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A new unsymmetrical N,O,-tetradentate Schiff-base complex of zinc(Il) was synthesized by the template
reaction of pyridoxal-S-methylthiosemicarbazone and 2-hydroxy-4-methoxy-benzaldehyde as starting
compounds. S-methylthiosemicarbazone (1) and zinc(Il) complex [Zn(L)CH30H] (2) were characterized
by elemental analysis, FT-IR, UV-visible, 'H, and '*C NMR spectra. The molecular structure of the complex
(2) was determined by single crystal X-ray diffraction technique. The structure consists of a distorted
square-pyramidal geometry around the central metal, Zn(II). Quantum chemical calculations were car-
. . ried out using density functional theory DFT/B3LYP, 6-31G (d), and LanL2DZ basis sets for theoretical
Thiosemicarbazone . . .
X-ray crystallography characterlzatlon of the compo.um?s. The experlmentaliand theoretical data were cqmpared compreh.en—
DFT sively. The potential energy distribution (PED) analysis was performed for the assignment of vibration
frequencies. In order to support in vitro studies, molecular docking studies have been carried out so that
the title compound can be an inhibitor of Epidermal Growth Factor Receptor (1 m17), and the relation-
ship between calculated HOMO energies and docking studies has been examined. In addition, the total
antioxidant capacity (as TEAC value) and free radical scavenging activity of the compounds were deter-
mined by Cupric Reducing Antioxidant Capacity (CUPRAC) and 1,1-diphenyl-2-picryl hydrazyl (DPPH)
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methods, respectively.
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1. Introduction

Thiosemicarbazones are an important class of Schiff base
ligands that have been studied for a considerable period of time
for their biological properties [1]. Thiosemicarbazones and also
their metal-based complexes present a great variety of biological
activities ranging from antitumor [2,3], antiviral [4], antibacterial
[5], and antioxidant [6] activities. The biological activity of
thiosemicarbazones is related to parent aldehyde or ketone groups
and the substitution of N or S atoms, as well as their chelating abil-
ity with transition metal ions [7,8].

Heterocyclic molecules are well known as key structural com-
ponents of many pharmaceutical drugs. Thiosemicarbazones
derived from heteroaromatic carbonyls are pharmacologically
active compounds [9,10]. Currently, thiosemicarbazone derivatives
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such as marboran or triapine are already used in medical practice
[11,12].

Pyridoxal, containing a heterocyclic pyridine ring, is one of the
forms of vitamin Bg [13]. Vitamin Bg is an essential micronutrient
for living organisms. Deficiency symptoms include dermatitis,
microcytic hypochromic anemia, impaired immune function, de-
pression, confusion, and convulsions in humans. Its active form,
pyridoxal 5’-phosphate, serves as a coenzyme in many enzyme re-
actions in amino acid, glucose, and lipid metabolism [14]. In addi-
tion, Vitamin B6 may directly or indirectly play a role in
oxidative stress and the antioxidant defense system. It can quench
reactive oxygen species (ROS) [15]. Thiosemicarbazones derived
from pyridoxal and their metal complexes have drawn special
interest in the past few decades due to their interesting chemical
and biological properties [16-18].

Zinc is the second most prominent trace metal in the human
body after iron and plays an important role in various biological
systems. Zinc(Il) complexes of thiosemicarbazones which exhibit
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antimicrobial and antioxidant activity have been reported [19]. It
has been also shown that thiosemicarbazone-based Zn(Il) com-
plexes are more efficient inhibitors of cancer cell growth [20].

The template reaction of S-alkylthiosemicarbazones in the pres-
ence of metal ions involves condensation of thioamide of S-alkylth-
iosemicarbazones and carbonyl of a ketone or aldehyde. Although,
numerous N,O,-type template complexes with Fe(Ill) [21], Co(II)
[22], Ni(II) [23], VO(IV) [24], Cu(Il) [25], Mn(III) [26] ions have been
investigated, a relatively small number of studies have been
reported on N,O,-type Zn(ll) complexes with bis(arylidene)-S-
alkyl-thiosemicarbazones [27-30]. According to our knowledge,
N,0,-type template complexes of N!,N*-bis(arylidene)-S-alkyl-
thiosemicarbazone ligands which containing pyridoxal moiety
have not been studied yet.

In this study, a new Zn(Il) complex (2) of N,O, chelating
thiosemicarbazone ligand (L) was synthesized by the template
reaction of pyridoxal-S-methyl-thiosemicarbazone (1) and 2-
hydroxy-4-methoxy-benzaldehyde in the presence of Zn(Il) acet-
ate (Fig. 1). The starting ligand (1) and Zn(Il) complex (2) were
characterized by analytical and spectroscopic methods. The crystal
structure of the complex was determined by X-ray diffraction. The
geometric data, fundamental vibrational modes, 'H, '*C NMR
chemical shifts, and electronic characteristics have been calculated
by using DFT/B3LYP method to support experimental results. Fur-
thermore, molecular docking studies were also carried out to find
out the mode of action of the title compound towards the molecu-
lar target Epidermal Growth Factor Receptor (1 m17). Antioxidant
activity of the starting ligand (1) and Zn(II) complex (2) was deter-
mined with CUPric Reducing Antioxidant Capacity (CUPRAC) and
DPPH radical scavenging activity assays [31,32].

2. Experimental
2.1. Materials and physical measurements

All reagents and solvents used in the study were of reagent
grade and used as commercially purchased without further purifi-
cation. The elemental analyses were determined on a Thermo Fin-
nigan Flash EA 1112 Series Elemental Analyzer. FT-IR data were
obtained by an Agilent Cary 630 spectrophotometer with an Atten-
uated Total Reflectance (ATR) unit in the 4000-600 cm ' range.
UV-Vis spectra of the compounds, spectrophotometric antioxidant
capacity and activity measurements were performed by a Shi-
madzu 2600 UV-Vis Spectrometer using a pair of matched quartz
cuvettes of 1 cm thickness. The 'H and '*C NMR spectra were
recorded on Bruker Avance-500 model spectrometer relative to
SiMe, using DMSO dg.

2.2. X-Ray diffraction analysis

Suitable crystal of 2 was selected for data collection which was
performed on a SuperNova, diffractometer equipped with a gra-
phite-monochromatic Mo-K,, radiation at 296 K. The H atoms of
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C atoms were located from different maps and then treated as rid-
ing atoms with C—H distances of 0.93-0.97 A. The other H atoms
were located in a difference map refined freely. We used these pro-
cedures for our analysis: solved by direct methods; SHELXS-2013
[33]; refined by full-matrix least-squares methods; SHELXL-2013
[34]; molecular graphics: MERCURY [35]; solution: WinGX [36].

2.3. Theoretical calculations

Molecular modeling of the complex (2) was carried out with the
Gaussian 09 program [37] using the basic functional density theory
DFT/B3LYP [38,39] with 6-31G (d) [40] basis set for the C, N, O, H
atoms and with LanL2DZ [41-43] basis set for Zn(II) metal atom.
The potential energy distribution (PED) analysis in the assignments
of the vibrational frequencies was calculated using the VEDA 4
software [44]. The PyRx [45] program containing the Autodock
vina [46] software with Lamarckian genetics was used as the scor-
ing algorithm for molecular docking virtual scanning process was
used in Discovery Studio Visualizer 2020 [47] to show receptor-
ligand interactions.

2.4. Antioxidant capacity and activity tests

The CUPRAC method, as described by the method of Apak et al.,
[31] is based on the reduction of a cupric neocuproine complex (Cu
(II-Nc) by antioxidants to the yellow-orange colored cuprous che-
late (Cu(I)-Nc). The reaction mixture of Cuprac antioxidant capac-
ity consisted of CuCl,-2H,0 (1 mL, 10 mmol), Nc (1 mL, 7.5 mmol),
NH4Ac buffer solution pH 7 (1 mL, 1.0 M), x mL synthesized com-
pound, and H,0 (1.1-x mL) respectively. After that, the mixture
(4.1 mL) was incubated at room temperature. After 30 min. of incu-
bation, the absorbance was recorded at 450 nm against reagent
blank from another 30 min. The calibration curves (absorbance
Vs concentration graphs) of the ligand and the complex were plot-
ted under the described conditions, and their Trolox Equivalent
Antioxidant Capacities (TEAC coefficients) [¢(each component)/e
(trolox); € molar absorptivity] were calculated. The assay was
repeated three times in order to determine the statistical errors.
The obtained data are given as averaged value + standard deviation
(SD).

The DPPH (2,2-di(4-tert-octylphenyl)-1-picrylhydrazyl) radical
scavenging activity of the compounds was determined by the
method of Brand-Williams et al. with minor modifications [32].
The solutions were added to the test tube in the order of 2 mL of
0.1 mM DPPH, x mL of sample solution at different concentration
and 2-x mL methanol. The mixture, which had a total volume of
4 mL, was shaken vigorously and incubated in the dark for
30 min. The decrease in absorbance of the resulting solution was
then measured spectrophotometrically at 515 nm against metha-
nol. The FRS activity was calculated as the percentage of DPPH
decolorization using the equation: FRS (%) = [(Ag-As)/Ao] x 100,
where Ag is the absorbance of the control DPPH, and As is the
absorbance of the assayed samples.

CH, O—CHj CH, o O—CHs
3
N— N— HO/
OH HO! Zn(CH,CO0),, CH,0H \ / o) o

\_/ ‘ B ——— N/

-2CH,COOH, -H,0 /Zn
HO — \ NH, o= HO —N N—
N:< N—
—CH, —CHs
Fig. 1. Synthesis of N,O, template complex (2).
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2.5. Synthesis of the starting ligand (1)

Pyridoxal S-methyl-thiosemicarbazone (1) was prepared with a
small modifications of the literature method [48]. To an ethanolic
solution (20 mL) of thiosemicarbazide (0.5 g, 6 mmol) was added
methyl iodide (0.6 mL, 8 mmol) and refluxed for 3 h. Pyridoxal
hydrochloride (1.6 g, 8 mmol) was added to this solution and con-
tinued to heat for another 3 h. The final solution was neutralized
with a sufficient amount of aqueous NaHCOs3 solution (%5, w/w).
The paleyellow precipitate was collected by filtration and washed
with 5 mL water and dried in vacuo over P,0s.

1 : Paleyellow, m.p. 205-206 °C, yield 72.2%, Anal. Calcd for C;o-
H14N40,S (254.31 g.mol™'): C, 47.23; H, 5.55; N, 22.03; S, 12.61.
Found: C, 47.01; H, 5.38; N, 21.81; §,12.42%. UV-Vis [DMF, Amax,
nm (log €)]: 230 (3.91), 316 (4.28), 350 (4.27), 365, (4.21). FT-IR
(selected bands, cm™!'): V(NH,).s 3364, V(NH,)s 3347, v(OH)
3319, 8(NH,) + v(C = N') 1654y, V(N? = C) 1586, 5(0OH) 1376, v
(C—S) 751. 'H NMR (DMSO ds, 500 MHz, 25 °C, ppm):12.24,
11.72 (cis/trans ratio: 1/3, s, 1H, OHppen.), 8.70, 8.57 (syn/anti ratio:
s, 1H, CH = N), 7.97, 7.89 (s, 1H, pyr-CH), 7.22 (s, 2H, NH,), 5.31 (d,
J=5.22 Hz, 1H, CH,0H), 4.58 (s, 2H, CH,), 2.48, 2.40 (cis/trans ratio:
1/1, s, 3H, S-CH3), 2.38, 2.32 (s, 3H, pyr-CHs). 13C NMR (DMSO dg,
126 MHz, 25 °C, ppm): 167.58, 151.16, 148.62, 147.18, 138.97,
132.37, 121.30, 59.19, 19.31, 13.05.

2.6. Synthesis of Zn(Il) complex (2)

The solution of pyridoxal S-methylthiosemicarbazone (0.25 g,
1 mmol) and 2-hydroxy-4-methoxy-benzaldehyde (0.15 g, 1 mmol)
in 10 mL methanol was added dropwise on the solution of Zn(CHs-
C00),-2H,0 (0.2 g, 1 mmol) in 5 mL methanol. The mixture was
left to stand at room temperature for a few days. The resulting
orange crystals washed with a mixture of methanol/ether (1:1,
5 mL) and dried in air [27].

2: Orange crystal, m.p. > 350 °C, yield 17%, Anal. Calcd for C;q-
H,,N4055Zn (483.87 g. mol™'): C, 47.16; H, 4.58; N, 11.58; S,
6.63. Found: C, 47.25; H, 4.76; N, 11.78; S, 6.50%. UV-Vis [DMF,
Amax M (log €)]: 264 (4.12), 335 (4.51), 413 (4.32), 463 (4.23).
FT-IR (selected bands, cm™'): v(CH,OH) 3293, v(C = N') 1615, v
(N2 = C) 1585, v(N* = C) 1523, v(N—N) 1024, v(C—S) 784. 'H
NMR (DMSO dg, 500 MHz, 25 °C, ppm): 6 8.98 (s, 1H, CH = N"),
8.50 (s, 1H, CH = N*), 7.44 (s, 1H, pyr-CH), 7.38 (d, J = 9.0 Hz, 1H,
), 6.28 (d, J = 2.44 Hz, 1H, a), 6.24 (dd, J = 2.44 Hz, ] = 8.79 Hz,
1H, b), 5.25 (t,] = 5.29 Hz, 1H, CH,0H), 4.56 (d, ] = 5.23 Hz, 2H, CH,-
OH), 4.08 (q, J = 5.24 Hz, 1H, CH50H), 3.80 (s, 3H, O-CH3), 3.17 (d,
J =5.28 Hz, 3H, CH30H) 2.60 (s, 3H, S-CHs), 2.40 (s, 3H, Pyr-CHj3).
13C NMR (DMSOds, 126 MHz, 25 °C, ppm): 177.69, 168.05,
164.09, 163.35, 162.95, 158.00, 155.26, 139.38, 133.89, 131.61,
117.33, 113.96, 107.75, 104.60, 60.07, 55.92, 29.48, 21.27, 13.09.

3. Results and discussion

The template reaction of pyridoxal S-methyl-thiosemicar-
bazone (1) with 2-hydroxy-4-methoxy benzaldehyde in the pres-
ence of Zn(Il) metal salt in 1:1:1 M ratio leads to the formation
of Zn(Il) complex as shown in Fig. 1. The complex (2) was in
expected chemical composition, [Zn(L)CH30H], as L is a dibasic
N N%-bis(ariliden)thiosemicarbazidato ligand. The thiosemicar-
bazone ligand (1) is soluble in common organic solvents such as
methanol, ethanol, DMF, and DMSO but sparingly soluble in chlo-
roform. The orange-colored template complex, stable in air, is sol-
uble in DMF and DMSO but sparingly soluble in protonated organic
solvents.
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Table 1
Crystal data and structure refinement param-
eters for 2.
Empirical formula C19H22N4055Zn
Formula weight 483.83
Crystal system Triclinic
Space group P-1
a(A) 8.4093 (6)
b (A) 9.4792 (5)
c(A) 14.5613 (6)
o (°) 77.119 (4)
B(°) 89.377 (4)
y(°) 67.044 (6)
V (A%) 1038.16 (11)
Z 2
D (g cm™3) 1.548
u (mm™1) 1.32
0 range (°) 4.1-27.9
Measured refls. 14,995
Independent refls. 4872
Rint 0.058
S 1.07
R1/wR2 0.040/0.102
Apmax/Apmin (EA73) 0-68/'038
Table 2
Selected bond distances and angles (A,°).
N1-Zn1 2.1175(19) N3-Zn1 2.076(2)
01-Zn1 1.9823(17) 03-Zn1 1.9616(16)
Zn1-05 2.063(2)
03-Zn1-01 101.18(7) 03-Zn1-05 100.21(8)
01-Zn1-05 99.95(8) 03-Zn1-N3 88.48(7)
01-Zn1-N3 153.12(8) 05-Zn1-N3 102.94(8)
03-Zn1-N1 155.05(9) 01-Zn1-N1 87.47(7)
05-Zn1-N1 101.27(8) N3-Zn1-N1 74.46(7)
Table 3
Hydrogen bond parameters (A, °).
D-H--A D-H H--A DA D-H--A
C10—H10A--01} 0.96 2.46 3412 (3) 174
C11—H11--04 0.93 2.35 3.001 (3) 127
C19—H19C---04" 0.96 2.58 3.413 (4) 146
04—H4A..-01'1 0.97 (3) 1.81 (3) 2.773 (3) 171
05—H5A.--N4" 0.83 (3) 1.83 (3) 2.653 (3) 172

Symmetry codes: (i) x — 1,y +1,z; (ii) —x+1, -y +3, —z+ 1; (iii) —x+1, -y + 2,
—z+1;(iv) —x+2,-y+2,—z+1.

Fig. 2. The molecular structure of 2 showing the atom numbering scheme.
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Fig. 4. The formation of edge-fused R3(14) and R3(18) rings in 2.

3.1. X-ray crystallography

A suitable single crystal of Zn(I) complex (2) was obtained by
slow evaporation of the methanol solution. Crystal data and struc-
ture refinement parameters of 2 are given in Table 1. Selected bond
distances and angles are presented in Table 2, and hydrogen bond
parameters are given in Table 3.

The molecular structure of the Zn(Il) complex, [Zn(L)CH30H]
(2), with the atom numbering scheme, is shown in Fig. 2. The
asymmetric unit of 2 contains one Zn(ll) ion, one N!-{[3-
hydroxy-5-(hydroxymethyl)-2-methylpyridin-4-yljmethylidene}-
N*-[(2-hydroxy-4-methoxyphenyl)methylidene]-S-methyl-
thiosemicarbazone (L) formed as a result of the template conden-
sation, and one methanol ligand. The Zn(II) ion is coordinated by
two oxygen atoms [Zn1-O1 = 1.9823(17) A and Zn1-03 = 1.9616
(16) A] and two nitrogen atoms [Zn1-N1 = 2.1175(19) A and
Zn1-N3 = 2.076(2) A] from (L) and an oxygen atom [Znl-
05 = 2.063(2) A] from methanol ligand [28,30]. The geometry of
the Zn1 atom can be evaluated by the Addison distortion index
tau (t = (B-o)/60, where o and B are the two largest coordinated
angles in the complex). In a five-coordinate geometry, T = O for a
square pyramidal geometry and T = 1 for a trigonal bipyramidal
geometry. The T value is calculated as 0.03 and this value shows
that Zn1 atom has a distorted square pyramidal geometry. The

C10 atom in the molecule at (x, y, z) acts as hydrogen-bond donor
to the O1 atom in the molecule at (x-1,y + 1, z), so forming a C(7)
chain which is running parallel to the [110] direction (Fig. 3). The
04 atom in the molecule at (X, y, z) acts as hydrogen-bond donor to
the O1 atom in the molecule at (1-x, 2-y, 1-z), so forming a cen-
trosymmetric R3(18) ring centered at (1/2, 1, 1/2). Similarly, the
05 atom in the molecule at (X, y, z) acts as hydrogen-bond donor
to the N4 atom in the molecule at (2-X%, 2-y, 1-z), so forming a cen-
trosymmetric R3(14) ring centered at (1, 1, 1/2). The combination
of these hydrogen bonds produces edge-fused R3(14)R3(18) rings,
which are running parallel to the [100] direction (Fig. 4). The com-
bination of O—H-‘0, C—H-0 and O—H-‘N hydrogen bonds
(Table 3) generating a 2D supramolecular network.

3.2. Theoretical calculations

3.2.1. FT-IR spectra

The experimental and calculated FT-IR spectra of Zn(Il) com-
plex (2) are shown in Fig. S1 and detailed PED assignments are
shown in Table 4. All calculated vibration frequencies scaled by
0.9613. [49]

The template condensations of the S-methylthiosemicar-
bazones and aldehydes can be easily monitored by comparing
the IR spectra of S-methylthiosemicarbazone and the Zn(II) com-
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Table 4

Comparison of the Experimental and Calculated Vibrational Spectra of Zn(Il) complex (2).

Polyhedron 201 (2021) 115164

Experimental FT-IR, Calculated (Unscaled)FT-IR Calculated (Scaled)FT-IR Assignments with PED, %
cm™! (em™1) (cm™1)
3809 3662 VOH (100)
3292 m 3689 3546 VOH (100)
3241 3116 VCH (99)
3228 3103 VvCH (97)
3080 vw 3188 3065 THCCC1 + vCH (48)
3178 3055 VvCH 97
3176 3053 VCH (55) + vCH (21) + vCH (24)
3171 3048 VvCH (99)
3043 vw 3161 3039 VCH (99)
3019 vw 3158 3036 vCH3 (asym) (89)
3158 3036 VvCH3 (asym) (85)
3157 3035 vCH3 (asym) (82) + vCHs3 (asym) (11)
3112 2992 VvCH3 (asym) (55) + vCHs3 (asym) (44)
3099 2979 VCH3 (asym) (50) + vCH5 (asym) (50)
2978vw 3098 2978 VvCH3 (asym) (58) + vCH3 (asym) (40)
3091 2971 VCH (99)
2965vw 3079 2960 VCH; (45) + vCH3 (28) + VCH; (28)
2956w 3074 2955 VCH, (asym) (89) + vCH, (asym) (10)
2935w 3046 2928 VCH3 (16) + VCH3 (31) + VCH;3 (54)
2924w 3042 2924 VCH; (36) + vCH;3 (13) + VCH; (50)
2915w 3032 2915 VvCH3 (11) + VCH3 (44) + vCH3 (44)
2831w 3016 2899 VCH; (11) + vCH, (89)
1615 s 1676 1611 VCC (27) + vOC (13) + vCC (12) + vCC (11)
1659 1595 VNC (31) + VNC (11)
1585 s 1644 1580 VNC (18) + VNC (21) + vCC (10) + SHCC (12)
1623 1560 VNC (21) + vCC (37) + 3CCC (10)
1523w 1573 1512 VNC (19) + vOC (14) + vCC (12)
1559 1499 VNC (10) + vOC (12)
1483 s 1545 1485 VNC (19)
1532 1473 VNC (12) + vOC (10) + SHCC (14) + SHCH (10)
1524 1465 SHCH (83)
1520 1461 SHCH (61) + 3HCH (11) + THCOZn (10) + THCOZn (11)
1456w 1514 1455 SHCH (13) + 8HCH (14) + 8HCH (47) + THCOC (10)
1509 1451 SHCH (40) + SHCH (29) + THCOZn (15)
1507 1449 vOC (12) + vOC (16) SHCH (15)
1503 1445 SHCH (39) + 8HCH (38) + THCOC (16)
1438vw 1495 1437 VNC (15) + SHCN (12) + 8HCH (11)
1490 1432 SHCH (15) + SHCH (33) + SHCH (24)
1486 1428 SHCH (42) + 8HCH (38) + THCCC (14)
1484 1427 SHCH (50) + THCSC (10)
1481 1424 SHCH (28)
1417 s 1476 1419 SHCH (15) + 3HCH (16) + SHCH (11)
1468 1411 SHCH (36) + 8HCH (38) + THCSC (17)
1398w 1462 1405 vOC (27) + VNC (13)
1430 1375 vCC (14) + vCC (10)
1368w 1427 1372 SHOC (20) + 8HCO (16) + THCCC (13)
1418 1363 SHCC (13) + SHCH (11) + 8HCH (11)
1413 1358 VNC (15) + SHCC (41)
1411 1356 SHCC (25)
1382 1329 SHOC (53) + THCOZn (14)
1371 1318 SHCH (33) + 3HCH (33) + 8HCH (21)
1312's 1369 1316 SHOC (18) + 8HCO (10) + THCCC (29)
1357 1304 vOC (12) + 8HCC (17)
1297w 1352 1300 VNC (10) + vCC (12)
1330 1279 SCNC (10) + 8CCC (11) + THCCC (12)
1257w 1300 1250 vCC (10) + VNC (11) + SHCN (47)
1241w 1288 1238 vCC (22) + vOC (31) + SHCC (14)
1285 1235 vCC (10) + vCC (20) + VNC (18) + SHCC (18)
1213w 1250 1202 vCC (14) + 3HCC (38)
1198 s 1240 1192 VNC (43) + vCC (13)
1208 1161 SHCH (14) + THCOC (28) + THCOC (26)
1155 s 1205 1158 SHOC (22) + 8HCO (32) + THCCC (15) + THCCC (12)
1201 1155 vCC (11) + VNC (28)
1184 1138 SHCH (13) + SHCH (12) + THCOZn (12) + THCOZn (52) + THCOZn (10)
1126w 1176 1130 SHCH (14) + SHCH (14) + THCOC (37) + THCOC (17) + THCOC (18)
1155 1110 VvCC (13) + SHCC (13) + 3HCC (43)
1083w 1118 1075 SHOC (23) + THCOZn (18) + THCOZn (23)
1024 s 1107 1064 VNN (16) + vCC (16)
1074 1032 VNN (16)
1062 1021 vCC (11) + vOC (68)
1053 1012 vOC (10) + vOC (71)
1053 1012 vOC (17) + vOC (22) + THCCC (12) + THCCC (11)
1052 1011 vOC (38) + THCCC (10) + (11)

(continued on next page)
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Table 4 (continued)
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Experimental FT-IR, Calculated (Unscaled)FT-IR

Calculated (Scaled)FT-IR

Assignments with PED, %

cm™! (em™) (em™)
991w 1033 993 VNN (23)
974w 1001 962 SHCH (11) + THCSC (20) + THCSC (27)
960w 997 958 VCC (12) + 5CCC (13) + 5CCC (12)
994 956 THCCC (47)
992 954 SHCH (11) + SHCH (10) + THCSC (36) + THCSC (11) + THCSC (16)
991 953 THCSC (17)
947w 980 942 THCCC (12) + THCCC (60)
960 923 SHCO (10) + THCCC (10) + TOCCC (14)
948 911 VCHS5 (22) + THCCC (45) + THCCC (12) + TCCCC (10)
868w 898 863 THCCC (77)
884 850 VNC (15) + VSC (12) + SNCN (12) + 5CNN (12)
8335 861 828 THCCC (49) + TCCCC (12) + yOCCC (18)
819vw 857 824 SCNC (16) + 5CCC (14) + 5CCN (14) + 5CCC (10)
784 s 807 776 VCH5 (51) + THCCC (14) + YOCCC (14)
771w 796 765 THCCC (10) + yOCCC (23)
729w 775 745 VCC (11) + vCC (12) + 8NCC (12) + yOCCC (15)

v: stretching, &: in-plane bending, y: out-of-plane bending, t: torsion, asym: asymmetric stretching

‘\

C10

Fig. 5. Optimized structure of Zn(I[) complex.

plex. In the FT-IR spectrum of pyridoxal S-methylthiosemicar-
bazone (1), the stretching vibration bands of the OH, N“H,,
C = N!, and N? = C groups were observed as reported previously
[50-53]. After complexation, v(2-OH) and v(N“*H,) bands disap-
peared in the complex spectrum due to the deprotonation of 2-
OH groups and the formation of a new C = N* band between the
thioamide and the second aldehyde [30].

In Schiff-based IR spectra, the vibration peaks of the C=N
stretching exhibits high-density bands [54]. In the spectrum of
Zn(Il) complex (2), these stretching bands (C = N!, N? = C, and
C = N%) were experimentally observed as strong and sharp at
1615, 1585, and 1523 cm~! while these bands were calculated at
1594, 1581, and 1512 cm™! [27]. It can be said that these bands
shifts to lower frequencies because the lone pair of electrons on

the N atom of the imine group is shared to coordinate with the
metal atom. Likewise, the reason for the decrease in frequency,
the weakening of the C=N bond, which is coordinated with the
metal center, with a decrease in m-electron density due to an
inductive effect [54].

While the CH stretching bands of benzene and pyridine rings
were experimentally observed at 3080-3043 cm™! region and cal-
culated at 3116-3039 cm~!. The symmetrical and asymmetrical
vibration bands of CH; were found at 3019-2978 c¢cm™' and
2959-2915 cm™!, respectively, while 3036-2978 cm~! and
2960-2915 were calculated. The symmetrical and asymmetrical
vibration bands of CH, were observed at 2956 cm~! and
2931 cm™ !, respectively, while 2955 and 2899 cm ! were calcu-
lated [50]. The O-CH3 and C=C stretching vibration peaks, which



Q. Poladian, O. Sahin, T. Karakurt et al.

Table 5
Experimental and Calculated '*C and 'H NMR chemical shifts §(ppm) from TMS for 2.
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[Zn(L)CH50H] (2)

Atom Experimental Calculated Atom Experimental Calculated
c9 177.69 179.33 H11 8.98 10.63
1 168.05 17638 H8 8.50 8.72
C13 164.09 175.54 H15 7.44 8.49
c3 163.35 157.17 H5 7.38 7.93
C14 162.95 156.83 H4 6.24 7.36
c11 158.00 152.97 H2 6.28 6.55
c8 155.26 149.39 H18A 456 5.12
C15 139.38 144.68 H18B 456 4.89
c5 133.89 128.86 H7A 3.80 455
C16 131.61 125.22 H7B 3.80 422
c4 117.33 120.01 H7C 3.80 420
C12 113.96 119.46 H10A 2.60 2.74
c6 107.75 111.79 H10B 2.60 3.10
Q 104.60 95.44 H10C 2.60 3.21
C18 60.07 53.91 H17A 2.40 2.40
c7 55.92 45.93 H17B 2.40 3.24
C19 29.48 38.64 H17C 2.40 3.03
c17 21.27 15.38 H19A 3.17 2.70
C10 13.09 10.71 H19B 3.17 2.46
H19C 3.17 3.07
H4 5.25 1.18
H5 4.08 0.28
ture and TMS [tetramethylsilane, Si(CH3)4] was taken as reference.
Table 6 . . The 'H and '>C NMR chemical shift values calculated by selecting
Atomic charges (e) of 2 in gas phase and solution phase. dimethylsulfoxide (DMSO) solvent for TMS are 32.15 and
Zn(I1) complex (2) 190 ppm for the DFT/B3LYP/6-31G (d) theorem, respectively. The
. . 1 13 . .
Dimethylformamide Dimethylsulfoxide Gas(e=1) ch.emlcal Shlft.S gf H NMR and . C NMR obtained theoretically
(e =37.219) (e = 46.826) using the optimized structure (Fig. 5) of the Zn(Il) complex are
C1 0.357212 0.357055 0.367884 given in Table 5 comparatively. The corresponding 'H and '3C
Q —0.158481 —0.158619  -0.146403 NMR spectra of the starting ligand (1) are also presented as Supple-
e 0.334615 0.334605 0.334938 mentary Material (Fig. S2, Table S1)
c4 —0.094048 -0.094182 —0.080502 y & P : . . .
c5 _0.080226 0080233 —0.076372 When the calculated '°C NMR spectrum is examined, the high-
c6 0.00271 0.00258 0.013014 est peak values of the title compound belong to the C9, C1, C13, C3,
c7 -0.054618 —0.054663  —0.047783 €8, C11, C14, and C15 atoms, respectively. The chemical shift val-
8 0.154316 0154464 0142145 ues of these atoms are higher than those of other carbon atoms
c9 0.257963 0.258052 0.249101 d he hieh deshieldi f f el . d
c10 _0.43566 0435669 _0435157 ue to the hig eshielding e ect of electronegative N, O and S
c11 0.183402 0.183564 0.172953 atoms. The chemical shifts of these atoms were calculated at
C12 0.006083 0.006128 0.006218 179.33, 176.37, 175.54, 157.17, 149.39, 152.97, 156.83, and
g}i g-?;g?g? 8-?32};‘; 8-?;;2?2 144.68 ppm, respectively. Methyl carbon atoms of the complex
15 0.008484 0008422 0019373 structure were observed to give high field intensity peaks as
c16 —0.013243 _0.013148 —0.020334 expected. It has been calculated that the C7, C10 and C17 atoms
Cc17 —0.302754 —0.302857 —0.294053 give peaks at 45.93, 10.71, and 15.38 ppm, respectively. The chem-
C18 0.050518 0.050488 0.053622 ical shift value of the H11 proton adjacent to the C11 atom of the
€19 ~0.065658 -0.06566 ~ -0.066298 highest peak in the 'H NMR spectrum is seen as a large shift of
N1 ~0.577252 —-0.577269 —0.576116 10.63 Th . I NMR £ : . .
N2 0304561 0304714 —0291297 0.63 ppm. The experimenta spectra of 2 are also given in
N3 —0.408004 —0.407933  —0.416047 Fig. S3 and S4.
N4 —-0.431954 —-0432324 -0.39354
o1 —0.704279 —0.704603 —0.675631
02 —0.520231 —0.520312 0510222 3.2.3. Charge distribution analysis
5013 a?gggg"l S?gggj’gg 78'??2?5 The calculation of atomic charges is very important in defining
04 _0.568412 0568644 —0.544643 thg electronic characteristics of molecular systems [58]. The opti-
05 —0.534749 —0.534885 —0.521836 mized structure of the Zn(II) complex structure is shown in
Zn (IN) 1.071998 1.072125 1.059862 Fig. 5. The calculated Mulliken atomic charges of the atoms form-
LoM 0.928002 0.927875 0.940138

are important bands, were calculated at 1021-1011 and 1560-
1472 cm™!, respectively. The N—N peak was calculated at
1064 cm~! as sharp intensity and observed at 1024 cm™! [55].

3.2.2. 'H and '3C NMR spectra
GIAO (Gauge-Independent Atomic Orbital) [56,57| method was
used to determine NMR chemical shift values of the complex struc-

ing the complex structure with the Zn(II) metal ion are given in
Table 6. It can be seen that the calculated charge on the metal
ion is significantly lower than its formal charge + 2 because there
is a significant charge transition from O and N atoms to the center
Zn(Il) metal. Density-of-states (DOS) is an important concept for
solid physics, representing the number of states in the unit energy
range. In Fig. S5, it is seen that complex structure is mostly com-
posed of s and p atomic orbitals, and the graph shows Total Den-
sity-of-states (TDOS). The central Zn(Il) metal ion in complex
structure has mostly 4 s, 3d, 4p and 5p orbital arrangement and
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LUMO

HOMO

Fig. 6. Representation of HOMO-LUMO Frontier orbitals (iso value = 0.002) of Zn(II) complex (2).

Table 7

Experimental and calculated major absorption wavelength (Ayax), €xcitation energies (E), Oscillator strength (f), assignment and Excited State of 2 (HOMO = 116; LUMO:117).

Major Excited State and contributions E(eV) Wavelength (nm) Oscillator strength (f) Assignment
Experimental Calculated

Excited state-1

103 - 117(27%) 5.981 265 207.31 0.1654 n-nt

105 - 117(19%)

115 — 122(28%)

Excited state-2

113 - 117(62%) 3.662 335 338.58 0.3880 n - n*

116 — 118(23%)

Excited state-3

115 - 117(79%) 3.089 413 401.30 0.1277 MLCT, LMCT, LLCT

116 — 117(99%) 2.780 464 44529 0.3109 MLCT, LMCT, LLCT

the arrangement of this ion in Zn(Il) complex is [core]4S%3° 3d®%8
4p°42 5p901 The occupancies of d orbitals are 3dxy 99678 3dxz
1.99659 3dyZ 1.99465 3dX2y2 (1.99593) dZ2(1'99336). The Oxygen and nitl'O—
gen atoms of the ligand contribute to the complex formation with
2 s, 2p, 3p, and 3d orbitals while sulfur atom also contributes with
3's,3p, 45, 3d, and 4p orbitals.

In addition, net charges on the active centers of the metal com-
plex were calculated and it was observed that there was charge
transfer from the ligand of the complex to the central metal ion
(Table 6). When Table 2 is analyzed, charge transfer from ligand
to metal (L — M) was calculated at 0.940138 for the gas phase,
at 0.927875 for DMSO, and 0.928002 for the DMF. It was observed
that the charge transfer also increased in the gas phase compared
to the DMSO and DMF solvents.

3.2.4. Electronic properties

The frontier orbitals (HOMO and LUMO) are also known as elec-
tron donor and acceptor groups [59,60]. These can be used to
determine the intermolecular charge transfers, as well as many
molecular properties such as ionization potential, electron affinity,
chemical reactivity, kinetic stability, electronegativity and elec-
trophilicity index can be calculated by considering the HOMO
and LUMO energy values [61-63]. The distributions and energy
levels of FMOs of the complex structure are shown in Fig. 6. The
calculated energy between the HOMO and LUMO gap is 3.14 eV.

UV-Vis spectra of the compounds were determined in 5 x 107>
M DMF solution at room temperature. Experimental and calculated
UV-Vis spectra of the complex structure (2) in the study are given
in Fig. S6.

In the spectrum of the starting ligand (1) and its complex (2),
the absorption bands located at 200-300 nm region are assigned
to the 1 —» m* (C=N) transition of azomethine groups and the
n — " (C=C) transition in the aromatic rings [51,54].

In both experimental and calculated spectra, 4 major maximum
peaks were observed for Zn(Il) complex structure. The first major
absorption peak was recorded at 265 nm resulted from the
T — 1* transitions of the double bonds in the benzene and azome-
thine groups of the complex structure, which was calculated at
207.82 nm. The second major peak was observed at 336 nm for 2
originates from the n — m* transitions of the lone pair orbital elec-
trons on the N atom in the azomethine group, which was calcu-
lated at 338.58 nm. The m — m* transition for Zn(Il) complex (2)
shifts towards higher wavelengths compared to the starting ligand
(1) while n — 7* transition appears as a single band at 335 nm.
These shifts indicate that the ligand is in coordination with the
metal ion [64].

The last two peaks were observed in the complex structure at
413 and 465 nm while calculated at 401.30 and 445.29 nm. The
major contributions for these transitions are shown in Table 7.
The contributions of the Zn(Il) atom plays an important role in
molecular orbitals and these contributions; LUMO + 5(0.6%),
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Table 8
Molecular modeling data for compounds co-ligand and Zn(II) during docking in the active site of enzyme 1 m17.
Compound Affinity Name Distance Interaction  Interaction Donor Donor Acceptor Acceptor HOMO
(kcal/mol) Donor. . Acceptor Category Types group group group group (eV)
(A) Types Types
Co-ligand -7.3 A:MET769:HN - 1.81 Hydrogen Conventional A: H-Donor A: H-
A:AQ4999:04 Bond Hydrogen Bond MET769: AQ4999: Acceptor
HN 04
A:CYS773:HN - A: 197 Hydrogen Conventional A: H-Donor A: H- —5.60
AQ4999:02 Bond Hydrogen Bond CYS773: AQ4999: Acceptor
HN 02
A:AQ4999:H3 - A:  2.56 Hydrogen Conventional A: H-Donor A: H-
ASP831:0D1 Bond Hydrogen Bond AQ4999: ASP831: Acceptor
H3 0oD1
A:ASP831:0D1 - 3.65 Electrostatic ~ Pi-Anion A: Negative A: Pi-
A:AQ4999 ASP831: AQ4999 Orbitals
oD1
A:PHEG99 - A: 3.81 Hydrophobic  Pi-Pi Stacked A: Pi-Orbitals  A: Pi-
AQ4999 PHE699 AQ4999 Orbitals
A:PHEG99 - A: 5.08 Hydrophobic  Pi-Alkyl A: Pi-Orbitals  A: Alkyl
AQ4999:C1 PHE699 AQ4999:
C1
Zn(I1) -7.6 d:RES1:N41 - A: 5.46 Electrostatic  Attractive Charge d:RES1: Positive A: Negative
ASP776:0D1 N41 ASP776:
0oD1
d:RES1:H43 - A: 2.80 Hydrogen Conventional d:REST1: H-Donor A: H- -5.42
PRO770:0 Bond Hydrogen Bond H43 PRO770: Acceptor
0
A:LEU820:CD1 - 3.48 Hydrophobic  Pi-Sigma A: C—H d:RES1 Pi-
d:RES1 LEU820: Orbitals
CD1
d:RES1 - A: 5.14 Hydrophobic  Pi-Alkyl d:RES1 Pi-Orbitals ~ A:VAL702  Alkyl
VAL702
d:RES1 - A: 5.43 Hydrophobic  Pi-Alkyl d:RES1 Pi-Orbitals A:ALA719  Alkyl
ALA719
LUMO + 1(1.9%), LUMO(0.6%), HOMO(2.2%), HOMO-1(1.7%), 1.81, and 2.56 A length of hydrogen bond interactions, respectively.

HOMO-3(0.6%), HOMO-11(1.2%) and HOMO-13(2%), which these
orbitals are more intense than ligand’s other atoms and may be
assigned mainly to LMCT (ligand to metal charge transfer) and
MLCT (metal to ligand charge transfer) [65]. It can be said that
the other orbitals, where ligand atoms are more intense, maybe
assigned mainly to LLCT (ligand to ligand charge transfer) [22].
Due to the complete d'° electronic configuration of Zn(Il) ion, d-d
transitions were not observed [27].

3.2.5. Molecular docking studies

In this study, the X-ray crystal structure of the Epidermal
Growth Factor Receptor (EGFR) (PDB ID: 1 m17) was used. Epider-
mal Growth Factor Receptor (EGFR), which signals via tyrosine
kinase, is considered one of the most important targets for the
development of new anticancer agents [66]|. Overexpression of
EGFR has been detected in many solid tumors, including lung
[67], head-neck [68], ovarian [69], and colon tumors. Before pro-
ceeding to the calculations, the crystal structure of 1 m17 and all
ligand compounds were prepared using the protein and ligand
preparation wizards included in the PyRx package. Before molecu-
lar docking, firstly water and heteroatoms other than natural
ligand (co-ligand) were removed from the 1 m17 protein structure,
and hydrogen atoms and Gasteiger charges were added. The dock-
ing scores of Zn(Il) complex (2) and co-ligand and the interactions
between the receptor and ligands and the HOMO energy levels of
the ligands are given in Table 8 the docking processes of the target
protein to the active binding sites in Figs. 7 and 8.

The ligands were found to bind to the active binding site of the
receptors with weak non-covalent interactions, more specifically
with hydrogen bonding and alkyl interactions. As seen in Fig. 7,
the O and N atoms of the reference co-ligand and the receptor
CYS773, MET769, and ASP831 residues of the receptor have 1.97,

The Zn(II) complex, on the other hand, interacts with the N atom
and the receptor’s PRO770 residues with a 2.80 A long hydrogen
bond in Fig. 8. In Table 7, it is seen that the HOMO energy of ligands
with high-affinity values is low. As a result, it can be said that the
title compound may be an inhibitor candidate for the 1 m17 recep-
tor based on the docking score.

3.3. Antioxidant studies

3.3.1. Trolox equivalent antioxidant capacity assay (CUPRAC)

According to the CUPRAC method, the Trolox calibration curve
was drawn, and the slope of the curve gave the molar absorption
coefficient. For the starting thiosemicarbazone (1) and the Zn(II)
complex (2), molar absorption coefficients were calculated under
the same conditions. TEAC values of the samples were calculated
by dividing the molar absorption coefficient of the tested com-
pound to the molar absorption coefficient of Trolox. The TEAC val-
ues of the starting ligand (1) and the complex (2) were found as
1.33 and 0.85, respectively. The tested thiosemicarbazone ligand
has a relatively higher CUPRAC antioxidant capacity compared to
the reference Trolox, however, the complex shows a relatively less
CUPRAC antioxidant capacity (TEAC¢o10x = 1). The low TEAC values
of the complex compare to the starting ligand may be described as
the consequence of deprotonation of phenolic hydroxyl groups via
the template condensation [26].

3.3.2. Radical scavenging capacity assay (DPPH)

The 2,2-Diphenyl-1-picrylhydrazyl (DPPH) assayed for the
determination of radical scavenging activity of thiosemicarbazone
ligand and the Zn(II) complex [70]. DPPH is a stable free radical
molecule that is capable of accepting an electron or hydrogen as
radical and thus be converted into a stable diamagnetic molecule.
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Fig. 7. The 3D and 2D presentation of docking results of co-ligand in the active region of the 1 m17 protein.

The odd electron on DPPH donates a strong absorption band at
515 nm. When this odd electron on DPPH paired up, the stoichio-
metrically decrease in absorption happens with respect to the
number of electrons taken up. The radical scavenging activity of
the starting ligand (1) and Zn(II) complex (2) was calculated as per-
centage inhibition.

The radical scavenging activity for 1 was found as 4.9%, 6.4%,
7.7%, and 11.5% at the concentrations of 50, 100, 150, and
250 uM, respectively. For 2, the radical scavenging activity was
found as 1.91%, 2.13%, and 3.19% at the same concentrations
except for the concentration of 250 pM, respectively (Table S2).

10

The Zn(Il) complex exhibited relatively low free radical scaveng-
ing activity compared to the starting thiosemicarbazone (1). This
may be due to the lack of free hydroxyl groups and the steric hin-
drance in the structure [71]. In addition, the radical scavenging
activities of both pyridoxal S-methylthiosemicarbazone and its
Zn(Il) template complex were significantly lower than those of
the positive control of ascorbic acid which was agreed with the
previous reports that small molecules showed high radical scav-
enging activities than macromolecules because they were easily
accessible to active radicals to provide potential effects in the
reaction mixture [26].
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Fig. 8. The 3D and 2D presentation of docking results of Zn(Il) complex in the active region of the 1 m17 protein.

4. Conclusion

In this paper, an unsymmetrical Zn(Il) template complex (2) of
tetradentate N,O,-type Schiff base ligand derived from pyridoxal-
S-methylthiosemicarbazone (1) was synthesized for the first time.
The starting ligand and Zn(II) complex [Zn(L)CH30H] were charac-
terized by analytic, spectroscopic, and crystallographic methods.
Single crystal X-ray diffraction analysis showed that the complex
has a distorted square-pyramidal geometry, and the fifth coordina-

11

tion site is occupied by the oxygen atom of methanol. For the the-
oretical characterization, the optimized geometries, vibrational
frequencies, 'H, >C NMR chemical shifts, and electronic character-
istics of the compounds were calculated using the DFT method and
compared with experimental data. The quantum chemical calcula-
tions show good consistency between the predicted and experi-
mental parameters. After the stable structure of the title
compound was theoretically calculated, docking simulation was
applied to obtain possible bonding models and conformational
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structures. The result of the docking obtained showed that the title
compound may be a new potential inhibitory agent candidate for
the 1 m17 protein structure.

In addition, the synthesized compounds were assayed for
antioxidant capacities based on CUPRAC and DPPH methods. As
we compared the starting thiosemicarbazone and Zn(Il) complex
with Trolox (as reference), the TEAC coefficients of the thiosemi-
carbazone were higher than Trolox (TEACc0x = 1.0). On the other
hand, according to the DPPH assay, the tested compounds showed
less free radical scavenging activity compared to ascorbic acid.
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Appendix A. Supplementary data

Crystallographic data for the structural analysis has been depos-
ited with the Cambridge Crystallographic Data Centre, CCDC No.
2015478. Copies of this information may be obtained free of charge
from the Director, CCDC, 12 Union Road, Cambridge CB2 1EZ, UK
(fax: +44-1223-336033; e-mail: deposit@ccdc.cam.ac.uk or www:
http://www.ccdc.cam.ac.uk). Supplementary data to this article
can be found online at https://doi.org/10.1016/j.poly.2021.115164.
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