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Abstract

In this study, a new metal complex, bis(ﬂ-4-ch10r0benzoat0—1<20:O’)bis[(4-chlor0benz0at0—1<20:O’-bis(isonicotinamide-KN )
copper(Il)] (1), was synthesized. The crystal structures of the complex were determined by single-crystal XRD. In addi-
tion, the structure was characterized by elemental analysis and FTIR spectroscopy. The intermolecular interactions of
the complex were determined by Hirshfeld surface analysis. The optical and fluorescence properties of the complex were
recorded with the help of UV-Vis and fluorescence spectrophotometer. In addition, the anticarcinogenic effects of the com-
plex on DLD-1, MCF-7 and PC-3 cell lines and their cytotoxic properties on human lymphocyte cells were investigated by
(3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) method. The complex has a dimeric structure. The
intermolecular interactions that contribute the most to the crystal structure are H:-H, O---H/H:--O and H:--C/C:--H interac-
tions. The complex was exhibited broad emission peaks between 350 and 550 nm. It was determined that the complexes did
not cause cytotoxic effects on lymphocyte cells. Complex 1 caused a strong cytotoxic effect on DLD-1 colon cancer cells.
The complex was determined to cause low cytotoxicity on MCF-7 and PC-3 cells. The interactions of the complex with
synthetic DNA dodecamer were investigated by molecular docking. It has been determined that the complex inhibits these
proteins through hydrophobic, electrostatic and non-covalent interactions.
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Introduction

Cancer is a disease that occurs when cells divide rapidly
and uncontrollably in the tissues and usually results in death
[1]. Although many methods are used in cancer treatment,
chemotherapy, which uses various natural and synthetic
compounds that have the potential to inhibit or control
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the proliferation of cancerous cells, is the main treatment
method [2, 3]. Although medicinal chemistry relies almost
entirely on organic compounds and natural products, over
the past three decades metal complexes have been used as
pharmaceutical agents such as diagnostic agents or chemo-
therapeutic drugs [4]. Molecules containing metals as ther-
apeutic agents are much more effective than free organic
compounds. The pharmaceutical properties of metal-based
drugs can be changed by the coordination number, geom-
etry and redox ability of the metal [5-7]. Cisplatin, which
is prescribed to the vast majority of cancer patients, is con-
sidered one of the most important drugs in cancer treatment
[1, 8]. Despite its treatment success, cisplatin's clinical use
has been limited in recent years due to its side effects, high
toxicity and acquired resistance. These limitations have
accelerated the research and development activities of alter-
native metal-based drugs that contain metal ions other than
platinum, provide alternative mechanisms of action and may
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have enhanced anticancer activity [9]. Non-platinum-based
compounds also include copper complexes [10].

An essential element for humans and most aerobic
organisms, copper is important for the function of many
enzymes and proteins [7, 11, 12]. Many studies have
reported that copper complexes are less cytotoxic to nor-
mal cells when compared to a nonessential metal such as
platinum [13-15]. Low toxicity is one of the most impor-
tant parameters in drug design. It has been reported that
copper compounds and their complexes with N-donor
ligands have biologically active properties such as anti-
oxidant [16], antitumoral [17], antifungal [18] and anti-
bacterial [19]. The toxicity of copper is attributed to its
ability to generate reactive oxygen species (ROS), replace
other metal ions, peroxidize lipids and directly degrade
DNA and RNA. It has been reported in previous stud-
ies that copper complexes cause anticarcinogenic effects
on various human cancer cells such as prostate, breast,
colon, lung and brain [10, 20]. Copper is a necessary
and appropriate element for living things. Copper and its
complexes were highly effective against viruses, bacte-
ria, yeasts and fungi. The selective permeability of cancer
cell membranes causes copper to accumulate in tumors.
Many copper complexes have been suggested as anticar-
cinogenic drugs based on the findings of both in vitro
and in vivo studies [21]. Copper complexes with nitrogen
donor ligands such as thiosemicarbazone, purine, imida-
zole and benzohydroxamic acid have been reported as anti-
cancer agents against various cancer cell lines. However,
there is no anticancer study of copper aryl carboxylate
complexes of pyridine derivatives such as nicotinamide
and isonicotinamide [22-24]. While some copper com-
plexes have antiproliferative effects on cancer cell lines,
most of them have cytotoxic effects. For example, copper
5 methoxyisatin thiosemicarbazone complexes exhibited
antiproliferative activity against MCF7, A549, HeLa and
HEK 293 cell lines [25]. Thiosemicarbazone-copper(Il)
complexes caused 70% cell death against the U937 cell
line [26]. Copper 8-hydroxyquinoline thiosemicarba-
zone complexes were cytotoxic to human non-small cell
lung cancer (NSCLC) cell lines A549, MCF7 and human
MSTO mesothelioma cell lines [27]. In this study, bis(u-
4—ch10robenzoato—1<20:O')bis[(4—ch10robenzoato—1<20:O'—
bis(isonicotinamide-kN)copper(II)] was synthesized and
characterized by single-crystal X-ray diffraction, elemental
analysis, FTIR spectroscopy. The optical and fluorescence
properties of the complex were determined. The anticar-
cinogenic effects of the complex on DLD-1 colon cancer,
MCEF-7 breast cancer and PC-3 prostate cancer cell lines
and their cytotoxic properties on human normal periph-
eral blood cells (lymphocytes) were evaluated by MTT
method. In addition, the interactions of the complex with
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the synthetic DNA dodecamer target (PDB Code: 1BNA)
assessment were made by molecular docking studies.

Experimental
Reagents

For sodium bicarbonate, copper(Il) sulfate pentahydrate,
4-chlorobenzoic acid and isonicotinamide were purchased
from Sigma-Aldrich (Germany). Phosphate-buffered saline
solution, Dulbecco's modified Eagle medium (DMEM, for
DLD-1, MCF-7 and PBMC cells line), dimethylsulfoxide
and fetal bovine serum (FBS) (Sigma-Aldrich, Germany),
RPMI 1640 (NutriCulture, Turkey for PC-3 cell line), and
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bro-
mide (MTT) and penicillin/streptomycin (Thermo Fisher
Scientific) used for the determination of anticancer prop-
erties were purchased commercially. MCF-7 cells (ATCC-
HTB22), DLD-1 (ATCC-CCL-221) and primary periph-
eral blood mononuclear cells (PBMC) (PCS-800-011) were
cultured in DMEM-high glucose supplemented with 10%
(v/v) fetal bovine serum and 1% penicillin/streptomycin
(ThermoFisher) at 37 °C with 5% CO,. PC-3 cells (ATCC
CRL-1435) were cultured in RPMI-1640 supplemented with
10% (v/v) fetal bovine serum and 1% penicillin/streptomycin
(ThermoFisher) at 37 °C with 5% CO,. Gemcitabine and
5-fluorouracil which are reference drugs were purchased
from Lilly and Kocak Farma, respectively.

Instrumentation

Elemental analysis for C, H and N was carried out on a
LECO CHNS 932 elemental analyzer. FTIR spectra were
recorded from solid samples in the wavelength range of
4000-600 cm™! using Perkin-Elmer Frontier™ FTIR spec-
trometer with ATR detector. UV-Vis spectra were recorded
with a Thermo Scientific Evolution Array model UV-Vis
spectrophotometer from solutions at a concentration of
0.01 mg/mL in the wavelength range of 190-1100 nm. Fluo-
rescence spectra were measured with Agilent Cary Eclipse
Fluorescence Spectrophotometer device from samples at a
concentration of 0.01 mg/mL in the wavelength range of
190-1100 nm. Hed Lab X BIO MSC CLASS II Biosafety
cabinet, Thermo Fisher EVOS FL Inverted Microscope,
Panasonic MCO-170AICUVH-PE CO, Incubator and
BioTek Epoch UV-Vis Spectrophotometer were used in
cytotoxicity and anticancer studies.

X-ray crystallography

The crystallographic data of the title compound were
collected on a Bruker APEXII CCD area-detector
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diffractometer by Mo K radiation. The multi-scan absorp-
tion correction (SADABS; [28]) applied data were processed
by SHELX program packages (SHELXS97 and SHELXL97
[29]) for solving and refining the structures, and ORTEP-3
[30] and PLATON [31] programs were used in drawings.
The H atom positions were calculated geometrically at a
distance of 0.93 A (for aromatic CH) and 0.86 A (for NH,)
and refined using a riding model by applying the constraint
of 1.2 Ueq (carrier atom) for Uiso(H) values.

Synthesis of Bis(p-4-chlorobenzoato-k20:0')bis[(4
-chlorobenzoato-k.20:0'-bis(isonicotinamide-kN)
copper(l)] (1)

For the synthesis of sodium 4-chlorobenzoate, sodium bicar-
bonate (0.84 g, 10 mmol) and 4-chlorobenzoic acid (1.56 g,
10 mmol) were mixed in 100 mL of distilled water by heat-
ing until CO, gas was removed. The solution of isonicotina-
mide (1.22 g, 10 mmol) in 20 mL of water and CuSO,.5H,0
(1.25 g, 5 mmol) in 20 mL of water were added to the pre-
pared sodium 4-chlorobenzoate (1.78 g, 10 mmol), respec-
tively. The mixture was filtered and left at room temperature,
blue crystals formed within a week. Yield: 86.69% (2.67 g).
Anal. calc. for C5,H,,C4,Cu,NzO,,: C, 50.29; H, 3.57; N,
9.02%. Found: C, 50.91; H, 3.43; N, 9.23%. Selected IR

H,N

bands (cm™!): y(NH)as 3379, v(NH)s 3163, v(C-H),, 3050,
U(C=0) arboxamide 1686, v(COO™),, 1571, v(COO™), 1388,
V(C-C)na> V(C-N)na 1030, 8(C-Cl1) 857. UV-Vis spectra
(nm) 282, 753 (Scheme 1).

Hirshfeld surface analysis

Hirshfeld surface analysis has been widely used in recent
years to investigate intermolecular interactions. For a visual
representation of the intermolecular interactions of the syn-
thesized complex, Hirshfeld surface analysis [32, 33] was
performed with the CrystalExplorer 21 program [34]. The
Hirshfeld surface, d,,,,, and curvature map and shape index

[34, 35] and 2D fingerprint graphs [33] were obtained using
the crystallographic information file (.cif) of the complex.

Determination of anticancer and cytotoxic
properties

Anticancer properties of the synthesized complex on the
colon (DLD-1), breast (MCF-7) and prostate (PC-3) cell
lines 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide (MTT) method were investigated. In addition, cyto-
toxic properties of human peripheral blood cells (PMBC)
were investigated. Working concentrations are 1000; 500;
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250; 125; 62.5; 31.25; 15.63; 7.81 ppm. The synthesized
complex was found to be stable at room temperature and
insoluble in solvents such as CCl, and CHCI;, weak solu-
ble in EtOH and MeOH and soluble in (CH;),CO, DMSO,
DMF and H,0. Dimethylsulfoxide (DMSO) was used to
prepare the solutions. Anticancer and cytotoxic properties
were compared with starting ligands (4-chlorobenzoic acid
and isonicotinamide). To apply the MTT method, 100 pL
of culture medium was added to the 96-well microplates;
100 uL (5000 cells) cells were seeded into each well. The
microplates were incubated for 24 h in an incubator at 37 °C
and 5% CO,, allowing the cells to adhere to the surface.
Then, the samples to be tested were added to the wells
containing the culture medium in 100 pL portions of each
concentration. It was incubated at 37 °C for 24 hin a 5%
CO, incubator. After incubation, 10 uL of MTT reagent pre-
pared in PBS at a concentration of 5 mg/mL was added to
each well. It was incubated for 34 h at 37 °C in a 5% CO,
incubator. As a result of incubation, formazan formed in the
cells was seen as purple crystals at the bottom of the wells.
The culture medium was completely removed from the wells
and 200 puL of DMSO was added. After 18 h of incubation,
purple-colored solutions were seen depending on the viable
cell density. The absorbance of the microplates was meas-
ured with the aid of a spectrophotometer at a wavelength of
570 nm [36]. Cell viability was determined by comparing
the cell with the control group. The cell control group con-
tains 100 pL of cells and 100 pL of culture medium. The cell
viability of the cell control group is 100%.

Statistical analysis

The data obtained from tests were analyzed with IBM SPSS
statistics for Windows package program (v.18.0, IBM Corp.,
Armonk, New York, USA). Two-way ANOVA (Tukey) was
used to evaluate whether any treatment significantly differed
from the control or each other’s. Statistically significance
level was accepted at % 95 (p <0.05).

Molecular docking analysis

Autodock Vina program [37] was used to calculate the bind-
ing energy of the complex. The pdb file of synthetic DNA
(d(CGCGAATTCGCG), PDB code 1BNA [38]) with a
resolution factor of 1.90 A was downloaded from the RCSB
Protein Data Bank (https://www.rcsb.org). The crystallo-
graphic information file (.cif) of the complex was used for
use as a ligand. The proteins to be modeled were optimized
with BIOVA Discovery Studio Visualizer 2021 [39]. Auto-
DockTools 1.5.7 program [37] was used to interact with
the complex and DNA molecule in the active site and to
view the ligand—protein interactions. The presence of water
molecules in the protein structure was eliminated, and polar
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hydrogens and Kollman charges were added. The root of
each ligand molecule is recognized automatically, and tor-
sions are chosen. The torsions of the ligand were allowed to
rotate, and the chosen residues were analyzed. The ligands
were docked in a random order to analyze where they would
selectively bind. The BIOVA Discovery Studio Visualizer
2021 was used to determine the amino acids in the active
site of 1BNA. Grid maps with dimensions of 72X 72x 122
(80x 68 x82) and a grid-point spacing of 0.375 were gen-
erated around the center of 1BNA to contain the whole
structure. The Lamarckian genetic algorithm was utilized
as a docking engine, with all docking settings set to default.
BIOVA Discovery Studio Visualizer 2021 [39] was used for
visualization processes.

Results and discussion
Crystal structure descriptions

The crystal data and data collection information are given in
Table 1. The complex's asymmetric unit contains just one-
half of the complex molecule (Fig. 1). The dimeric com-
plex consists of a binuclear Cu complex bridged by oxygen
atoms of two carboxyl groups of 4-chlorobenzoate (CB)
anions, where the two bidentate-bridging CB anions, one
chelating CB anion and two monodentate isonicotinamide
(INA) ligands coordinate to one Cu"' cation with a distorted
octahedral geometry. The distance between Cul and Culi
is 4.242 (4) (symmetry code: (i)—x+1,—y+1,—z+1).
The sum of the bond angles O1-Cul-02 [53.90 (11)°],
O1-Cul-06 [82.21 (10)°], O2—-Cul-03 [97.45 (12)°] and
03—Cul-06 [120.13 (10)°] in the basal plane around Cull
cation is 353.69 (11)°. This supports the presence of Cull
cation, although with a very minor deviation from the basal
plane, where the Cull ion is 0.1020(3) A less than the best
least-squares plane of the four O atoms (O1, 02, O3 and
06) [with a maximum deviation of —0.103 (3) A for atom
O1]. With an average Cul-O bond length of 2.2245 (30), the
four O atoms surrounding the Cul atom generate a distorted
square-planar geometry (Table 1, Figs. 1 and 2). The slightly
distorted octahedral coordination around the copper atom
is completed via the pyridine nitrogen atoms of the INA
ligands, and the Cu-N1 and Cu-N3 bond lengths are 2.049
(3) A and 2.033 (3) A, respectively (Table 1, Figs. 1 and
2). On the other hand, the Cu" cation is 0.2405 (3) A and
0.2426(3) A below and above the best least-squares planes
of the carboxylate, (01/02/C1) and (03/06/C8), groups,
respectively. The near distances values of the C1-O1 [1.260
(4) A], C1-02 [1.236 (4) A] and C8-03 [1.288 (4) A],
C8i-06 [1.237 (4) A] bonds in the carboxylate groups were
supported delocalized bonds, rather than localized single and
double bonds (symmetry code: (i) —x+1,—y+1,—z+1).
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Table 1 Experimental details

Crystal data

Chemical formula

Mr

Crystal system, space group
Temperature (K)

a, b, c (10\)

a, B,y (®)

V(A3

Z

Radiation type

p (mm™)

Crystal size (mm)
Data collection
Diffractometer
Absorption correction

T,

min>

T,

max
No. of measured, independent and
observed [/>20(])] reflections
Rint
(sin O/4),,, (A
Refinement
R[F?>26(FH)), wR(F?), §
No. of reflections
No. of parameters

H atom treatment

Cs2HyoCLCu,Ng O

1237.82

Triclinic, P -1

296

8.9824 (2), 11.7482 (3), 13.2904
(C))

88.321 (4), 83.440 (3), 72.321 (3)

1327.49 (6)

1

Mo Ko

1.07

0.45x0.30%x0.25

Bruker APEXII CCD
Multi-scan

SADABS; Bruker, 2012
0.38, 0.77

31,946, 6671, 5562

0.057
0.671

0.083,0.255,1.10
6671
352

H atoms treated by a mixture of
independent and constrained
refinement

Apmax’ Apmin (C A_3) 182, - 269
CCDC number 2,160,665
ci2
C\‘\NZ’O
o0 f 0 o oyl
o4 Q/\ Ace — W o
cirr \015 . o ci
[ &° Ny —ers
C18 &) » \’\
C/_\ /N1 i ‘/:9 O
c1o¥" N—270
[ v Ccs

Fig. 1 The asymmetric unit of the complex with the atom numbering
scheme. Thermal ellipsoids are drawn at the 50% probability level

Fig.2 The molecular structure of the complex with the atom
numbering scheme [symmetry code for the unlabelled atoms
is—x+1,—y+1,—z+1]

The O1-C1-02 [123.7 (3)°] and O3—-C8-06i [123.6 (3)°]
bond angles seem to be increased compared to that pre-
sent in a free acid [122.2°]. The corresponding values for
these angles in the closely related structures are 125.2(3)°
in [Cu(C;HgNO,S),(CcHgN,0),(H,O0)] [(1); [40], 123.5(2)°
and 120.4(2)° in [Zn(C;H505),(CcH¢N,0),] [(II); [41],
125.2(5)° in [Mn(C;H,C10,),(CyoH,,N,0),(H,0),] [(IID);
[42] and 124.3 (2)° in [Zn(C;H,B10,),(C4H¢N,0),(H,0)2]
[(IV); [43]; the benzoate ions are coordinated to the
metal atoms only monodentate in (I), (III) and (IV), and
both monodentate and bidentate in (II). Within the binu-
clear molecule, the benzene [A (C2-C7) and B (C9-C14)]
and pyridine [C (N1/C15-C19) and D (N3/C21-C25)]
rings are oriented at dihedral angles of A/B=26.31(14)°,
A/C=78.37(11)°, A/D=70.02(11)°, B/C=70.62(12)°,
B/D=58.35(11)° and C/D=13.67(10)°. The dihedral
angles between the planar carboxylate groups (01/02/
C1) and (O3/06/C8) and the adjacent benzene [A (C2-
C7) and B (C9-C14)] rings are 9.72(30)° and 21.08(15)°.
The O1-Cul-02 angle is 53.90 (11)°. The correspond-
ing O-M-0O (where M is a metal) angles are 58.3 (3)° in
[Zn,(C,,H,4N,0),(C;H505),]0.2H,0 [44], 60.03 (6)° in
[Zn(CoH,(NO,),(CcHgN,0)(H,0),] [45], 52.91 (4) and
53.96 (4) ° in [Cd(C¢gHs05),(C¢HN,0),(H,0)].H,0 [46]
and 55.2 (1)° in [Cu(Asp),(py),] (where Asp is acetyl-
salicylate and py is pyridine) [47]. In the crystal structure,
the N=Hiya+"Ocarb N-Hina™*Omvar C-Heary~*Oa and
C—Hina "Ocuny [INA =isonicotinamide, and Carbx = car-
boxylate] hydrogen bonds (Table 2, Fig. 3) link the mol-
ecules into a three-dimensional architecture, in which they
may be effective in the stabilization of the structure. There
is not any C-H--- & interaction observed.
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Table 2 Hydrogen bond geometry A,°)

D-HA D-H HA DA D-H+A
N2-H24---02! 0.86 221 3.027 (4) 158
N4-H4A---04 0.86 2.10 2912 (4) 158
N4-H4B---02 0.86 2.14 2.889 (4) 145
C4-H4---05" 0.93 2.36 3.264 (7) 165
C22-H22---02ii 0.93 2.55 3.439 (4) 161

Symmetry codes: (i) —x+1,—y+1,—z; (ii)) x+ 1, y, z+1; ({i) —x+2,
—y+1,—z+1;@(v)—x+1,-y+2,—z+1

Hirshfeld surface analysis

With Hirshfeld surface analysis, visual graphics are
obtained by presenting intermolecular interactions and
short or long contacts with different colors and color inten-
sity. The red and blue surfaces seen in the d,,,, maps of
the complex represent distances shorter (close contact)
or longer (distant contact) than the van der Waals radius,
respectively. Also, the white surfaces show the distance
equal to the sum of the van der Waals radii. It is seen that
especially long distances, that is, different contacts, are
more dominant in the d maps of the complexes. In the

norm
d,orm Map of the complexes, three-dimensional Hirshfeld

Fig.3 A partial packing
diagram. N—Hya***Ocarpe N—
Hixa*Oma C—Heamn"Oma
and C—Hixa**Ocarbx

[INA =isonicotinamide, and
C,px =carboxylate] hydrogen
bonds are shown as dashed lines

Fig.4 4, map (a), shape
index (b) and curvedness map

(c) of the complex

@ Springer

surfaces were determined in the range of —0.4990 to
1.4988 a.u (1) [33].

The adjacent red and blue triangles in the shape indi-
ces of the complexes (Fig. 4b) confirm the existence of
C-H'= interactions and n-x stackings between aromatic
rings (benzene and pyridine) in the crystal structure of the
complex [33, 35]. The broad and flat green regions on the
curvedness maps of the complexes represent a relatively
flat (i.e., planar) surface area, while the blue regions indi-
cate areas of curvedness. The flat regions around the rings
on the Hirshfeld surface are attributed to the existence of
n—mn stackings. The 2D fingerprint plots for all interactions
(Fig. 5) and the distribution of these interaction percent-
ages are given in Fig. 6. The most important interactions
are H--"H (29.2%, de + di ~2.36 10\) interactions due to the
abundance of hydrogen on the molecular surface. The
second largest contribution to the Hirshfeld surface of
the complex is the H--*O/O---H (20.2%, de + di~ 1.98 A)
interactions. These interactions result from the O-H 'O
hydrogen bonds found in the structures of the com-
plexes as determined by single-crystal X-ray analysis.
The third most important interaction is the H::-C/C---H
(de+di~1.88 A) interactions. These interactions confirm
the C—H:-'n interactions and n-m stackings determined
in the crystal structure analysis. In the two-dimensional
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Fig.5 2D fingerprint plots of

the complex

Fig.6 The intermolecular
interaction percentages of the
complex
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fingerprint graphs, low contribution interactions such as
C---C, H--*N/N---H C---0/O-*-C, C---N/N---C, N---N, C---Cl/
Cl---C, O--:Cl/CI-*-O and N---CI/Cl--*N interactions were
also found.

The interaction of atoms presents inside Hirshfeld sur-
face with all atoms present in Hirshfeld surface's surround-
ings is determined for further research of molecular pack-
ing [48-52]. With a percentage contribution of 54.75%,
our analysis suggests that the H " All interactions are the
strongest interaction. According to Figure S1, the other
interactions of this type are C:--All, Cl-All, O---All and
N-All, with percentage contributions of 17.18%, 15.18%,
11.49% and 1.40%, respectively. When the interaction
between every atom inside of Hirshfeld surface and an
atom outside of Hirshfeld surface is also examined, it
is discovered that the All"H interaction is the strongest
interaction, contributing 59.60% percent of the total. The
contributions of All---C, All---Cl, All---O and All--*N were
15.60%, 12.80%, 10.80% and 1.20%, respectively (Sup-
plementary Figure 1).

A void investigation is carried out as this analysis is
directly related to the response of the single crystals to the
applied stress as well as the strength of the crystal packing.
The void computation is built on adding up the electronic
density of the atoms that are supposed to be spherically
symmetric [53-56]. According to the results of the present
research, the void volume is calculated to be 168.26 10%3,
indicating that only 13.59% of the space in the unit cell is
covered by voids (Fig. 7).

Fig.7 Graphical representation of voids in the crystal packing
for the complex

@ Springer

IR study

The vibrations of functional groups in the structure of
the complex were determined by FTIR spectroscopy. The
FTIR spectrum of the complex is given in Supplementary
Figure 2. Asymmetric and symmetrical N-H vibrations of
complexes containing isonicotinamide have been reported at
3300-3100 cm™! [57-59]. N-H vibrations of the synthesized
complexes in this study were observed at 3379-3163 cm™".
The slight chemical shift in the symmetrical N-H vibration
is due to N—H::-O hydrogen bonds. Medium strong bands
observed in the range of 3100-3000 cm™! belong to aro-
matic C—H vibrations. According to the data in previous
studies, the carboxamide group C=0O vibration of the isoni-
cotinamide ligand is observed at 1666 cm™!. C=0 vibra-
tion of the carboxamide group of the synthesized complex
was observed at 1686 cm™'. The absence of a chemical
shift confirms that there is no coordination over the oxy-
gen atoms of the carboxamide group to the metal atom. The
1700-1500 cm™" region is complex due to the overlapping
of the peaks of many functional groups in the structure of
the complex. The reason why these bands are observed at
lower wavelengths compared to free organic ligands is due to
their interaction with metal atoms. Asymmetric COO™ and
symmetrical COO™ vibrations of the complex were observed
at 1571-1388 cm™!, respectively. The Av value is calculated
from the difference between asymmetric and symmetrical
COQO™ group vibrations. Compared to the sodium salt of
the acid, this value indicates that if the sodium salt of the
acid is greater than Av COO™, the monodentate is attached
to the metal atom of the carbonyl group, and if it is small,
it indicates the formation of a bidentate or chelate [60]. Av
values were calculated as 183 cm™, respectively. The Av
value of the sodium salt of 4-chlorobenzoic acid is 200 cm™!
[61]. This value is higher than the value of the synthesized
complex. Therefore, the results of the structure analysis
determined by single-crystal X-ray diffraction and the results
of FTIR spectra are in agreement, and as a result, the car-
boxylate oxygen atoms are coordinated to the metal atom
as a bidentate bridge. C-N absorption bands in the pyridine
ring of the isonicotinamide ligand were seen at 1030 cm™".
The 1,4-disubstituted benzene vibration was detected at
857 cm™! (1) for complex 1.

Electronic studies and fluorescence

The absorption spectra of the complex as measured by
UV-Vis spectrophotometer are given in Supplementary
Figure 3. The linear absorption spectrum gives informa-
tion about energy band structures and forbidden energy
gaps. When the linear absorption spectrum of the complex
is examined, it is seen that it has Q bands around 753 nm
assignable to Eg — *T,g transition, characteristic of
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octahedral coordination of Cu(II) ion. Q bands consist of lin-
ear combinations of atomic orbital coefficients in the highest
occupied molecular orbital [62, 63]. n— T ort—x transi-
tions cause peaks due to the presence of Q bands in the lin-
ear absorption spectrum. C—N, C-Cl, C-O and C-H bonds
in the structure of the complexes cause n—6" or 6 -6
transitions. These bands in the linear absorption spectrum
were seen at a wavelength of 282 nm.

The fluorescence spectra obtained when the complex are
excited with a fluorescence spectrophotometer at a wave-
length of 200-1100 nm are given in Supplementary Fig-
ure 4. The fluorescence intensities of the complex are given
in Table 3.

It has been observed that the complex radiates in a broad
spectrum in the wavelength range of about 350 — 550 nm.
In addition, the complex radiates in the wavelength range of
750770 nm. Due to these radiations, the complex is thought
to have wide application potential in optics and optoelectron-
ics. The radiations here are due to 1° —m and ©° —n tran-
sitions caused by functional groups such as benzene ring,
pyridine ring, carboxylate, carboxamide and chlorine in the
main and auxiliary ligands [64]. These complexes, which
have fluorescent properties, can radiate; it is possible to use
in optical and chemical sensors in detectors for biosensors,
DNA quenching and nitroaromatic explosives [65, 66]

Anticancer and cytotoxic properties

There are no studies in the literature on the determination of
the cytotoxicity of copper complexes with N-donor ligands
on normal lymphocyte cells. In studies where anticancer
properties were determined, the effects on healthy cell lines
were not examined. The anticancer properties of the synthe-
sized complex and its main and auxiliary ligands on DLD-1
colon cancer cells were investigated and compared with
the starting ligands and solvent (DMSO). The cytotoxicity
of the complex decreases with increasing concentration.
The reference drug gemcitabine caused a decrease in cell
viability as the concentration increased. Complex 1 caused
more cell death than the reference drug at concentrations
of 250 ppm and below. The complex also caused less cell
death than the starting components 4-chlorobenzoic acid and
isonicotinamide, but it was determined that the complex was

Table 3 Fluorescence intensity of the complex

Complex Wavelength (nm) Fluores-
cence
intensity

1 381 158

435 64
756 12

moderately cytotoxic on the DLD-1 cell line (Supplementary
Figure 5).

The cytotoxic properties of the complex and its starting
ligands on MCF-7 breast cancer cells were also investi-
gated in this study. Complex 1 is not cytotoxic on MCF-7
cells. On the contrary, it was determined that the compound
caused cell proliferation in the concentration range of
125-1000 ppm. In the 7.81-62.5 ppm concentration range,
the complex is negligibly cytotoxic. Compared with the ref-
erence substance 5-fluorouracil (5-FU), the starting com-
ponents of the complex, 4-chlorobenzoic acid and isonico-
tinamide, also cause mild cytotoxic effects on MCF-7 cells
(Supplementary Figure 6).

The cytotoxic properties of the complex and its starting
ligands on PC-3 prostate cancer cells were also investigated.
Complex 1 is not cytotoxic on PC-3 cells. The complex
caused cell proliferation at all concentrations studied. It
was determined that proliferation increased with increasing
concentration. The reference substance 5-fluorouracil caused
a 40% decrease in cell viability. The starting components
of the complex, 4-chlorobenzoic acid and isonicotinamide
caused moderate cytotoxic effects on PC-3 cells (Supple-
mentary Figure 7).

To recommend a compound as an anticancer drug, it is
necessary to investigate not only its effects on cancer cells
but also its effects on normal cells. Based on this, the cyto-
toxic effects of the synthesized complex and its starting
components on human peripheral mononuclear blood cells
(lymphocytes) were also investigated in this study. Accord-
ing to the results of the statistical analysis, there is a statisti-
cally significant difference between the results obtained at all
concentrations examined for all cell lines. Complex 1, which
has a moderate cytotoxic effect on DLD-1 cells, caused the
proliferation in lymphocyte cells. In particular, it was deter-
mined that proliferation increased with increasing concen-
tration in the concentration range of 500-31.25 ppm. It was
determined that the complex was cytotoxic on lymphocyte
cells at 15.62 and 7.81 ppm concentrations. However, it is
possible to evaluate this as negligible toxicity according to
international standards (Supplementary Fig. 8).

Molecular docking studies

Molecular docking is a bioinformatics method that allows
estimating the interaction energy and interaction types when
a ligand binds to another target molecule [33, 47, 48, 67-69].
When the interactions of the complex with the DNA mol-
ecule were examined, the binding energy was calculated as
—7.1 kcal/mol. It was determined that strong hydrogen bond
interactions with an average bond length of 2.64 A were
found between the complex with DAS, DA18 and DG4 base
regions of DNA molecule. Also, it has been determined that
there are carbon-hydrogen bond interactions between the
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Fig.8 a The molecular docking results of the complex with DNA molecule (1IBNA). b Ligand—target interactions result between the complex
and DNA molecule (1IBNA). ¢ 2D interactions of the complex with DNA molecule (1BNA)

complex and the DA18 base. Similarly, the complex mol-
ecule makes n-donor hydrogen bonds with the DG4 base
region, n-n T-shaped interactions with the DG4 and DA17
bases and m-alkyl interactions with the DC3, DG16 and
DA17 bases (Fig. 8).

Conclusion

In this study, the dimeric bis(p-4—chlor0benzoato-1<20:O’)
bis[(4-chlorobenzoato-k20:0’-bis(isonicotinamide-kN)
copper(I)] complex was synthesized. In the literature, there
are only six structures similar to the crystal structure of this
complex we have synthesized. Therefore, it is a compound
with an unusual structure. It is recommended to be used
in optical and optoelectronic applications due to the radia-
tion in the wide wavelength range between 350 and 550 nm
recorded in the fluorescence spectrum of the complex. The
complex, which does not exhibit cytotoxic effects on healthy
lymphocyte cells, is a good drug candidate. Although the
complex showed weak anticarcinogenic effects on MCF-7
and PC-3 cancer cells, it exhibited a remarkable cytotoxic
effect on DLD-1 cells. Thanks to its moderate cytotoxic
effect, it is thought that complex has the potential of a non-
platinum-based anticancer drug for colon cancer treatment.
Docking results indicated that the compound had a strong
affinity in binding to the DNA.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s13738-022-02656-y.
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