-H(1A)---O(11)  0.85(3)  2.05(3)  2.869(4)  162(4)
N(1)-H(1B)---O(2)  0.85(3)  2.20(3) 2.933(4) 148(3)
N(2)-H(2A)---O(6)  0.85(3)  2.04(3)  2.878(4) 166(3)
N(2)-H(2B)---O(5)  0.85(3)  2.15(4)  2.914 (4) 150(4)
N(3)-H(3)--O(18) 0.87(3) 1.86(3) 2.217(4) 170(3)

N(4)-H(4D)---O(11y  0.85(4) ~ 2.56(5) 3.120(6) 124(4)
N(4)-H(4D)--O(dy ~ 0.85(4) = 2.51(4) 3.224(5) 143(4)
N(4)-H(4E)---O(13) 0.85(4)  2.22(4)  2.909 (6)  138(4)
O(7)-H(7)--O(4) 093@3) 1.87(2) 2760(3) 161(4)
O(14)-H(14)--O() = 0.99(5)  1.70(5)  2.648(4)  158(4)

O(15)-H(15A)--O(10) 0.93(4)  1.91(4) 2.787(4) W7(

O(15)-H(15B)---O(5)  0.93(5)  2.20(5)  3.028 (4)  138(6

N(15)-H(15B)--O(6)  0.93(5)  2.27(5)  3.026 (4)  139(6

Symmetry codes: (i) 1+x,1+y,z; (i) x,1+y,z; (il)+x,y,z; (iv) 2-x,1-y,1-z.
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Table 7. The values of minimal inhibitory concetitias (MIC, pg/ml) and zones of inhibitions

(21, diameter/mm) of the all compounds againststuglied bacterial strains.

Samples E. coli P. aeruginosa S. aureus E. faecalis
MIC Zl MIC Z| MIC VA MIC VA
L1 512 - 512 9.87 128 17.16 256 12.96
L2 512 - 512 17.54 512 8.70 512 8.24
L3 1024 - 512 18.00 1024 10.32 512 8.94
C1 512 10.40 64 19.16 256 10.82 512 10.94
Cc2 512 10.48 64 20.04 256 12.82 256 13.94
C3 256 12.66 128 22.03 64 21.64 256 19.62
Cc4 512 10.51 256 16.52 512 11.93 512 10.92
DMSO - - - - - - - -
AMK - - - - - 18.50 - 18.50
GEN - 23.72 - 23.72 - - - -
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Synopsis for the Graphical abstract

Graphical abstract

Three new thiourea ligands, their oxo-vhAman(lV) complexes and oxo-vanadium(V)
complex containing 4-hydroxy-2,6-pyridine dicarbbgyacid and metformin were synthesized.
The antibacterial properties of all compounds w&reeened in vitro against standard bacterial

strains.



Resear ch highlights

» Three new thiourea ligands and their oxido-vanadiVjircomplexes have synthesized.

* The complexation with vanadium leads to incremarthe biological activity of thiourea
ligands.

e The LUMO and HOMO energies have some relationshtp antibacterial activities in

these compounds.
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