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In this study, five Schiff base ligands of the NO type were synthesized through the
condensation of 4-aminoantipyrine with different aldehydes. These aldehydes include 3,5-
dibromo-2-hydroxybenzaldehyde (HL?Y), 3,5-dichloro-2-hydroxybenzaldehyde (HL?),
3,5-diiodo-2-hydroxybenzaldehyde (HL?3), 3-ethoxy-2- hydroxybenzaldehyde (HL*) and
2-hydroxy-1- naphtaldehyde (HLS). Copper(l1) complexes were then prepared using these
ligands. The synthesized complexes were characterized using various spectroscopic
techniques such as spectrometry, IR, UV-Vis, and electrochemical (CV) methods.
Elemental analysis was also performed to determine the elemental composition of the
complexes. To gain further insight into the structural features and properties of the
complexes, computational methods were employed. The optimization of the complex
structures was carried out using Gaussian 09 software with the B3LYP 6-311G basis set.
This allowed for the determination of important physical characteristics of the complexes.
Frequency calculations were performed to obtain vibrational frequencies, while UV-Vis
calculations were carried out to explain the electronic absorption spectra of the complexes.
The experimental results obtained from the various spectroscopic techniques were
compared with the theoretical results obtained from the computational studies. Theoretical
exploration of the frontier molecular orbitals and energy gaps of the complexes provided
insight into their electronic structures and stability. Furthermore, molecular docking
studies were conducted to investigate the binding affinity of the tested complexes towards
STAT3. The Protein Data Bank (PDB) entry 1bgl was used as the target protein. By
analyzing the docking results and summarizing the interactions during the binding process,
the complexes exhibited potential effectiveness as inhibitors against colon cancer. Metal
complexes (1-5) showed that they may be used as new drug candidates for colon cancer.
The molecular binding of copper complexes compared to Crizotinib, and niclosamide
(as a drug) showed that they have a better performance and are completely placed in the
active site of the receptor. So, the present study gives a new insight for in vivo investigation
of the complexes.
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1. Introduction

Pyrazolone compounds have a five-membered
heterocyclic ring structure with two adjacent
nitrogen atoms. Pyrazolone compounds are used in
natural products, and as biologically active
substances in drug preparation [1, 2]. Antipyrine is
prescribed as a medicine to reduce pain and fever,
and this compound is considered as the first product
of pyrazole derivatives [3-5]. The special properties
of pyrazole compounds, such as versatility and
bioactivity, have attracted the attention of many
chemists. Hence, they were encouraged to
investigate the biological effects of such compounds
Also, the

coordination ability of pyrazole compounds has

by synthesizing new compounds.

been the subject of extensive research for the
preparation and investigation of Schiff bases and
transition metal complexes [6-10]. Some pyrazolone
ligands have interesting properties. These
compounds are considered chelating agents to
stabilize metal ions with different oxidation states
[11-14]. Transition metal complexes, in addition to
being biologically active, have wide applications
such as polymerization, oxidation, dyes and
pigments, catalysis, etc. [15-20]. Dangerous tumors
have attracted everyone's attention and cause cancer
[21]. Therefore, a lot of study and research has been
done in this field, such as making changes in cancer
cells or increasing the resistance of cells to drugs
[22, 23]. Recently, due to the various medicinal and
analytical applications of heterocyclic compounds
and also their significant interaction with DNA
bases, researchers have focused on the synthesis of
transition metal complexes derived from such
ligands [24, 25]. In addition, copper (lI) ion as an
important catalytic element can provide an effective
biological role in living systems [26]. In recent
studies, there are many reports on the vital and
anticancer activity of copper complexes derived
and

from benzimidazole, thiosimicarbazone,
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Pyrazole ligands have been presented [27]. By
comparing these compounds, it was found that the
complexes of pyrazole ligand derivatives are the
strongest anti-tumor agents, and this compound can
be a suitable candidate to be compared with cisplatin
drugs [28-30].
complexes of pyrazole derivatives showed effective

In addition, other copper (II)

and excellent analytical and pharmaceutical
applications. Through the investigations and studies
in the Crystal Structure Database (CSD), it can be
understood that there are limited reports on the
crystal structures of Schiff base complexes of
pyrazolone derivatives [31-40]. Continuing our
work and based on the results of previous reports
[40],

complexes from pyrazolone derivatives (Scheme.

we decided to synthesize new copper

1). The copper complexes were elucidated by
spectroscopic techniques to determine the accuracy
of their synthesis. Intensive structural analysis was
performed for the new complexes to obtain diverse
physical properties. To simulate the X-ray single
crystal analysis, which we failed to provide,
calculations such as UV-Vis and frequency
spectroscopy were performed using the DFT
computational chemistry method using Gaussian 09
software. In the following, the obtained results were
compared with the experimental results for the
correctness of the synthesis. In addition, molecular
docking was used to investigate the interaction
behavior of the synthesized compounds against
cancer cell proteins to evaluate its inhibitory effect
against infected cells after treatment with cytotoxic
drugs such as Cu(ll) complexes.

2. Experimental

2.1. Methods

All the chemicals’ materials and solvents utilized in
this research were purchased from Merck and Sigma
& Aldrich. The FT-IR was gained as a KBr plate by
a Shimadzu 8400S FTIR instrument in the area of
4000-400 cm-1. UV-Vis spectra were established
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on a Shimadzu UV-1650 PC spectrophotometer in result of the reflux process was a green-coloured
DMSO solution. Elemental analyses were done on solution. This solution was kept at room temperature
an Elmentar Vario CHNSO and PerkiElmerer until after 6 days and the slow evaporation of the
device. Electrochemical behavior (CV) was solvent, dark green crystals appeared and then it was
performed on a Metrohm 757 VA Computrace filtered using a vacuum pump, washed by EtOH
instrument at room temperature in DMSO solution. solvent. The obtained crystals were not suitable for
2.2.2. Synthesis of Cu(l1)-pyrazolone complexes crystallographic analysis, they were identified using
Each Cu(ll) complex of (0.25 mmol, 0.04 g) elemental analysis, infrared spectroscopy, and
Cu(NO3)2.3H,0 salt was prepared, which was electron transmissions. notification; The synthesis
dissolved in 10 ml of ethanol and then added to the process of copper complexes was shown
ethanolic solution of pyrazolone derivatives ligand schematically in  Scheme 1 for ease of
(HL®) (0.25 mmol). Each reaction mixture was understanding.

refluxed for 4 hours at a temperature of 85°C. The

Ho 0 \ / \ / /N/

HL', Complex (1): R-3, 5= I (‘"3
HL2, Complex (2):R-3, 5= ¢

HL®, Complex (3):R-3, 5= |

HLY, Complex (4):R-3= OCH,CHy

HLS, Complex (5): R-Phenyl

Scheme 1. Synthetic procedure for the preparation of the Cu(ll) complexes pyrazolone-based Schiff bases.

Complex (1): Green crystals. Yield: 68%. Mol.Wt: (ve=n), 1296(vc-0), 692 (veu-0), 563 (veu-n). UV-Vis:
589.68 g/mol. Anal. Calc. for C1gH14Br,.CuN4Os: C, Amax (nm) (g, Mt cm™) (DMSO): 293 (170000), 340
36.66; H, 2.39; N:9.50 %. Found: C, 36.20; H; 2.28; (61000), 375 (88000), 438 (22000), 578 (1000).

N, 9.23%. FT-IR: vmx cm* (KBr): 3056, 2933 Complex (3): Green crystals. Yield: 68%. Mol.Wt:
2800(vc-H), 1612 (vc=0)pyrazolone, 1600 (VC=N), 1224, 683.68 g/mol. Anal. Calc. for C1gH1412CuN4Os: C,
1294(vc.0), 692 (vcuo), 561 (veun). UV-Vis: Amax 31.62; H, 2.06; N, 8.19%. Found: C, 31.34; H; 1.98;
(nm) (g, Mt cm™) (DMSO): 293 (190000), 339 N, 8.06%. FT-IR: vmax cm? (KBr): 3048, 2976
(63000), 388 (74000), 437(42000), 630 (190). 2820(vc-n), 1646 (vc=o)pyrazolone, 1586 (vc=n),
Complex (2): Green crystals. Yield: 88%. Mol.Wt: 1296(vc-0), 626-690 (vcu-0), 574 (veu-n). UV-Vis:
500.78 g/mol. Anal. Calc. for C1gH14Ci,CuN4Os: C, Amax (nm) (g, M~ cm™?) (DMSO): 292 (180000), 293
43.17; H, 2.82; N, 11.19%. Found: C, 42.98; H; (40000), 346 (58000), 390 (62000), 443(19000),
2.58; N, 11.02%. FT-IR: vmax cm? (KBr): 3056, 650 (268).

2933 2800(vc-H), 1660 (vc=o0)pyrazolone, 1609
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Complex (4): Green crystals. Yield: 68%. Mol.Wt:
475.94 g/mol. Anal. Calc. for CyH20CuN4Os: C,
50.47; H, 4.24; N, 11.77%. Found: C, 50.30; H;
4.11; N, 11.43%. FT-IR: vmax cm? (KBr): 3061,
2945 2810(vcH), 1640 (vc-o)pyrazolone, 1598
(ve=n), 1296(vc-0), 657 (Veu-0), 543 (veu-n). UV-Vis:
Amax (nm) (g, M~ cm™) (DMSO): 291 (160000), 333
(36000), 350 (34000), 411 (29000), 435(25000),
650 (280).

Complex (5): Green crystals. Yield: 62%. Mol.Wt:
481.95 g/mol. Anal. Calc. for Cx»H1sCuN4Os: C,
54.83; H, 3.76; N, 11.63%. Found: C, 54.45; H;
3.48; N, 11.39%. FT-IR: vmax cm? (KBr): 3210,
3028, 3025, 2922, 2848 and 2752 (vc-n), 1601
(vc=o)pyrazolone, 1581 (vc=n), 1294 (vc.0), 692
(vew-0), 551-588 (veun). UV-Vis: Amax (nm) (g, M?
cml) (DMSO): 285 (34000), 296(49000), 331
(38000), 346 (36000), 404(39000), 431(61000),
451(65000), 686 (110).

2. 3. Electrochemical studies, cyclic voltagram
(CV)

Using cyclic voltammetry (CV), the potential values
of oxidation and reduction regions as well as the
electrochemical behavior of the synthesized copper
complexes were studied. Therefore, silver wire
reference electrodes, platinum auxiliary electrodes,
and glassy carbon work electrodes are needed to
perform electrochemical analysis. Also, to perform
this analysis, an electrolyte solution is needed, and
tetrabutylammonium hexafluorophosphate salt with
a concentration of 10 M in dimethyl sulfoxide
solution was used to prepare the electrolyte solution.
The cyclic voltammogram process was carried out
at a temperature of 25 °C and under argon gas
conditions to remove oxygen from the reaction
medium and with a scanning speed of 100 mV/s.
Also, after each scan, the working electrode was
polished with alumina powder to remove any
contamination, and in this analysis, all the potentials

of the oxidation and reduction regions were
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calibrated using ferrocene as an internal standard
(Eiz = 0.42 V) [45, 46]. The electrochemical
behavior information along with oxidation and
reduction values with cyclic voltagram diagrams of
the prepared complexes are presented in the third
part of this study.

2.4. Theoretical approach

2.4.1. Optimization process

The structure of all copper complexes were
optimized using standard software Gaussian 09 [47].
Frequency calculations and electron transitions were
calculated with the DFT/B3LYP method in order to
minimize the energy in the default solvent of
dimethyl sulfoxide under a 6-311G basis set. The
structure of target complexes and calculation files
(out, chk, etc.) were collected. To compare the
experimental results with the computational results
to determine the correctness of the structure of the
complexes as well as to extract other physical
properties, the computational files were opened
using the Gauss View program, and viewed as a
numbered plot on the Gauss View screen [48]. In the
following, using the mentioned equations [49, 50]
and using the HOMO and LUMO energy gap, more

parameters were investigated:

Ecar = ELumo - EHomo 1)
x= -12(ELumo + Exomo) (2)
==y ®)
N =1/2(ELumo — Enomo)  (4)
-1
S ®)

Also, using AIM2000 software with the help of the
theory of atoms in molecules (QTAIM), topological
properties at critical points were evaluated [51].
MEP maps for all copper complexes were created on
the cubic surface through chk and fch files. Some
features using red, blue, and green colours created
on the maps indicate the nucleophilic, electrophilic,
and zero potential regions, which we discuss more

in the results and discussion section.
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2.4.2. Molecular docking method

In silico study as computational approaches could be
used as receptor-based drug design for new
anticancer drugs [52-55]. In this work, the protein
structure  of TRANSCRIPTION FACTOR
STAT3B/DNA COMPLEX (1bgl:
https://www.rcsb.org/structure/1bgl) was prepared
as PDB and applied to predict the binding pose of
the compound in STAT3 SH2-binding site by using
the software Molegro Virtual Docker. To interact
inside receptors, “detect cavities” were selected in 5
parts, then selected Internal ES, Internal HBond and
SP2, and SP2 Torsions as well as Fter docking:
Energy Minimization. The output was saved as
MOL2. The results were investigated by Molegro
Molecular Viewer [52-55].

3. Results and discussion

3.1. Synthesis

Copper complexes synthesized from pyrazolone
derivatives with a molar ratio of 1Cu: 1HL were
proposed. The structure of the complexes derived
from the pyrazolone ligand based on we past studies
[40] emerged with a simple structure that allows the
coordination of a ligand molecule and a metallic
copper salt nitrate group without steric hindrance.
Dark green colours appeared in the complexes due
to d-d transitions and the high effect of charge
transfer «caused this colour change to be observed
compared to the vyellow pyrazolone ligands,
confirming the correctness of the complex synthesis.
Characterization of synthesized copper complexes
was done using elemental analysis techniques, FT-
IR, and UV-Vis spectroscopy. In addition, by using
DFT calculations, the molecular structure of the
complexes was optimized and confirmed. To predict
and determine the correctness of the structures of the
synthesized complexes, calculations such as
vibration frequency and electron transfer were
performed and with the help of the obtained

calculation results, they were compared with the
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experimental results. Furthermore, the molecular
simulation was used to investigate the interaction
behavior of the synthesized compounds against
cancer cell proteins to evaluate their inhibitory effect
against infected cells after treatment with cytotoxic
drugs.

3.2. FT-IR spectra of the ligands (HL!®) and
complexes (1-5)

By examining the FT-IR spectrum in the range of
4000-400 cm? (Figs. S1-5) for the synthesized
ligands and Cu(ll) complexes, more significant
vibrational bands were extracted. Table 1 is a
summary of the vibration bands listed. Vibrations
v(C=0), v(C=N), the vibrational bands appearing in
the ligands of pyrazolone derivatives compared to
the FT-IR spectra of the synthesized Cu (II)
complexes, a visible change was recorded towards
the lower/higher wave number. These regions can
indicate the participation of these groups in the
coordination through the binding mode of neutral
bidentate. Also, the presence of nitrate anion in
coordinated Cu (I1) complexes appeared through the
bidentate state. During complexation, the v(M-O)
and v(M-N) bands were assigned in the lower
wavenumber region in the spectra of the complexes,
which proves the correct coordination of copper
[56]. The vibrational spectrum of pyrazolone ligands
has shown a prominent vibrational band in the
region of 1251 to 1269 cm't, which is specific to the
phenolic/naphthol C-O stretching vibration. During
complexation, this region has emerged as a
stretching band with a higher frequency of 1294-
1296 cm*, which also confirms the coordination of
the phenolic/naphtholic oxygen of the ligand to the
copper metal [38-40, 57-61]. In addition, the
nonappearance of a phenolic/naphtholic O-H
stretching vibration band at about 3400-3600 cm™ in
the complexes also confirms the deprotonation of
the pyrazolone ligands. The electronic structures of

the studied copper complex were first optimized by
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the Gauss 09 program in the gas phase, at the level
of theory (B3LYP/6-311G), and the optimized
structure of the complexes in Fig. 1 is shown. The
vibrational frequencies of the studied copper
complexes were calculated using the DFT/B3LYP
method with the 6-311 G basis set. The theoretical
and experimental results of copper complexes are
shown in Table 1. According to the results collected
in Table 1, the agreement between experimental
frequencies and computational chemistry is
generally very good. The C-H stretching vibrational
mode is observed experimentally in the region of

2700-3200 cm’, while it was calculated using
computational chemistry to be in the region of 3011-
3231 cm?, which is shifted to higher wavenumbers

than the experimental values. The region of 1581-

Complex(1)

1618 cm can be attributed to the proton transfer of
Schiff bases and stretching vibration of azomethine
(C=N) bond, while it was calculated in the region of
1601-1644 cm* using B3LYP. The observed bands
at 626- 692 cm* and 543-588 cm* are related to the
stretching vibrations of metal-oxygen and metal-
nitrogen, which have appeared in the regions of 605-
697 cm™ and 496-526 cm'L, respectively, using the
calculation method. In addition, the regions of 1251-
1296 cm* confirm the presence of a phenol group in
the compound. The same bands in the regions of
1271-1369 cm™ by the B3LYP method show good
agreement with FT-IR bands. The above results are
in good agreement with similar Schiff base

compounds.

Complex (2)

Figs. 1 optimized molecular structures of complexes (1-5).

118



Applied Chemistry Today New pyrazolone-based ... Vol. 18, No. 69, 2023

Table 1. Experimental and theoretical properties of pyrazole derivatives ligands and their complexes.

Experimental (cm™) Theoretical Tentative assignment
HL!
1622 - V(C=0)
1580 - V(C=N)
3450 - V(O-H)
2920-3080 - V(C-H)
1272 - V(C-0)
Complex (1)
1612 1662 V(C=0)
1600 1643 V(C=N)
- - V(O-H)
2800-3056 3022-3219 V(C-H)
1294 1311-1343 V(C-0)
692 630-697 V(M-0)
561 500 V(M-N)
HL?
1664 - V(C=0)
1618 - V(C=N)
3419 - V(O-H)
2700-3000 - V(C-H)
1276 - V(C-0)
Complex (2)
1660 1658 V(C=0)
1609 1643 V(C=N)
- - V(O-H)
2800-3056 3022-3224 V(C-H)
1296 1320-1342 V(C-0)
692 613-653 V(M-0)
563 504 V(M-N)
HL?
1662 - V(C=0)
1593 - V(C=N)
3434 - V(O-H)
2700-3000 - V(C-H)
1272 - V(C-0)
Complex (3)
1646 1661 V(C=0)
1586 1601-1630 V(C=N)
- - V(0-H)
2800-3056 3052-3231 V(C-H)
1296 1331-1368 V(C-0)
626-690 605-676 V(M-0)
574 496 V(M-N)
HL*
1649 - V(C=0)
1585 - V(C=N)
3400-3600 - V(0-H)
2748-2977 - V(C-H)
1251-1272 - V(C-0)
Complex (4)
1640 1664 V(C=0)
1598 1609-1644 V(C=N)
- - V(0-H)
2800-3000 3014-3207 V(C-H)
1296 1271-1300 V(C-0)
657 621-693 V(M-0)
543 499-526 V(M-N)
HLS
1652 - V(C=0)
1591 - V(C=N)
3400-3600 - V(0-H)
2700-3200 - V(C-H)
1269 - V(C-0)
Complex (5)
1602 1660 V(C=0)
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1581 1609-1634

2800-3025 3011-3214

1296 1317-1369
692 607-654
551-588 480-532

V(C=N)
V(0-H)
V(C-H)
V(C-0)
V(M-0)
V(M-N)

3.3. Spectroscopic characterizations to be UV-Vis
of the ligands (HL'®) and complexes (1-5)

The spectrum of electron transitions of each scanned
set in the range of 200-800 nm is presented in Fig.
S6-10. In the spectrum of the copper complex,
transitions are observed due to the splitting of the d
shell of the metal ion, as well as intra-ligand
transitions. Using this technique, it is possible to
determine the degree of fission corresponding to a
given geometry. In Table 2, transitions such as
MLCT, and d — d

transitions have been extracted. According to the

intra-ligand transitions,

results shown in Table 2, it can be understood that
transitions such as n—7*, and t—m* in coordinating
ligands have been observed in deep ultraviolet
The UV-Vis spectrum of the

synthesized copper complexes is close to the square

regions [62].

planar geometry and is distorted due to John Teller's
distortion [63]. This proposed geometry is due to the
band observed in each spectrum, in the 578-690 nm
region, which is attributed to d — d transitions [63].
These results confirm the correctness of the complex
synthesis. According to the figures of the electron
transfer spectrum of the ligand, the peak observed in
the region of 210-243 nm is due to the 1 — w*
transition of the phenyl rings and the absorption
band (Amax) in the region of 260-329 and 325-435 nm
is to the intramolecular charge transfer band 7 — n*
and n — 7+ of the azomethine group C = N is
relevant. Also, these values are similar to those
found in related Schiff base compounds [38-40, 64,
65]. In the spectrum of studied copper complexes,
these areas appear in higher amounts, and their
information is presented in Table 2. The electronic
absorption spectrum  of
calculated by the DFT method based on the

the complexes was
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optimized structure at the B3LYP/6-311 G level in

the gas phase. The -calculation results were

compared with the experimental absorption
spectrum data in Table 2. For computational
chemistry, the theoretical absorption bands related
to the electron transfer of the azomethine group at
395-434 nm (for complex (1)), 453 nm (for complex
(2)), 381-467 nm (for complex (3)) nm, 411-461 nm
(for complex (4)) and 436-460 nm (for complex (5))
regions were predicted with transfer energies of
3.1327-2.8520, 2.7343, 3.8124-2.7450, 3.0096-
2.6838 and 2.8400-2.6919 eV, respectively. In
addition, the experimental spectra of metal-to-ligand
(MLCT) with
wavelengths in the regions of 437 nm (for complex
(1)), 438 nm (for complex (2)), 443 nm (for
complex (3)), 411-435 nm (for complex (4)) and

429-452 nm (for complex (5)) were observed to

charge transfer complexes

have a square planar geometry, the result of
computational chemistry with higher values in the
mentioned table has been provided. Also, the d-d
transition for each of the copper complexes, the
regions obtained using computational chemistry at
612-667nm (for complex (1)), 570-658 nm (for
complex (2)), 671-715 nm (for complex (3)), 595-
650 nm (for complex (4)) and 596-757 nm (for
complex (5)) with transfer energies of 2.0251-
1.8567, 2.1748-1.4449, 1.8456- 1.7325, 2.0803-
1.9072 and 2.0771-1.6364 eV is

According to the obtained results, it can be easily

observed.

concluded that they are consistent with the
experimental absorption. Complex (2) shows a
higher energy gap and higher chemical hardness
compared to other copper complexes, which result
will be explained in the interpretation section of the

frontier molecular orbital analysis (FMOs).
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Table 2. Experimental and theoretical UV-Vis spectra results of pyrazole derivatives
ligands and their complexes.
Experimental (nm) Theoretical (nm) Transitions assignment
HL!

236 - (TT—7t*)aromatic ring

290 - (m—71*)c=n

356 - (n—7m*)c=N

Complex (1)

293 378-384 (TI:—H'C*)aromatic ring
339-388 395-434 (mT—7*)c=N

437 509 MLCT

630 612-667 d—d

HL?
228-232 - (TT—7*)aromatic ring
273-292 - (m—7*)c=N
378-429 - (n—7*)c=N
Complex (2)

293 374-398 (m—Tt*)aromatic ring
340-375 453 (n—m*)c=N

438 544-555 MLCT

578 570-658 d—d

HL3

241 - (TI:—>7'C*)aromatic ring
298-329 - (n—m*)c=N
380-435 - (n—>7*)c=N

Complex (3)
292-293 368 (TI:—>7'C*)aromatic ring
346-390 381-467 (m—7m*)c=N
443 521 MLCT
650 671-715 d—d
HL*

210 - (TT—7*)aromatic ring
228-270 - (m—71*)c=N

334 - (n—7*)c=N

Complex (4)

291 382 (TL—T*)aromatic ring
333-350 411-461 (m—7*)c=N
411-435 481-547 MLCT

650 595-650 d—d

HLS
225-243 - (TE—>7'C*)ar0matic ring
260-290 - (m—71*)c=N
325-400 - (n—m*)c=N
Complex (5)

285-296 398-424 (m—Tt*)aromatic ring
333-347 436-460 (n—m*)c=N
429-452 489-525 MLCT

686 596-757 d—d

3.4. Electrochemistry of the complexes (1-5)

Cyclic voltammetry for the studied copper
complexes in DMSO solvent is presented in Figs. 2.
According to the obtained results, which we will
discuss further, the synthesized copper complexes
have shown a quasi-reversible behavior. The
voltammogram in the cathodic region (Epc) around
-0.63, -0.80 to -0.90 V is attributed to the reduction

process of Cu(/Cu®. In addition, the anodic
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voltammogram at -0.49, -0.61 to -0.69 V is related
to Cu®/Cu(™ oxidation [38-40, 54, 55].
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080V
Complex (°) —
T 061V
025 025 0.75 -1.25 1.75
Potential/V
0.62\
Complex (¢)
< . 0.49%\
0s 0 0.5 -1
PotentialV'
097\
Complex (%)
— 067\
02 0.3 08 13 18
Potential/V"
087\
Complex (2)
/Y 0,62)
(R 0.02 .43 0.98 -1.48
PolentialV’
0.89 \
Complex (1)
p— 0.69\
0 0.5 1 -1.5

Potential/'V

Figs 2. Cyclic voltammogram of 10~° mol L solutions of Cu(ll)
complexes (1-5) in DMSO solutions containing 0.1 mol L™
TBAH and scan rate 100 mVs ™.

3.5. Frontier molecular orbital analysis
By studying the frontier molecular orbital (FMO)

energy levels of copper complexes, it is concluded
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that electronic transitions between the highest
occupied molecular orbital (HOMO) as an electron
donor (electrophilicity) and the lowest unoccupied
molecular orbital (LUMO) as an acceptor electron
(nucleophilicity) is formed. Figs. 3 shows the
distribution and energy levels of frontier molecular
orbitals calculated at the same level of theory for
copper complexes. Table 3 provides information on
HOMO and LUMO energy levels of copper
complexes. An interesting conclusion can be drawn
using the map of frontier molecular orbitals (FMOSs).
By decreasing the LUMO values, the ability to
accept electrons will be higher [51]. In Table 3, itis
concluded that among the studied complexes,
complex (2) has the lowest LUMO value compared
to others. Also, the energy difference (AE) of
complexes (1, 3, 4, and 5) is relatively lower than
that of complex (2) (2 > 4 > 3> 1 > 5), which shows
that copper ion has a stronger potential to accept
electrons or donate electrons to It has the title of
active center and the biological activity of
pyrazolone copper complexes is predicted as 5 > 1>
3> 4 > 2 [66]. Quantum parameters were calculated
by using the energy of the orbitals and its
information can be seen in Table 3 [38-40, 51]. The
molecule that has the lowest value (AE) has more
polarity and high chemical reactivity, and this
molecule can be selected as a soft molecule
(complex (5)). By comparing the calculated values
of these parameters among copper complexes,
complex (2) has a more stable structure, due to
having a higher HOMO and LUMO energy gap than
other complexes, and this complex is shown as a
harder molecule. The obtained results can indicate
the presence of different interactions or stronger
hydrogen bonds in the structure of the complex (2)
compared to other complexes. In addition, by
calculating the negative LUMO and HOMO energy
levels, it can be found that all five structures of the

complex are stable [67].
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Figs. 3 surface plots of HOMO and LUMO for complexes (1-5).

Table 3. Calculated global reactivity descriptors of the complexes (1-5) group, and central metal they highly reactive regions
at the B3LYP/6-311G level.

Parameters Complex ~ Complex ~ Complex  Complex  Complex  for nucleophilic attack. These locations are also
1) @ ©)] Q] (5)

ELumo (V)  -3.688 -0.507 -3.622 -3.411 -3.719 presented for hydrogen bonding due to the existence
Evowo (€V) ~ -3.949  -3457 -3.901 -3.737  -3.926 of greatly electronegative atoms C, N, O, Br, Cl, and
ELumo—Eno  0.261 2950 0.279 0326 0.207
mo (eV) l.
ELumo+Eno -7.637 -3.964 -7.523 -7.148 -7.645
mo (eV) -
Electronegati  3.818 1982 3761 3574 3.822 —
vity ()
Chemical -3.818 -1.982 -3.761 -3.574 -3.822
potential ()
Chemical 0.130 1475 0139 0.163  0.103
hardness (1)
Softness (S)  3.831 0.545 3584 3.067 4.830
3.3. Molecular electrostatic potential of complexes
(1-5)
The purpose of studying the molecular electrostatic
potential (MEP) is to investigate the electrostatic a1

interaction between the studied complex molecules
[38-40,51]. The MEP of the complexes is shown in
Fig. 4. The blue region represents the electron-poor
part, which is capable of receiving negatively

charged ions, and the red region represents the

electron-rich and more reactive part. According to

Complex (2)

all five MEP schemes, it can be understood that
oxygen atoms with red colour have a negative
electrostatic potential and strong repulsion and are
candidates for electrophilic attack. The sites of
strong attraction are the greatest possible regions

with blue colours, which are observed near the C-H
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Complex (5)

Figs. 3 Molecular electrostatic potential maps (MEP) were
calculated at the B3LYP/6311-G level for the studied complexes.

3.4. QTAIM theory of the complexes (1-5)

Molecular interaction in pyrazolone complexes was
investigated using the "atom in molecule" theory.
This study was conducted to determine the type of
bond between M-O/M-N bonds in pyrazolone
complexes (Fig. 5). In this study, each metal was
attached at its strategic positions and optimized
using DFT at the same B3LYP/6-311G level of
theory. In this theory, the total electron energy
density at the bonding critical point (BCP) plays an
important role in investigating the interaction
involved. According to Table 4, low values of
electron density p(r) and positive values of
Laplacian (72p(r)), it can be understood that non-

covalent or non-polar interaction is observed in M-
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O/N bonds. The values of electron density p(r) and
(V2p(r)) from 0.0634 to 0.0958 a.u. and 0.0793 to
0.1395 a.u. are presented in Table 4, respectively. In
the following, using a series of energy parameters
(Table 4), more analysis was done on the charge
distribution in M-O/M-N bonds, which confirmed
the opposite charge between copper and O/N, and
ionic

the non-covalent interactions with the

character of M-O/N. These parameters describe the

interactions using open shell ((('((g((:)))) |) >2) and H(r)

< 0) and closed shell (=) < 1) and H(r) > 0),

describing the type of interactions involved [40, 51,

68, 69]. The results of energy parameters show that
the total electron energy density (H(r)) for all
pyrazolone complexes is calculated with negative
values, which can predict polar (open shell)
interactions.

On the other hand, the ratio of potential energy

density (V (r)) to (G (r)) is greater than 1 (('((g((:))))') >

1), and indicates the intermediate interaction.
Negative values of (IZp(r)) indicate the tendency of
covalent bonds, while positive values indicate non-
covalent interactions. Also, positive values of
(Pp(r)) and H(r) predict electrostatic interaction,
and positive values of (IZp(r)) and negative H(r)
indicate partial covalent interaction. According to
the general result obtained from this theory, it is
inferred that the bonds (M-O and M-N) in the
studied complexes are expected as non-covalent
bonds with a noteworthy contribution of ionic

nature.
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(M...0, and M...N in Table 4) are highlighted by yellow arrows, in the figure
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Table 4.Topological properties p(r) and IZ p(r) (a.u.), Kinetic energy density (G(r), in a.u.), -potential energy density (V(r), in a.u.) and
total energy density (H(r), in a.u.) for BCP of the studied metal-ligand interactions at the B3LYP/SDD(6-311G) level for the studied

complexes.
Intramolecular interaction  p(r)sce V2o(r)ece G(r)scp V(r)scp H(r)scr (%)BCP
T
Complex (1)
(Cu-N)pyrazolone 0.0643 0.0806 0.0859 -0.0912 -0.0052 1.061
(Cu-O)aldehyde 0.0937 0.1377 0.1470 -0.1563 -0.0092 1.063
(Cu-N) nos 0.0846 0.1133 0.1217 -0.1301 -0.0084 1.069
(Cu-N)c=n 0.0884 0.1024 0.1184 -0.1344 -0.0159 1.135
Complex (2)
(Cu-N)pyrazolone 0.0645 0.0808 0.0861 -0.0914 -0.0053 1.061
(Cu-O)aldehyde 0.0933 0.1373 0.1464 -0.1555 -0.0091 1.062
(Cu-N) nos 0.0848 0.1135 0.1220 -0.1305 -0.0084 1.069
(Cu-N)c=n 0.0879 0.1018 0.1176 -0.1334 -0.0158 1.134
Complex (3)
(Cu-N)pyrazolone 0.0661 0.0810 0.0868 -0.0909 -0.0066 1.047
(Cu-O)atdehyde 0.0938 0.1339 0.1468 -0.1563 -0.0090 1.064
(Cu-N) nos 0.0841 0.1141 0.1282 -0.1369 -0.0086 1.067
(Cu-N)c=n 0.0779 0.0936 0.1056 -0.1472 -0.0171 1.393
Complex (4)
(Cu-N)pyrazolone 0.0634 0.0793 0.0845 -0.0896 -0.0051 1.060
(Cu-O)atdehyde 0.0958 0.1395 0.1497 -0.1599 -0.0102 1.068
(Cu-N) nos 0.0837 0.1129 0.1210 -0.1291 -0.0081 1.066
(Cu-N)c=n 0.0908 0.1048 0.1218 -0.1387 -0.0169 1.138
Complex (5)
(Cu-N)pyrazolone 0.0642 0.0806 0.0859 -0.0911 -0.0052 1.060
(Cu-O)atdehyde 0.0934 0.1371 0.1463 -0.1556 -0.0092 1.063
(Cu-N) nos 0.0837 0.1139 0.1223 -0.1304 -0.0082 1.066
(Cu-N)c=n 0.0917 0.1054 0.1228 -0.1402 -0.0174 1.141

3.5. Molecular docking

Colon cancer is the most dangerous type worldwide.
Cancer cell also upregulates other important
downstream genes such as Signal transducers and
activators of transcription (STAT3), which plays a
vital role in cell proliferation, cell survival,
metastasis, and angiogenesis in colon cancer.
Crizotinib and niclosamide reduce cell viability, cell
migration, and invasion in a dose-dependent manner
against colon cancer via the interaction with
overexpressed STAT3 [70]. Our complexes are
similar to two Crizotinib and niclosamide drugs
based on benzene and pyrazole rings. So, complexes
Cu (1) were carried out for the molecular docking
for discovering new drugs and the inhibition
tendency of the target cancer protein STAT3 (1bg1).
According to the molecular docking results, it is
concluded that all five complexes can effectively
interact with the molecular target cancer protein
STAT3 (1bgl) and also can penetrate the active site

of the protein. The minimum binding free energy of
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the docked structure of complex (1), complex (2),
complex (3), complex (4), complex (5), Crizotinib,
and niclosamide was obtained
-88.898, -84.707, -86.298, -88.546, -100.203,
-81.372 and -89.021 kcal/mol, respectively. All five
Cu(Il) complexes have shown better performance
than the Crizotinib drug with the lowest binding
free energy (-88.898, -84.707, -86.298, -88.546 and
-100.203 kcal/mol,

structure of these compounds has caused more

respectively). The planar
amino acids to be placed in the active cavity. These
findings strongly suggested that inhibition of
STAT3 signaling by complex 5 may serve as an
effective approach for colon treatment as compared
with other complexes due to higher negative values,
Crizotinib, and niclosamide. Also, in the section on
HOMO and LUMO computational

studies, we showed that complex 5 acts as a soft

chemistry

molecule compared to other complexes, and this
difference can be due to the variety of interactions in

the structure of these compounds. As well as, a
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better result was observed in the docking section included Alkyl and Pi-Alkyl. All interactions are
than in other complexes. As shown in Fig. 6, the given in Table 5.
interaction between all complexes and proteins
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Figs 6. The interaction of (a); complex (1), (b); complex (2), (c); complex (3), (d); complex (4), and (e); complex (5), (f); Crizotinib, and
(9); Niclosamide with 1bgl.
Table 5. Bases of protein obtained from docking calculations with complexes.

compounds Van der Waals Carbon Hydrogen Alkyl and Pi-Alkyl Pi-Pi T-shaped
hydrogen bond
bond
complex 1 Lys A:318, Ser A:319, Asn A:486, Pro A:487 Thr A:456 His A:457, Pro A:487,
Asn A:485, Ala A:241 Lys A:488
complex 2 Asn A:486, Asn A:485, Ala A:241, Lys A:244, Pro A:487, His A:457
Ser A:319, Thr A:456
complex 3 Asn A:486, Lys A:318, Ser A:319, Asn A:486 His A:457, Pro A:487,
Lys A:488, Ala A:241
complex 4 Asn A:257, GIn A:141, Val A:137, Arg A:262, lle A:249,
Trp A:266, Thr A:138, Asp A:242 Arg A:245
complex 5 His A:457, Thr A:456, Glu A:455, Ser Lys A:488, Pro A:487,
A:319, Lys A:318, Thr A:236, Leu Ala A:241
A:240, Asn A:485, Asn A:486
Crizotinib Thr A:138, Val A:136, Arg A:262, CysA:259, Asn A:257,

Asp A:261, Pro A:256, Pro A:255
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niclosamide Leu A:260, Asp A:242, Asp A:261, Arg A:262, Asn A:257,
Val A:136, Thr A:138 Cys A:259,
Glun A:141
4 -Conclusion Not applicable.

Five novel Cu(ll) complexes were prepared from
pyrazolone derivatives and identifications by
elemental analysis, FT-IR, UV-Vis spectroscopy,
All

complexes were investigated by DFT, MEP, and

and cyclic voltammetry (CV). structure
QTAIM theoretical studies. Computational results
of FT-IR and UV-Vis spectra theoretical studies are
consistent with experimental results. Theoretical
calculations, including DFT and molecular docking,
provided insights into the electronic and structural
properties of Cu(ll) complexes. These calculations
highlighted the compound's stability and reactivity,
suggesting its potential as an anti-cancer agent.
Complex (2) was calculated with greater stability
and greater hardness with a higher HOMO-LUMO
energy gap compared to other complexes. The
theory of QTAIM suggests M-O/M-N interactions a
non-covalent of ionic nature. Cu(ll) complexes were
studied for molecular docking to discover new drugs
and the tendency to inhibit the cancer target protein
STAT3 (1bgl). All complexes can effectively
interact with the cancer molecular target protein
STAT3 (1bgl) and have negative binding free
energy. Also, all Pyrazolone compounds showed
better performance than crizotinib. Among the
Cu(ll) complexes, complex (5) is expected to inhibit
STATS3 signaling better with a higher negative
value, as an effective approach for colon treatment
compared to crizotinib and niclosamide.
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