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Abstract [ML,]-yC,HsOH-zH,O complexes (M=Co" (1)
and Ni"" 2), y=4, z=0; M=Cu" 3), y=0, z = 3;
HL = N-(2-thiazolyl)-1H-benzotriazole-1-carbothioamide)
were prepared, characterized (elemental analysis, TG, FT
IR, UV-Vis, EPR, magnetic and conductance measure-
ment) and tested for their antimicrobial activity against
Escherichia coli and Staphylococcus aureus. Complexes
1-3 consist of a metal center having a considerable tetra-
hedral distortion in the xy-plane from the square planar
stereochemistry MN,S, formed by the two deprotonated
benzotriazole ligands. TD-DFT calculations were carried
out at B3LYP/6-31G" level of theory to understand the
electronic structure and to explain the related experimental
findings. Natural bond orbital analysis was performed to
provide details about the electronic arrangement, type of
hybridization and the nature of bonding. Coordination of
HL to Co" gave rise to inactive compound, but the
development of Ni"" and Cu" complexes did not clearly
change the toxicity of the free HL.
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Introduction

The carbothioamide derivatives and their coordination
compounds [1, 2] received remarkable interest because of
their biological properties as antiviral [3], antibacterial [4]
and HDL-elevating properties [5]. The coordination behav-
ior of carbothioamides toward different metal ions con-
tributed also to a great extent to understanding of the
mechanisms of interaction with enzymes and cell thiols.
Generally, carbothioamides belong to thiourea group, which
was recognized to possess a wide range of industrial appli-
cations as catalysts [6, 7], inhibitors [8] and for extraction
of the toxic metals [9] as well as diverse biological activity
[3, 10-12]. The coordinating ability of N,S-ligands permit-
ted them to form complexes of intriguing research applica-
tions [13-15]. For example, Ni(Il) complexes of thiourea
derivatives were attracted much attention because of their
use as models for the nickel center of enzymes [16]. Urease
is a nickel-containing enzyme, which catalyzes the hydrol-
ysis of urea microbes, higher plants and soil.
N-(2-thiazolyl)-1H-benzotriazole-1-carbothioamide
(Scheme 1, HL) is a polydentate ligand having several
coordination sites (benzotriazole, carbothioamide and thi-
azole ring). The incorporation of the biologically active
heterocyclic rings such as benzotriazole and thiazole in the
molecular structure of this N,S-donor derivative represents
an interesting strategy to design new pharmaceutical can-
didates [17, 18]. Recently, we synthesized Zn(II), Pd(Il)
and Pt(II) complexes of HL [15] and screened them for
their antitumor activity on MCF7 tumor and also against
some microorganisms for their antimicrobial activity.
Different coordination modes were reported. The thiazole
N and C-S™ donor sites of two ligand molecules are
coordinated to Zn(II), while in case of Pd(II) and Pt(Il), the
benzotriazole N and C-S™ are participated in the complex
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MX, = Co(Cl04)y6H,0 (1), Ni(Cl04),-6H,0 (2) and Cu(ClO4),-6H,0 (3)

formation. Pd-L complex is triple times more toxic than
cisplatin.

In the present study, synthesis, spectroscopic, structural
properties and biological activity evaluation of Co(Il),
Ni(Il) and Cu(ll) complexes of HL are reported
(Scheme 1). The experimental studies were complemented
by quantum chemical calculations at DFT/B3LYP/6-31G"
level of theory. The spectral properties and electronic
structure were studied by TD-DFT calculations.

Experimental
Instruments

FT IR spectra were recorded as potassium bromide pellets
using a Jasco FTIR 460 plus in the range of 4000—200 cm™".
'H NMR spectra were recorded in DMSO-dg using Bruker
200 spectrometer at the ambient temperature. TG was per-
formed in nitrogen atmosphere (20 mL min~") in a platinum
crucible with a heating rate of 10 °C min~ " using a Shimadzu
DTG-60H simultaneous DTG/TG apparatus. A digital Jen-
way 4310 conductivity with a cell constant of 1.02 was used
for the molar conductance study. Elemental microanalysis
was performed using Elementar Vario EL III. Magnetic
measurement was carried out on a Sherwood Scientific
magnetic balance using Gouy method [19], and
Hg[Co(SCN),] was used as a calibrant. Electronic spectra
were scanned on a Shimadzu Lambda 4B spectrophotometer
in DMF. Solid X-band EPR measurements were performed at
298 K using a Bruker EMX spectrometer. The magnetic
modulation frequency was 100 kHz, and the microwave
power was set to 0.201 mW. The g values were obtained by
referencing to a diphenylpicrylhydrazyl (DPPH) sample with
g = 2.0036. The modulation amplitude was suited at 1
Gauss, while the microwave frequency was determined as
9.7 GHz.
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M = Co(I), Ni(Il), y=4,z=0
=Cu(l),y=0,z=3

Synthesis

Five milliliters of aqueous solution containing one mmol
of Co(ClO,4),-6H,0 (365 mg), Ni(ClO,),-6H,O (366 mg)
and Cu(ClO,4),-6H,0 (370 mg) was mixed with 2 mmol
of HL (522 mg) (supplied from Sigma chemical com-
pany) suspended in 15 mL ethanol, and then, the solution
was refluxed for 3 h, where the complex was
precipitated.

e Complex 1: Color: Buff. Elemental analysis (%): calcd.
CogH36CoN 004S4: C 44.03, H 4.75, N 18.34, found C
43.91,H4.69, N 17.84. FT IR (cm™"): 3438 v(OH)ethanos
2970, Vass(CH3)ethan0]’ 2866, Vss(CH?a)ethanol» 2709’ Vss
(CH2)ethanol» 1597, W(C=N)iazole + V(C=N)rpio1, 1375,
v(N=N), 1216, (v(C=N) + v(C=S) + (C-H)) II, 1035
V(N=N), 761 5(C=S). UV-Vis. (DMF, 10~ nm): 265,
295, 330, 490, 620, 670. Molar Cond. (10> M, DMF,
Q' cm? mol™'): 8.47. pegr (up, 298 K): 3.44.

e Complex 2: Color: Pale brown. Elemental analysis (%):
calcd. C28H36NiN1004S4: C 4404, H 475, N 1834,
found C 43.45, H 4.22, N 17.84. FT IR (cm™'): 3444
V(OH)ethanob 2972» vass(CHS)ethanol’ 2701s VSS(CH2)'
ethanols 1393, V(C=N)iazote + (C=N)rpict1, 1370,
v(N=N), 1214, ((C=N) + v»(C=S) + (C-H)) II,
1038 w(N-N), 760 6(C=S). UV-Vis. (DMF, 107
nm): 245, 265, 290, 320, 390, 590. Molar Cond.
(107> M, DMF, Q'cm? mol™'): 27.40. ue (up,
298 K): 2.22.

e Complex 3: Color: Brick-red. Elemental analysis (%):
caled. CyoH gCuN;gO3S4: C 37.64, H 2.84, N 21.95,
found C 37.99, H 3.04, N 21.69. FT IR (cm™'): 3434
V(OH)water, 1598, v(C=N)wiazote + V(C=N)tnio1, 1231
(v(C=N) + v(C=S) + p(C-H)) II, 1006, v(N-N), 792
5(C=S). UV-Vis. (DMF, 107*, nm): 245, 265, 320,
380. Molar Cond. (10> M, DMF, Q' cm” mol™'):
20.08. pegr (1B, 298 K): 1.04.
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DFT calculations

Density functional theory (DFT) calculations were carried out
by Gaussian 03 [20]. Ground state geometry optimization in
the gaseous state of complexes 1-3 was carried out by B3LYP
functional combined with 6-31G(d) basis set [21, 22]. The
complexes were characterized as local minima through har-
monic frequency analysis. Electronic transitions (in DMSO)
were calculated by time-dependent DFT [23, 24]. NBO
analysis and the analysis frontier molecular orbitals were
performed at the same level of theory.

Antibacterial activity

The antimicrobial activities of the test samples were deter-
mined by a modified Kirby—Bauer disk diffusion method [25]
under standard conditions using Mueller—Hinton agar med-
ium (tested for composition and pH), as described by
NCCLS [26]. The antimicrobial activities were carried out
using culture of Staphylococcus aureus as gram-positive
bacterium and Escherichia coli as gram-negative bacterium.
The solution of 20 mg mL ™" of each compound (free ligand,
metal complexes and standard drug tetracycline) in DMSO
was prepared for testing. Centrifuged pellets of bacteria from
a 24-h-old culture containing approximately 10*-10°
CFU mL ™" (colony forming unit) were spread on the surface
of Mueller—Hinton agar plates. Then, the wells were seeded
with 10 mL of prepared inocula to have 10° CFU mL™".
Petri plates were prepared by pouring 100 mL of seeded
nutrient agar. DMSO (0.1 mL) alone was used as control
under the same conditions for each microorganism, sub-
tracting the diameter of inhibition zone resulting with
DMSO, from that obtained in each case. The antimicrobial
activities could be calculated as a mean of three replicates.

Results and discussion

The reaction of Co(ClOy4),-6H,O, Ni(ClO4),-6H,O and
Cu(ClO,4),-6H,0 with two equivalents of HL in water/ethanol
mixture gives buff (1), pale brown (2) and brick red (3)
complexes in 1:2 (M:L) ratio. The complexes studied were
elucidated using elemental analysis, TG, FT IR, EPR, UV-
Vis, magnetic and conductance measurements. Lower molar
conductance values were found for complexes 1-3 compared
with the reported values [27] for 1:1 (65-90 Q!'em? molfl)
and 1:2 (130170 Q' cm® mol™") electrolytes in DMF,
reflecting their non-electrolytic nature.

Vibrational assignments

The IR bands at 3439, 1561, 1503, 1352, 1006 and
906 cm ™! in the spectrum of HL are allocated for v(NH),

V(C=N)thiazole» (BIN-H) + B(C=C)) I, (v(C=N) + v(C=S)
+ B(C-H)) I, (v(C-N) + v(C-S)) III and J(C=S) IV,
respectively [15].The absence of the v(S—H) band near
2570 cm™ ' suggests the existence of HL in the -NH-C=S—
form in the solid state. The triazole modes (v(N=N) and
v(N-N)) could not be assigned owing to presence of intra-
H-bond [28]. In complexes, coordination of HL to Y
gave rise to remarkable changes in 15301625 cm ™' range.
A new band assigned to V(C=N)thiazole + V(C=N)Thio1 18
observed at 1597 (1), 1593 (2) and 1598 cm ™! (3), since
the anionic L while coordinated to the metal ion via C-S™
generates a double bond. This has been confirmed by
observing the II and IV modes of the C=S group at lower
wave numbers, 1231-1215 and 792-757 cm~!. The
observation of the combination of V(C=N)tpiazole + Vv
(C=N)1pio1 around 1595 cm~! compared with the previ-
ously reported complexes [15] suggests the participation of
thiazole ring in chelation. The v(N=N) and v(N-N) are
observed at 1375, 1036 cm™' for 1 and 1370, 1038 cm ™'
for 2 revealing that the benzotriazole ring remains intact,
while in 3 these modes are still overlapped. Hence, ben-
zotriazole ring in 3 may be considered as the magnetic
exchange pathway by occupying the axial position of Cu"
ion of the adjacent molecule as confirmed by the magnetic
measurement (discussed later). Therefore, HL behaves as a
mono-negative bidentate ligand via C—S™ and N-thiazole
ring.

TG

The curves of the investigated complexes reported in
nitrogen atmosphere (20 mL min~') with a heating rate of
10 °C min~" are shown in Fig. 1. For complexes 1 and 2,
the thermal decomposition of four H-bonded ethanol mole-
cules (assigned by 'H NMR data) and two L preceded
through three complicated steps at 178, 476 and 964 °C for
1 and 163, 447 and 534 °C for 2. The final residue may be
considered to be metallic cobalt (observed: 6.68 %, calcd.:
7.61 %) and NiS (observed: 11.43 %, calcd.: 11.81 %) [29].
The TG curve of 3 exhibited five distinct peaks at 223, 263,
345, 633 and 919 °C. The first and second stages are
accompanied by a mass loss amounts to 45.31 %. This value
finds a parallelism with the calculated value (45.43 %)
responsible for desorption of 3H,0 of hydration and loss of
two benzotriazole rings. The third, fourth and fifth thermal
stages bring the total mass loss up to 77.81 % (calcd.
78.15 %) leaving carbonized CuS, as a final residue.

Electronic structure, magnetic and EPR
The electronic spectrum of HL exhibited three absorption

bands at 365, 310 and 270 nm in DMF [15]. In the highest
energy region, compound 1 showed two bands at 265 and
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Fig. 1 TG and DTG curves of complexes (a) 1, (b) 2 and (c) 3

295 nm as well as a shoulder at 330 nm allocated for the
internal ligand transitions. Coordination of HL via the C—
S~ was established by the disappearance of the band at
365 nm. The excitation energy at 330 nm proved the par-
ticipation of the thiazole ring in the chelation. Complex 1
displayed three weak additional bands in the visible region
at 20,408, 16,129 and 14,925 cm~! that might be accoun-
ted for ‘A, > *T,(P), *A, > *T,(F) and *A, — T,
respectively, in a tetrahedral field [30, 31]. Generally,
octahedral Co(II) complexes comprise large orbital con-
tribution and exhibit p.¢ above 4.7 pg, while the low-spin
square planar complexes with only one unpaired electron
and large orbital contribution may give p.g values around
3.0 pg. The magnetic moments of tetrahedral Co(Il) com-
plexes are always greater than the spin only value via the
orbital contribution [32]. The effective magnetic moment
value of 3.44 pp for 1 is in the expected range of Co(Il) ion
in a distorted tetrahedral field [32].

The room temperature pi.¢r 0f 2.22 g for 2 is in the expected
range characteristic of square planar—tetrahedral Ni(I[) com-
plexes [33]. The percentage of tetrahedral (V) in this mixture is

@ Springer

found to be 45 % as calculated by N, = [100 x (ue)*/(3.3)%]
relation (3.3 pp is the magnetic moment for ideal tetrahedral
Ni(II) complexes). Like compound 1, the spectrum of 2 showed
four electronic transitions at 245, 265, 290 and 320 nm. Two
additional transitions were observed in 2 at 25,641 and
16,949 cm ™! assigned to LMCT (S(c) — Ni(Il)) [34] and
dp —de_y (lAlg - 1Blg) [35] transitions, respectively,
suggesting the predominance of the square planar stereo-
chemistry in DMF solution.

Complex 3 showed anomalous room temperature g Of
1.04 pg indicating the presence of strong anti-ferromagnetic
coupling between the Cu centers of the neighboring
molecules [36]. The magnetic exchange interactions
between the paramagnetic ions may arise from the direct
interaction and/or super-exchange depending upon the dis-
tance of Cu---Cu separation. In the super-exchange process,
the m orbital of a bridged group overlaps with both copper
atoms, where the unpaired spins may migrate to the bridged
groups and become paired. The direct interaction of the
adjacent copper(Il) ions is mainly due to the formation of a o-
bond, d,>_,» orbital overlap. In complex 3, the magnetic
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exchange pathway is considered to proceed through the
uncoordinated benzotriazole moiety, which can occupy the
axial position of the Cu" center of the neighboring molecule
in the solid state to form a Jahn—Teller elongated octahedral
stereochemistry. In other words, the mononuclear units are
not magnetically isolated. The solution electronic spectrum
(in DMF) of 3 showed five electronic transitions at 245, 265,
320, 380 (26,315 cm™ ') and 440 nm (22,727 cm™ ). The
internal ligand transitions are established as in complexes 1
and 2. The band at 380 nm is ascribed to LMCT
S(c) — Cu(Il) [37], while the shoulder at 440 nm may be
attributed to the pyridyl N(r) — Cu(Il) transition [38].
Room temperature EPR spectrum on the powdered sample
of complex 3 was recorded at X-band frequency. As shown in
Fig. 2, the spectrum of 3 is axial with two well-defined
g =214 (Ay =132 x 10" ecm™") and g, = 2.06 values
and g > g1 > g (2.0023), suggesting that the dy>_,» orbital is
the most populated ground state. The stereochemistry around
the metal center could be estimated from the f value (g/A),
where the values in the 105-135 cm range are recognized for
the regular square planar geometry and that higher than 135 cm
indicates the presence of a tetrahedrally distorted structure [39].
For 3, the g| / Ay (162 cm) value indicates the presence of a
considerable tetrahedral distortion in the xy-plane from the
square planar geometry. The anisotropic spectrum of 3 is
similar to those previously reported for distorted tetrahedral-
based coordination polyhedral [40, 41]. No band corresponding
to My = 2 transition was observed in the solid spectrum of 3
ruling out the possibility of Cu—Cu interaction. The G factor,
defined as G = (g — go)/(gL — &) for the axial spectrum
[42, 43], is <4, indicating the presence of strong exchange
interaction [21] between the copper molecules in the solid state.

DFT/TD-DFT

To obtain an insight into the spectral properties and elec-
tronic structure of the complexes studied here, time-

==

Magnetic field (G)
2900 3100 3300 3500 3700 3900

Fig. 2 EPR spectrum of complex 3

dependent density functional theory calculations were
carried on the optimized structures at DFT/B3LYP/6-31G"
level of theory. Before calculating the electronic structures
of the complexes, their geometries should be characterized
as local minima through the harmonic frequency analysis.
The fully optimized geometries of [ML,]-4C,HsOH
(M=Co (1) and Ni (2)) and [CuL,]-3H,0O (3) as well as the
numbering of atoms are shown in Fig. 3. Selected bond
distances and angles are listed in Table 1. Complexes 1-3
consist of metal center having a considerable tetrahedral
distortion in the xy-plane from the square planar geometry
MN,S, formed by two deprotonated ligand molecules. The
angles around the metal center increase from Ni to Co and
then Cu, and consequently, an elongation in the M-N and
M-S bond lengths is reported. Table 1 summarizes the
details of H-bond interactions. For complexes 1 and 2, four
ethanol molecules interact with the mononuclear unit
through five H-bonds of different strengths, 2.013-2.417 A
and 121.9°-164.8° for 1 and 2.018-2.394 A and 122.0°-
162.9° for 2. It is well known that linear H-bonds and those
that approach linearity are usually stronger than the bonds
where the X-H---Y angle (X and Y are electronegative
elements) is far from 180° [44]. Thus, the strongest H-bond
in 2 is N12---H48-049 (2.189 A), since its angle of inter-
action is 162.9°. Similarly, four intermolecular H-bonds are
observed in the optimized structure of 3 coming from the
interactions of three water molecules with the coordination
compound. The N12.--H47-048 (163.0°) is stronger than
the other interactions, because this interaction approaches
more linearity.

The nature of the electronic transitions observed in the
spectra of the complexes studied has been assigned through
the calculation of the lowest 30 singlet spin-allowed exci-
tation states (Fig. 4). The calculated spectrum of 1 showed
three major transitions at 462, 427 and 350 nm assigned to
H(p) —» L(p), H-1(f) » L+1(p) and H-3(a) —» L(a)/H-
3(f) —» L(f) (H: HOMO; L: LUMO). The transition
energy at 462 nm has a ground state composed of Co d.
character, whereas the excitation state is of d orbital
forming a d—d transition (Table S1t). Four transitions are
observed in the stimulated spectrum of complex 2 at 904,
460, 361 and 319 nm relatedtoH — L/L + 2, H —» L+1,
H-3 - L and H-5 — L transitions (Fig. 5). HOMO is
composed of Ni d,. nature with contribution from the ©
system of the benzotriazole rings. The two LUMOs
(LUMO and LUMO + 1) are formed from Ni d,>_,» and
benzotriazole " orbitals and are lying close to HOMO
with a small energy gap (0.04 eV). Therefore, the bands at
904 and 460 nm are close to d,» — dy>_,», with a contri-
bution from 7(benzotriazole) — dy>_» LMCT. HOMO-3
shows predominant character of Ni dy, or dy, with a little
contribution from the C-S group. Thus, the excitation
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Table 1 Optimized bond lcngth/A and angles/° for complexes 1-3 calculated at DFT/B3LYP/6-31G(d) level of theory

1 2

3

Bond lengthlz& Angles/° Bond length/fk

Angles/° Bond length/f\ Angles/°

CoS15 = 2.242 S15CoN21 = 94.7 NiS15 = 2.228 S15NiN21 = 92.6 CuS15 = 2.302 S15CuN21 = 96.0
CoN21 = 1.920 S15CoN27 = 91.0 NiN21 = 1.891 S15NiN27 = 90.2 CuN21 = 1.956 S15CuN27 = 95.4
CoN27 = 1917 N21CoS30 = 90.7 NiN27 = 1.887 N21NiS30 = 89.1 CuN27 = 1.958 N21CuS30 = 95.5
CoS30 = 2.225 N27Co0S30 = 95.5 NiS30 = 2.208 N27NiS30 = 94.0 CuS30 = 2.283 N27CuS30 = 96.7
H-bond interactions
N11---H65-067 N11---H65-067 N11---H66—-068 N11---H66-068 N11---H49-051 N11---H49-051
= 2.028 = 1525 =2.034 = 151.7 = 2.062 = 149.6
N12.---H47-048 N12.--H47-048 N12..-H48-049 N12.--H48-049 N12.--H47-048 N12---H47-048
=2.162 = 164.8 =2.189 = 162.9 =2.151 = 163.0
N16---H47-048 N16---H47-048 N16---H48-049 N16---H48-049 N16---H47-048 N16---H47-048
= 2417 =121.9 =239% = 122.0 = 2.458 = 120.2
N46---H66-068 N46---H66—068 N46---H67-069 N46---H67-069 N46---H50-052 N46---H50-052
=2.013 = 152.6 =2.018 =152.2 = 2.049 = 150.3
057---H39-C36 057---H39-C36 058---H39-C36 058---H39-C36
= 2.402 = 1353 = 2.383 = 137.0
Fig. 4 Theoretical TD-DFT 60000
electronic absorption spectra of 500 = _:_;
complexes 1-3 calculated by 450 s
DFT/B3LYP/6-31G(d) 50000 - B -
350 { M e
300
40000 g
| S 200
g < 150
‘5_ 100
S 30000 o
2 , ' ' ' e
< 540 590 640 690 740 790
20000 4 Wavelength/nm
10000 A
0 : : : S —— . | .
240 290 340 390 440 490 540 590 640 690
Wavelength/nm

energy at 361 nm may be assigned to dy,/dy, — dy>_» and
S(o) — Ni LMCT transitions. The highest energy band at
319 nm has a n—n" character of the thiazole moiety.

The spectrum of 3 displayed five transitions at 514,
426, 385, 376 and 347 nm with oscillator strengths of
0.0186, 0.0326, 0.0672, 0.1605 and 0.3032. These bands
are arising from f-spin H/H-1 - L, H-2/H4 - L, H —
L+2, H4 - L/H - L+2 and H-1 — L+2 transitions.
HOMO and HOMO-1 orbitals show primarily 3d character
with a contribution from the heterocyclic rings. HOMO-2,
which is lower than HOMO by 0.48 eV, results from the ©
system of benzotriazole ring and C-S group (Table S27).

The LUMO orbital with -spin is partially of Cu dy2_y2.
Hence, the lowest energy band at 514 nm is created from
dy,/ dy, — dy>_y» and LMCT transitions. The band at
426 nm is assigned to LMCT character, originating from
the heterocyclic rings as assigned in the experimental
findings.

Natural bond orbital (NBO) analysis
The electronic arrangement of the metal center and natural

atomic charge of the metal ion in the reported complexes
are presented in Table 2. According to NBO [23, 45], the
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Fig. 5 Theoretical electronic
absorption transitions of

complex 2 A
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Table 2 Electronic configuration, populations of 3d orbitals and charge of M atom in the studied complexes

Complex Electronic arrangement dyy dy, dy, dy>_y d, Charge on M
1 [Ar]4s*44347-394p0495,001 0.94216 1.18474 1.75724 1.70448 1.80488 0.65913
2 [Ar]4s*46348454p 0485002 0.98454 1.95364 1.90556 1.72774 1.87619 0.59375
3 [Ar]4s04334°224p0555p001 1.61665 1.91908 1.93274 1.79836 1.95038 0.78576

natural charge on the metal atom is reduced significantly
from the formal charge +2 as a consequence of electron
density donation from the coordination sphere active cen-
ters. In complexes 1 and 2, the metal atom forms two sigma
bonds with two sulfur atoms, while the two M—N bonds can
be described as donation of electron density from a lone-
pair (LP) orbital on each nitrogen atom to M MOs. The
0(Co-S15) bond is formed from sp>“*d"* hybrid on the
cobalt atom (which is the mixture of 17.11 % s, 51.05 %
p and 31.79 % d atomic orbitals) and sp*’°4°°" hybrid on
the sulfur atom (17.33 % s, 82.50 % p and 0.17 % d) and is
polarized with about 81.20 % of electron density concen-
trated on the S15 atom. On the other hand, the 6(Co-S30)
bond is created from sp>'*@*3® hybrid on Co and
sp>82d®°! hybrid on S30 atom. For 2, the Ni—S15 bond
(6(Ni=S15) = 0.899 sp>'4** (Ni) 4 0.436 sp>>'d*°!
(S15)) is longer than Ni-S30 bond (o(Ni—S30) = 0.458
sp> 3t d>** (Ni) + 0.888 sp>7*d™% (S30)) owing to the
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increase in the population of the d orbital of the Ni atom
and p orbital of the S30 atom. For 3, the interaction
between the donor sites and metal ions can be considered
as electron donation from the N and S atoms to the copper
MOs. Table 3 lists the selected values of the E° values
between donor—acceptor orbitals in the studied complexes
(ML bonds and H-bond interactions). The larger the E?
value, the more intensive is the interaction between elec-
tron donors and electron acceptors.

Antibacterial activity

The antibacterial activities of HL and its complexes were
studied using two microbes, S. aureus and E. coli, and
compared to tetracycline used as a standard. Preliminary
screening was carried out at 20 mg mL ™", It was found that
HL reduced the metabolic growth of the investigated bac-
teria to different extent and showed better toxicity against
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Table 3 Second-order interaction energy, E-/kcal mol~' between donor and acceptor orbitals in the studied complexes

Donor — Acceptor E? Donor — Acceptor E?

1

LP(3)S15 — o' (Co-S30) 1.69 LP(1)N21 — RY"(1)Co 0.31
LP(1)S30 — " (Co-S30) 0.55 LP(1)N27 — RY"(1)Co 0.51
LP(1)N11 - &"(067-H65) 5.52 LP(1)N16 — o"(048-H47) 1.14
LP(1)N12 - o"(048-H47) 3.64 LP(1)N46 — " (066-H68) 5.84
LP(1)057 — & (C36-H39) 0.85

2

LP(1)S15 — o (Ni-S30) 7.58 LP(1)N21 — RY"(3)Ni 1.18
LP(1)S30 — o (Ni-S15) 771 LP(1)N27 —» RY"(3)Ni 0.99
LP(1)N11 — o' (068-H66) 10.79 LP(1)N16 — o' (049-H48) 2.38
LP(1)N12 — o' (049-H48) 6.67 LP(1)N46 — o (069-H67) 11.44
LP(2)058 — o (C36-H39) 0.35

3

LP(2)S15 — RY"(3)Cu 0.38 LP(1)N21 — RY"(3)Cu 0.37
LP(2)S30 - RY'(3)Cu 0.31 LP(1)N27 — RY"(3)Cu 0.51
LP(1)N11 — o' (051-H49) 4.54 LP(1)N16 — o' (048-H47) 0.86
LP(1)N12 — o' (048-H47) 3.56 LP(1)N46 — o (052-H50) 4.80

S. aureus compared with E. coli. The variation in the
antimicrobial activity of HL against the two microorgan-
isms depends either on the impermeability of the cells of
the microbes or on differences in ribosome of microbial
cells. The diameter of the inhibition zone of the complexes
studied indicated that the antimicrobial activity of HL is
affected by type of the divalent cation. Coordination of HL
to Co(II) gave rise to inactive compound, but the formation
of compounds 2 and 3 did markedly alter the toxicity. The
inactivity of 1 may be interpreted in terms of low
lipophilicity, where the penetration of the complex through
the lipid membrane is decreased, and hence, they cannot
block or inhibit the growth of the microorganism. In
absolute terms, ICsy value of 0.084 (2) and 0.125 (3)
pmol mL™" (3) (equivalent to 64 (2) and 80 (3) pg mL™")
was determined against S. aureus. Thus, complex 2 has
higher toxicity than compound 3. In comparison with the
previously published complexes (Zn", Pd" and Pt") with
HL [15], it is necessary to confirm that the highest activity
of [PAL(EtOH),]-Cl [15] may be recognized to its ionic
nature compared with the non-electrolytic behavior of
[ZnL,]-4EtOH, [PtL(EtOH)CI] and complexes 2 and 3
studied here.

Conclusions
Co(II), Ni(II) and Cu(Il) complexes of N-(2-thiazolyl)-1H-

benzotriazole-1-carbothioamide were synthesized in good
yields, characterized and tested for their antibacterial

activity against E. coli and S. aureus. The experimental
studies were complemented by quantum chemical calcu-
lations at DFT/B3LYP/6-31G" level of theory. Coordina-
tion of HL to Co(II) gave rise to inactive compound, but
the formation of compounds 2 and 3 did markedly alter the
toxicity. The optimized structures consist of metal center
having a considerable tetrahedral distortion in the xy-plane
from the square planar geometry MN,S, formed by the two
deprotonated ligand molecules. The Cu" complex showed
anomalous room temperature owing to presence of strong
anti-ferromagnetic coupling between the Cu" centers of the
neighboring molecules through the uncoordinated benzo-
triazole moiety, which can occupy the axial position of the
metal center of the neighboring molecule in the solid state.
Also, the room temperature pegr of 2.22 pug for Ni(Il)
complex is in the expected range characteristic of square
planar—tetrahedral Ni(II) complexes. NBO analysis reveals
that the strong coordination bonds results from donation of
electron density from a lone-pair orbital on sulfur atoms to
the acceptor metal MOs.
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