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CHAPTER 4: Part (a)

4a.1 Introduction

Iron, copper and zinc are the most common metals in a biological system among all
the transition metals. Copper has a significant role in biological systems as an important
trace metal [1]. Transition metals have many distinctive qualities such as different
coordination modes and oxidation states. Their interactions with negatively charged
molecules and reactivity towards organic substrates increase their importance. Due to their
special characteristics, transition metals encouraged the emergence of metal-based drugs
with potential pharmacological applications. Several clinical conditions, including cancer,
are associated with abnormal metal ion concentrations [2]. Copper is a vital micronutrient
that is also an important cofactor for various metalloenzymes involved in mitochondrial
metabolism (cytochrome c oxidase) or cellular radical detoxification against reactive oxygen
species (ROS) (superoxide dismutase). Increased copper promotes metastasis and tumour
development. It is found in several brain, breast, colon, lung and liver cancers and acts as a
prognostic marker for the illness [3]. Neuroblastoma (NB), a unique form of cancer and one
of the most common solid tumours in early infancy, accounts for around 8% of paediatric
malignancies. Although the genetic and epigenetic underpinnings of this prevalence are
unknown, NB is more common in boys than in girls. NB is often a more sluggish but deadly
illness [4]. Chemotherapy is the most effective cure for a variety of cancers. Chemotherapy
is characterized by its limited efficacy, significant side effects, and multidrug resistance.
Therefore, it is necessary to create new active substances that would diminish the side effects

of chemotherapy.

These days, coordination chemistry is in high demand because of its variety of
bioactive qualities. Consequently, it is feasible to produce complex molecules that exhibit
the necessary features [5]. Numerous molecules with great potential for breakthroughs in
medicinal chemistry, coordination chemistry, and functional materials are produced using

the well-known synthon pyrazolone.

At the end of the 19t century, an acylpyrazolone was first synthesized. As effective
metal extractants or chelating agents, acylpyrazolone ligands have also been used in the
spectroscopic analysis of metals in traces [6]. The synthesis of chelating ligands that may be
adjusted to produce an effective coordination to a particular metal ion is made possible by
substituting one hydrogen on the C4 carbon atom with an acyl moiety. There are pyrazolone
scaffolds in a variety of bioactive natural alkaloids and pharmaceuticals that have antipyretic
analgesic, neuroprotective, anticancer, antioxidant, antibacterial, and anti-infective effects,

as well as inhibitors of several biological enzymes [7].
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Ligand selection during synthesis and designing drug molecules has always become
an important tool. In pharmaceutics and biology, pyrazolones are a common class of
heterocyclic chemicals. 4-Acyl pyrazolones are heterocyclic B-diketones that can form
mono- and multinuclear complexes [8]. By 1959, Jensen had developed a useful technique
to synthesise 1-phenyl-3-methyl-4-acylpyrazol-5-ones. Largely used in analytical chemistry
for the determination and isolation of almost all metal ions due to the high ability of
acylpyrazolonates to extract, lower pKa values than those of conventional -dicarbonyl
compounds, great separation power, intense colour of the complex extracts and low

solubility of the complexes in some solvents [9].

We selected the biocompatible metal ion Cu from the group of metal ions because of
its significance in biological living systems. Cancer chemotherapeutics used alone or in
conjunction with other medications include organometallics like copper compounds [3].
Using gene expression profiles of the complexes, Jadeja and coworkers examined the ability
of the copper(Il) complexes derived from 4-acyl pyrazolones to induce apoptosis in human
lung cancer cells in vitro. They discovered a modest downregulation of the targeted genes
[10]. Density functional theory (DFT), in addition to experimental characterization is a
unique and innovative method for gaining a deeper understanding of the various chemical
characteristics that arise in metal-ligand complexes [11]. This study aims to look into the
spectroscopic, ESR, redox behaviour, X-ray single crystal and some characteristics of the
square planar Cu™ complex. Cell death analysis of synthesized complexes was performed,
in vitro anti-cancer activity was done using hepatocellular carcinoma cell line (HepG2), lung
carcinoma cell line (NCI-H23) and neuroblastoma cell line (SH-SY5Y) and comparison

against cis-platin. A gene expression study on SH-SY5Y neuroblastoma cells.

4a.2 Experimental work

4a.2.1 Materials and Methods

All copper salts, AR-grade solvents, acyl chloride and pyrazolone material were

obtained from the same sources described in Chapters 2 and 3. Lung adenocarcinoma (NCI-
H23), hepatocellular carcinoma (HepG2) and neuroblastoma (SH-SY5Y) cancer cell lines
were procured from the National Centre for Cell Science (NCCS), Pune. MTT and FBS were
purchased from Himedia, India and Gibco, USA. The cytotoxicity kit was obtained from
Invitrogen, USA. Cisplatin was acquired from Sigma-Aldrich. High-Capacity cDNA
Reverse Transcription Kit for gene expression study, all the dyes (SYBR green, Calcein dye
and Ethidium homodimer dye EthD-1) were purchased from Thermo Fisher Scientific

(Applied Biosystems). These materials were vital to the successful execution of the
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experiments and were obtained in strict alignment with the established procurement
protocols. All the chemicals used in this study were purified using standard methods [12].
The synthesis and characterization of the ligands HL'and HLY were carried out according to
the procedures described in Chapter 2. The HL" ligand was synthesized, characterized and

documented in a previous publication from our laboratory [13].

4a.2.2 Synthetic route of complex-5 and complex-6

The Cu(Il) complexes were synthesized following the same procedure outlined in
Chapter 3. Hot methanolic solution of HL! ligand (0.0694g, 0.002 mol) and HL" ligand
(0.0694¢g, 0.002 mol) were taken in two different round bottom flasks (RBF) attached to the
water condenser. After getting clear solutions in both the RBFs, the CuSO4.5H>O (copper
sulphate pentahydrate) metal salt (0.249¢g, 0.001mol) dissolved in CH3OH (10ml) solvent,
was added dropwise to the hot methanolic solution of respective ligands. The resultant
mixture was refluxed for 3-4 hours at a temperature of 70-80°C. The products were then
filtered, washed with methanol, and dried. Green and yellowish-green precipitates of the
Cu(Il) complexes were obtained. A small portion of both products was taken for
crystallization. After dissolving in hot DMF, the solid products were left to crystallize at
room temperature. X-ray-quality dark green single crystals of both synthesized copper(Il)

complexes were produced in a short period.

Complex-5: Green colour, yield: 85%, M.P:> 200°C, Molecular formula:
C34H22C14CuN4O4, M.W: 755.921, Elemental analysis: C (Exp. 53.92%, Calc. 54.02%); H
(Exp. 2.90%, Calc. 2.93%); N (Exp. 6.96%, Calc. 7.41%); Cu (Exp. 8.10%, Calc. 8.08%),
FTIR (KBr, em): v(C=0) of pyrazolone: (1602), v(C=0) of 2,4-dichloro benzoyl
chloride: (1577), cyclic v(C=N): (1435).

Complex-6: Greenish yellow colour, yield: 86%, M.P:> 200°C, Molecular formula:
C34H22ClaCuN4O4, M.W: 755.89, gravimetrically and volumetrically, Elemental analysis: C
(Exp. 49.20%, Calc. 49.49%); H (Exp. 3.03%, Calc. 3.03%); N (Exp. 7.50%, Calc. 7.80%);
Cu (Exp. 8.07%, Calc. 8.05%), (Metal estimation- gravimetrically and volumetrically),
v(C=0) of pyrazolone: (1601), v(C=0) of 4-chloro benzoyl chloride: (1586), cyclic v(C=N):
(1475).

The Mass spectrum of complex-5 is shown in Fig.4a.1. The synthetic route of
complexes-5 and complex-6 are demonstrated in Fig.4a.2. The physical appearance of

complex-5 and complex-6 is pictured in Fig.4a.3.
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4a.2.3 X-ray crystallographic study

Both Cu(Il) complexes were recrystallized from hot DMF solvent, resulting in
bluish-green, plate-like single crystals of complex-5 and complex-6. The X-ray crystal
structures of both copper complexes were determined using graphite monochromatized
Mo—XKao radiation (A = 0.71073 A). Data were collected using a Bruker APEX-II CCD
diffractometer at 100(2) K. The structures were solved with SHELXT software and refined
using the SHELXL.-2018/3 program [14][15].

4a.2.4 Physical measurements and Characterization

The two synthesized copper complexes were examined using various spectroscopic
and analytical techniques, including FTIR, mass spectrometry, UV-Vis, TG-DTA, cyclic
voltammetry (CV), and electron spin resonance (ESR). The infrared spectra (4000400 cm™,
KBr discs) of the complexes were recorded using a Bruker Alpha instrument. The mass
spectra were obtained using an XEVO G2-XS QTOF at IIT Ropar. The electronic spectra of
both copper complexes were recorded in DMSO solvent over the 250-900 nm range using
a V-730 UV-visible spectrophotometer. The magnetic properties of the complexes were
examined using ESR analysis in the powder state at room temperature (RT) and in solution
at liquid nitrogen temperature (LNT), with tetracyanoethylene (TCNE) as a marker (g =
2.00277), at SAIF IIT Mumbai. Cyclic voltammetry (CV) measurements were carried out
using a CHI608E model at CSIR-CSMCRI, Bhavnagar. (TG-DTA) were simultaneously
carried out using a SII-EXSTAR6000 TG-DTA 6300 apparatus. The experiments were
conducted at a heating rate of 10 °C/min in a nitrogen atmosphere, covering a temperature
range of 30-550 °C. The molar conductivity was measured in a 10° M DMF solution at
room temperature using an EQ-664A conductivity meter. Powder X-ray diffraction (XRD)
analysis was performed using a Rigaku SmartLab SE (3kW) instrument from Japan, with
data collected via a D/teX Ultra 250 1D detector and processed using SmartLab Studio II
software. The copper content in both complexes was determined gravimetrically and

volumetrically after decomposing the samples with HNOs.

4a.2.5 Computational analysis

Density functional theory (DFT) was used for the full geometry optimization of two
complexes, 5 and 6. B3LYP/6-31G level basis set was utlillized for the geometry
optimization. All the calculations, HOMO-LUMO energy gap, NBO analysis, MESP and

spin density of the molecule were carried out in Gauss View 6.0 software [16][17].
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4a.2.6 In vitro anti-cancer activity

The antiproliferative properties of complex-5 and complex-6 were studied in vitro
using the MTT assay. Complex-6 showed greater effectiveness against cancer cells;
therefore, an in-depth study was conducted on complex-6, such as a Live-dead assay and
gene expression study. Apoptotic cell death was assessed using SH-SYSY cells via the live-
dead assay, which allowed for the identification of both apoptotic dead cells and live cells.
This assay provided insights into the extent of cell death induced by the copper compound.
Gene expression analysis was conducted to understand further the molecular mechanisms
underlying their effects. The expression levels of the BCL2L1 and BAD genes were
quantified, offering valuable markers for evaluating the complex's impact on apoptosis-

related pathways.

4a.2.6.1 Cell culture conditions

Lung adenocarcinoma (NCI-H23), hepatocellular carcinoma (HepG2) and
neuroblastoma (SH-SYS5Y) cells were procured from the National Centre for Cell Science
(NCCS), Pune. NCI-H23 Cells were cultured in RPMI-1640 medium (Himedia), SHSY-5Y
and HepG2 cells were cultured in MEM medium supplemented with 10% fetal bovine serum

and 1% penicillin-streptomycin solution (Gibco) at 37 °C in 5% CO> condition.

4a.2.6.2 MTT- Cell viability assay
Cell viability was evaluated using the MTT assay. Cells were cultured in 96-well

plates (ThermoFisher Scientific) for 24 hr in cell culture medium at a density of 7,000 cells
per well to allow for adhesion. The seeded cells were then treated with various
concentrations of synthesized complex-5 and complex-6 for 24 hr at 37 °C in a 5% CO»
incubator. The SH-SYSY cells were also treated with different concentrations of cisplatin for
24 hr. After incubation, the media were removed, and the cells were washed with PBS. MTT
(5 mg/ml) was then added to each well, and the plates were incubated for 4 hr at 37 °C in a
5% CO> atmosphere. Formazan crystals were dissolved in 100 pul of DMSO [18][19].
Absorbance was measured at 570 nm using a Synergy H1 Multi-Mode Microplate Reader to
determine the optical density. ICso values were calculated using GraphPad Prism software.

The percentage of cell viability was calculated using the formula (1):

% Cell viability = (OD of treatment / OD of control) X 100 0}

4a.2.6.3 Live/Dead assay

This is a cell staining procedure where cells are stained using specific dyes. The

analysis was performed using the SH-SYS5Y cell line. A total of 25 x 10° cells were seeded
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per well in 8-well chamber slides (ThermoFisher Scientific) for 24 hr. The cells were treated
with copper complex-6. After incubation, the cells were stained using a cytotoxicity kit
(Invitrogen) with 2 uM calcein dye and 4 uM Ethidium homodimer (EthD-1) for 30 minutes,
according to the manufacturer’s protocol. Photographs were captured using a fluorescence
microscope (Nikon-Ti2E). The percentage of dead cells was calculated using Imagel

software.

4a.2.6.4 Gene expression study

Real-time PCR has proven to be a reliable method for measuring gene expression
levels. The use of real-time PCR for genetic analysis and RNA quantification is increasing
[20]. In this method, SH-SY5Y neuroblastoma cells were cultured in a 6-well sterile culture
plate. After 24 hr, the cells were treated with synthesized complex-6 for another 24 hr. Cells
were then collected in TRIzol reagent and RNA was isolated. The quality and quantity of the
RNA were assessed using a Nanodrop. RNA was converted into cDNA using the High-
Capacity cDNA Reverse Transcription Kit (Applied Biosystems). SYBR Green dye was
used to detect fluorescence in a 12k Flex Real-Time PCR machine (Applied Biosystems).
GAPDH served as the internal control, and the expression levels of the BAD and BCL2L1

genes were analyzed using the 2"22¢T method.

4a.3 Results and Discussion

Two Copper(Il) complexes were synthesized using a general method. Both
complexes are stable at room temperature and have been characterized by FT-IR, UV—Vis,
CV, ESR, TGA, and X-ray crystallography. Density functional theory (DFT) was employed
for geometry optimization. Hirshfeld surface analysis was conducted to explore
intermolecular interactions and crystal packing in the solid-state structures. The in vitro
anticancer activity of both complexes was evaluated using cytotoxicity assays against three
different cancer cell lines: NCI-H23, HepG2, and SH-SYSY. The ICso values of the
synthesized complexes were determined. Due to the superior effectiveness of complex-6
compared to complex-5, further studies, including live-dead assays and gene expression
analysis, were performed on SH-SYSY cancer cells using complex-6. The crystal structure

and other characteristics of complex-5 and complex-6 are shown below

4a.3.1 FTIR spectral studies

FTIR spectral analysis is a valuable technique for identifying functional groups in a

compound by measuring their distinct vibrational frequencies. The IR frequencies of the

v(C=0) group in benzoyl chloride and pyrazolone appear at 1577 cm! and 1602 cm™,
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respectively, for complex-5. For complex-6, the v(C=0) frequencies of benzoyl chloride and
pyrazolone are observed at 1586 cm™ and 1601 cm!, respectively. A significant shift in IR
frequencies occurs during the formation of the metal complex due to the formation of the
M-O bond. During complexation, the charge from the O-atom of the C=O group in
pyrazolone is transferred to the metal ion, which strengthens the M-O bond and weakens the
C=0 bond, leading to an increase in the bond length of the pyrazolone C=0 bond [21]. Other
FTIR frequencies are shown in the table below. The FTIR frequencies for complexes 5 and

6 are provided in Table 4a.1 and the FTIR spectra of complex-5 and complex-6 are shown

in Figs.4a.4-4a.5.
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Table 4a.1. FTIR spectral data of ligands, complexes 5 and 6

Code HL'ligand Complex-5 HL'ligand Complex-6
v(C=0) of benzoyl chloride 1587 1577 1590 1586
v(C=0) of Pyrazolone 1627 1602 1625 1601
Cyclic v(C=N) 1515 1435 1551 1475
C-H in-plane deformation 1394 1379 1385 1360
VM-0 - 508 - 490

4a.3.2 Molar conductivity measurements

The molar conductance of complexes 5 and 6 was measured in a 10° M DMF
solution. The molar conductivity (AeM) values were found to be 3.27 and 2.18 ohm™
cm’mol ! complex-5 and complex-6, respectively. These lower molar conductivity values
suggest the non-electrolytic behaviour of the complexes and the absence of counter ions in

the coordination sphere [22].

4a.3.3 Thermogravimetric analysis

Thermogravimetric analysis (TGA) provides insight into the mass change of a
material as a function of temperature. The two-step decomposition of two square-planar
copper complexes can be examined using this technique. Both complexes thermally
decompose between 100 and 550°C, demonstrating their remarkable thermal stability. The
spectra include three differently coloured graphs: blue (TGA), green (DTA), and red (DTG).
No solvent degradation is observed up to 250°C, indicating the absence of solvent molecules
at the fifth position in both complexes. Degradation of one molecule HL' ligand occurs in
the range of 280-320°C in a single step. The second step involves pyrolysis of the second
moiety of HL' ligand up to 480°C in complex-5. A 76.5% degradation of both ligands is
observed in the TG graph, with copper oxide (CuO) remaining as the final product, stable
up to 550°C. At 316.8°C, a shift of 1.173 mg/min is observed in the DTG curve. The TGA
curve of complex-6 shows a similar pattern, with complete pyrolysis of both HLY ligands up
to 480°C, resulting in a 63.5% degradation of the ligands. The TG-DTA curves for both

complexes 5 and 6 are shown in Figs.4a.6 and 4a.7.
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4a.3.4 Electronic spectral analysis

The UV-visible absorption spectroscopy is widely used to provide structural
information about compounds. The electronic spectra of both square-planar complexes were
recorded in DMSO solvent. The d-d bands for both complexes were measured at 10> M
DMSO solvent. For complex-5, the sharp absorption bands occur at 277 nm (36101 cm'")
and 333 nm (30030 cm™). For complex-6, these transitions are observed at different
wavelengths: 283 nm (35335 cm™) and 352 nm (28409 cm™). The transitions observed at
277 nm and 283 nm are assigned to ligand-to-metal charge transfer (LMCT), where the
electron density is transferred from the oxygen donor atoms of the pyrazolone ligand to the

Cu(II) centre. The absorptions at 333 nm and 352 nm could be interpreted as intra-ligand
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charge transfer (ILCT); however, they are more likely ligand-based transitions, such as
n—7* or n—w* excitations within the pyrazolone ligand’s n-electron system. Furthermore,
both complexes exhibit a broad d-d transition band at 742 nm (13477 cm™") for complex-5
and 739 nm (13531 cm!) for complex-6 in the visible region. The absorbance values at 742
nm are 0.31 and 0.46 at 739 nm for complex- 5 and complex 6. respectively. The broad d-d
transitions correspond to the dxy—dx*y* which mainly occurs in square planar Cu(Il)
complexes [23][24][25]. Figs.4a.8-4a.9 represent the electronic transition of both

complexes.
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4a.3.5 Single crystal X-ray diffraction analysis

The synthesized two copper complexes are green in colour and were obtained after
the complexation reaction with acypyrazolone ligand and recrystallized in DMF solvent. The

structural analysis evidenced that the Cu metal centre is surrounded by four oxygen atoms
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from ligands in both complexes. The geometry of both complexes 5 and 6 appear in the form
of a square planar. Complex-5 and complex-6 crystallize in ‘Triclinic space group P-1’
while complex-6 crystallizes in ‘Monoclinic space group P2i/¢’. It includes a two-fold
screw axis and a glide plane. Its lattice angles are generally non-orthogonal, with one angle
being exactly 90°. The symmetry elements of complex-6 are depicted below in Fig.4a.12.
The Cu-O bond lengths are closely comparable in the two complexes, varying in the range
1.268(5)- 1.929(3) for complex-5 and 1.269(4)-1.928(2) for complex-6. In complex-5, a
HL'ligand and in complex-6, a HLY ligand coordinates the Cu(Il) metal with chelating
angles 0 93.52(10)° and 93.53(10)°, with pyrazolone oxygens of ligands. Thermal ellipsoid
plots (ORTAP diagrams) of complex-5 and complex-6 are pictured in Fig.4a.10. The
perspective view of the packing configuration of complex-5 and complex-6 are shown in
Fig.4a.11. Bond lengths and bond angles parameters, hydrogen bonds parameters and
symmetry transformations of complex-5 are listed in Table 4a.2-4a.4, respectively. Similar
data for complex-6 are provided in Table 4a.5-4a.7, respectively. All the refinement
parameters and crystal data of complexes 5 and 6 are shown in Table 4a.8. Fig.4a.13

pictured the 2D representation of the single crystal structures of complex-5 and complex-6.
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Fig.4a.10. Thermal ellipsoid plots (without H-atoms for clarity) With 55% probability of
(A) complex-5 and (B) complex-6
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Fig.4a.11 The perspective view of the packing configuration of (A’) complex-5 and (B’)

complex-6 along with b-axis
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Fig.4a.12. Symmetry elements present in complex-6
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Table 4a.2 Bond lengths & Bond angles parameters of complex-5

Bond Bond Bond Bond
Atoms jonoths A jenoths Atoms angles ) Atoms angles
(AN (A (%)
Cu(1)-0(1)  1.9023)  N(3)-N@4)  1401(5)  O(1)-Cu-O(3)  84.03(11)  C@B)-NQ2)-N(I)  106.2(3)
Cu(1)-02)  1.9243)  N(I)-C(1)  1353(5)  O(1)-Cu-O(2)  93.83(11)  C(18)-N(3)-N4)  112.3(3)
Cu(1)-03)  1.906(3)  N(1)-C(5)  1433(5) O@B)-Cu-O(2) 177.55(12) N@)-N(3)-C(22)  120.1(3)
Cu(1)-0(4)  1.9293) N(@2)-C(3)  1310(5) O(1)-Cu-O(4)  176.65(12)  O(2)-C(11)-C(9)  123.03)
CI(1)-C(13)  1.740(4) N(3)-C(18)  1.356(5)  O(3)-Cu-O(4)  94.92(11)  C(14)-C(13)-CI(1)  117.9(3)
CI(2-C(15)  1.734(4) N(3)-C(22)  1.430(5)  O(2)-Cu-O(4)  87.28(11)  C(12)-C(13)-CI(1)  119.8(3)
CI(3)-C(30)  1.730(5)  N(#)-C(20)  1.299(6)  C(1)-Cu-O(1) 122.8(2)  C(14)-C(15)-C1(2)  118.9(3)
Cl(4-C(32) 1.747(4)  C(1)-C2)  1.426(5) C(1D)-Cu-0(2)  122.82)  C(16)-C(15)-CI(2)  119.8(3)
O(1)-C(1)  1277(4)  CQ2)-C(11)  1.405(5) C(18)-Cu-O(3)  1212(2)  C(29)-C(30)-CI(3)  119.8(3)
0@2)-C(11)  1268(5) C(12)-C(13)  1.393(6)  C(28)-0(4)-Cu  126.93)  C(31)-C(30)-CI(3)  118.8(3)
0(3)-C(18)  1.271(3) C(30)-C(31) 1.382(6) C(1)-N(1)-N@2)  1114(3)  C(3D-C(32)-Cl(4)  118.6(4)
O4)-C(28)  1.267(5)  C(6)-H(6) 09500  C(I)-N(D-C(5)  1293(3)  C(33)-C(32)-Cl(4)  119.6(4)
N(D)-N@2)  1.405(4) C@)-H@) 09800  NQ2)-N(1)-C(5)  1188(3)  O4)-C(28)-C(19)  124.2(4)
Table 4a.3. Hydrogen bonds of complex-5
D-H..A d(D-H) d(H...A) d(D...A) <(DHA)
C(10)-H(10A)...0(1) 0.95 223 2.865(5) 123.5
C(21)-H(21C)...CI(3) 0.98 2.98 3.728(5) 134.1
C(31)-H(31A)...CI(3)#1 0.95 2.99 3.826(5) 147.8
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Table 4a.4. Complex-5: Symmetry transformations used to generate equivalent atoms

Symmetry transformations

1 -X+2,-y+2,-z+2

Table 4a.5. Bond lengths & Bond angles parameters of complex-6

Bond Bond Bond Bond
Atoms lengths Atoms  lengths Atoms angles Atoms angles
A) A) ©) ©)
Cu(1-0(1)  1913Q2)  C(1-C(3) 1442(4)  O(1)-Cu-O(1)#1 180.0 NQ@)-N()-C5)  119.53)
Cu(1)-0(1)%  1.913Q2) g((i)n 13065y O-Cw-0Q)  9352(10) CGR)-NQ)-N(1)  106.03)

Cu(1)-0(2) 1.928(2)  C(8)-C(9) 1389(6) O(#-Cu-0Q2)  86.48(10) O(1)-C(1)-N(1) 123.9(3)
Cu()-0Q)%  1.9282)  C@)»-HE) 09800  O(1)-Cu-OQ)#%  86.47(10) 0(1)-C(1)-C(2) 130.2(3)

CI(1)-C(7) 1.750(4)  C(6)-H(6)  0.9500  O(1)#-Cu-OQ)%  93.53(10) N(2)-C(3)-C(2) 111.3(3)

Cl(2)-C(15) 1.736(4)  N(1)-C(1) 1.361(4)  O(2)-Cu-O(2)# 180.0 N(Q)-C(3)-C(4) 118.8(3)
O(1)-C(1) 1.280(4)  N(1)-C(5) 1.424(4)  C(1)-O(1)-Cu 119.6(2) C(6)-C(5)-C(10)  121.2(3)
0(2)-C(11) 1.269(4)  N(2)-C(3) 1316(4) C(11)-0Q2)-Cu  128.8(2) C(8)-C(7)-CI(1) 119.5(3)

C(2)-C(11) 1416(5)  N(I)}-N(@2) 1396(4) C(D-N(I)-N@2)  112.13)  C(14)-C(15)-Cl2)  118.8(3)

Table 4a.6. Hydrogen bonds of complex-6

D-H..A d(D-H) d(H...A) d(D...A) <(DHA)
C(4)-H(4A)..0Q)#2 0.98 241 3.267(4) 145.9
C(4)-H@4B)..N(2)#3 0.98 2.64 3.496(5) 145.9

C(6)-H(6A)...0(1) 0.95 2.27 2.862(4) 119.3
C(8)-H(8A)...CI(1)#4 0.95 2.92 3.830(4) 160.9

Table 4a.7. Complex-6: Symmetry transformations used to generate equivalent atoms

Symmetry transformations

1 -x+1,-y+1,-z
2 X,y,z+1

3 -X,-y+1,-z+1
4 X,-y+1/2, z+1/2
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Table 4a.8. Refinement parameters of complex-5 and complex-6

CODE [Cu(HL),] [Cu(HLY),]
Complex-5 Complex-6
CCDC number 2263830 2263831
Chemical formula C34H22C14CuN4O4 C34H22C14CuN4O4
Formula weight 755.89 755.89
Crystal system Triclinic Monoclinic
Space group P-1 P2i/c
Temperature 100(2) K 100(2) K
Wavelength 0.71073 A 0.71073 A
Z 2 2
Density 1.619 Mg/m? 1.588 Mg/m?

Unit cell dimension

F@©O00)
Theta range

R(int)

Absorption Correction

Index ranges

Reflections collected
Goodness-of-fit on F2
R indices

Data/restraints/parameters

Largest diff. Peak and hole

a=9.6075(12) A
b=11.7452(15) A
o= 14.3696(17) A
a=90.834(4)°
B=95.017(4)°
v = 106.124(4)°
766
2.217 to 26.463°
0.0738

None
-12<=h<=12, -14<=k<=14, -17<=1<=17

32881
1.089
R1=0.0763, wR2 =0.1596

6326/0/426
1.153 and -0.551 e.A-3

a= 9.0930(11) A
b=27.412(3) A
c=6.8238(8) A

o,y=90°
p=111.660(4)°

766
2.522 t0 29.730°
0.0813

Semi-empirical from equivalents

-12<=h<=12, -38<=k<=37,
-7<=1<=9
27152

1.152
R1=0.0766, wR2 =0.1619

4458 /0/215

1.268 and -0.876 e.A"3

4a.3.6 Powder XRD study

Using a slow evaporation method, green, plate-like, X-ray-quality crystals of both

copper complexes were produced. Powder XRD is a widely recognized technique for bulk

characterization. X-ray powder diffraction (XRD) is a rapid analytical method used for phase

identification in crystalline materials and can also provide information about unit cell

dimensions. The material is homogenized and coarsely ground to analyze its average

composition. A simulated pattern for both complexes was derived from the single crystal

data and compared with the experimental pattern from the powder XRD experiment. The
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simulated diffraction patterns for both complexes closely matched the experimental results,
as shown in Figs.4a.14-4a.15. This confirms that the bulk products are essentially the same
as those present in the single-crystal form. It also demonstrates that the geometry and
structure of each complex are identical. Additionally, this indicates that the structure
obtained from a single crystal accurately represents the majority of the complexes. A sharp
band with maxima in the 26 = 20 to 25° range for complex-5 and in the 26 = 5 to 10° range
for complex-6 was observed in the XRD graph [26].
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Fig.4a.14. Comparison of the powder XRD patterns for complex-5 in (A) the

experimental and (B) the simulated

Intensity counts(a.u.)

Fig.4a.15. Comparison of the powder XRD patterns for complex-6 in (A) the

experimental and (B) the simulated

4a.3.7 DFT based computational analysis

DFT aids in determining the most stable molecular structures by optimizing
geometries to minimize their energy. The optimized geometry computed for both complexes
was calculated by the B3LYP/6-31G level basis set [16][17]. Gaussview 6.0 software was
used to process the input files of both complexes [27]. The optimization energy values for

complex-5 and complex-6 are -144.475 keV and -144.475 keV, respectively. The DFT
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calculations ultimately support the square planar geometry of both synthesized copper
acylpyrazolone complexes. Fig.4a.16 represents the optimized structure of complex-5 and
complex-6. The optimization energy value of both copper complexes is highly negative than
ligand (HL! ligand= -49.934 keV), which shows the stability of the synthesized complexes.
DFT analysis of ligands has already been stated in Chapter 2.

c®

z@ °@ 0O

Fig.4a.16. DFT optimized Structures of (A) complex-5 and (B) complex-6
HOMO-LUMO energies play a crucial role in determining various chemical

interactions. Given the importance of frontier orbitals in chemical stability, energy values,
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and chemical behaviour, initial results were obtained by analyzing these orbitals. The
distribution of frontier orbitals can be used to identify active sites and assess the reactivity
of the complexes. HOMO-LUMO analysis provides insights into the nature of a molecule,
such as its hardness, softness, and reactivity. The six frontier molecular orbitals (FMOs) of
complexes 5 and 6 are shown in Fig.4a.17. The negative energy values indicate the stability
of the complexes. The highest occupied molecular orbitals (HOMOs) are primarily located
around the acylpyrazolone ligand [28]. Global parameters such as ionization potential,
chemical potential, electron affinity, electronegativity, global hardness, softness, and
electrophilicity index for complexes 5 and 6 can be inferred from the energy gap (AE). The
stability and reactivity of the molecules can be deduced from global factors like
electronegativity, chemical hardness, and softness in DFT simulations. These parameters not
only aid in understanding and designing chemical systems but also help predict a molecule's
behaviour in reactions, including its electron affinity and chemical properties. The global
parameters for complex-5 and complex-6 are presented in Table 4a.9-4a.10, respectively.
Table 4a.11 shows a comparison of the practical and theoretical bond parameters. The band
gap (AE) values for complex-5 are 4.007 eV, 4.033 eV, and 5.375 eV for HOMO to LUMO,
HOMO-1 to LUMO+1, and HOMO-2 to LUMO+2, respectively. For complex-6, these
values are 3.884 eV, 4.275 eV, and 5.765 eV, respectively. The HOMO-LUMO energy gap
is critical in determining the electrical transport characteristics of molecules. A high HOMO-
LUMO gap typically indicates a stable molecule with low chemical reactivity [29][30]. The
energy gap (AE) for complex-5 is 4.007 eV, and for complex-6, it is 3.884 eV. Therefore,
complex-5 is more stable due to its higher AE value, while complex-6 is more reactive

because of its lower AE value. The stability order is,

complex-5 > complex-6

R g TE= TR PP
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Fig.4a.17. HOMO-LUMO frontier orbital analysis energy diagram of (B)

complex-5 and (B’) complex-6

Table 4a.9. Global parameters of complex-5

Properties Mathematical Formula Complex-5
Enomo Enomo -6.108
ELumo ELumo -2.101
AE AE = ELumo — ErHomo 4.007
lonization potential (IP) IP = -Enomo 6.108
Chemical Potential (u) pu=1/2 (Enomo + ELumo) -4.104
Electron affinity (EA) EA =-ELumo 2.101
Electronegativity (EN) EN =-1/2 (Enomo + ELumo) 4.104
Global Hardness (I]) n=— 1/2 (EHomo - ELumo) 2.003
Softness (S) S=1/2q 0.249
Electrophilicity index (o) ® = p22n 4.204

Table 4a.10. Global parameters of complex-6

Properties Mathematical Formula Complex-6
Enomo Enomo -6.242
ELumo ELumo -2.357
AE AE = ELumo — ErHomo 3.885
lonization potential (IP) IP = -EHomo 6.242
Chemical Potential () p = 1/2 (Enomo + ELumo) -4.299
Electron affinity (EA) EA = -ELumo 2.357
Electronegativity (EN) EN =-1/2 (Enomo + ELumo) 4.299
Global Hardness (I]) N =— 1/2 (EHomo - ELumo) 1.942
Softness (S) S=1/2n 0.257
Electrophilicity index (o) o = P21 4.758
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Table 4a.11. A comparison of the practical and theoretical bond parameters

Practical
Practical Theoretical Theoretical
bond
Atoms bond length  bond length Atoms bond
angles
A) A) angles (°)
©)
Complex-5
Cu(1)-0(1) 1.902(3) 1.913 0(1)-Cu(1)-0(3) 84.03(11) 93.46
Cu(1)-0(2) 1.924(3) 1.926 0(1)-Cu(1)-0(2) 93.83(11) 93.84
Cu(1)-0(3) 1.906(3) 1.914 0(3)-Cu(1)-0(4) 94.92(11) 93.88
Cu(1)-0(4) 1.929(3) 1.919 0(2)-Cu(1)-0(4) 87.28(11) 93.28
CI(1)-C(13) 1.740(4) 1.822 N(2)-N(1)-C(5) 118.8(3) 118.80
ClI(2)-C(15) 1.734(4) 1.819 C(3)-N(2)-N(1) 106.2(3) 106.70
CI(3)-C(30) 1.730(5) 1.823 C(1)-0(1)-Cu(1) 122.8(2) 123.20
Cl(4)-C(32) 1.747(4) 1.819 C(11)-0(2)-Cu(1) 128.4(2) 128.82
0(1)-C(1) 1.277(4) 1.299 C(18)-0(3)-Cu(1) 121.2(2) 122.97
0(2)-C(11) 1.268(5) 1.301 C(28)-0(4)-Cu(1) 126.9(3) 129.03
N(1)-N(2) 1.405(4) 1.424 O(1)-C(1)-N(1) 123.7(3) 124.71
N(1)-C(1) 1.353(5) 1.369 N(2)-C(3)-C(4) 118.9(3) 119.14
Complex-6

Cu(1)-0(1) 1.913(2) 1.911 O(1)-Cu-O(1)#1 180 180.0
Cu(1)-0(2) 1.928(2) 1.926 O(1)#1-Cu-0(2) 86.48(0) 88.40
CI(1)-C(7) 1.750(4) 1.833 O(1)-Cu-O(2)#1 86.47(1) 88.40
Cl(2)-C(15) 1.736(4) 1.822 C(1)-O(1)-Cu 119.6(2) 123.52
O(1)-C(1) 1.280(4) 1.992 C(11)-0(2)-Cu 128.8(2) 131.42
N(1)-N(2) 1.391(4) 1.419 C(1)-N(1)-C(5) 128.3(3) 130.1
N(1)-C(1) 1.361(4) 1.373 C(3)-N(2)-N(1) 106.0(3) 106.60
N(1)-C(5) 1.424(4) 1.423 N(1)-C(1)-C(2) 105.9(3) 106.52
N(2)-C(3) 1.316(4) 1.327 C(6)-C(5)-N(1) 120.6(3) 120.82

The optimized geometries of complex-5 and complex-6 were utilized for vibrational
frequency analysis. Theoretical vibrations can be used to investigate the changes which
occur during complexation. Following convergence, harmonic vibrational frequencies were
calculated at the same theoretical level to ensure no imaginary frequencies were present at
the stationary points. The comparison between theoretical values and experimental spectra
is particularly significant, as highlighted in the FTIR spectroscopic analysis section.
Theoretical IR frequencies were obtained using DFT calculations. Key theoretical
vibrational frequencies, alongside the corresponding experimental FTIR values, are
provided in Table 4a.12. The DFT-optimized IR spectra are illustrated in Figs.4a.18—4a.19.
Theoretical IR frequencies are always larger than practical IR frequencies because
theoretical FTIR calculations generally model molecules in an isolated gas-phase state,

neglecting the effects of external forces such as hydrogen bonding and intermolecular
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interactions which common in practical experiments. These real-world factors and
anharmonic vibrational behaviour lower the frequencies observed in experimental FTIR
measurements. Additionally, computational methods often simplify molecular vibrations
using harmonic assumptions, leading to higher predicted frequencies compared to practical
data. The discrepancies arise due to these approximations and environmental effects not

accounted for in theoretical models [31].
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Fig.4a.18. FTIR spectrum of complex-5 through DFT computational analysis
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Fig.4a.19. FTIR spectrum of complex-6 through DFT computational analysis
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Table 4a.12. Comparison of theoretical and practical FTIR vibrational data of complex-5

and complex-6

Complex-5 Complex-6
IR Frequencies (cm™)

TH PR TH PR
v(C=0) of benzoyl chloride 1580 1577 1589 1586
v(C=0) of Pyrazolone 1627 1602 1609 1601
Cyclic v(C=N) 1442 1435 1480 1475
C-H in-plane deformation 1380 1379 1370 1360
VM-0 510 508 500 490

4a.3.7.1 Molecular electrostatic potential (MESP) & Spin density

The electron density, particularly corresponding to the molecular electrostatic

potential (MESP), is a crucial aspect when studying interactions such as hydrogen bonding,
as well as electrophilic and nucleophilic sites and their reactivity. Using the B3LYP/6-31G
level basis set, we derived the MESP of the complex to predict the reactivity of specific sites
for potential attacks. The regions with the highest negative, positive, and neutral electrostatic
potential (ESP) values are represented by red, blue, and green shades, respectively. The most
positive region is located around the hydrogen atom attached to a carbon atom (C-H),
indicating this area acts as an electron-attracting site, while the red (negative) region marks
the electron-donating site in both complexes [27]. The spin density distributions are
primarily delocalized on the copper atom, and the atoms are directly bonded to it. The
coordinated donor atoms exhibit negative spin densities, whereas the metal centre shows
positive spin densities [32][33]. The HOMO-LUMO geometries are consistent with this spin
density pattern in both copper complexes. Fig. 4a.20 shows the MESP diagram and spin
density plot for complex-5, while Fig.4a.21 depicts the same for complex-6.

(a) (b)

Fig.4a.20. Complex-5 : (a) MESP plot and (b) Spin density plot
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(b)

Fig.4a.21. Complex-6 : (a) MESP plot and (b) Spin density plot

4a.3.7.2 Natural bond orbital (NBO) analysis

Through NBO analysis, it is possible to measure the delocalization of electron

density between occupied Lewis-type NBOs (donors) and unoccupied non-Lewis-type
NBOs (acceptors/Rydberg), which is related to stabilizing donor-acceptor interactions. The
B3LYP/6-31G level basis set was used to perform the corresponding complexes' natural
bond orbital (NBO) analysis [11]. The interactions between the Cu(Il) ion and donor atoms
are considered coordination bonds between the Cu(Il) ion and the oxygen atoms. This
interaction involves the donation of electron density from the lone pair orbital of the donor
atom (LP(O)) of the acylpyrazolone ligand to the antibonding orbital of LP*(Cu). In
complexes 5 and 6, the natural atomic charges on Cu*" are +1.1676 and +1.1731,
respectively. The charges on the oxygen atoms are as follows: O5 =-0.706, 06 = -0.660, O7
=-0.704, and O8 = -0.660 in complex-5; and O4 =-0.710, O5 =-0.671, O38 =-0.710 and
039 = -0.671 in complex-6. Copper has the following natural electronic configurations:
[core] 3d(9.13) 4s(0.34) 4p(0.35) for complex-5, and [core] 3d(9.13) 4s(0.37) 4p(0.32) for
complex-6. The core electrons number is 17.9971, with 9.8232 valence electrons (in 4s, 3d,
and 4p atomic orbitals) and 0.0120 Rydberg electrons (in 4p, 4d, and 5p orbitals), totalling
27.8323 electrons and the natural atomic charge of copper is +1.1676 for complex-5,
reflecting the difference between the total of 27.8323 electrons and the 29 electrons of an
isolated copper atom. For complex-6, the values are 17.9970 core electrons, 9.8190 valence
electrons, and 0.0108 Rydberg electrons, totalling 27.8268 electrons, with a natural atomic
charge of +1.1731, showing the difference from the 29 electrons of an isolated copper atom.

Although the copper ion has a +2 charge before complexation [34], ligand-to-metal charge
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transfer (LMCT) leads to an electronic cloud in the antibonding orbitals of the Cu?** ion in

both complexes. Fig.4a.22 illustrates the DFT-optimized geometry based on NBO analysis
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Fig.4a.22. DFT optimized geometry of (a) complex-5 (b) complex-6 based on NBO

analysis

4a.3.8 Hirshfeld surface area analysis

To better understand how molecules interact in crystal structures, we employed
Hirshfeld surface area analysis for complex-5 and complex-6. This analysis provides a
detailed description of the molecule's immediate surroundings. Using the CrystalExplorer
17.5 program, donor-acceptor interaction sites and intermolecular contacts were visualized
[35]. The 3D Hirshfeld surfaces were mapped over dnorm, de, di, shape index, curvedness,
and fragment patches for both complexes 5 and 6. In the copper complexes, coordination
with the Cu(Il) ion is favoured through interactions with four oxygen atoms from two
acylpyrazolone ligands. The molecular moieties around which these surfaces were computed
can be visualized through transparent surfaces. The red intense spots on the dnorm hirshfeld
surface indicate close-contact interactions, representing strong hydrogen bonding [36]. More
intramolecular interactions or closeness to the nearby neighbouring molecule are indicated
by the red portion. The red and blue patches on the surface show the m ... m stacking
interaction. Such regions plotted over the shape index suggested that not only intramolecular
interactions but also stacking interactions played a crucial role in stabilising crystal packing.
The absence of red spots indicates that the compound doesn't contain many significant longer
hydrogen bonds. The concave areas of the yellowish-orange triangles in the shape index
correspond to the atoms in the - - -7 stacked molecule. It is particularly sensitive to even the
smallest variations in surface form. The stacking and shorter non-covalent interaction than

Vander-Waals indicated by the red-blue triangles help to stabilise the crystal framework. In
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HS analysis curvedness is a function of rms (root mean square) curvature which suggests
that the surface has a flat area and sharp surfaces denoting low and high curvedness,
respectively. The interaction is further supported by the di (distance internal to the surface)
and de (distance external to the surface) plots. With the help of 2D fingerprint plots, non-
covalent interactions contributing to the stabilisation of crystal packing may be
quantitatively investigated. In a fingerprint plot, the colour gradient typically reflects the
density of interaction points. Cooler colours, such as blue and grey, indicate regions with
weaker or less frequent interactions. The packing probability of molecules is also
demonstrated by the interaction of one atom inside a molecule with all the atoms of its
neighbours in the compound [28]. The molecular Hirshfeld diagrams of both complexes 5
and 6 are depicted in Fig.4a.23. Two-dimension fingerprint plots of all such interactions of

complex-5 and complex-6 are shown in Fig.4a.24.

A

Curvedness  Shape index Fragment patch

Curvedness Shape index  Fragment patch

Fig.4a.23. The molecular Hirshfield (full FP diagram, dnorm, di, de, Curvedness, Shape
index, and fragment patch) (A) complex-5 and (A’) complex-6
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(B)
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Fig.4a.24. Two-dimensional fingerprint plots of (B) complex-5 and (B’) complex-6

The packing efficiency of the compound can be evaluated by calculating the
interaction percentages between both all atoms and specific atom types. By studying these
surfaces, one can gain crucial information about the strength and nature of interactions
within the crystal structure. There is an absence or very few secondary interactions between
copper metal and neighbouring atoms of surrounded molecules due to the 1% or less than
1% interactions in all-Cu/Cu-all in both complexes. Significant interaction is present among
the H atom(inside) and all other atoms in complex-5 and complex-6; for example, H-all

interaction is 50% in both complexes [37]. Other interactions of O, N, Cl, etc, with all atoms
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and vice versa for complex-5 and complex-6 are shown in Fig.4a.25 and Fig.4a.26,

respectively.
(A) ATOM-ALL INTERACTIONS (B) ALL-ATOM INTERACTIONS
(11.,'.’,\‘11 A (-1110?“ égq? Jalal
/ \ [ 50%

CAll
19%
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s . 0%
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Fig.4a.25. Graphical presentation of percentage interactions between each inside and

outside atom of complex-5
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Fig.4a.26. Graphical presentation of percentage interactions between each inside and

outside atom of complex-6

4a.3.9 ESR analysis (magnetic behaviour)

The ESR spectral analysis of two copper complexes was carried out using ESR JEOL
analysis in powder state at room temperature (RT) and in solution state at liquid nitrogen
temperature (LNT), with tetracyanoethylene (TCNE) as a marker (g =2.00277) to determine
the geometry of the copper complexes. Cu(Il) exhibits four lines, as seen in the graph. The
|g|* and |A|* represent the average values of g and A, respectively and can be calculated using
the formulas [g|*=1/3 (g+2gt) and |[A|*=1/3 (A+2AL), respectively [38][39]. All the ESR
data are summarized in the tables below. The X-band ESR spectra of complex-5 and
complex-6 are provided in Figs.4a.27-28, respectively. Similarly, the spectral data for both

complexes are shown in Table 4a.13.
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Fig.4a.27. X-band ESR spectra of complex-5 in (A) solid state at RT (A’) solution state at
LNT
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Fig.4a.28. X-band ESR spectra of complex-6 in (A) solid state at RT (A’) solution state at
LNT
Table 4a.13. ESR spectral data of complex-5 and complex-6

Complex-5 Complex-6
RT LNT RT LNT
g 2370 2370 g 2204 2313
g 2065 2.063 g 2.000  2.052
|g|*‘ 2.116 2.165 |g|a 2.068 2.139
A 10%em™) - 166 A (10% em™) . 151
A, (10* cm™) - 29 A (10* cm™) , 76

4a.3.10 Electro-chemical analysis (CV)

CV is an electrochemical technique used to study redox processes by measuring

current response to a cyclically varying applied voltage. The redox behaviour of complex-5

and complex-6 was studied through cyclic voltammetry (CV) technique. The diagram shows
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two oxidation and reduction peaks. An anodic oxidation peak Epa(I) = -0.6441 V (Cu®" —
Cu'!) and Epa(Il) = 1.3991 V(Cu!" — Cu™) observed and reduction peak Epc(I) = -1.0977
V (Cu** — Cu™) and Epc(Il) =-0.3303 V (Cu'" — Cu™) observed for complex-5. While for
complex-6, Epa(l) = -0.6597 V (Cu®* — Cu''), Epa(ll) = 1.4266 V(Cu'* — Cu*?) and
reduction peak Epc(I) = -1.2044 V (Cu** — Cu''), Epc(Il) = -0.2768 V (Cu!* — Cu'™)
observed. The values of AEp; are 0.4536 V and 1.8641 V for complexes-5 and 6,
respectively, while AEp» for complex-5 is 1.7294 V and for complex-6 is 0.2768 V for each
redox couple. It increases as the scan rate does, which demonstrates the quasi-reversible
character of the graphs [40][41]. The ratio of the first anodic to cathodic peak current
(Ipai/Ipci) for complex-5 is -0.0046 amp, and for the second peak (Ipax/Ipc2) is -2.4671 amp.
For complex-6, the (Ipai/Ipci) ratio is -0.0047 amp and (Ipaz/Ipc») ratio is -2.1788 amp. All
data for both complexes are shown in the diagram below. The CV curves for complex-5 and

complex-6 are displayed in Fig.4a.29.
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Fig.4a.29. Cyclic voltammogram of (a) complex-5 and (b) complex-6 in DMSO solution
using 0.1 M TBAP at Scan rate 100 mV
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4a.3.11 In vitro Anticancer activity

The anticancer efficacy of the complexes was evaluated using a cytotoxicity assay,
which demonstrated a significant amount of cytotoxic activity [42]. Both copper complexes
were tested against three different cancer cell lines: NCI-H23 (lung cancer), HePG2 (liver
cancer), and SH-SY5Y (neuroblastoma), and the inhibition concentration (ICso) value was
determined for each. Cisplatin was also evaluated against the SH-SYS5Y (neuroblastoma)
cell line. The 1Cso value represents the concentration at which 50% inhibition of cell growth
occurs. After 24 hr of exposure, it was found that the compounds used in this study exhibited

profound cytotoxic effects.

4a.3.11.1 Cytotoxicity assay

Cell viability was assessed using the MTT assay. The copper complexes effectively
inhibited the cell viability of NCI-H23, SH-SY5Y, and HepG2 cancer cells. The ICso value
for complex-6 was reported as 8.4 uM for both NCI-H23 and SH-SYS5Y cells and 10.7 uM
for HepG2 cells. In contrast, the ICso values for complex-5 were 7.2 uM, 12.3 uM, and 9.0
uM for NCI-H23, SH-SYS5Y, and HepG2 cells, respectively. This study primarily focused
on SH-SYS5Y (neuroblastoma) cancer cells, which are among the most frequently observed
solid tumours in children. Neuroblastoma has distinctive features, including a tendency for
spontaneous regression in newborns and a high frequency of metastatic disease at diagnosis
in individuals older than one year [43][4]. Cisplatin, a commonly used chemotherapeutic
drug for treating various cancers, was also tested against the SH-SY5Y neuroblastoma cell
line. The 1Cso value for cisplatin was 44.94 uM, significantly higher than that of complex-6.
In the comparison between complex-5 and complex-6 on the SH-SYSY cell line, complex-
6 was found to be more effective due to its lower ICso value (8.4 uM). These results suggest
that the copper complex-6 is more effective than cisplatin. Due to the greater effectivity of
complex-6, it has been further studied. Live-dead assay and gene expression study have been
performed using complex-6. The explanations are given in the following sections. Fig.4a.30
and Fig.4a.31 show the percent viability of three different cancer cells exposed to complex-
5 and complex-6, respectively. Fig.4a.32 compares the percent cell viability of SH-SY5Y
cells exposed to complex-6 and cisplatin. Table 4a.14 shows the percent inhibition value of
complex-5 and complex-6 against all three cancer cell lines. Table 4a.15 shows a

comparison of Icso values of complex-6 and cisplatin on SH-SYSY cancer cells.
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Fig.4a.30. Percent cell viability of NCI-H23, SH-SYSY and HepG2 Cells exposed to

indicated doses of complex-5

Complex-6

Cell Viability (%)
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Fig.4a.31. Percent cell viability of NCI-H23, SH-SYSY and HepG2 Cells exposed to

indicated doses of complex-6

Table 4a.14. Percent inhibition (ICso values) of complex-5 and complex-6 against NCI-

H23, SH-SYS5Y and HepG2 Cells

Percent inhibition (ICs values)

Compounds Complex-5 Complex-6
SH-SY5Y 12.3 uM 8.4 uM
NCI-H23 7.2 uM 8.4 uM
HepG2 9.0 uM 10.7 uM

Table 4a.15. A comparison of Icsyo values of complex-6 and cisplatin on SH-SY5Y cancer

cells

Percent inhibition (ICs) values)

Complex-6 Cisplatin

SH-SYSY 84uM  449uM

The Maharaja Sayajirao University of Baroda

191



CHAPTER 4: Part (a)
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Fig.4a.32. A comparison of % cell viability on SH-SYSY exposed to complex-6 and

cisplatin

4a.3.11.2 Cell death analysis

The Live/Dead assay provides insight into the number of apoptotic dead cells and

live cells. In this assay, calcein dye generates green fluorescence, indicating live cells, while
Ethidium homodimer-1 (EthD-1) produces red fluorescence, marking dead cells. A
significant increase in cell death is evident through the predominant red fluorescence. In
contrast, negligible cell death is observed in the control medium (untreated condition),
demonstrating the enhanced effectiveness of complex-6 in inducing cell mortality in SH-
SYSY cells [44]. Fig.4a.33 shows the dual staining of SH-SYSY cells after 24 hours of

exposure to complex-6, while Fig.4a.34 illustrates the percentage of apoptotic dead cells.

Live Dead Merge
Al A2 A3

Control

Complex-6 §

B2 B3

Fig.4a.33. Dual staining of SH-SYSY cells exposed to complex-6 for 24h
(A1&A2) = Untreated cells stained by Calcein and EthD-1 dyes, respectively
(B1&B2) = Treated cells stained by Calcein and EthD-1 dyes, respectively
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Fig.4a.34. Percentage of dead cells in SH-SYSY cells exposed to complex-6, calculated by
ImageJ Analysis

4a.3.11.3 Gene expression study by qRT-PCR

Gene expression refers to the process by which the information encoded in a gene

is utilized to produce a functional product, such as a protein. A common and trusted method
for studying gene expression is real-time polymerase chain reaction (PCR), which allows for
precise measurement of gene expression levels. In these studies, researchers often assess
how the expression of specific genes changes, whether it increases or decreases, by
quantifying the amount of the gene’s transcript. This approach is particularly useful when
observing how a gene reacts to a particular treatment, drug, or environmental condition.
Gene expression analysis can also involve examining patterns across multiple genes to
understand their collective behaviour. Whether the goal is to quantify individual gene
expression changes or to analyze broader expression profiles, real-time PCR remains a

widely used technique among scientists for this purpose [45].

In this method, SH-SY5Y neuroblastoma cancer cells were cultured in a 6-well
sterile culture plate. After 24hr, cells were treated with synthesized complex-6 for 24hr. Cells
were collected in TRIzol reagent and RNA was isolated. The quality and quantity of RNA
was assessed by nanodrop. RNA was converted into cDNA using a High-Capacity cDNA
Reverse Transcription kit. SYBR green dye was used to detect the fluorescence by using
a 12k flex Real-time PCR machine. GAPDH was used as an internal control. In this study,
we have selected the BCL2L1 gene and BAD gene. Both these genes belong to the Bcl-2
family. The Bcl-2 family consists of both pro-apoptotic and anti-apoptotic members, all of
which share Bcl-2 homology (BH) domains [46]. The BCL2L1 gene and BAD gene are

considered antiapoptotic and pro-apoptotic genes, respectively. These two genes have
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opposing functions in controlling cell death and survival. The BCL2L1 gene promotes
survival, while BAD induces apoptosis. Maintaining the balance between these proteins is

essential for normal tissue homeostasis and preventing diseases such as cancer.

The antiapoptotic gene, BCL2L1, is significantly downregulated (60%), and the pro-
apoptotic gene BAD is significantly upregulated (2.7-fold). BAD and BCL2L1 gene
expression was checked using the 22T method. In this study, a complex-6 targets the anti-
apoptotic BCL2L1 gene and induces apoptosis using bioinformatics tools. The objective was
to reduce the expression of BCL2L1. The BCL2L1 anti-apoptotic gene was identified as a
target based on information from the KEGG database [47]. This indicates that complex-6
could significantly induce apoptosis against SH-SY5Y cancer cells. Fig.4a.35 represents the
gene expression of two different genes in control and treated conditions. In conclusion, the
findings of this study demonstrate that complex-6 significantly reduces BCL2L1 expression
in SH-SYS5Y cell lines, leading to apoptosis. Therefore, the overexpression of complex-6
may serve as a potential therapeutic approach when combined with radio and chemotherapy
for the treatment of neuroblastoma. Gene therapy holds significant promise, particularly
when used alongside other therapeutic strategies. However, further research and
development are essential to establish it as a dependable treatment option [46]. The set of

primers used for the gene expression study are listed in Table 4a.16.

Table 4a.16. List of the primers used for gene expression study

Gene Forward Primer Reverse Primer
BCL2L1 CATGGCAGCAGTAAAGCAAG TAGAGTTCCACAAAAGTATC
BAD CGGAGGATGAGTGACGAGTT GATGTGGAGCGAAGGTCACT
A B
1.5 *x
c
]
/]
3 5
o 0
x 0 T
2% 1.0 £5
20 5
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48 a9
23 @ o
5 3 5 8
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E: E : 2E
g2 25
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[
0.0
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Control Treatment Control Treatment

Fig.4a.35. Gene expression of the (A) BCL2L1 gene, (B) BAD gene in control and treated

condition
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4a.4 Conclusion

Two Cu(Il) complexes, derived from heterocyclic acyl pyrazolone ligands, have been
synthesized and characterized. X-ray crystallography analysis confirmed a square planar
geometry around the copper centre in both complexes. The crystallographic data also
revealed that four oxygen atoms from the ligands coordinate with the central copper metal
at equatorial positions. Various analytical techniques were employed to further characterize
the complexes, both of which were found to be stable at room temperature. The complexes
were optimized using the DFT/B3LYP/6-31G approach. The HOMO-LUMO energy, NBO
analysis, and ESP analysis were conducted using the same basis set. The bond lengths and
bond angles between the ligands and complexes aligned well with experimental results.
HOMO-LUMO analysis helped assess the complexes' kinetic stability and charge transfer
characteristics. ESR study indicated the paramagnetic nature of the complexes, while cyclic
voltammetry (CV) provided insights into their redox behaviour and showed the quasi-
reversible nature of the graphs. In vitro anticancer studies showed promising results, as both
copper complexes exhibited the ability to inhibit cell viability. The gene expression study
indicates that complex-6 could significantly induce apoptosis in SH-SYSY cells. In
conclusion, the findings of this study demonstrate the significance of complex-6. A
compound significantly reduces BCL2L1 expression in SH-SYS5Y cell lines, leading to
apoptosis. Therefore, the overexpression of complex-6 may serve as a potential therapeutic
approach. Given these findings, further in vivo studies should focus on evaluating their

potential use in chemotherapy to improve survival outcomes for cancer patients.
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4b.1 Introduction

Within the biosphere, a few metals exist in their elemental form. Among these are

silver, gold and copper, the first to be used in antiquity; gold and copper have been
documented in historical accounts dating back at least 9000 BCE [1]. Of all the trace metals
in the body, Copper (Cu) is more common than zinc and iron and is necessary for survival
[2]. Copper exists in nature as Cu?", which is involved in metalloproteins such as superoxide
dismutase and cytochrome oxidase, both essential to human health [3]. The coordination
numbers of the copper-containing coordination complexes, which range from four to six,
make them very relevant owing to the flexibility of their synthesis. Copper-based
coordination complexes represent a promising group of molecules with potential
applications in developing functional materials that exhibit catalytic, optical, conductive,
and magnetic properties [4]. Transition metal complexes are crucial in many fields, including
photochemistry, materials production, biological systems, and catalysis [S]. A huge quantity
of Cu causes oxidative DNA, protein alteration, redox-sensitive gene activation, body-
inhibited zinc intake, and anaemia through the inhibition of iron transport. Excessive

amounts of metal ions are linked to many harmful side effects, including cancer [2].

Because of these factors, the Coordination metal complexes of copper have
developed as one of the most fascinating and appealing subfields of medicinal chemistry [3].
When it comes to biological and pharmacological uses, copper metal complexes containing
specific bioactive ligands may work better than those containing such ligands in their free
form [6]. In this regard, the scaffolding of pyrazole derivatives is a rich reservoir of
physiologically significant substances with a broad spectrum of pharmacological and
biological actions because of their capacity to take electrons from nitrogen and protons from
other molecules [7]. Ligand selection is becoming a crucial technique in synthesising and

designing medicinal molecules [8].

Since Knorr synthesized antipyrine in 1883, the pyrazolone analogue’s analgesic and
antipyretic properties have sparked a lot of curiosity. The discovery of these characteristics
prompted researchers to create a derivative of pyrazolone compounds that behaved similarly
but had superior medicinal effects [9]. The pyrazolone derivative, 4-acyl-pyrazolone, with
its numerous electron-rich donor centres and keto-enol tautomerism, may form a range of
coordination compounds [10][11]. Analysis of many metal complexes has been done during
the past thirty years, and these ligands have been employed to coordinate the majority of the

metal ions as possible cancer-fighting agents [12].
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A breakthrough in the medical use of anticancer drugs occurred with the discovery
of platinum's ability to inhibit tumour cell proliferation. However, the use of platinum
compounds is restricted due to major adverse effects [13]. Because cis-platin has so many
drawbacks, scientists have searched extensively for superior metal-based cancer
chemotherapy drug with enhanced pharmacological characteristics [14]. Hence, copper-
based drugs have recently attracted significant interest in medical research. Extensive studies
have been conducted on the structure activity relationships of copper complexes with various
ligands. These investigations have revealed that copper-based drugs offer a wider range of

therapeutic activity and reduced toxicity compared to platinum-based medicines [15].

In this article, we are focusing on neuroblastoma cancer. A primary cause of cancer-
related mortality in children is neuroblastoma, a tumour originating from the neural crest
that affects the peripheral nervous system. Neuroblastoma is an embryonal tumour. The
survival rate for children with neuroblastoma at high risk remains inadequate even with the
establishment of risk-based, intensive, multimodal treatment. So, it is essential to find new
therapeutic alternatives to provide an effective treatment for children with neuroblastoma

that will increase survival, reduce side effects, and, ultimately, enhance their quality of life.

For this purpose, we have synthesized two new square planar Cu(Il) complexes based
on heterocyclic acylpyrazolone ligand. In this study, we have described the experimental
characterization of the synthesized compounds and examined their pharmacological activity.
The pharmacological action was investigated using three different cancerous cell lines: NCI-
H23 (lung carcinoma-Lung cancer), SH-SY5Y (neuroblastoma cancer) and HepG2
(hepatocellular carcinoma cell line-Liver cancer). Additionally, a comprehensive theoretical
analysis is also conducted. Density Functional Theory (DFT) is a valuable modelling
technique and an effective method for exploring various properties, including those relevant
to biological studies [16]. A molecular Hirshfeld surface analysis has been developed to gain
deeper insights into how molecular components interact with their surrounding environment.
This technique allows for the visualization and quantification of nonbonded interactions that
are not easily discernible through conventional structural analysis. It also enables the
comparison of intermolecular interactions and provides quantitative information on the

relative strengths of these interactions in crystal packing [17].
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4b.2 Experimental Section

4b.2.1 Materials and Methods

All copper salts, AR-grade solvents, acyl chloride, pyrazolone material, all the

required chemicals and cancer cell lines were procured from the same sources described in
Chapters 2, 3 and 4 (part a). The synthesis and characterization of the ligands HLY" and
HLV™ were performed following the procedures outlined in Chapter 2. Both these ligands
were synthesized, characterized and published in our laboratory's recent publication

[18][19].

4b.2.2 Synthetic route of complex-7 and complex-8

Both complex-7 and complex-8 were synthesized using a general method, as
explained in Chapters 3 and 4a. The synthetic routes for complexes-7 and complex-8 are
shown in Fig.4b.1. The physical characteristics of both copper complexes are depicted in

Fig.4b.2.

HLY"ligand (0.681g, 0.002 mol), HLV™ ligand (0.640 g, 0.002 mol), CuSO4.5H,O (0.001
mol,0.249 g).

CuSO4 5H20 (1 eq. ) ; \
—» ‘
Reflux \
4 hours / \ — CH,

70-80 °C

| Complex-7: X=CLY=H |
Complex-8: X =H, Y=CH3; i

Fig.4b.1. Synthetic route of complex-7 and complex-8
Complex-7: Colour: Green, yield: 82%, M.P:> 200°C, Molecular formula:
C3sH32CuCloN4O4, Crystal: Pale green-yellow thick needle, M.W: 743.14, Elemental
analysis: C (Exp. 60.97%, Calc.: 61.42%); H (Exp. 4.86%, Calc. 4.34%); N (Exp. 8.23%,

Calc. 7.54%); Cu (Exp. 8.30%, Calc. 8.55%), Molar conductance (10> M DMF): 4.0 ohm
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lem?mol™!. FTIR (KBr, ecm™): v(C=0) of pyrazolone (1603), v(C=0) of 3,5-dimethyl
benzoyl (1585), v(C=N) 1529.

Complex-8: Colour: Yellowish green, yield: 80 %, M.P: >200°C, Molecular formula:
C40H33CuN4O4, Crystal: thick plates, M.W: 702.30, Elemental analysis: C (Exp. 67.95%,
Calc.: 68.41%); H (Exp. 4.98%, Calc. 5.45%); N (Exp. 6.90%, Calc. 7.98%); Cu (Exp.
8.80%, Calc. 9.05%), Molar conductance (10> M DMF): 4.5 ohm™'cm?mol. FTIR (KBr,
cm™): v(C=0) of pyrazolone (1593), v(C=0) of 3,5-dimethyl benzoyl (1526),v(C=N) 1492.

HLY"ligand

Ny w
."r.'.". y
Pl e A
§ e ..:-}’-:‘; ”
,ca"-:'n"

O T

SEes

A2y
o’ -

>

HLY"ligand Complex-8

Fig.4b.2. Physical appearance of respective ligands, complex-7 and complex-8

4b.2.3 Study of X-ray crystallography

Both complexes were synthesized in hot MeOH, and X-ray quality single crystals of
complexes 7 and 8 were obtained using a DMF solvent. X-ray diffraction data were recorded
at 298(2) K using a Bruker APEX-II CCD diffractometer with Cu—Ka radiation (A =
1.54178 A) and a graphite monochromator. The diffraction data were analyzed using the
SHELXT programme for structure solution [20]. Refinement was performed through full-
matrix least squares methods based on F? with the SHELXL-2018/3 program [21]. A micro-
focus sealed X-ray tube served as the diffraction source. All non-hydrogen atoms were found
in their anticipated positions within the structures. The ORTEP representations of the

complexes were generated using Mercury software [22].
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4b.2.4 Physical measurements and Characterization

Various analytical and spectroscopic techniques were employed to characterize the
synthesized complexes, such as FTIR, UV-Vis, ESR, TGA, Molar conductance, and
Elemental analysis. The magnetic property was examined through ESR JEOL analysis at
liquid nitrogen temperature with tetracyanoethylene (TCNE) as a marker (g = 2.00277) at
SAIF IIT Mumbai. Elemental analysis of both complexes was performed on Elementar
Excellence in Elements model Unicube superuser V1.3.2(065bdfa). The electronic spectra
of both copper complexes were recorded in DMSO solvent at 250—900 nm range using a V-

730 UV-vis spectrophotometer.

4b.2.5 Computational measurements (DFT)

Density functional theory was employed for full geometry optimization of both
complexes. A basis set BALYP/LANL2DZ was used to optimize the complexes [23][24].
The HOMO-LUMO energies were determined and visualized using the Gauss View 6.0, a
molecular visualisation software. LANL2DZ is a double zeta basis set, i.e. it doesn't include
any polarization functions, but it does have relativistic effects through pseudopotentials [25].
The basis set incorporates effective core potentials (ECPs) to simplify the treatment of core
electrons, particularly for heavier elements like copper. This basis set is especially useful for
transition metals and other heavier elements. Natural Bond Orbital (NBO) analysis was
employed to evaluate the relationship between occupied and vacant Lewis orbitals of the
NBO type. Additionally, a spin density plot was generated to examine the distribution of

electrons in the a and P spin states.

4b.2.6 In vitro Anti-cancer activity

Anticancer activity of complex-8 was examined via MTT assay using Lung
adenocarcinoma (NCI-H23), Hepatocellular carcinoma (HepG2) and Neuroblastoma (SH-

SYS5Y) cell lines. Cisplatin was taken as a reference to compare the activity.

4b.2.6.1 Cell culture conditions
At 37 °C with 5% CO», HepG2 and SH-SYSY cells were grown in MEM medium
(Himedia), while in RPMI-1640 medium (Himedia), the NCI-H23 cells were cultured and

supplemented with 10% fetal bovine serum and 1% penicillin-streptomycin solution

(Gibco). National Centre for Cell Science (NCCS), Pune, was a source of the cell lines.
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4b.2.6.2 MTT- Cell viability assay

For 24 hr, cancer cells were grown in 96-well plates (Thermofisher Scientific) at a

density of 7000 cells per well using a cell culture medium to check the cell viability. Cancer
cells were exposed to various concentrations of complex-8 for 24 hr at 37°C and 5% CO; in
an incubator. Media was removed after incubation, and MTT (0.5 mg/ml) was added to each
well plate. The plates were then incubated for four hr at 37°C with 5% COz. The obtained
formazan crystals were dissolved in 100 ul DMSO. Using a Synergy H1 multi-mode
microplate reader, absorbance was measured at 570 nm to calculate optical density.
GraphPad Prism Software was used to calculate the ICso value [26][11]. Cis platin was taken
as a reference compound to compare the antiproliferative properties. The following formula

(1) was used to calculate the cell viability.

(OD of treatment/OD of control) x100 1)

4b.3 Results and Discussion

Two Square planar Cu(Il) acyl pyrazolone complexes were synthesized. Both
complexes are stable at room temperature and characterized via FT-IR, UV—Vis, ESR, TGA
and X-ray crystallography. Density functional theory (DFT) was employed for geometry
optimization. Hirshfeld surface analysis was conducted to explore intermolecular
interactions and crystal packing in the solid-state structures. The cytotoxicity (MTT) assay
was done against three cancer cell lines, NCI-H23, HePG2 and SH-SYSY cancer cells. The
ICso values of complex-8 were determined. Due to the superior effectiveness of complex-8,

this complex was further studied and compared with a well-known drug, cisplatin.

4b.3.1 FTIR spectral analysis

The free ligands and their metal complexes have had their FTIR spectra measured at

4000—400 cm™!. The IR frequencies of the v(C=0) group in 3,5-dimethyl benzoyl chloride

and pyrazolone appear at 1585 ¢cm™ and 1603 cm’, respectively, for complex-7. For
complex-8, the v(C=0) frequencies of 3,5-dimethyl benzoyl and pyrazolone are observed at
1526 cm™ and 1593 cm, respectively. The FTIR spectra, similar to those of the ligand, show
noticeable shifts in the stretching frequencies of the C-O functionalities, indicating
coordination between the ligand and metal ions during complexation. During complexation,
the M-O bond forms due to charge transfer from the oxygen atom in the C=O group to the
metal ion. This charge migration strengthens the M-O bond while weakening the C-O bond,

leading to a noticeable decrease in IR frequencies in the complex compared to the ligand.
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Specifically, the charge transfer from the oxygen atom of the C=O group in pyrazolone to
the metal ion strengthens the M-O bond. It weakens the C=O bond, increasing the bond
length of the pyrazolone's C=0 bond. Table 4b.1 summarises the distinctive FTIR bands of
the respective ligands and their complexes. The FTIR spectra of complex-7 and complex-8

are shown in Figs.4b.3-4b.4.

8 -
£
8
fe ]
E pyliirl)nne O,___C -H in plane
2 4
2 e
1 BSEL LRI 1)
G8G¥IE 8 %8 § geieveas o4
%0 00 2500 2000 1500 1000 %0
Wavenumber cm-1
Fig.4b.3. FTIR spectrum of complex-7
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Fig.4b.4. FTIR spectrum of complex-8
Table 4b.1. FTIR spectral data of ligands, complexes 7 and 8

Code HLY" Complex-7 HLY"'" Complex-8
v(C=0) of benzoyl chloride 1621 1585 1622 1526
v(C=0) of Pyrazolone 1554 1603 1422 1593
Cyclic v(C=N) 1589 1529 1606 1492
C-H in-plane deformation 1080 1379 1066 1383
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4b.3.2 Thermogravimetric analysis

Thermogravimetric analysis (TGA) describes how the mass of a substance changes
as a function of temperature. The two-step decomposition of two square-planar copper
complexes can be examined using this technique. Both complexes exhibit thermal
decomposition between 100°C and 550°C, demonstrating remarkable thermal stability. The
spectra include three graphs of different colours: blue (TGA), green (DTA) and red (DTG).
In complex-7, no solvent degradation is observed up to 300°C, indicating the absence of a
solvent molecule in the fifth coordination position. In contrast, some degradation is observed
in the complex-8 up to 250°C, attributed to the presence of a coordinated water molecule. In
the complex-7, pyrolysis of the HLV! ligand occurs between 300°C and 400°C, while in the
complex-8, pyrolysis of the HLY™ ligand starts at 300°C. TG-DTA analysis of complex-7
shows a total weight loss of 61.8% on the TG graph (blue spectrum), which can be
characterized by two phases: (i) a 47.8% weight loss and (ii) a 14.0% weight loss. In
complex-8, a total weight loss of 49.64% is observed. The green and red spectra represent
the DTA and DTG graphs, respectively. The resulting CuO residue remains stable up to
550°C. The TG-DTA plots of both complexes are pictured in Figs.4b.5-4b.6.
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Fig.4b.5. TG-DTA plot of complex-7

The Maharaja Sayajirao University of Baroda 210



CHAPTER 4: Part (b)

2000

1800 -

OTA uy

1000

231.3Cel
184.302] 434ug/min
32.7ug/mi

1000 2000 3000 4000 5000 €00.0
Temp Cel

Fig.4b.6. TG-DTA plot of complex-8

4b.3.3 Electronic spectral analysis

To ascertain the energy gap, the crystal samples of both compounds were subjected
to UV-visible absorption measurements up to 950 nm. The electronic spectra of complex-7
and complex-8 were recorded in DMSO at a concentration of 1 x 10 M. For complex-7,
sharp absorption bands appear at 282 nm and 358 nm, while complex-8 shows them at 278
nm and 375 nm. The transitions at 282 nm and 278 nm correspond to ligand-to-metal charge
transfer (LMCT), involving electron transfer from the oxygen donor atoms of the
pyrazolone ligand to the Cu(Il) centre. Absorptions at 358 nm and 375 nm could be
interpreted as intra-ligand charge transfer (ILCT); however, they are more likely to arise
from ligand-based transitions, 1 — ©* or n — ©* excitations. Additionally, both complexes
exhibit a broad d-d transition at 705-706 nm, assigned to the dxy—dx*4? characteristic of
square planar Cu(Il) complexes [27][28]. Figs.4b.7-4b.8 represent the electronic transition

of both complexes.

] (A) (B)
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Fig.4b.7. LMCT & ligand-based transitions in (A) complex-7 and (B) complex-8 in a
diluted solution of DMSO
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Fig.4b.8. d-d spectra of (A’) complex-7 and (B’) complex-8 in 1x103 M solution of DMSO

4b.3.4 Single crystal X-ray diffraction analysis

The structural analysis evidenced that the Cu metal centre is coordinated by four
oxygen atoms of ligands in two complexes. The geometry of both complexes appears in the
form of a square planar. The complex-7 and complex-8 crystallize in the ‘Monoclinic crystal
system’ with space groups P21/c and P21/n, respectively. The bond distance between Cu-
O(1) is 1.917(12) A. Bond length 1.941(11) A is found for Cu-O(2) in complex-7.
Furthermore, The Bond length of Cu-O(1) and Cu-O(2) in complex-8 is 1.9106(19) A and
1.9369(17) A respectively. The Cu-O bond lengths at 180° are the same due to the inversion
centre. Hence, all this information implies that the geometry around copper is square planar
in both complexes. An ORTEP view of both copper complexes is demonstrated in Fig.4b.9.
A perspective view of the packing configuration of both complexes is depicted in Fig.4b.10.
The crystal packing with miller indices of both complexes is depicted in Fig.4b.11. The
symmetry elements of complex-7 and complex-8 are pictured in Fig.4b.12. The graphical
illustration of intermolecular H-bonding, off-set n---x stacking interactions and centroid-
centroid (Cg-Cq) distance for two crystal structures are shown in Figs. 4b.13 and 4b.14. A
2D representation of the single crystal structures of complex-7 and complex-8 is pictured in
Fig.4b.15. Analysis of short ring interactions with Cg-Cg Distances (Pi-P1) of complex-7 &
8 is listed in Tables 4b.2-4b.3. These interactions were calculated using Mercury software,
with additional analysis performed using PLATON software. The details of short ring
interactions, including Cg—Cg distances (n---m), and the associated interactions are evident
from the inter-centroid separations, which range from 3.4892(1) A to 5.1443(1) A for
complex-7 and from 3.4615(2) A to 5.8673(3) A for complex-8, as calculated using
PLATON software. Table 4b.4 contains the bond parameters of complex-7. The hydrogen

bond parameters and symmetry transformations of complex-7 are mentioned in Tables 4b.5-
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4b.6. Similarly, Tables 4b.7-4b.9 contains the bond parameters, hydrogen bond parameters

and symmetry transformations of complex-8. The refinement parameters of complex-7 and
complex-8 are mentioned in Table 4b.10.

Fig.4b.9. [a] is an ORTEP view of complex-7 and [b] is an ORTEP view of complex-8

with displacement ellipsoids drawn at 55% (Hydrogen atoms omitted for clarity)
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Fig.4b.10. The perspective view of a packing configuration of (a’) complex-7 and (b’)

complex-8 along with a-axis and b-axis, respectively

Fig.4b.11. The crystal packing of complex-7 along the c-crystallographic axis & the (100)
Miller plane is presented, and the crystal packing of complex-7 along the a-
crystallographic axis crystallographic axis & the (100) Miller plane is presented
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2-fold screw axes

Inversion

[B]

Fig.4b.12. Symmetry elements of complex-7 and complex-8

Intermolecular H-bonding
C(methyl)-H...O(carbonyl)

v

Off-set - --m stacking interactions &
centroid-centroid (Cg-Cg) distance

Fig.4b.13. Graphical illustration of intermolecular H-bonding, off-set 7 - -7 stacking

interaction and centroid-centroid (Cg-Cg) distance in the crystal structure of complex-7

Table 4b.2. Analysis of short ring-interactions with Cg-Cg Distances (Pi-Pi) of complex-7

Cgl CgJ
Cg()-Cg(Jd) [ARU@)] Cg-Cg Alpha Beta Gamma Perp Perp
Cg(1)-Cg(1) [3657.01] 3.4892(1) 0 18.0 18.0 3.3190 3.3190
Cg(1)-Cg(4) [3657.01] 5.1443(1) 5 46.4 51.6 3.1975 3.5448
Cg(1)-Cg(4) [3757.01] 3.7977(1) 5 20.1 229 3.4991 3.5658
Cg(4)-Cg(1) [3657.01] 5.1443(1) 5 51.6 46.4 3.5448 3.1975
Cg(4)-Cg(1) [3757.01] 3.7977(1) 5 229 38.1 3.5658 3.4990
Cg(4)-Cg(4) [3757.01] 4.5839(1) 0 38.1 20.1 3.6073 3.6073
Cg(4)-Cg(5) [3657.01] 4.6193(1) 52 12.6 60.1 2.3034 4.5089
Cg(5)-Cg(5) [4554.01] 4.9418(1) 8 43.9 51.9 3.0480 3.5637
Cg(5)-Cg(5) [4555.01] 4.9418(1) 8 51.9 43.9 3.5637 3.0480
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Intermolecular H-bonding
C(methyl)-H...O(carbonyl)

. ﬂ ‘ g .
‘@oﬂ g‘;@ ‘3'9 gc@ .0
AT ’@ ’»@ !é i " (r.04 0

v
v G

Off-set -7 stacking interactions &
centroid-centroid (Cg-Cg) distance

- Hydrogen bonding

Fig.4b.14. Graphical illustration of intermolecular H-bonding, off-set 7-- -7 stacking

interaction and centroid-centroid (Cg-Cg) distance in the crystal structure of complex-8

Table 4b.3. Analysis of short ring-interactions with Cg-Cg Distances (Pi-Pi) of complex-8

Cgl CgJ
Cg(D)-Cg(Jd) [ARU@)] Cg-Cg Alpha Beta Gamma Perp Perp
Cg(1)-Cg(1) [3555.01] 3.4615(2) 0 135 135 3.3190 3.3190
Cg(1)-Cg(4) [2555.01] 5.8673(3) 56 16.6 69.5 2.0510 5.6226
Cg(1)-Cg(4) [3555.01] 5.2588(2) 8 45.6 51.7 3.2562 3.6811
Cg(4)-Cg(1) [3555.01] 5.2588(2) 8 51.7 45.6 3.6811 3.2562
Cg(4)-Cg(5) [2545.01] 5.3913(2) 62 23.7 63.0 2.4481 4.9358
Cg(4)-Cg(5) [3555.01] 4.9477(2) 61 3.8 61.1 2.3919 4.9358
Cg(4)-Cg(6) [2545.01] 5.5919(2) 63 24.8 65.9 2.2816 5.0776
Cg(4)-Cg(6) [3555.01] 4.8324(2) 59 6.6 56.1 2.6959 4.7999
Cg(5)-Cg(5) [3565.01] 4.6669(2) 0 41.3 41.3 3.5087 3.5087
Cg(5)-Cg(6) [3565.01] 4.8136(2) 3 40.8 44.0 3.4638 3.6430
Cg(5)-Cg(6) [3665.01] 4.5930(2) 3 43.7 40.7 3.4795 3.3229
Cg(6)-Cg(4) [3555.01] 4.8324(2) 59 56.1 6.6 4.7999 2.6959

3

3

0

Cy(6)-Cg(5) [3565.01] 4.8136(2) 440 408  3.6430 3.4638
Cg(6)-Cg(5) [3665.01] 4.5930(2) 407 437  3.3229 3.4795
Cg(6)-Cg(6) [3565.01] 4.9766(2) 437 437  3.5969 3.5969

1
I
1
1
1
1
:
~ 1 H3C O (0] sN
I‘\J i -\ /7 \ /
: r \\ _Cu
CH, 1 -\N o o= CH,
i
I
1
1
I
i #
Cl :
[Cu(HLY™),] [Cu(HLYM),]
complex-7 complex-8

Fig.4b.15. 2D representation of the single crystal structures of complex-7 and

complex-8
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Table 4b.4 Bond Lengths and Bond Angles Parameters of complex-7

Bond lengths Bond angles
Atoms Atoms
(R) ©)
Cu(1)-0(1) 1.9174(12) O(1)-Cu(1)-0(1) 180.0
Cu(1)-0(1) 1.9174(12) 0(1)-Cu(1)-0(2) 93.52(5)
Cu(1)-0(2) 1.9410(11) 0(1)-Cu(1)-0(2) 86.47(5)
Cu(1)-0(2) 1.9410(11) 0(1)-Cu(1)-0(2) 86.48(5)
CI(1)-C(7) 1.7480(19) O(1)-Cu(1)-0(2) 93.53(5)
C(1)-0(1) 1.278(2) 0(2)-Cu(1)-0(2) 180.00(3)
C(11)-0(2) 1.270(2) C(1)-0O(1)-Cu(l)  120.10(11)
N(1)-N(2) 1.402(2) C(11)-0(2)-Cu(l)  128.29(11)
N(1)-C(1) 1.366(2) C(1)-N(1)-N(2) 111.59(14)
N(1)-C(5) 1.416(2) C(1)-N(1)-C(5) 130.04(15)
N(2)-C(3) 1.313(2) N(2)-N(1)-C(5) 118.34(14)
C(1)-C(2) 1.422(2) C(3)-N(2)-N(1) 106.10(14)
C(2)-C(11) 1.411(2) O(1)-C(1)-N(1) 123.86(15)
C(2)-C(3) 1.438(2) 0(1)-C(1)-C(2) 130.26(15)
C(3)-C(4) 1.492(2) N(1)-C(1)-C(2) 105.86(14)
C(16)-C(17) 1.394(2) C(11)-C(2-C(1)  121.59(15)
C(16)-C(19) 1.507(3) N(2)-C(3)-C(2) 111.32(15)

Table 4b.5. Hydrogen bonds of complex-7

D-H..A d(D-H) d(H..A) d(D..A) <(DHA)
C(4)-H(4A)..0O@2#2 0.8 242  3235(2) 1398
C(6)-H(6A)...0(1) 0.95 222  2866(2) 1241

Table 4b.6. Complex-7: Symmetry transformations used to generate equivalent atoms

X, Y, Z coordinates

AW N R

X, Y,z

-X, y+1/2, -z+1/2

-X, =Y, -Z

X, -y-1/2, z-1/2
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Table 4b.7. Bond lengths & Bond angles parameters of complex-8

Bond lengths Bond angles
Atoms Atoms
(R) (°)
Cu(1)-0(1)  1.9106(19) 0(1)-Cu(1)-0(1) 180.0

Cu(1)-0(1)  19107(19)  O(1)-Cu(1)-0(2)  86.19(8)
Cu(1)-0(2)  19369(17)  O(1)-Cu(1)-0(2)  93.81(8)
Cu(1)-0(2)  1.9369(17)  O(1)-Cu(1)-0(2)  93.81(8)
o(1)-C(1) 1.283(3) O(1)-Cu(1)-02)  86.19(8)

0(2)-C(12) 1.272(3) 0(2)-Cu(1)-0(2)  180.00(3)
N(2)-C(3) 1.301(4) C(1)-0(1)-Cu(1)  119.79(18)
N(1)-C(1) 1.354(4)  C(12)-0(2)-Cu(l)  127.56(17)
N(1)-N(2) 1.398(3) C(1)-N(1)-N(2) 111.0(2)
N(1)-C(5) 1.422(4) C(1)-N(1)-C(5) 130.0(3)
C(8)-C(11) 1.521(5) N(2)-N(1)-C(5) 118.8(2)
C(1)-C(2) 1.416(4) C(3)-N(2)-N(1) 106.7(2)
C(2)-C(12) 1.398(4) O(1)-C(1)-N(1) 123.9(2)

C(2)-C(3) 1.4367(4) 0(1)-C(1)-C(2) 129.6(3)
N(2)-C(3)-C(2) 111.1(2)
N(2)-C(3)-C(4) 119.8(3)

Table 4b.8. Hydrogen bonds of complex-8

D-H...A d(D-H) D(H..A) d(D..A) <(DHA)
C(4)-H(4A)..0(2)#2 0.96 2.56 3.400(4) 1463
C(10)-H(10A)...0(1) 0.93 2.25 2.882(4) 124.9

Table 4b.9. Complex-8: Symmetry transformations used to generate equivalent atoms

X, Y, z coordinates

X, Y, Z
-X+1/2, y+1/2, -z+1/2
X, <Y, -Z
x-1/2, -y-1/2, z-1/2

AW N R
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Table 4b.10. Refinement parameters of complex-7 and complex-8

CODE [Cu(HLY™M),] [Cu(HL"™M),]
Complex-7 Complex-8
CCDC number 2342479 2342480
Chemical formula C33H3,Cl,CuN4O4 Ca4oH33CuN4O4
Formula weight 743.11 702.28
Crystal system Monoclinic Monoclinic
Space group P2i/c P2\/n
Volume 1626.21(5) A3 1761.00(12) A®
Temperature 100(2) K 295(2) K
Wavelength 1.54184 A 1.54184 A
V4 2 2
Density 1.518 Mg/m® 1.324 Mg/m®

a=8.4243(2) A
Unit cell dimension b=27.7723(4) A
o= 7.01630(10) A

a, 7 = 90°, B=97.8400(10)°
F (00 0) 766

Theta range 3.183 to 78.704°

. . Semi-empirical from
Absorption Correction

equivalents
Absorption coefficient 2.865 mm’!
-10<=h<=10
Index ranges -34<=k<=33
-6<=]<=8
Reflections collected 19254
Independent reflections 3418 [R(int) = 0.0430]
Goodness-of-fit on F? 1.054

Final R indices [I>2sigma(I)] R1=10.0412, wR2 =0.0911
Data/restraints/parameters 3418/0/226

Largest diff. Peak and hole 0.345 and -0.412 e. A

a=7.26573) A
b= 13.4359(4) A
c=18.2180(8) A

@,y =90°, B= 98.035(4)°
734

4.103 to 78.982°
Semi-empirical from equivalents

1.249 mm™!

-8<=h<=5
-17<=k<=17
-22<=1<=22

18246

3667 [R(int) = 0.0592]
1.034
R1 = 0.0533, wR2 = 0.1460
3667/294/ 278

0.413 and -0.533 ¢.A"
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4b.3.5 Computational analysis employing DFT

The isolated molecules were used for the theoretical calculations, while an
experimental result was determined in a solid state [29]. The current study compared the
impact of the various functions on the estimated molecular characteristics of the systems
under investigation using DFT in combination with B3LYP. The B3LYP/LANL2DZ level
basis set was used for the geometry optimization of both complexes. A Gaussview 6.0
software was used to process the input files [23][30]. The optimization energies -123.7430
keV and -100.8708 keV, respectively, were observed for complex-7 and complex-8. The
optimized geometries of both complexes were utilized as input for vibrational frequency
analysis. Once convergence was reached, harmonic vibrational frequencies were calculated
at the same theoretical level to ensure that the stationary points did not exhibit any imaginary
frequencies. When there is a close match between the theoretical values and the experimental
spectra, the considerations discussed in the section on FTIR spectroscopic analysis become
highly significant. Theoretical IR frequencies were determined using a DFT approach [31].
The HOMO-LUMO energies are crucial for various chemical interactions [32]. Excitation
energies can be determined using various methods in theory. The first, and easiest, is the
difference between a system's lowest unoccupied molecular orbital (LUMO) and its highest
occupied molecular orbital (HOMO). The conclusive charge transfer interaction inside the
molecule is explained by the electron-accepting capacity of the electron-acceptor group, as
indicated by the reduction in the HOMO and LUMO energy gap. The energy difference
between the HOMO and LUMO of a molecule determines its kinetic stability, chemical
reactivity, optical polarizability and chemical hardness or softness. Based on the information
on the composition of the molecular orbitals (HOMO and LUMO) above, we can compute
the molecular properties that influence the selectivity and reactivity of a compound. These
properties were approximated using Koopmans's theorem, which connects the HOMO and
LUMO energies. Koopmans theorem provides an alternative method for estimating the
ionization energy and electron affinity of chemical species. According to this theorem, the
ionization energy can be approximated by the negative of the HOMO energy, while the
electron affinity corresponds to the negative of the LUMO energy [33]. Fig.4b.16 depicts
the optimized geometry of both copper complexes. Tables 4b.11-4b.12 display the energy

values and global parameters of both complexes, respectively.
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Fig.4b.16. DFT optimized geometry of [a] complex-7 and [b] complex-8

4b.3.5.1 A correlation of biological study with HOMO-LUMO energy
analysis

Both synthesized complexes were computed and optimized using the

B3LYP/LANL2DZ basis set. The same basis set was employed to calculate the HOMO-

LUMO energy gap values, which help identify the molecule's ability to donate and accept
electrons. According to the analysis, the band gap energy (AE) for complex-7 is 4.038 eV,
while for complex-8 it is 3.795 eV. Since electron acceptor groups have a significant capacity
to receive electrons, the HOMO-LUMO energy gap defines the charge transfer interaction
within the molecule. This interaction facilitates the molecule's ability to accept electrons,
linked to its bioactivity [38]. In this study, complex-8 exhibits a lower energy gap compared
to complex-7. Therefore, a biological study of complex-8 was conducted using three
cancerous cell lines. The HOMO-LUMO molecular orbitals and the energy level diagram of
complex-7 and complex-8 are illustrated in Figs.4b.17-4b.18, respectively.

";( y ""“ .
LUMO#2 195 —  }— s Shp
?[:ﬂ o w

LUMO#! 184 — ks &‘

LUMO 3103 — [ ‘ g E '-“'°"':"" mnooi =190 eV
""""""" g - ,':‘ 2 E.
HOMO 192_1 [ IT o T'. i ;
é ﬁ : HOMO-1 = 6109 ¢V

gomo1 191 —1 b —

HOMO2 190 —4 | —

Fig.4b.17. HOMO-LUMO molecular orbital diagram of complex-7
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Fig.4b.18. HOMO-LUMO molecular orbital diagram of complex-8

Table 4b.11. HOMO-LUMUO energy values

Levels Complex-7 Complex-8

HOMO -6.013 eV -5.603 eV

LUMO -1.974 eV -1.807 eV

HOMO-1 -6.109¢V -5.658 eV

LUMO+1  -1.974eV -1.773 eV

HOMO-2 -6.408¢V -6.113 eV

LUMO+2  -0.656 eV -0.236 eV

Table 4b.12. Global parameters of complex-7 and complex-8

Properties Mathematical formula Complex-7 Comple-8
Eunomo Enomo -6.013 -5.603
ELumo ELumo -1.974 -1.807
AE AE = Erumo — Enomo 4.039 3.795
Ionization potential (IP) IP = -Enomo 6.013 5.603
Chemical Potential (n) pu=1/2 (Enomo + ELumo) -3.993 -3.705
Electron affinity (EA) EA =-Erumo 1.974 1.807
Electronegativity (EN) EN = -1/2 (EsomotELumo) 3.993 3.705
Global Hardness (I]) N =— 1/2 (Enomo-ELumo) 2.019 1.898
Softness (S) S=1/2n 0.247 0.263
Electrophilicity index (o) o = p?/2n 3.948 3.616
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Theoretical IR frequencies were obtained using DFT calculations after the complete
optimization. Theoretical vibrations can be used to investigate the changes which occur
during complexation. A comparison of theoretical IR frequencies and practical IR
frequencies is listed in Table 4b.13. The theoretical FTIR spectrum of complex-7 is depicted
in Fig.4b.19. Theoretical and practical bonding parameters of complex-7 and complex-8 are

listed in Table 4b.14.

IR Spectrum
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Fig.4b.19. FTIR spectrum of complex-7 through DFT computational analysis

Table 4b.13. A comparison of the practical and theoretical bond parameters

Complex-7 Complex-8
IR Frequencies (cm™)

Theoretical Practical Theoretical Practical

v(C=0) of benzoyl chloride 1587 1585 1589 1526
v(C=0) of Pyrazolone 1609 1603 1611 1593
Cyclic v(C=N) 1535 1529 1567 1492

C-H in-plane deformation 1370 1379 1379 1383

The Maharaja Sayajirao University of Baroda 223



CHAPTER 4: Part (b)

Table 4b.14. Comparison of theoretical and practical bonding parameters of complex-7
and complex-8

Practical Theoretical Practical bond Theoretical
Atoms bond length  bond length Atoms angles bond angles
A) A) ) ()
Complex-7
Cu(1)-0(1) 1.9174(12) 1.918 0(1)-Cu(1)-0(1) 180.0 181.22
Cu(1)-0(1) 1.9174(12) 1.918 0(1)-Cu(1)-0(2) 93.52(5) 93.27
Cu(1)-0(2) 1.9410(11) 1.954 0(1)-Cu(1)-0(2) 86.47(5) 92.83
Cu(1)-0(2) 1.9410(11) 1.955 0(1)-Cu(1)-0(2) 86.48(5) 92.20
CI(1)-C(7) 1.7480(19) 1.831 0(1)-Cu(1)-0(2) 93.53(5) 92.83
C(1)-0(1) 1.278(2) 1.300 0(2)-Cu(1)-0(2) 180.00(3) 181.32
C(11)-0(2) 1.270(2) 1.300 C(1)-O(1)-Cu(L) 120.10(11) 12231
N(1)-N(2) 1.402(2) 1.423 C(11)-0(2)-Cu(1) 128.29(11) 130.43
N(1)-C(1) 1.366(2) 1.375 C(1)-N(1)-N(2) 111.59(14) 110.91
N(1)-C(5) 1.416(2) 1.414 C(1)-N(1)-C(5) 130.04(15) 130.12
N(2)-C(3) 1.313(2) 1.326 N(2)-N(1)-C(5) 118.34(14) 118.93
C(1)-C(2) 1.422(2) 1.437 C(3)-N(2)-N(1) 106.10(14) 106.49
C(2)-C(11) 1.411(2) 1.482 0(1)-C(1)-N(1) 123.86(15) 123.75
C(2)-C(3) 1.438(2) 1.489 0(1)-C(1)-C(2) 130.26(15) 129.76
C(3)-C(4) 1.492(2) 1.515 N(1)-C(1)-C(2) 105.86(14) 106.48
C(16)-C(17) 1.394(2) 1.413 C(11)-C(2)-C(1) 121.59(15) 121.54
C(16)-C(19) 1.507(3) 1.554 N(2)-C(3)-C(2) 111.32(15) 111.07
Complex-8

Cu(1)-0(1) 1.9106(19) 1.913 0(1)-Cu(1)-0(1) 180.0 180.56
Cu(1)-0(1) 1.9107(19) 1.913 0(1)-Cu(1)-0(2) 86.19(8) 94.05
Cu(1)-0(2) 1.9369(17) 1.941 0(1)-Cu(1)-0(2) 93.81(8) 93.47
Cu(1)-0(2) 1.9369(17) 1.941 0(1)-Cu(1)-0(2) 93.81(8) 93.20
0(1)-C(1) 1.283(3) 1.301 0(1)-Cu(1)-0(2) 86.19(8) 93.22
0(2)-C(12) 1.272(3) 1.301 0(2)-Cu(1)-0(2) 180.00(3) 181.28
N(2)-C(3) 1.301(4) 1.322 C(1)-0O(1)-Cu(1) 119.79(18) 122.30
N(1)-C(1) 1.354(4) 1.375 C(12)-0(2)-Cu(1) 127.56(17) 130.06
N(1)-N(2) 1.398(3) 1.412 C(1)-N(1)-N(2) 111.0(2) 110.89
N(1)-C(5) 1.422(4) 1.425 C(1)-N(1)-C(5) 130.0(3) 130.13
C(8)-C(11) 1.521(5) 1.525 N(2)-N(1)-C(5) 118.8(2) 118.93
C(1)-C(2) 1.416(4) 1.421 C(3)-N(2)-N(1) 106.7(2) 106.66
C(2)-C(12) 1.398(4) 1.400 0(1)-C(1)-N(1) 123.9(2) 123.97
C(2)-C(3) 1.4367(4) 1.434 0(1)-C(1)-C(2) 129.6(3) 129.49
C(3)-C(4) 1.493(4) 1.501 N(2)-C(3)-C(2) 111.1(2) 110.98
N(2)-C(3)-C(4) 119.8(3) 118.06

C(9)-C(8)-C(11) 120.4(4) 121.30

4b.3.5.2 Spin density plot

spin density is equivalent to electron density. It may be expressed as the total electron

density of one spin less the total electron density of the other spin. When an unpaired electron
is present in the system, spin densities may be computed more informatively. It is a difference
between the o and the B electron densities. Electronic spin density is positive in areas where
electrons are more likely to be found in the a spin state and scattered over the metal centre.
In contrast, it is negative in regions where electrons are more likely to be located in the f

spin state. Electron paramagnetic resonance (EPR) is an experimental technique that helps
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determine electronic spin density. The spin density plots of both complexes are displayed in
Fig.4b.20. Like the overall electron density, it is computationally visualised using an
isosurface. A three-dimensional depiction of all places where a certain function (here, p(r))

equals a given value (called the isovalue) is called an isosurface [34].

ps(r)=pa(r)—pp(r)

Fig.4b.20. Spin density plot of [a] complex-7 and [b] complex-8

4b.3.5.3 Natural bond orbitals (NBOs) analysis

For the chemical interpretation of hyper-conjugative interaction and electron density
transfer from the filled lone pair electron, previous research has demonstrated using the
Natural Bond Orbital (NBO) analytical approach [35]. An investigation of the natural bond
orbitals (NBOs) of the associated complexes was conducted using the LANL2DZ basis set
with the B3LYP approach. All interactions that take place between a Cu(II) ion and a donor
atom are considered coordination bonds involving oxygen atoms. Through NBO analysis, it
1s possible to assess an electron density delocalization, which is linked to a donor-acceptor
interaction that stabilises the relationship between unoccupied non-Lewis-type NBOs
(acceptor/Reydber) and occupied Lewis-type NBOs (donor). Cu*? has 1.1676 natural atomic
charges in the complex-7 and 1.1638 in complex-8. Copper has a [core] 3d (9.13) 4s (0.35)
4p (0.35) natural electrical arrangement. Electrons in the Core (17.9970), Valence (9.8241),
Rydberg (0.0117) and Total electrons are 27.8324 in complex-7. Electrons in the Core
(17.9970), Valence (9.8276), Rydberg (0.0114) and Total electrons are 27.8361 in the
complex-8 having [core] 3d (9.13) 4s (0.34) 4p (0.36) natural electrical arrangement. The
results of the DFT computational analysis consistently support the square planar geometry

of both synthesized copper acylpyrazolone complexes.
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4b.3.6 Hirshfeld surface analysis combined with a 2D fingerprint

One method employed to create and quantify the crystal packing of compounds is a
Hirshfeld surface area analysis. After F.L. Hirshfeld, whose "stockholder partitioning"
approach for designating atoms in molecules suggested an extension to characterising a
molecule in a crystal, Hirshfeld surfaces were named in his honour. The Hirshfeld surface
was created to specify the area of a molecule taken up in a crystal to divide the electron
density of crystals into snippets of molecules [17]. The CrystalExplorer software was
originally created to support Hirshfeld surface (HS) analysis, and this remains one of its
main functions [17]. CrystalExplorer17.5 has been used to create the molecules' 2D
fingerprint plots and Hirshfeld surface analysis in this study, which also helped to show the
structural links between the structural configurations of these closely related molecules.
Utilising the descriptor dnorm, directions and intensities of the molecular crystal's
intermolecular interactions are projected onto Hirshfeld surfaces. The closest atoms located
within (di) and outside (de) the surface, respectively, are the source of the normalised contact
distance (dnorm) [40]. Using a variety of properties, including normalised distances
(dnorm), de, di, form index, curvedness, fragment patch, etc., to plot the Hirshfeld surface
(HS) illustrates the hydrogen bonding and interaction. Through the definition of different
shades for brief and extended interactions [41]. In copper complexes, coordination with the
Cu(Il) ion 1s primarily facilitated by interactions with four oxygen atoms from two
acylpyrazolone ligands. The molecular regions around which these surfaces are computed
can be visualized using transparent surfaces. The short and extended interactions are shown
in red and blue areas. Intense red spots on the dnorm Hirshfeld surface signify close-contact
interactions, highlighting areas of strong hydrogen bonding [42]. The red and blue patches
on the surface indicate n—n stacking interactions. Analysis of the shape index suggests that
intramolecular and stacking interactions play a significant role in stabilizing the crystal
packing [43]. The concept of curvedness is related to the root mean square (RMS) curvature
of a surface. This means that surfaces with flat regions exhibit low curvedness, while
surfaces with sharp features show high curvedness [19]. Plotting the HS over the curvedness
n- -1 and shape index allows for the observation of stacking interactions, which enhance the
stability of the crystal [44]. The fragment patches provide the proper methodology for
determining the closest nearby molecular coordination framework. The absence of red spots
suggests that the compound lacks significant long-range hydrogen bonds. The concave
regions of the yellow-orange triangles on the shape index correspond to the atoms involved

in - - -7 stacking interactions within the molecule [42]. With the help of 2D fingerprint plots,
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non-covalent interactions contributing to the stabilization of crystal packing may be
quantitatively investigated. The packing efficiency of the compound can be evaluated by
calculating the interaction percentages between both all atoms and specific atom types using
percentage statistics. Cu-All atoms interaction is 1% in both complexes 7 and 8. While 1%
and 0.9% interaction exists between all-Cu atoms in complex-7 and complex-8, respectively.
Fig.4b.21 displays the molecular Hirschfeld diagram for both complexes. Other interactions
of atoms and 2D fingerprint plots of both complexes are shown in Figs.4b.22-4b.23.

2D fingerprint

Curvedness Shape index Fragment patch

Curvedness Shape index Fragment patch

Fig.4b.21. The molecular Hirshfeld (fragment patch, dnorm, di, de, curvedness, shape
index and FP plots) of (a) complex-7 and (b) complex-8
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(a) ALL-ATOM INTERACTIONS (b) ATOM-ALL INTERACTIONS
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Fig.4b.22. Complex-7: Graphical presentation of percentage interactions between each
inside and outside atoms and 2D fingerprint plots

(a) ALL-ATOM INTERACTIONS
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Fig.4b.23. Complex-8: Graphical presentation of percentage interactions between each

inside and outside atoms and 2D fingerprint plots

we calculated the voids within the crystal structure by assuming spherically

symmetric atoms and summing the electron densities of all atoms in the structure. The results

indicate that the percentage of space occupied by voids is 9.00% in complex-7 and 8.92%

in complex-8, indicating a packing efficiency of 91.0% in both crystals. This high packing

efficiency suggests that the molecules in these compounds are tightly packed with minimal

cavities. suggesting that the molecules in these compounds are tightly packed with minimal

cavities [36][37]. The graphical representation of voids in the crystal packing of both

complexes is in Fig.4b.24.

[A]

Fig.4b.24. Graphical representation of voids in the crystal packing of [A] complex-7 &

[B] complex-8
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4b.3.7 ESR analysis (Magnetic behaviour)
ESR analysis was performed at the JEOL ESR apparatus in solution state at 77K

(LNT) using the X band to clarify the magnetic behaviour of the copper complexes.
Tetracyanoethylene (TCNE) was used as a marker (g = 2.00277). Four hyperfine line
splitting patterns in the graph suggest that Cu(Il) is present in the complex. The value of g
at LNT is 2.3562, and g1 is 2.0690. The value of the g tensor is gi>g.> 2.0023, which
supports the square planner geometry. An average value calculated through |gf* =1/3
(git2gL) and |A[*=1/3 (Aj+2A1) [38]. A geometric parameter G value is found to be 5.1623
by this formula: G= (g — 2.0023)/(g.— 2.0023). The geometric parameter G falls between
6.49 and 12.02, demonstrating that the exchange interaction between the Cu(Il) centre is
absent in the complex [39][40][41]. The covalent nature is suggested by the computed value
o? = 0.85. Since both the synthesized complexes have the same square planar geometry,
having copper in a +2 state, the result also supports the existence of complex-8. Table 4b.15
represents the different parameters from the ESR spectral analysis of complex-8. The ESR
spectrum of complex-8 at LNT is shown in Fig.4b.25.

a? = An/0.036 + (gu—2.0023) + 3/7 (g1 — 2.0023) + 0.04 2)

\.\'\_\J

L) v L) v LJ
250 300 350
Magnetic Field (mT)

Fig.4b.25. The solution state X-band ESR spectra of complex-8 at LNT
Table 4b.15. Different parameters from ESR spectral analysis of complex-8

Parameters LNT

g 2.3562

gL 2.0690

g 2.1647
Aj(10*cm) 154.0
A1 (10% cm™) 48.2
|AJ2(10* cm™) 83.5

G 5.1623
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4b.3.8 Cytotoxicity assay

Cell viability was assessed using the MTT assay. As mentioned in section 4b.3.6.1,
the HOMO-LUMO energy gap for complex-8 is lower than that of complex-7. Consequently,
the cytotoxicity of complex-8 was evaluated. Three different cancer cell lines—NCI-H23
(lung cancer), HepG2 (liver cancer), and SH-SYS5Y (neuroblastoma) were used to assess the
antiproliferative activity of complex-8. The ICso values of complex-8 against these cell lines
are summarized in Table 4b.16. According to the analysis, complex-8 showed the best result
against SH-SYS5Y neuroblastoma cells, with a lower ICso value (3.9 uM). Due to its higher
effectiveness, the complex was further studied and compared with cisplatin, a well-known
drug frequently used to treat a range of cancers [49]. When cisplatin was administered to the
SH-SYSY cell line, the ICso value of 44.9 uM was recorded, which is significantly higher
than the ICso value of complex-8. These findings suggest that the synthesized copper
complex is more effective than cisplatin, exhibiting notable cytotoxic activity. This analysis
supports the conclusion that lower HOMO-LUMO energy gaps indicate higher chemical
reactivity and biological activity [S0]. The percentage of cell viability for NCI-H23 and
HepG2 cells exposed to different doses of complex-8 is shown in Fig.4b.26. A comparison
of the percentage of cell viability for SH-SYSY cells exposed to complex-8 and cisplatin is
illustrated in Fig.4b.27.

Table 4b.16. ICso values of complex-8 and cisplatin against three cancer cell lines.

Percent inhibition (I1Cso values)

Compounds Cisplatin  [Cu(HLY""):]
SH-SY5Y 449 uM 3.9 uM
NCI-H23 - 4.6 UM

HepG2 - 5.8 uM
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Complex-8 on NCI-H23 cells Complex-8 on HepG2 cells
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Fig.4b.26. Percent cell viability of NCI-H23 and SH-SYSY cells exposed to

indicated doses of complex-8
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Fig.4b.27. A comparison of % cell viability of SH-SYSY cells exposed to an

indicated dose of complex-8 and cisplatin

4b.4 conclusion

The present study highlights the pharmacological potential of acylpyrazolone-based
Cu(Il) complexes, showcasing their promising synthesis and design. We successfully
synthesized two new Cu(Il) complexes using acylpyrazolone ligands, characterizing them
with various analytical and spectroscopic techniques. A single crystal X-ray diffraction study
confirmed a square planar geometry around the copper centre in both complexes. In each
case, the copper ion is bis-chelated by two pyrazolone molecules via carbonyl and benzoyl
carbonyl oxygen donors. Magnetic property was investigated using X-band ESR
measurements at liquid nitrogen temperature (LNT). Additionally, Hirshfeld surface analysis
identified key intermolecular interactions. The geometry of both complexes was optimized

using density functional theory (DFT) with the B3LYP/LANL2DZ basis set, providing
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insight into their frontier molecular orbitals in the gas phase. Spin density analysis further
clarified the total electron distribution. Notably, the HOMO-LUMO energy gap revealed that
complex-8 is highly effective, with a small gap of 3.795 eV, facilitating electron transport
and enhancing charge transfer interactions. Given these properties, complex-8 was selected
for biological evaluation against three cancer cell lines: NCI-H23, HepG2 and SH-SYS5Y. Its
lower 1Cso value, particularly against SH-SYSY cells, prompted further comparisons with
cisplatin, a well-known chemotherapeutic agent. The copper complex inhibited cell viability,
suggesting its potential as an anticancer agent. Future research should explore its efficacy

through in vive studies.
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