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A new bidentate azo-azomethine ligand 2-{(E)-[(3,4-dimethylphenyl) imino]methyl}-4-[(E)-(4-ethylphenyldia-
zenyl]phenol (2) and its copper(Il) and zinc(II) complexes (3) and (4) were synthesized and characterized by
elemental analysis, H/13Cc NMR (for the ligand 2 and its Zn(II) complex) and IR spectral measurements. The
structure of the ligand 2 was also determined by single crystal X-ray diffraction. The structure was solved in

Fl
Elzg::;z;g;ﬁ stry monoclinic unit cell and P2;/n space group with final R value of 0.0586. In the structure of the ligand, the imine
M062X (CH=N) bond distance is of 1.276(2) A which confirms the phenol-imine tautmeric form in the crystalline state.

In the structure, molecules are stacked by n-n (edge to edge) interactions. The electrochemical and photo-
luminescence properties of the synthesized azo-azomethine ligand and its metal complexes were investigated.
Also, computational studies of related compounds were performed by using M062X/6-31+G level in vacuum.
The potential VEGFR2 inhibitory properties of the synthesized ligand and its possible tautomers was investigated
by the docking study. As for the ligand structures, azo-imine form is so reactive against the VEGFR2 protein and

its docking score and total interaction energy are better than those of other tautomers.

1. Introduction

A Schiff base is a nitrogen analogue of an aldehyde or ketone in
which the C=O0 group is replaced by C=N-R group. It is usually formed
by condensation of an aldehyde or ketone with a primary amine. Schiff
bases are widely used as analytical reactants since they allow simple and
inexpensive determination of several organic and inorganic substances
[1]. These compounds have often been used as chelating ligands in the
field of coordination chemistry and their metal complexes are of great
interest for many years [2].

It is well known that N and O atoms play a key role in the coordi-
nation of metals at the active sites of numerous metallobiomolecules [3].
Due to their importance in analytical and bioinorganic chemistry,
complexes of tetra-coordinated Schiff bases and transition metals are
extensively studied [4]. Zinc is the second most common metallic
element in biological systems and the only one known to be essential for
functions of enzymes in all six of the fundamental classes [5,6]. Zinc can
function as active site of hydrolytic enzymes, where it is ligated by hard
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donors (N or O). It has long been recognized as an important co-factor in
biological molecules, either as a structural template in protein folding or
as a Lewis acid catalyst that can readily adopt the coordination numbers
4,5,0r 6 [7-9].

In continuation of our previous studies, we investigated the prepa-
ration and characterization of various transition metal complexes of
novel azo-azomethine compounds [10-15]. In the present work, we
report the syntheses and complex formation of an azomethine ligand
containing -N—N- chromophore group which was synthesized by the
reaction of 5-[(E)-(4-ethylphenyl)diazenyl]-2-hydroxybenzaldehyde and
3,4-dimethylaniline. The reaction may be represented as shown in
Scheme 1. We examined its complexing ability with Cu(II) and Zn(II)
salts. Theoretical studies of the possible tautomers, azo-imine form (I),
azo-enamine form (II), hydrazone-imine form (III) are performed by
using restricted B3LYP/LANL2DZ level of theory. Optimized structural
parameters, vibration frequencies, frontier molecular orbitals (FMOs),
UV spectra and molecular electrostatic potential (MEP) maps of relevant
tautomers are investigated by computational chemistry methods.
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(i): 3,4-dimethylaniline, MeOH, reflux; (ii): Cu(CH3COO),.H20 or Zn(CH3C0OO0),.2H>0,
MeOH/CHCI3 and reflux.

Scheme 1. The synthesis of the azo-azomethine ligand and its metal(II) complexes. (i): 3,4-dimethylaniline, MeOH, reflux; (ii): Cu(CH3COO)2.H>0O or Zn

(CH3CO00)5-2H,0, MeOH/CHCl; and reflux.

Computational chemistry is a significant research area of chemistry
for researchers [16-26]. Quantum chemical investigations of related
molecules are done by using M062X/6-31+G level in vacuum. Opti-
mized molecule structures, geometric parameters, vibration frequencies,
molecular electrostatic potential (MEP) maps, MEP contours, thermo-
dynamic parameters of the bidentate Schiff base ligand containing azo
chromophore group and chemical reactivity ranking of related mole-
cules are investigated at M062X/6-31+4G level. Biological reactivity of
the synthesized azo-azomethine ligand and its metal complexes can be
predicted using molecular docking calculations [27-29]. For this aim,
biological reactivity of studied compounds is investigated using molec-
ular docking calculations against vascular endothelial growth factor
receptor 2 (VEGFR-2). VEGFR2 is important target in anticancer
mechanism. Due to the fact that, it is expressed in many cancer types and
VEGFR2 promotes cancer cell growth and proliferation [30,31].

2. Experimental
2.1. Chemicals

All reagents and solvents for synthesis and analysis were purchased
from commercial sources and used as received unless otherwise noted.
5-[(E)-(4-ethylphenyl)diazenyl]-2-hydroxybenzaldehyde (1) was synthe-
sized according to the standard protocol [32] using 4-ethylaniline and
salicylaldehyde (Merck, 99%) as starting materials.

2.2. Physical measurements

NMR spectra were performed using a Bruker Advance 400 MHz
Spectrometer. The IR spectra were obtained (4000-400 cm™1) using a
Perkin Elmer spectrum 100 FTIR spectrophotometer. Carbon, hydrogen
and nitrogen elemental analyses were performed with a model CE-440
elemental analyser. Single-photon fluorescence spectra of the

synthesized ligands and complexes were analysed in the Varian, Cary
Eclipse fluorescence spectrophotometer. All samples were analysed by
forming solid pellet discs. Data for X-ray crystallography for the ligand 2
were collected at 296(2) K on a Bruker D8 QUEST diffractometer using
Mo-Ka radiation (A = 0.71073 }o\). Data reduction was performed using
Bruker SAINT [33]. SHELXS97 was used to solved and SHELXL2014/6
to refine the structure [34].

Cyclic voltammograms were made on the Iviumstat Electrochemistry
device located in the Chemistry Department, Kahramanmaras Sutcu
Imam University, Kahramanmaras, which has a low current module
(BAS PA1) recorder. A galvanic cell was used as an electrochemical cell.
A triple electrode system was used in the galvanic cell. Here as the
electrode; BAS brand glassy carbon was used as the working electrode
(area 4.6 mm?). A platinum wire was used as the counter electrode and a
reference electrode filled with Ag*/AgCl with a platinum wire as the
auxiliary electrode. Alternate voltammetric measurements were made in
a galvanic cell (BAS model C3 cell stand) at room temperature by con-
ditioning the platinum counter electrode and Ag+/AgCl reference
electrode and (BAS) glassy carbon electrode. All potentials are reported
relative to Ag+/AgCl. The prepared solutions were kept in a nitrogen
atmosphere for five minutes before the analysis started, and the oxygen
removal process was carried out. Digital simulations were performed
using DigiSim 3.0 for Windows (BAS, Inc.). Experimental cyclic vol-
tammograms used for the insertion process have been background
subtracted and electronically corrected for ohmic drop.

2.3. Synthesis of azo-azomethine ligand, hb (2)

A solution of 3,4-dimethylaniline (0.244 g, 2 mmol) in MeOH (30
mL) was slowly added to a solution of 5-[(E)-(4-ethylphenyl)diazenyl]-2-
hydroxybenzaldehyde (0.5084 g, 2 mmol) in MeOH (50 mL). The stirred
reaction mixture was refluxed for 3 h. After cooling, an orange precip-
itate was formed which was collected by filtration, then washed with
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Fig. 1. H (up) and 13¢ (down) NMR spectra of the ligand 2.
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cold MeOH, and recrystallized from MeOH.

Yield: 0.4903 g (65%), Color: red crystals. m.p.: 149 °C. Anal. Calcld.
for Co3Ho3N30: C, 76.28; H, 6.49; N, 11.76. Found: C, 76.85; H, 6.61; N,
11.56%. Ap: 1.19 Q7 em? mol L. FT-IR (KBr, cm™!): 3434 v(OH), 2961
v(Ar-C-H), 2925, 2872 v(ethyl-C-H), 1619 v(-C=N-), 1596 v(-C=C-),
1486 v(-N—=N-). NMR [DMSO-dg, 8(ppm)]; 1H: 14.08 (s, 1H, C—OH),
8.25 (s, 1H, CH=N-), 8.24-7.24 (m, 10H, aromatic Hs), 7.143, 7.114
(dd, 2HdA-f aromatic Hs), 3.36 (CHy), 2.71-2.25 (d, 6H, C—CH3 and
C—CHa). '3C: 163.67 (CH=N), 161.70 (Ar-COH), 150.18, 147.16,
144.68, 144.64, 137.50, 135.77, 130.40, 128.73, 127.51, 126.90,
122.46, 122.31, 119.17, 118.55, 117.91 (Ar-Cs), 40.30- 38.63 (solvent
Cs), 19.42 and 19.00 (CH3 and CH3), 15.32.

2.4. Preparation of copper(Il) chelate (3)

The azo-azomethine ligand (0.2 g, 0.558 mmol) was dissolved in
CHCl3 (10 mL) and a Cu(CH3C0O0),.H20 (0.0555 g, 0.279 mmol)
methanolic solution (25 mL) was added with constant stirring over 25
min. The mixture was heated 3-4 h at 50 °C. On cooling crystals were
formed. The formed crystals were removed by filtration, washed with
water, methanol and finally with ether and dried in a vacuum desiccator.

Yield: 0.2192 g (85%), Color: brown-green powder, m.p.: 248 °C.
Anal. Calcld. for C46H44CuNgO2: C, 70.22; H, 6.06; N, 10.56. Found: C,
69.54; H, 5.84; N, 10.58%. IR (KBr, cm™1): 3400 s v(OH), 3021 m v(Ar-C-
H), 2963, v(ethyl-C-H), 1619 u»(-C=N-), 1598 u(-C=C-), 1489 m
v(-N=N-), 539 v(-Cu-0-), 468 v(-Cu-N-).

2.5. Preparation of zinc(I) chelate, (4)

Zn(Il) chelate was prepared by the addition of 1 mmol of Zn
(CH3C00),-2H5,0 which was dissolved in about 10 mL of MeOH, into a
hot CHClI; solution of 1 mmol (0.358 g) of the azo-azomethine ligand.
The mixture was then refluxed for 3 h. The yellow-orange precipitated
solids were filtered off from the cooled reaction mixture. The solid
product was washed with cold MeOH and then Et,0, followed by drying
at 50 °C overnight.

Yield: 0.4619 g (67%), Color: orange-yellow powder, m.p.: 267 °C.
Anal. Calcld. for C4gH48ZnNgO-. C, 70.99; H, 5.70; N, 10.80. Found C,
70.87; H, 5.82; N, 10.67%. IR (KBr, cm’l): 3500 v(OH), 2961 v(Ar-C-H),
2922, v(ethyl-C-H), 1600 v(-C=N-), 1588 v(-C=C-), 1447 v(-N=N-),
498 v(Zn-0-), 478 v(Zn-N). NMR [CDCls, 8(ppm)]; Iy 8.50, (s, 1H,
CH—=N-), 8.09-7.24 (10H, aromatic protons), (2H, d aromatic protons),
3.36 (CHy), 2.76-2.68 (d, 6H, CH3), 1.31-1.26 (CH). 13C: 173.64 (C—O0),
168.59, 151.24, 151.09, 146.62, 146.12, 142.99, 138.28, 136.14,
134.73,130.86, 128.50, 124.60, 122.51, 122.40, 118.40, 117.96, 28.80,
19.85, 19.20, 15.48.

2.6. X-ray crystallography

The structure of the bidentate azo-azomethine ligand 2 was solved by
direct methods and refined on F? using all the reflections [34]. All the
non-hydrogen atoms were refined using anisotropic atomic displace-
ment parameters and hydrogen atoms bonded to carbon atoms were
located at calculated positions using a riding model. In the compound 2,
hydrogen atom bonded phenolic oxygen atom were located from dif-
ference maps and refined with temperature factors. Structural details
and refinement data are given Tables S1-S3.

2.7. Computational method

Gaussian software programs [35,36] were used to do computational
analyses. At the same time, ChemDraw program was used as a utility for
the figure preparation [37]. M062X which is one of the hybrid density
functional theory functions was selected as method [38,39] for the
computational analysis. As for the basis set, 6-31+G was selected in this
study. In complex calculations, LANL2DZ is used as basis set. No
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imaginary frequency was obtained from calculations.
2.8. Molecular docking

Molecular docking analyses of studied compounds were performed
at OPLS4 method. For this goal, Maestro 12.2 software were used [36,
40-42]. In these analyses, the target protein was selected as vascular
endothelial growth factor receptor 2(VEGFR2) which ID is 3WZE. For
the docking calculations some modules which are LigPrep, Protein
Preperation, Receptor Grid Generation, Ligand Docking and Ligand
Interaction were used.

3. Results and discussion
3.1. Chemistry

The synthesized metal complexes are coloured solids, and soluble in
DMF and DMSO. The lower conductivity values confirmed the non-
electrolytic nature of the complexes. The analytical data showed that
the metal to ligand ratio is 1:2 of the type [M(b),] for Cu(Il) and Zn(II)
complexes of the azo-azomethine ligand, where b stands for deproto-
nated ligand. The physical and analytical data of the ligand and its metal
complexes are depicted in experimental section. No suitable single
crystals of the synthesized metal complexes for X-ray studies could be
isolated.

3.2. Molar conductivity studies

The molar conduction values of synthesized ligand and its metal
complexes (2-4) lie within the range of 9-17 ohm’lcmzmol’l, which
confirms the non-electrolytic nature of compounds. These findings
indicate that the anion is strongly coordinated to the metal center of the
complexes.

3.3. 'Hand '3c NMR spectra

H and '3C NMR spectra of the ligand and its Zn(II) complex with the
chemical shifts, expressed in ppm downfield from tetramethylsilane, are
presented in the experimental section. The chemical shifts of the
different types of protons of the investigated azo-azomethine ligand and
its Zn(II) complex are also reported. The resonance of protons has been
assigned on the basis of their integration and multiplicity pattern. The
chemical shifts of the different types of protons found in the 'H and '3C
NMR spectra of the ligand is compared with its diamagnetic Zn(II)
complex.

The 'H and '3C NMR spectra of the ligand Hb in DMSO-dg are shown
in Fig. 1. The 'H NMR spectrum of the azo-azomethine ligand showed a
signal due to the hydroxyl proton at § 14.09 ppm. This signal due to OH
proton disappeared in the zinc(II) complex in CDCl3, which indicated
that there was binding through the oxygen atom of the ligand with
deprotonation. A singlet in the spectrum of Hb azo-azomethine ligand at
8 9.15 ppm is assignable to the characteristic peak of the azomethine
proton and this signal, in the spectrum of Zn(II) complex, shifted to
88.50 ppm confirming the coordination of the azomethine nitrogen atom
to the Zn(II) center. In the 'H NMR spectrum of the ligand 2 and its Zn
(II) complex, the signals due to the aromatic protons of the phenyl rings
are observed in the §6.88-8.09 ppm range. The bidentate ligand exhibits
a signal for —-CH> protons of the ethyl group at §2.72 ppm as a quartet.
The spectrum of the ligand showed the doublet signals between
§2.26-2.29 ppm region for the protons of the two methyl protons linked
aromatic carbons. The signals of the methyl protons of the ethyl group
are in the range of ca. §1.21-1.26 ppm as a triplet.

The 13C NMR spectrum of the ligand 2 shows 15 sharp peaks cor-
responding to various aromatic carbon atoms in the suggested molecule
expected due to the non-equivalence of the various carbon atoms. In the
spectrum of the azo (—N—N-) chromophore group containing azo-
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Fig. 2. Molecular structure of the ligand 2, with atom numbering. Edge to edge stacking interactions in the structure of the ligand.
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Fig. 3. Optimized structure of the related ligand and its tautomers at M06-2X/6-31+G level.

azomethine ligand 2, the signals at §163.73 and 161.65 ppm are due to
—CH=N- and phenolic C—OH, respectively. The signals appeared in
the region of §150.19-117.92 ppm are assigned to aromatic carbons. In
the aliphatic region, there are four signals at §27.70 (CHy carbon of
ethyl), 19.27 and 18.47 (3,4-(CH3)2Ar) and 15.21 (CHs carbon of ethyl)
ppm. The results also indicate that the presence of number of carbons
agrees well with the expected number of carbons.

In '®C NMR spectrum of the Zn(II) complex in CDClg, the signals due
to carbon atom present in the structure were observed. The signals at &
174.85 and 168.61 ppm were assigned to CH and phenolic CO, respec-
tively. Aromatic carbon signals were observed in the range of &
119.26-151.10 ppm. In the aliphatic region, there are three signals at §
56.05 (NC), 28.44 (CHj, ethyl) and 15.90 (CHgs, ethyl) ppm. These data
are well agreed with proposed structures.
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Current node (1.1) of 21x21, Molecule 1 of 441
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Fig. 4. Scan grid of the studied tautomers of the azo-azomethine ligand.

Table 1
Thermo-dynamic parameters of related ligand and its tautomers at M062X/6-
31+G level in vacuum.

Etotal (@.1.) H (a.u.) G (a.u)
Azo-imine (1) —1128.582230 —1128.581286 —1128.663977
Azo-enamine (II) —1128.579953 —1128.579008 —1128.661387
Hydrazone-imine (1II) —1128.543651 —1128.542707 —1128.626368

3.4. Infrared spectra

The important infrared frequencies displayed by the bidentate azo-
azomethine ligand 2 and its Cu(II) and Zn(II) metal complexes (3 and
4) are presented in experimental section. The absorption due to aromatic
C—H stretching vibrations was observed in the region 2934-2924 cm™!
in all the synthesized compounds.

The characteristic infrared spectral data of the ligand 2 and its Cu(II)
and Zn(II) metal complexes are presented in the experimental section.
The ligand (2) exhibits a medium intense band at 3434 cm ! due to the
intramolecular hydrogen bonded (O-H), where its absence in the spectra
of Cu(Il) and Zn(II) complexes indicates deprotonation of the phenolic
group and coordination of the oxygen atom to the metal ion. Infrared
spectrum of the ligand shows v(C=N) peak at 1619 cm ! and absence of
C=0O0 peak at around 1650 cm™! in the azo aldehyde indicates Schiff
base formation [43]. A downward shift (v = 4-5 cm_l) in v(C=N)
(azomethine) is observed with coordination, indicating that the azo-
methine group nitrogen is involved in coordination. It is expected that
coordination of nitrogen to the metal atom would reduce the electron
density in the azomethine absorption [44]. Some new bands, which are
not present in the ligand appeared around 539-498 cm™, correspond-
ing to M-O (478-468 cm ') and M-N vibrations support the involvement
of N and O atoms in coordination with metal center [45]. The above

results imply that azo-azomethine ligand 2 coordinates to Cu(II) and Zn
(II) metal ions in a bidentate manner with N,O donor sites.

3.5. X-ray structure of the ligand hb

X-ray quality crystal of azo-azomethine ligand 2 were obtained from
slow evaporation of the ligand in methanol solution. Molecular structure
of the ligand with atom numbering is shown in Fig. 2. However, the
ligand 2 favours phenol-imine tautomeric form although they both have
very similar structure. The N1-C9 imine bond distance of 1.276(2) A is
within the range of normal C=N double bond values confirming the
phenol-imine form in the solid state. In the structure of the ligand, ar-
omatic rings (C16-C21) and (C10-C15) are in trans configuration with
1;espect to the N2-N3 bond. The diazo N2-N3 bond distance is 1.214(2)
A.

The molecule shows intra-molecular hydrogen bonding (O1-H---N1)
in the molecule forming a S(6) graph set motif. The outer phenyl rings
(C1/C6 and C16/C21) are both twisted from planarity. The dihedral
angles between aromatic rings (C1/C6-C10/C15, C10/C15-C16/C21
and C1/C6-C16/C21) are 22.91(6), 7.35(9) and 28.24(7)°, respec-
tively. This may be due to stacking interactions in the structure. The C3-
C15 edge of one of the molecules stacks with the same edge of an
adjacent molecule (Fig. 2). The C6 and C9 are separated by 3.466 A. The
n-n edge to edge stacking interactions determine the packing of the
molecules. The packing diagram of the ligand is given in Fig. S1.

3.6. Fully optimization of ligand 2

The synthesized ligand and its possible tautomers are optimized at
MO06-2X/6-31+G level in gas phase. Optimized structures with atomic
labeling are represented in Fig. 3.

Scan analyses are performed and total 441 structures for each form



F. Purtas et al.

Table 2
Some calculated and experimental structural parameters of M062X/6-31+G
level in vacuum.

Assignments Experimental Calculated
Bond Lengths @A)
N1—C9 1.276 1.294
01—C11 1.345 1.357
C14—N2 1.458 1.424
N3—C16 1.449 1.427
Bond Angles (deg.)
C10-C11-01 121.40 121.21
C12-C11-01 119.47 118.80
C14-N2-N3 113.18 116.13
N2-N3-C16 112.17 116.15
O1-H-N1 156.00 144.61
Hydrogen Bond Lengths A)
01-H---N1 1.730 1.697
Table 3

Some experimental and calculated frequencies (cm ') of mentioned ligand at
same level of theory in vacuum.

Experimental Calculated
Vou 3434 2988
VCH-aromatic 2960 3200
VCH-aliphatic 2960, 2925, 2872 3158, 3156, 3059
Ve—N 1619 1719
Vc—C-aromatic 1596 1698
UN=N 1486 1590

are analysed. Calculated scan grid for studied compounds are repre-
sented in Fig. 4.

According to Fig. 4, given structures of the studied tautomers of the
ligand have minimum energy and stable ones. Thermo-dynamic pa-
rameters of mentioned compounds which are total energy (Erotal),
enthalpy energy (H) and Gibbs free energy (G) are given in Table 1.

According to Table 1, azo-imine tautomer (I) has minimum energy
and this result imply that the most stable structure for ligand is azo-
imine form. Calculated and experimental structural parameters are
given in Table 2.

According to Table 2, there is a well agreement between calculated
and experimental structures. Regression coefficient (Rz) is calculated as
0.9963. The infrared spectrum of the azo-imine form is calculated at
same level of theory and this spectrum is represented in Fig. S2. Some
experimental and calculated vibrational frequencies of related ligand
are given in Table 3.

Regression coefficient (RZ) is calculated as 0.9995 and it implies that
there is an agreement between experimental and theoretical results.
Mentioned ligand which is azo-imine form is deprotonated and re-
optimized at M062X/6-31+G level in vacuum. Optimized structure of
deprotonated ligand and molecular electrostatic potential (MEP) map
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are represented in Fig. 5.

According to Fig. 5, there are red regions at environment of O1 and
N1 atoms. This color show that electrons are localized in this region.
Mentioned molecule forms a bond with appropriate chemical species by
giving electrons from O1 and N1 atoms.

3.7. Fully optimization of the Cu(ii) and Zn(ii) complexes

Mentioned complexes are optimized at M062X/LANL2DZ level in
vacuum and optimized structures of them are represented in Fig. 6.
Additionally, their calculated structural parameters are given in Table 4.

According to Fig. 6 and Table 4, VSPER geometry of Cu(II) and Zn(II)
complexes are distorted tetrahedral. Infrared spectra of synthesized
complexes are calculated and represented in Fig. S3. The vibrational
frequencies of metal complexes are given in Table 5.

3.8. Chemical reactivity

Determination of chemical reactivity or reactivity ranking is
important for chemical process. In this study, reactivity ranking of
related ligand which is azo-imine form and mentioned complexes is
determined by using quantum chemical descriptors which are HOMO
energy (Epomo), LUMO energy (Epuymo), energy gap (Egap), chemical
hardness (1), chemical softness (c), absolute electronegativity (y),
electrophilicity index (), nucleophilicity index (N) and dipole moment
(w). Mentioned descriptors are calculated and given in Table 6.

Enomo is generally related to electron-donating ability and a higher
value of Egomo indicates the tendencies of electron transfer to an
appropriate molecule that has a low empty molecular orbital. In respect
to HOMO energy, the activity ranking of mentioned molecules should be
as follow:

3 >4 > Ligand 2 (azo — imine form)

Erumo is other quantum chemical descriptor and mainly associated
with electron accepting ability. Low value of Epymo indicates the ten-
dencies of electron transfer from appropriate molecule to studied
molecule. If Epymo is decisive in determining the chemical reactivity
ranking, the activity ranking of mentioned molecules should be as
follow:

Ligand 2 (azo — imine form) > 3 > 4

Another essential parameter is the energy gap (Egap) between HOMO
and LUMO. The smaller GAP energy shows the more reactive. The
chemical hardness and softness are other essential parameters. The
chemical reactivity tendencies of compounds towards appropriate
molecules can be discussed with HSAB (hard-soft-acid-base) approxi-
mation. The reactivity is increased with the increasing of softness value
and decreasing of hardness value. According to the Egap and softness
values, the ranking of biological reactivity should be as follow.

[
-0.205

+0.205

Fig. 5. Optimized structure and MEP map of related molecule at M062X/6-31+G level in vacuum.
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Fig. 6. Optimized structures of Cu(II) and Zn(II) complexes at M062X/LANL2DZ in vacuum.

Table 4
Some calculated and experimental structural parameters of M062X/6-31+G
level in vacuum.

Cu complex Zn complex
Bond Lengths A
M—N1 2.021 2.075
M—N2 2.021 2.082
M—O01 1.903 1.933
M—02 1.903 1.940
Bond Angles (deg.)
N1-M-O1 93.17 119.13
N1-M-02 155.27 111.25
N1-M-N2 91.92 92.63
01-M-N2 91.95 92.12
01-M-02 155.93 128.06
N2-M-02 93.17 92.63

4 > 3 > Ligand2 (azo — imine form)

Electronegativity is related with flexibility of electron mobility. The
reactivity of molecule increases with decreasing of electronegativity
value. In respect to absolute electronegativity, the reactivity ranking
should be as follow.

4 >3 > Ligand2 (azo — imine form)

Electrophilicity index and nucleophilicity index are other de-
scriptors. Electrophilicity index is associated with electrophilic attack

Table 5

The calculated vibrational frequencies (em ™) of the metal complexes.
Assignments Cu Complex Zn Complex
VCH-aromatic 3260-3209 3268-3202
VCH-aliphatic 3175-3058 3172-3058
Ve=N 1705 1705
Vc=c; Ve=N> Vc=o 1690 1688
Ve—N 1675
Ve 1612 1611
UN—N 1555 1553
Ve—o 1525 1525
VMm.0, VM-N 514 513

while nucleophilicity index is related to nucleophilic attack. Therefore,
reactivity is increased with the increasing of nucleophilicity index and
decreasing with electrophilicity index. As a result, the ranking should be
as follow:

4 >3 > Ligand2 (azo — imine form)

The final descriptor is dipole moment and it has been used in many
published papers. Chemical reactivity of compounds increases with
increasing of these parameters. According to this explanation, activity
ranking should be:

4 >3 > Ligand?2 (azo — imine form)
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Table 6
Calculated quantum chemical descriptors for ligand and its complexes.
Compounds Enomo” ELumo” Egap” n’ o’ x o’ I\ o
azo-imine (I) —7.129 —1.397 5.733 2.866 0.349 4.263 3.170 0.315 4.208
3 —6.793 —-1.311 5.481 2.741 0.365 4.052 2.995 0.334 2.163
4 —6.676 —1.381 5.295 2.648 0.378 4.029 3.065 0.326 7.143
? ineV.
®inev L
¢ in Debye.
. 2 Emission
m 3
m 4
1000
200 Excitation
800
700
3 600
Z 500
3
] 400
300
200
100
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Wavelenght (nm)
Fig. 7. Emission and excitation spectra of the azo-azomethine ligand (2) and its metal complexes (3 and 4).
its Cu(II) and Zn(II) complexes (3 and 4) were investigated using solid
Table 7

Photoluminescence and absorption data of the synthesized ligand and its metal
complexes.

Compound Amax
Exc. Em. Abs. (nm)
(Intensity) (Intensity)
2 391 (530) 635 (36), 669 (805), 816 (42) 336
3 395 (538) 642 (214), 671 (985), 756 (324) 274, 370
4 393 (542) 592 (76), 680 (831), 761 (403) 301, 380

As a result, zinc(II) complex has higher activity than the free ligand
and its Cu(Il) complex.

3.9. Absorption and photoluminescence spectral studies

The electronic properties of the azo-azomethine ligand and its Cu(II)
and Zn(II) complexes were investigated in DMF solvent (1 x 10~* M).
Photoluminescence excitation spectra were measured at 230 V using a
1000 W xenon flash lamb combined with a grating Monk-Gilleson type
monochromator (50 or 60 Hz) using low stray light as an excitation
source. The photoluminescence signal passed through a grille mono-
chromator with a central distance of 500 mm and passed through a
bright 500 gauge / mm grid at 1200 nm. The optical signals were then
detected with gated photomultiplier with modified S5 response for
operation to about 650 nm and strengthened by locking techniques [45].

The photoluminescence properties of azo-azomethine ligand (2) and

powder technique. For this, a Varian, Cary Eclipse fluorescence spec-
trophotometer model photoluminescence device was used. First of all,
the metal complexes were pelletized by agitating the agate well and
pressing in the solid apparatus part. The slit settings are set to &5. First a
pre-scan was performed to determine the excitation and emission bands.
When a pre-scan was first performed on the ligand, an excitation band
and an emission band were observed. The emission and excitation
spectra of the metal complexes are shown in Fig. 7 and the obtained data
are given in Table 7. The synthesized Cu(II) and Zn(II) complexes (3 and
4) exhibit one excitation band at 350-420 nm range. This excitation
band shifted to higher wavelengths in the spectrum of the Cu(Il)
complex.

The peak in the excitation spectrum of the Zn(II) complex is stronger
than the other peak of the Cu(Il) excitation band. Furthermore, the
emission spectrum of the Zn(II) complex shows three peaks, one strong
peak at 755 nm, seems to Cu(II) metal complex.

In the emission spectra of the synthesized compounds, the copper
complex showed three band in the 625, 680 and 810 nm respectively in
solid state. On the other side the zinc complex, the band at 600 nm
shifted to the longer wave number at 800. The zinc complex indicates
three emission bands. In the emission spectra of the ligand, three band at
625, 680, 810 nm was observed in the solid state. But one strong
emission band 680 nm. The presence of metal has effect on the excita-
tion spectra of the ligand and its transitional metal complexes. More-
over, phenyl group on the n-bonds have the electron donating property
to the aromatic ring by the mesomeric and inductive effects [46].
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Fig. 8. Cyclic voltammograms of the azo-azomethine ligand (2) and its metal
complexes (3 and 4) in the presence of 0.1 M NBu4BF4-DMF solution at different
scan rates.

3.10. Electrochemistry

Electrochemical properties of the bidentate azo-azomethine ligand
and its metal complexes were investigated in DMF-3 M Bu4yNBF, as
supporting electrolyte at 293 K (Fig. 8). All potentials quoted refer to
measurements run at scan rates in the 100, 250, 500, 750, 1000 mVs !
and against an internal ferrocene—ferrocenium standard. The electro-
chemical studies were studied in the 1 x 10~> M DMF solutions and
obtained data are given in Table 8.

When the obtained voltammograms are examined; there are two
reduction potentials (—0.89, 0.85 V) and two oxidation potentials
(0.30-1.30 mV/s) belonging to the ligand. At all scan rates, the ratio of
the anodic current to the cathodic current intensity is not one (Ipa / Ipc
#1), so it shows irreversible voltammetry.

In DMF (1 x 107> M), Cu(Il) complex (3) shows the reversible redox
processes (Ipa: Ipc = 1.0) at all scan rates. The complex has the two
anodic peak potentials in the —0.84-(0.34) V range at 100-1000 mV/s
scan rates. In addition, the complex has two cathodic peak in the 0.35-
(—0.84) V range. The zinc (II) complex (4) shows irreversible redox
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Table 8
The electrochemical date of the ligand (2) and its metal complexes (3 and 4).
Compound  Scan-rate Epa(V) Epe(V) Ipa/ E;/ AE,(V)
(mV/s) Ipc 2(V)
100 —0.85, 0.26, 0.67 - 0.59
2 0.85 -1.26
250 —0.86, 0.27, 0.66 - 0.59
0.84 -1.27
500 —0.87, 0.28, 0.65 - 0.59
0.83 —1.28
750 —0.88, 0.29, 0.64 - 0.59
0.82 -1.29
1000 —0.89, 0.30, 0.63 - 0.59
0.81 -1.30
100 —0.80, 0.31, 1.00* 0.90
3 0.30 —0.80
250 —0.81, 0.32, 1.00* 0.92
0.31 -0.81
500 -0.82, 0.33, 1.00* 0.94
0.32 —0.82
750 —0.83, 0.34, 1.00* 0.96
0.33 -0.83
1000 —0.84, 0.35, 1.00* 0.98
0.34 —0.84
100 —0.40, —-0.10, 0.43 - 0.61
4 0.51 —0.93
250 —0.41, —0.11, 0.43 - 0.63
0.52 —-0.94
500 —0.42, —0.12, 0.44 - 0.65
0.53 —0.95
750 —0.43, -0.13, 0.44 - 0.67
0.54 —0.96
1000 —0.44, —0.14, 0.45 - 0.69
0.55 -0.97

All the potentials are referenced to Ag*/AgCl; where E,q and Ej, are anodic and
cathodic potentials, respectively. AE, = Epq—Epc. E1/2 = 0.5 X (Epq + Epc). (Ipa/
Ipc = 1, Reversible).

Table 9
Molecular docking results of the possible tautomers of the ligand (2) and its
metal complexes (3 and 4).

Compounds DS* Evaw" Ecoul” ETotal”
azo-imine (I) —9.092 —45.560 —6.228 —51.788
azo-enamine (II) —7.576 —49.774 —0.053 —49.827
hydrazone-imine (IIT) —6.336 —47.256 0.509 —46.748
3° ND ND ND ND

4° ND ND ND ND

a

in kcal/mol.
b ND: No Docked.

processes in the 1.0 x 107> M solution at all scan rates. By the increasing
of the scan rate, while the cathodic peak potentials shifted to the
negative regions, the anodic peaks were shifted to the more positive
regions. When the scan rate of the ligand decreases to 1 x 107> M, the
anodic and cathodic peak potential data was both reduced and increased
[47].

In cyclic voltammetry, the oxygen atoms on the carbonyl groups of
organic compounds resonate to donate electrons to the benzenoid ring
and then to the nitrogen atom. The process here is called reversible.
Ligand 2 has only one ~-CH,CH3 group, while in other complexes (3 and
4) Ligand 2 has two methyl groups (meta and para positions on the
benzene ring). Methyl groups decrease the electron density of the
benzenoid rings with the inductive effect, while increasing the electron
density with the mesomeric effect. The groups that donate electrons to
the benzene rings have shifted the potentials from the positive region to
the negative region. As a result, the anodic and cathodic data obtained in
DMF are shifted to more negative regions in the complexes. The po-
tentials for reduction or oxidation of transitional metal complexes con-
taining highly electron-withdrawing groups at the methyl positions of
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Fig. 9. The docking structure and interaction map of azo-imine tautomer with 3WZE.

the unconsolidated electron pair on oxygen will depend upon the elec-
tronic properties of the azo group. When we look at the voltammograms,
we see that the strongest peak is derived from the potential of reduction.

3.11. Molecular docking

The biological activity can be investigated experimentally and
computationally. Especially, quantum chemical parameters, QSAR
studies, molecular docking studies can be used in computational ana-
lyses. For this purpose, the better technique is molecular docking ana-
lyses due to the fact that receptor — protein interactions can be
investigated only molecular docking calculations in computational an-
alyses. In this study, the target protein is selected as 3WZE. Because it is
known that the inhibition of VEGFR2 is one of the anticancer mecha-
nisms. The biological activity of studied compounds is investigated
against 3WZE, VEGFR2 protein. The x-y-z coordinate of receptor bind-
ing domain in 3WZE is 22.88-24.55-36.82, respectively. The docking
calculations were performed and the docking score (DS), van der Walls
energy (Eyqw), Coulomb energy (Ecoy) and total interaction energy
(ETotal) are given in Table 9.

According to Table 9, complex structures are not active against the
3WZE due to the high molecular volume. As for the ligand structures,
azo-imine form is so reactive against the VEGFR2 protein. Its docking
score and total interaction energy are better than those of others.
Docking score implies the harmony between receptor — protein while
total interaction energy shows the interaction strength between inhibi-
tor and protein. It can be said that azo-imine form can be considered as
inhibitor candidate for the VEGFR2. The docking structure and inter-
action map of azo form are represented in Fig. 9.

According to Fig. 9, hydrophobic interactions, hydrogen bond,
negative and positive charge interactions, solvent exposure and pi-
cation interactions are dominant.

4. Conclusion

In the present work, we have described the synthesis of bidentate
azo-azomethine ligand 2-{(E)-[(3,4-dimethylphenyl)imino]lmethyl}-4-
[(E)-(4-ethylphenyl)diazenyl]phenol (2) and its Cu(II) and Zn(II) com-
plexes (3 and 4). The molecular structures of the newly synthesized
compounds were characterized by various physical and spectroscopic
techniques. From elemental analysis and molar conductivity measure-
ments, it is concluded that the metal to ligand ratio is 1:2 stoichiometry
of the type [M(L)2] for Cu(ll) and Zn(II) complexes. The definite
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structure of the ligand was further determined by single crystal XRD
study. The compound showed the phenol-imine intramolecular
hydrogen bond. The molecule is in phenol-imine tautomeric form in the
crystalline state. Crystal structure of the compound was stabilised by n-n
interactions. Computational studies of the ligand and its metal com-
plexes were performed by using M062X/6-31+G and M062X/LANL2DZ
levels, respectively. Then, ligand is deprotonated and active regions are
determined by MEP map. Additionally, chemical reactivity ranking is
determined by using quantum chemical descriptors. The biological ac-
tivity of studied compounds against VEGFR2 is investigated by mole-
culer docking analyses. In docking results, ligand can inhibit the
VEGFR2 while complex structures are inactive against VEGFR2. We
investigated photoluminescence and electrochemical properties of the
synthesized compounds. The ligand 2 and metal complexes (3 and 4)
show the emission bands at the higher wavelenghts.
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