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Three novel mixed-ligand Ni(i) complexes were synthesized from a 3,5-dihalogenosalicylaldehyde-S-

methyl isothiosemicarbazone ligand (3,5-dichloro for Complex I, 3,5-dibromo for Complex Il, and 3,5-

diiodo for Complex Ill) and diethanolamine. The synthesized compounds were characterized by elemen-

tal analysis, FT-IR, UV-Vis and *H-NMR spectroscopy. Solid-state structures of Complex | and Complex II

were determined by the single-crystal X-ray diffraction technique. Both the complexes were found to

have a distorted square planar geometry, with coordination of azomethine nitrogen, phenolate oxygen,

terminal amine of the thiosemicarbazone ligand and amine nitrogen of diethanolamine. The cytotoxic

effects of the ligands and the complexes were evaluated against two different types of cancer cells
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1. Introduction

On a global scale, cancer has consistently been a prominent
cause of illness and death for populations. The World Health
Organization (WHO) maintains that cancer causes a major
part of annual mortality. The discovery of the biological
activity of cisplatin and its application to cancer treatment
brought considerable attention to the use of metal complexes
in cancer therapy.' Cisplatin is a highly effective cancer drug,
but it has shown cytostatic resistance and severe side effects.”
It is important to synthesize novel compounds with anticancer
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(THP-1 human leukaemia monocytic cell line and MDA-MB-231 aggressive breast cancer cell line) and
healthy cells (HUVEC human umbilical vein endothelial cell line) by using the MTT method. The findings
demonstrated that the chloro-derivatives exhibited better efficacy compared to cisplatin in targeting the
monocytic leukemia cell line while displaying reduced toxicity towards healthy cells.

activity due to the increasing incidences of anticancer drug re-
sistance in the past few decades. Drug resistance is a signifi-
cant challenge in cancer treatment, and can arise from many
mechanisms, such as changes in drug metabolism, activation
of alternative signalling pathways, and genetic mutations.>™
Some studies have shown that metal complexes increase and
diversify the biological activities of organic compounds.®’
Therefore, metal complexes of drug-candidate compounds
have also become an important subject of anticancer
investigations.

Thiosemicarbazones and their metal complexes are well-
known for their wide range of biological activities such as cyto-
toxic, antiviral, antidiabetic, antibacterial, antioxidant, antitu-
moral, anti-inflammatory, enzyme inhibition, DNA binding,
antimalarial and antimicrobial.>™'® The therapeutic activity of
thiosemicarbazone compounds can be modified or enhanced
by metal complexation.”?®*! The role of nickel in bioinorganic
chemistry has been rapidly expanded since the discovery that
urease is a nickel enzyme in 1975.”*> Nickel(n) ions can be
found in biological systems, and they play essential roles in
certain organisms.* Various biological applications of Ni(u)
complexes of thiosemicarbazones have been described, such
as anticancer, antimalarial, antimicrobial, antiproliferative,
CT-DNA binding, BSA-protein binding, and antioxidant
activities.”***

This journal is © The Royal Society of Chemistry 2025
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Scheme 1 Synthesis of the complexes.

In this work, three novel mixed-ligand thiosemicarbazone
Ni(n) complexes (Complex I, Complex II and Complex III),
including a 3,5-dihalogeno-salicylaldehyde-S-methyl-isothiose-
micarbazone ligand (Cl, Cl for H,L1, Br, Br for H,L2 and I, I
for H,L3) with diethanolamine molecules, were synthesized
(Scheme 1). Structural characterization was performed by
elemental analysis, and IR, "H-NMR and UV-Vis spectroscopy
and the structures of the complexes were determined by
single-crystal X-ray analysis. The cytotoxic activities of the com-
pounds were investigated against the MDA-MB-231 aggressive
breast cancer cell line and THP-1 human leukemia monocytic
cell line by using the MTT method.

2. Results and discussion

2.1. Synthesis and physical properties

Condensation reactions between S-methyl-isothiosemicarba-
zide and 3,5-dihalogeno-substituted salicylaldehyde (Cl for L1,
Br for L2, and I for L3) resulted in ligands H,L1, H,L2 and
H,L3. All ligands were very soluble in methanol, ethanol, di-
chloromethane, diethylether, chloroform, DMF and DMSO.

The mixed ligand complexes were synthesized by the reac-
tion of equimolar amounts (1:1:1) of the ligand, NiCl,-6H,0
and diethanolamine. Complex I and Complex II, red crystal
products, were soluble in dichloromethane, diethyl ether,
chloroform, DMF and DMSO and poorly soluble in alcohols.
Complex III was obtained in an amorphous powder form and
had poorer solubility compared to the other complexes. The
complexes were characterized by elemental analysis, FT-IR,
UV-Vis and "H-NMR spectroscopic methods and the structure
of products in a crystalline form was determined by X-ray
diffraction.

Magnetic measurements of complexes showed that they
were diamagnetic and in a square-planar structure, whereas
the molar conductivity values of the complexes indicated their
non-electrolytic behaviour.

2.2. Structural characterization

UV-Vis spectra of the ligands showed five intense absorptions
in the range of 208-350.50 nm which can be attributed to the

This journal is © The Royal Society of Chemistry 2025

n - o*, = —» n* and n — ©* transitions of the phenol, aromatic,
azomethine, and thioamide groups of the thiosemicarbazone
molecules.*?

In the UV-vis spectra of Complexes I, II, and III the bands
in the 204.50-215.50 nm range were related to the &= — n* tran-
sitions due to the aromatic rings of the thiosemicarbazone
group, the bands in the 238.50-243, 300.50-312.50 and
360-384 nm ranges can be attributed to the n — n* transitions
of the azomethine groups and © — ©* transitions of the thioa-
mide groups of the structures. The bands associated with the
thioamide group exhibited a shift of approximately 40 nm fol-
lowing complex formation and a decrease in the intensity of
the band corresponding to the azomethine group because of
coordinate covalent bonding through the imine nitrogen. In
the UV-vis spectra of the complexes, transition peaks around
210 nm expected for diethanolamine could not be clearly dis-
tinguished from others owing to the presence of thiosemicar-
bazone peaks in this range. The electronic spectra of the com-
plexes provided indications that they exhibit similar structures.

The infrared spectra of the compounds supported the for-
mation of the expected structures. In the IR spectra of H,L1,
H,L2 and H,L3, phenolic (OH) bands, v(NH) stretching bands
and &(NH,) intraplanar bending bands were observed at
3481-3460, 3281-3153 and 1653-1623 cm™ ', respectively. The
vibrations of the terminal amine group in the ligands were
observed at specific frequencies. The presence of imine (C=N)
bands at 1609 and 1576 cm ™" in the spectrum of H,L1 (at 1629
and 1595 cm™" for H,L2 and at 1619 and 1593 cm™" for H,L3)
proved that the aldehyde group was connected to the thiosemi-
carbazide. The v(C-S) vibrations of the S-methyl group were
seen at 734 cm ™, also.

On examining the spectra of complexes I, II, and III, the
peaks belonging to the hydroxyl groups of the diethanolamine
molecule coordinated to the metal atom were observed at
3481, 3370 and 3419 cm ™', while those corresponding to the
NH vibrations of the coligand diethanolamine were observed
at 3244, 3271 and 3211 cm™', respectively. The stretching
(C=N) bands of the complexes were observed in the range of
1610-1560 cm™ ", and these bands exhibited a lower frequency
compared to the ligands due to the coordination through the
nitrogen atom of the imine groups.

Dalton Trans., 2025, 54,1454-1467 | 1455
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In the 1TH-NMR spectra of the ligands, two signals corres-
ponding to the cis-trans isomers of hydroxyl groups were
observed at 12.59 and 11.81 ppm for H,L1, 12.58 and
10.76 ppm for H,L2 and 12.79 and 12.15 ppm for H,L3. The
protons of the imine groups exhibited distinct signals indicat-
ing the presence of syn-anti isomers at chemical shifts of 8.45
and 8.35 ppm for H,L1, 8.56 and 8.35 ppm for H,L2 and 9.88
and 8.24 ppm for H,L3. While a broad singlet was observed
belonging to the amine group at 7.20 ppm in the spectrum of
the H,L1, two broad singlets were seen at 8.15 and 7.35 ppm
in a ratio of 1:1 cis/trans for H,L2 and at 8.34 and 7.18 ppm in
a ratio of 1:1 cis/trans for H,L3. The singlet peaks corres-
ponding to the S-methyl groups of the ligands were observed
at chemical shifts of 2.47 and 2.39 ppm for H,L1, 2.66 and
2.48 ppm for H,L2 and 2.45 and 2.37 ppm for H,L3 in a 1:2
isomer ratio. In the spectra of the complexes, the proton of the
imine groups was seen as a singlet at 8.00, 7.99 and 7.91 ppm
for Complex I, Complex II and Complex III, respectively. The
complexes exhibited a broad singlet of NH protons at 2.39 and
2.40 ppm and a prominent singlet of S-methyl groups was
observed at 2.37 ppm. The signals of the diethanolamine
molecule coordinating the structure of the complexes as a sec-
ondary ligand were also clearly seen in the spectra. In the
spectra of the complexes, the hydroxyl signals of the co-ligand
were observed as broad singlets at 2.95 and 2.40 ppm for
Complex I, 3.85 and 3.00 ppm for Complex II and 3.52 and
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diethanolamine molecules were observed with a similar char-
acter in the range of 4.99-4.26 ppm for all complexes. While
the imine and d and b protons of the thiosemicarbazone mole-
cules were sharply visible, the NH and OH peaks were almost
0.1 ppm wide due to the acidic character given to the struc-
tures by diethanolamine molecules. The broadening noticed
in the peaks of these protons was also a consequence of intra-
molecular hydrogen bonding.*?

2.3. Crystal structures

Crystal data, data collection and structure refinement details
are presented in Table 1.

The molecular structure of H,L1 is shown in Fig. 1 while
selected bond lengths and angles are presented in Table 2.
The ligand crystallizes in a triclinic lattice with the space
group P1.

The molecule shows a Z configuration with respect to the
N2=C8 bond. This is confirmed by the N1-N2-C8-S1 and N1-
N2-C8-N3 torsion angles of 3.3(3) and —177.78(19)°, respect-
ively. The N1=C7 and N2=C8 bond distances are 1.275(3) and
1.300(3), respectively, indicating that the bond distances are
nearly the same as that of the C=N double bond [1.28 A].**
The N3-C8 and N1-N2 bond distances of 1.342(3) and 1.387(2)
A, respectively, correspond to single bond lengths, confirming
that the free ligand exists in its amido form. These bonds are
consistent with those previously reported for other isothiose-

3.00 ppm for Complex III. The signals of the ~-CH,~ protons of ~micarbazone organic compounds.*>™*!

Table 1 Crystal data and structure refinement parameters for HoL1, Complex | and Complex Il

Parameters [H,L1] Complex I Complex II
CCDC depository 2288067 2288068 2288069
Color/shape Dark red/prism Dark red/prism Dark red/prism
Chemical formula CoH,CL,N,;0S [Ni(CoH,Cl,N;08)(C,H;;NO,)] [Ni(CoH,Br,N;08)(C,H,;NO,)]
Formula weight 278.15 439.98 528.90
Temperature (K) 296(2) 296(2) 296(2)
Wavelength (A) 0.71073 Mo Ka 0.71073 Mo Ko 0.71073 Mo Ka
Crystal system Triclinic Monoclinic Monoclinic
Space group P1 (No. 2) P2,/c (No. 14) P2,/c (No. 14)

Unit cell parameters

a, b, c(A) 6.2672(5), 7.9274(6), 12.4219(9)
a, B,y () 82.624(6), 78.692(6), 76.836(6)
Volume (A%) 587.00(8)
zZ 2
Deate. (g cm™) 1.574
u (mm™) 0.712
Fooo 284
Crystal size (mm?) 0.70 x 0.56 x 0.53
Diffractometer STOE IPDS 1T

Measurement method
Index ranges

0 range for data collection (°)
Reflections collected
Independent/observed reflections
Rint.

Refinement method
Data/restraints/parameters
Goodness-of-fit on F

Final R indices [I > 20(1)]

R indices (all data)

Apmax.y Apmin. (e A73)

® scan
-8<h<8,-10<
k<10,-16<1<14

2.649 <60 <27.693

6646

2751/2285

0.1283

Full-matrix least-squares on F*
2751/0/147

1.067

R; = 0.0514, WR, = 0.1499

R; = 0.0599, WR, = 0.1566
0.52, —0.34

1456 | Dalton Trans., 2025, 54, 1454-1467

12.3415(8), 10.1900(6), 15.4159(11)
90, 110.924(5), 90

1810.9(2)

4

1.614

1.501

904

0.61 X 0.26 X 0.14

STOE IPDS II

® scan
—13<h<16,-13<k<12,
-20<1<20

2.449 <0 <27.750

11650

4227/2528

0.0612

Full-matrix least-squares on F*
4227/0/220

0.944

R, =0.0509, WR, = 0.0867
Ry =0.1032, WR, = 0.1002
0.41, —0.23

12.6900(8), 10.2688(5), 15.4499(12)
90, 111.571(5), 90

1872.3(2)

4

1.876

5.435

1048

0.74 X 0.33 x 0.21

STOE IPDS II

o scan
—15<h<16,-12 <k <13,
—-20<1<20

2.438 <6<27.760

15384

4379/3039

0.0812

Full-matrix least-squares on F*
4379/0/220

1.030

R; = 0.0506, WR, = 0.1057
R; = 0.0825, WR, = 0.1171
0.83, —0.55

This journal is © The Royal Society of Chemistry 2025
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Fig. 1 Molecular structure of H,L1 with the atom numbering. Thermal
ellipsoids are shown at the 30% probability level. The intramolecular
interaction is represented by dotted lines.

Table 2 Selected geometric parameters for HpL1, Complex | and
Complex I

Parameters [H,L1] Complex I Complex II
Bond lengths (A)

Ni1-01 — 1.824(2) 1.830(3)
Ni1-N1 — 1.842(3) 1.855(3)
Ni1-N3 — 1.834(3) 1.844(4)
Ni1-N4 — 1.953(3) 1.968(3)
S1-C8 1.751(2) 1.757(3) 1.764(5)
S1-C9 1.792(3) 1.780(4) 1.795(6)
01-C1 1.340(3) 1.302(4) 1.302(5)
N1-N2 1.387(2) 1.408(4) 1.410(5)
N1-C7 1.275(3) 1.291(4) 1.296(6)
N2-C8 1.300(3) 1.325(4) 1.333(6)
N3-C8 1.342(3) 1.311(4) 1.312(6)
N4-C10 — 1.487(4) 1.494(6)
N4-C12 — 1.474(5) 1.484(6)
Bond angles (°)

01-Ni1-N1 — 95.65(12) 95.54(14)
01-Ni1-N3 — 177.96(13) 177.72(15)
01-Ni1-N4 — 87.35(12) 87.51(14)
N1-Ni1-N3 — 82.34(13) 82.35(16)
N1-Ni1-N4 — 174.26(12) 174.25(16)
N3-Ni1l-N4 — 94.68(13) 94.66(16)
C8-51-C9 104.28(13) 103.5(2) 104.1(2)
S1-C8-N2 121.16(16) 120.3(3) 120.5(3)
S1-C8-N3 120.30(18) 118.2(3) 118.0(3)
01-C1-C2 118.9(2) 119.2(3) 119.4(4)
01-C1-C6 122.80(19) 124.2(3) 124.4(4)
N1-C7-C6 120.7(2) 124.3(3) 124.3(4)
N2-N1-C7 115.52(18) 116.4(3) 116.7(4)
N1-N2-C8 111.57(18) 106.6(3) 106.8(3)
N2-C8-N3 118.5(2) 121.4(3) 121.5(4)
C10-N4-C12 — 110.3(3) 110.1(4)
Torsion angles (°)

01-C1-C6-C7 2.8(3) 0.2(3) 1.3(5)
N2-N1-C7-C6 -178.55(18) -178.2(3) —178.5(4)
C7-N1-N2-C8 -178.36(18) —-179.9(3) 179.3(4)
N1-N2-C8-S1 3.3(3) —178.0(2) —178.0(3)
N1-N2-C8-N3 -177.78(19) -0.4(5) 0.2(6)
N2-C8-S1-C9 -175.2(2) —-14.0(3) -12.6(5)
N3-C8-S1-C9 5.9(2) 168.3(3) 169.2(4)

In the molecular structure of H,L1, an intramolecular
O-H---N contact (Fig. 1) leads to the formation of a six-mem-
bered ring with a graph-set descriptor S(6).**> In the crystal

This journal is © The Royal Society of Chemistry 2025
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structure, atom N3 in the molecule at (x, y, z) acts as a hydro-
gen-bond donor to atom N2 in the molecule at (—x, =y + 1,
—z), forming a centrosymmetric R3(8) dimer. The dimers are
linked by weak N-H---Cl interactions. In these interactions,
atom N3 in the molecule at (x, y, z) acts as a hydrogen-bond
donor to atom Cl2 in the molecule at (x — 2, y + 1, 2). These
interactions together with the N-H---N hydrogen bonds gene-
rate a second ring motif with a graph-set descriptor of R}(20).
Propagation of these interactions by translation and inversion
then leads to the formation of a two-dimensional network
(Fig. 2).

The molecular structures of Complex I and Complex II are
shown in Fig. S1 and S2,7 respectively, while selected bond
lengths and angles are given in Table 2. Both the complexes
crystallizing in a monoclinic lattice with the space group P2,/c
have almost the same composition, and the difference orig-
inates from the presence of different halogen atoms at the 3-
and 5-positions of the phenyl ring of the isothiosemicarbazone
ligand in the structures. The structures showed that the thiose-
micarbazone ligand is coordinated to Ni(u) in a tridentate
fashion, forming six- and five-membered chelate rings. As the
bite angles corresponding to the formation of the five-mem-
bered rings are slightly contracted (~82°), the others corres-
ponding to the formation of the six-membered rings are
slightly enlarged (~96°). In Complex I and Complex II, the Ni
atoms are located in a distorted square-planar fashion and sur-
rounded by the tridentate ONN ligand and diethanolamine.
The Ni1-01, Ni1-N1, Ni1-N3 and Ni1-N4 bond distances are
1.824(2), 1.842(3), 1.834(3) and 1.953(3) A for Complex I and
1.830(3), 1.855(3), 1.844(4) and 1.968(3) A for Complex II,
respectively, which are well comparable with those found for
similar Ni(i) complexes.”"**™*® The Z conformation of H,L1
changes to the E conformer by rotation about the N2=C8
bond upon coordination to the metal. Due to the coordination,
the N1-N2, N1-C7 and N2-C8 bond lengths in the complexes
increase, while the O1-C1 and N3-C8 bond lengths decrease.
For quantitative evaluation of the extent of distortion around
the metal centers, the four-coordinate structural indices z, *’
and 7 *® were employed;

~360° — (a+f)

gy=—"7 7 =
! 360° — 20 4

p—a
360° — 6

180° — f8
180° — 0

where a and f (8 < a) are the two greatest valence angles and 6
is the ideal tetrahedral angle (109.5°). The 7, and 7} values for
ideal square-planar and tetrahedral coordination spheres are 0
and 1, respectively. The calculated 7z, and 7} geometry indices
are 0.06 and 0.04 for Complex I and 0.06 and 0.05 for Complex
II, indicating a slightly distorted square-planar geometry.

In the molecular structure of the complexes, no intra-
molecular interactions are observed. However, the complexes
show the same supramolecular features with small dimen-
sional differences. In the crystal structures of both complexes,
atoms O3 and N3 in the molecule at (x, y, z) act as a hydrogen-
bond donor to atoms O2 and O3 in the molecule at (—x + 1,
-y, —z + 1), forming centrosymmetric R%(16) and R%(14)
dimers, respectively (Fig. 3 and 4). The dimers are linked by

Dalton Trans., 2025, 54,1454-1467 | 1457
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Fig. 2 Part of the crystal structure of H,L1, showing the formation of R3(8) and R3(20) rings. The intermolecular interactions are represented by
dotted lines, and H atoms not involved in the motifs shown have been omitted for clarity.

Fig. 3 Part of the crystal structure of Complex I, showing the intermolecular hydrogen bonds represented by dotted lines. H atoms not involved in
the interactions have been omitted for clarity.

O-H---N interactions to form the two-dimensional network. In  z — 1/2) for Complex I and in the molecule at (x, =y + 1/2, z +
this interaction, atom O2 in the molecule at (x, y, z) acts as a  1/2) for Complex II. Full details of the hydrogen-bonding geo-
hydrogen-bond donor to atom N2 in the molecule at (x, —y + 1/2, metries are given in Table 3.

1458 | Dalton Trans., 2025, 54,1454-1467 This journal is © The Royal Society of Chemistry 2025
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Fig. 4 Part of the crystal structure of Complex Il, showing the intermolecular hydrogen bonds represented by dotted lines. H atoms not involved in

the interactions have been omitted for clarity.

Table 3 Hydrogen bonding geometry for H,L1, Complex | and
Complex Il

D-H---A D-H (A) H--A(A) D--A (A) D-H--A (°)
H,L1

O1-H1---N1 0.82 1.90 2.618(3) 146
N3—H3A-~-N2‘“ 0.86 2.24 3.072(3) 164
N3-H3B---CI2" 0.86 2.86 3.599(2) 145
ComplexI

02-H2---N2'" 0.82 2.05 2.730(4) 141
03-H3:--02" 0.82 1.86 2.637(4) 158
N3-H3N---03" 0.86 2.04 2.884(4) 167
Complex II

02-H2---N2¥ 0.82 2.30 2.748(6) 115
03-H3:--02" 0.82 1.89 2.661(6) 157
N3-H3N---03" 0.86 2.05 2.897(5) 170

Symmetry codes: Ty, -y +1, -z iy 2,y+1,z fii ) -y +1/2,z - 1/2;
V_x+1,-y,—z+1; x, -y +1/2,z+1/2.

2.4. Cytotoxic activity

Cytotoxic activity was determined in MDA-MB-231, THP-1 and
HUVEC cell lines.

When we initially evaluated the data on the THP-1 cell line,
H,L1, H,L2, H,L3, Complex I, Complex II, Complex III and cis-
platin treatments reduced THP-1 cell viability compared to

This journal is © The Royal Society of Chemistry 2025

control cells dose-dependently (Fig. S3t). The ICs, values of
Complex I, Complex II, Complex III and cisplatin tested in the
THP-1 cell line are given as 3.39 + 0.17 uM, 6.12 + 0.22 pM,
14.9 + 2.7 pM and 5.4 + 1.7 pM, respectively, as shown in
Table 4. In THP-1 cells, Complex III showed less cytotoxic
effect in reducing viability than the others. It was determined
that the ligand (H,L3) of this complex did not effectively
reduce viability and its ICs, value was above 50 uM.

Based on the results, it was determined that Complex I
showed more cytotoxic effects than Complex II, Complex III
and cisplatin on the THP-1 cell line. The fact that the ligands
and the complexes reduced cell viability at the same rate in
THP-1 cells suggests that the cellular effect may be a ligand-
based effect.

When the changes obtained with H,L1, H,L2, H,L3,
Complex I, Complex II, Complex III, and cisplatin treatments
were evaluated, the viability of MDA-MB-231 cells was dose-
dependently reduced compared to that of control cells
(Fig. S4t). According to the ICs, values given in Table 4, the
ICs, value of Complex I was determined as 14.7 + 0.32. The
ICs, value of Complex II was determined as 13 + 1.2 pM and
that of cisplatin was 7.67 + 0.32 pM. In this case, the cytotoxic
effect of Complex I in MDA-MB-231 cells occurred at a concen-
tration 2 times higher than that in cisplatin treatment.
Additionally, Complex III also reduced viability dose-depen-
dently, and the ICs, value was 16 + 1.3 uM (Table 4).
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Table 4 ICsq values of compounds tested in cell lines (ICsq values were
calculated according to MTT test analysis with the GraphPad Prism
program in THP-1, MDA-MB-231, and HUVEC cell lines. The table was
produced using 50 uM as the cut-off value.)

Cell lines Compounds ICs values” (uM)

THP-1 Complex I 3.39+£0.17
Complex II 6.12 £0.22
Complex III 14.9 £2.7
Cisplatin 54+17
H,L1 3.92 £0.13
H,L2 9.02 £1.3
H,L3 >50

MDA Complex I 14.7 £ 0.32
Complex II 13+1.2
Complex III 16 £1.3
Cisplatin 7.67 £ 0.32
H,L1 27.7+0.1
H,L2 25.8+1.5
H,L3 >50

HUVEC Complex I 10.9 £ 0.42
Complex II 14.6 £ 0.95
Complex III 27.7 £2.6
Cisplatin 3.85+0.22
H,L1 >50
H,L2 >50
H,L3 >50

%ICs0: these values represent the concentration required to inhibit
50% of cell growth compared to the untreated control cell group. The
results are given as the mean + SEM (standard error of mean).

The ICs, values obtained in MDA-MB-231 cells were higher
than those in THP-1 cells, which can be attributed to the
greater resistance of MDA-MB-231 cells. Numerous genetic
differences exist between the two cell lines. Considering these
results, when the cell lines are evaluated in terms of p53,
which plays a critical role in cellular processes, the TP53 gene
status in THP-1 and MDA-MB-231 cells reveals distinct, signifi-
cant genetic mutations. THP-1 cells, derived from acute mono-
cytic leukemia, exhibit a deletion-frameshift TP53 mutation,
resulting in a truncated p53 protein that affects its role in cell
cycle regulation and apoptosis.**™' In contrast, MDA-MB-231
cells, originating from triple-negative breast cancer, harbor an
R280K mutation in the TP53 gene, resulting in dysfunctional
P53 activity and a loss of its tumor-suppressive function. This
mutation confers resistance to apoptosis and supports the
aggressive, metastatic characteristics of MDA-MB-231 cells.>
Additionally, MYC and BCL2 oncogenes, known to play a role
in cell proliferation and apoptosis inhibition, have been
reported to be overexpressed in THP-1 cells.”® Several genes
associated with aggressiveness, including KRAS, BRAF, VEGF,
and MMPs, further promote proliferative and metastatic pro-
perties in MDA-MB-231 cells compared to the THP-1 cell
line.>*>°

The effect of ligands in the HUVEC cell line was not dose-
dependent, but Complex I, Complex II, Complex III, and cis-
platin treatments dose-dependently reduced cell viability com-
pared with that in control cells. As an important finding, the
complexes showed less cytotoxicity than the cytotoxic effect of
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cisplatin on healthy cells (Fig. S51). The ICs, value of cisplatin
in the HUVEC cell line is 3.85 + 0.22 pM, while Complex I and
Complex II are 10.9 + 0.42 uM and 14.6 + 0.95 pM, respectively.
Besides, Complex III had a slight cytotoxic effect in HUVEC
cells (27.7 + 2.6 uM) (Table 4). The microscope images (20x) of
all cell lines treated with Control, H,L1, H,L2, H,L3, Complex
I, Complex II, Complex III, and cisplatin are presented in
Fig. S6 in the ESIf and only control, H,L1 and Complex I
among them are shown in Fig. 5.

As a result, it is important that these new synthesized com-
pounds kill cancerous cells at lower concentrations while
having fewer side effects on healthy cells.

In a study, it was reported that the Cu(u) complex syn-
thesized, which is similar in structure, had an ICs, value of
over 20 UM in MDA-MB-231 cells.>” However, the ICs, value of
the Ni(n) complex synthesized in our study was below 20 pM
and was determined as 14.7 + 0.32 uM. In connection with
these data, it was determined that Complex I was effective at
lower concentrations on the same cell line. Nickel can form
functionally rich molecular geometries, enabling the for-
mation of complexes with advanced properties. This contrib-
utes to improving drug properties without any increase in cel-
lular drug resistance or adverse side effects of drugs.’®
Moreover, it is a remarkable result that the Ni(u) complexes
exhibit less cytotoxic effect than cisplatin on the HUVEC cell
line, which was used as the healthy control cell in our study.
Another interesting result was that not only the complexes but
also the ligands had cytotoxic effects on the THP-1 cell line.

However, cytotoxicity analyses are considered the beginning
of understanding whether a molecule is toxic to humans or its
effect on the viability of cancer cells, but they are still not
sufficient to understand oral bioavailability. Before moving on
to much more expensive research, many scientists have been
trying to create drug similarity criteria for many years by using
the physical or structural properties of drug molecules.*®
Lipinski et al. stated four rules for the effectiveness of a mole-
cule as an oral drug in 1997; in general, there are four criteria
and the cutoffs for each of the four parameters are all close to
5 or a multiple of 5. These are related to lipophilicity (C log P),
molecular mass,*® and the number of donors and acceptors
for hydrogen bonding.** In the following years, new criteria
were established, such as molecular flexibility for membrane
permeation by Navia,*” rotatable bonds and a number of
H-bond donors and acceptors (or polar surface area) by
Veber et al. for good oral bioavailability.®®

2.5. Stability studies

The stabilities of biologically active compounds, complex I and
H2L1, under pseudo-physiological conditions, were investi-
gated in PBS and DMSO using UV-Vis spectroscopy.® When
performing the stability test in PBS, DMF was used instead of
DMSO due to the possibility of forming adduct complexes with
DMSO (2% DMTF as a solubilizer, 40 pM compound concen-
tration, and pH 7.4). The absorbance spectra were collected
after 0, 1, 3, 6, 12 and 24 h. In addition, the behaviour of
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Fig. 5 Representative microscopy images (20x) of all cell lines treated with H,L1 and Complex | at their IC5o concentrations for 72 hours, compared

to the Control (the others are presented in the ESI).

Complex I and H2L1 with pH changes (pH 7.0, pH 7.2, pH 7.4,
PpH 7.6 and pH 7.8) was investigated (Fig. S7-S147).

3. Experimental

3.1. Chemicals and apparatus

All chemicals were used as commercially purchased without
further purification at reagent grade. The solvents used were
HPLC pure. Elemental analyses of all the compounds were per-
formed on a Thermo Finnigan Flash EA 1112 Series. IR spectra
of the compounds were recorded on a Cary 630 FTIR spectro-
meter with a diamond ATR from Agilent in the 4000-400 cm™"
range. The electronic spectra of the compounds were recorded
on a Shimadzu UV-2600 model UV-Vis spectrophotometer in
the 200-800 nm range using 5 x 10~> M solutions in CHCl,.
The "H-NMR spectra of the compounds were recorded on a
Varian UNITY INOVA 500 MHz NMR spectrometer using deute-
rated DMSO as solvent at 25 + 2 °C. Single-crystal X-ray diffrac-
tion studies were carried out using an STOE IPDS II diffract-
ometer at room temperature.

3.2. Synthesis of the compounds

Synthesis of the ligands (H,L1, H,L2 and H,L3).
3,5-Dihalogenosalicylaldehyde-S-methyl-isothiosemicarbazone
ligands were obtained according to a literature method.®® An
equimolar quantity of S-methyl isothiosemicarbazide (1 g) and
3,5-di-X, X-substituted salicylaldehyde (X: Cl for L1 (1.91 g),
X: Br for L2 (2,8 g), X: I L3 (3.74)) were refluxed for 2 h and
the products were filtered. The resulting yellow products
were dried under vacuum and recrystallized in DCM : hexane
(v/v = 1/2) solution.

H,L1. Color: yellow; yield: 94%; m.p. (°C): 194-195; Anal.
Calc.% (found %) for CoHgN;C1,0S (278.16 g) C, 38.65 (38.86);
H, 3.21 (3.20); N, 14.27 (14.58); S, 11.68 (11.53). IR (ATR,
cm™"): 3481 y(OH); 3278 Vgym(NH,); 3240 vasym(NH,); 3077,
2957, 2925 1(C-H); 1628 §(N-H); 1609, 1576 v(C=N); 1152 v(C-

This journal is © The Royal Society of Chemistry 2025

0); 734 1(C-S). UV-Vis (4, nm (&)) 218.5 (8700), 240.50 (19 700),
302 (23 600), 316 (22 300), 345 (18 400). "H-NMR (ppm): 12.59,
11.81 (cis/trans ratio: 3/1, s, 1H, OH), 8.45, 8.35 (syn/anti ratio:
1/3, s, 1H, CH=N"), 7.54 (d, 1H, J = 2,45, d), 7.51 (d, J = 2.44,
1H, b), 7.20 (s, broad, 2H, NH,), 2.47, 2.39 (cis/trans ratio: 1/2,
s, 3H, S-CH).

H,L2. Color: yellow; yield: 92%; m.p. (°C): 199; Anal. Calc.%
(found %) For CoHoN3Br,OS (367.06 g) C, 29.69 (29.65); H,
2.49 (2.47); N, 11.25 (11.20); S, 8.24 (8.33). IR (ATR, cm™):
3467 1(OH); 3281 veym(NH,); 3239 vagym(NH,); 3060, 2981, 2923
1(C-H); 1653 5(N-H); 1629, 1595 y(C—=N); 1147 1(C-O); 734
(C-S). UV-Vis (1, nm (¢)) 211.5 (8400), 224.50 (9200), 237.50
(16 400), 305 (18320), 346 (15600). 'H-NMR (ppm): 12.58,
10.76 (cis/trans ratio: 4/1, s, 1H, OH), 8.56, 8.35 (syn/anti ratio:
1, s, 1H, CH=N"), 8.15, 7.35 (cis/trans ratio: 1, s, broad, 2H,
NH,), 7.87 (m, 1H, d), 7.71 (d, J = 2.15, 1H, b), 2.66, 2.48 (cis/
trans ratio: 1/2, s, 3H, S-CHj).

H,L3. Color: yellow; yield: 89%; m.p. (°C): 169; Anal. Calc.%
(found %) For CoHoN;I,0S (461.06 g) C, 23.45 (23.50); H, 1.97
(1.95); N, 9.11 (9.13); S, 6.95 (6.92). IR (ATR, cm™): 3460 1(OH);
3244 vgm(NH,); 3153 vagm(NH,); 3043, 3009, 2925 »(C-H);
1653 8(N-H); 1619, 1593 1(C=N); 1155 1(C-O); 734 1(C-S).
UV-Vis (1, nm (¢)) 208 (8400), 238 (25480), 308.50 (19 620),
320.50 (18900), 350.50(14 560). 'H-NMR (ppm): 12.79, 12.19
(cis/trans ratio: 4/1, s, 1H, OH), 9.88, 8.24 (syn/anti ratio: 1/2, s,
1H, CH=N"), 8.34, 7.18 (cis/trans ratio:1, s, broad, 2H, NH,),
7.94 (d, J = 2.00, 1H, d), 7.79 (d, J = 2.05, 1H, b), 2.45, 2.37 (cis/
trans ratio: 1/2, s, 3H, S-CHj).

Synthesis of the complexes. For Complex I, NiCl,-6H,0
(0.24 g, 1 mmol) was added to the methanolic solution of
H,L1 (0.28 g, 1 mmol) at 60 °C. The obtained solution was
refluxed for 1 h, and then diethanolamine was added to the
reaction medium. The resulting bright red solution was
refluxed for 3 hours. After 2 weeks, red crystals were filtered
and dried under vacuum.

Complex II and Complex III were synthesized using a
similar method to Complex I by using 3,5-dibromosalicylalde-
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hyde-S-methyl-isothiosemicarbazone (H,L2) and 3,5-diiodosa-
licylaldehyde-S-methyl-isothiosemicarbazone (H,L3) instead of
3,5-dichlorosalicylaldehyde-S-methyl-isothiosemicarbazone. A
red powder product was obtained for both complexes and fil-
tered. The products were recrystallized in DCM : methanol (v/v:
1/2) solution.

Complex 1. Color: red; yield: 74%j; m.p. (°C): 339; Anal. Calc.
% (found %) for C,3H;gN,Cl,0;SNi (439.98 g) C, 35.56 (35.49);
H, 4.11 (4.12); N, 12.66 (12.73); S, 7.31 (7.29). IR (ATR, cm™"):
3481 (OH); 3278 y(N*H); 3244 u(NHge,); 3082, 2957, 2923
Y(C-Hpga); 1624 5(N-H); 1585, 1560 1(C=N); 1179 1(C-0); 731
1(C-S). UV-Vis (4, nm (¢)) 214.50 (9880), 241 (23 900), 300.50
(6740), 374.50 (14 580). "H-NMR (ppm): 8.00 (s, 1H, CH=N"),
7.46 (d,] =2.44, 1H, d), 7.32 (t, ] = 2.44, 1H, b), 4.99 (t, ] = 4.64,
2H, x, x), 4.49 (s, broad, 2H, x, x), 4.46 (d, J = 0.49, 2H, y, ),
4.28 (t, 2H, J = 1.35, ] = 1.96, y, y), 2.95 (s, broad, 1H, OH), 2.40
(s, broad, 1H, OH), 2.39 (s, broad, NH), 2.37 (s, 3H, S-CHj).

Complex II. Color: bright red; yield: 72%; m.p. (°C): 245;
Anal. Calc.% (found %) for C,3H;gN,Br,O;SNi (528.87 g) C,
29.56 (29.52); H, 3.21 (3.28) N, 10.76 (10.59); S, 8.24 (8.29). IR
(ATR, em™): 3370 1(OH); 3290 y(N*H); 3271 v(NHpga); 2926,
2901, 2864 1(C-Hpga); 1654, 1636 5(N-H); 1596, 1577 1(C=N);
1150 1(C-0); 731 1(C-S). UV-Vis (4, nm (&) 214.50 (8800), 243
(21 080), 312.50 (5580), 384 (11 640). 'H-NMR (ppm): 7.99 (s,
1H, CH=N"), 7.62 (d, J = 2.44, 1H, d), 7.55 (d, J = 2.44, 1H, b),
4.99 (t,J = 4.79, 2H, x, x), 4.50 (s, broad, 2H, x, x), 4.48 (m, 2H,
¥, ), 4.29 (m, 2H, y, y), 3.85 (s, broad, 1H, OH), 3.00 (s, broad,
1H, OH), 2.40 (s, broad, 1H, NH), 2.39 (s, broad, 1H, NH), 2.37
(s, 3H, S-CH,).

Complex I1I. Color: red; yield: 71%; m.p. (°C): 270 (decompo-
sition); Anal. Calc.% (found %) for C;3H;sN,I1,0;SNi (622.87 g)
C, 25.07 (25.06); H, 2.91 (2.94) N, 8.99 (8.97); S, 5.15 (5.13).
IR (ATR, cm™): 3419 y(OH); 3321 ¢(N*H); 3211 1(NHpg,); 2983,
2924, 2886 1(C-Hpga); 1653, 1636 5(N-H); 1613, 1597 1(C=N);
1151 1(C-0); 781 (C-S). UV-Vis (4, nm (&) 204.50 (7000), 240
(17 120), 311 (4540), 382.50 (9400). "H-NMR (ppm): 7.91 (s, 1H,
CH=N"), 7.54 (d, J = 2.44, 1H, d), 7.12 (dd, J = 8.79, ] = 2.44,
1H, b), 4.92 (t, ] = 4.64, ] = 4.64, 2H, x, x), 4.42 (s, broad, 2H, x,
x), 4.31 (s, broad, 2H, y, y), 4.26 (m, 2H, y, y), 3.52 (s, broad,
1H, OH), 3.00 (s, broad, 1H, OH), 2.86 (s, broad, NH), 2.40 (s,
broad, 1H, NH), 2.39 (s, broad, 1H, NH), 2.37 (s, 3H, S-CHj;).

3.3. X-ray crystallography

Single crystal X-ray diffraction data of the compounds were col-
lected on an STOE IPDS II diffractometer at room temperature
using graphite-monochromated Mo Ka radiation by applying
the w-scan method. Data collection and cell refinement were
carried out using X-AREA, data reduction was applied using
X-RED32.% The structures were solved with a dual-space algor-
ithm using SHELXT-2018 *” and refined by means of the full-
matrix least-squares calculations on F> using SHELXI.-2019.°®
All H atoms were located from different maps and included in
the refinements as riding atoms. Crystal data, data collection
and structure refinement details are provided in Table 1.
Molecular graphics were prepared by using OLEX2.°°
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3.4. Cytotoxicity assay

The MDA-MB-231 line,
THP-1 human acute monocytic leukaemia cell line and
HUVEC human umbilical vein endothelial cell line were
obtained from the American Type Culture Collection (ATCC)
(VA, U.S.A.). Cisplatin, an antineoplastic drug, was purchased
from Kocak Farma. Cells were cultured according to the stan-
dard procedure and maintained in Dulbecco’s modified
Eagle’s medium (DMEM, Sigma, Chemical Co., St Louis, MO)
and RPMI-1640 (Sigma, Chemical Co., St Louis, MO) medium.
Medium solutions were supplemented with 10% FBS and 1%
penicillin/streptomycin. The cells were cultured in a standard
humidified incubator at 5% CO, at 37 °C. The number of
viable cells was calculated using the trypan blue dye exclusion
test. Cells were grown in 96-multiwell flat bottom microtiter
plates with 10 000 cells/100 pL of complete medium per well.
Ligands and complexes were prepared as stock solutions (5 mg
mL~", DMSO). Then, dilutions of the tested concentrations
were obtained using culture medium. Concentrations were in
the range of 1-50 uM per well. 10 pl was added to wells, each
one in triplicate. DMSO was added to the control wells at
0.1%. After plating THP-1, MDA-MB-231 and HUVEC cells,
they were cultured for three days in the incubator. The cyto-
toxic activity of complexes and ligands was evaluated using
MTT (3-(4,5-dimethylthiazol-2-y1)-2,5-diphenyl-2H-tetrazolium-
bromide) assay.”® The plates were incubated for 72 hours, and
evaluation of cell viability was performed by using the MTT
colorimetric assay. 10 pL MTT solution (5 mg mL™" in PBS,
Sigma) was added to each well and incubated for 3.5 hours at
37 °C. Then, formazan crystals were solubilized in 100 pL
DMSO. Optical density was measured by using a Rayto micro-
plate reader at 560 nm with a reference wavelength of 620 nm.
In each experiment, 5 different concentrations were analyzed
with 3 replicate microplate wells for each concentration. Since
each test is repeated 3 times, the cytotoxicity of each concen-
tration was evaluated with 9 individual cell cultures. According
to the absorbance values obtained, the IC;, values of all com-
pounds tested in the cell lines were calculated using GraphPad
Prism 9 software. Statistical analyses were performed nonpara-
metrically with Student’s t-test, and the results were compared
to those of the control.

human Dbreast cancer cell

3.5. Stability studies

The stabilities of biologically active compounds, complex I and
H2L1, under pseudo-physiological conditions were determined
in PBS for 24 h using UV-Vis spectroscopy (2% DMF as a solu-
bilizer, 40 pM compound concentration, and pH 7.4). The
behaviours of complex I and H2L1 with the pH changes
(pH 7.0, pH 7.2, pH 7.4, pH 7.6 and pH 7.8) were also investi-
gated. The compounds were in a neutral form at pH 7.4 (phys-
iological pH), and no turbidity or aggregation was observed
with the addition of buffer, even after 24 hours in solution. In
addition, no significant change was observed in the UV
spectra, except for a slight decrease in absorbance over time.
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4. Conclusion

The mixed ligand nickel(n) complexes from the 3,5-dihalo-
geno-salicylaldehyde-S-methylisothiosemicarbazone (halogen:
Cl, Br, I) ligands and diethanolamine were synthesized, and
their structures were determined by single crystal X-ray diffrac-
tion. Their cytotoxic activities were investigated on MDA-MB-
231, THP-1, and HUVEC cell lines.

The crystal structure of the ligand is in a square planar geo-
metry with intramolecular and intermolecular hydrogen
bonding. On complexation, the Z conformation of the ligand
changes to the E conformer by rotation around the N2=C8
bond upon coordination with the metal. In the complexes, Ni
atoms are in a distorted square geometry, surrounded by the N
atom of diethanolamine and by the O (phenolic), N1 (imine),
and N3 (amine) atoms of thiosemicarbazone. While intra-
molecular interactions are not seen in the molecular structure
of the complexes, intermolecular interactions are the same in
both complexes. The complexes showed supramolecular
characteristics. Another difference is that the halogen atoms
are free in the molecule without participating in any inter-
action in the crystal structure of the complex.

According to Lipinski’s rule of five, a compound to evaluate
orally active drugs in humans has no more than 5 hydrogen
bond donors (sum of NHs and OHs) and no more than
10 hydrogen bond acceptors (sum of Ns and Os). In this study,
ligands have three hydrogen donor atoms and four acceptor
atoms for hydrogen bonding. The H,L1 ligand has in total five
H-bonds including intra-, inter-molecular, and X---H hydrogen
bonds in the crystal structure, whereasComplexes I and II have
three hydrogen donor and four acceptor atoms, forming six
H-bonds in total. Therefore, the ligands and complexes obeyed
both of Lipinski’s mentioned rules.

In the other two rules of Lipinski, the candidate drug has a
molecular mass of less than 500 Da and a partition coefficient
not greater than 5 (or MLog P is under 4.15). In this study,
molecular masses of the synthesized ligands, H,L1, H,L2 and
H,L3, are 278.16, 367.06 and 461.06 g mol™", respectively,
while those of the complexes Complex I, Complex II, and
Complex III are 439.98, 528.87 and 622.87 mol g '. The
MiLog P values of H,L1, H,L2 and H,L3 are calculated as 2.59,
2.85 and 3.40, respectively.”*

On the other hand, Veber proposed the best approach for
oral absorption potential by passive processes where the
number of rotatable bonds should be 10 or fewer, and the
number of H-bond donors and acceptors should be <12 (or a
value of polar surface area (PSA) equal to or less than 140 A%).
In our study, the number of rotatable bonds on the ligands
and complexes are 2 and 5, respectively, and the numbers of H
bond donors and acceptors are fewer than 12. In that case, the
values of ligands and complexes obeyed Veber’s mentioned
rules.

The cytotoxicity assays of the ligands and complexes were
performed on cancer cell lines (THP-1 and MDA-MB-231) and
a healthy cell line (HUVEC). The rank order for cytotoxicity of
the compounds on THP-1 cells was Complex I > H,L1 > cispla-

This journal is © The Royal Society of Chemistry 2025
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tin > Complex II > H,L2 > Complex III > H,L3. The 3,5-
dichloro-substituted thiosemicarbazone ligand (ICsy: 3.39 +
0.17 uM) and its complex (IC5p: 3.92 + 0.13 pM) are more cyto-
toxic than those of cisplatin (ICs¢: 5.4 + 1.7 pM) and other
ligands and complexes. It was observed that the cytotoxicity of
the compounds on MDA-MB-231 cells was not as effective as
on THP-1 cells, and cisplatin was more toxic than others. The
most effective compounds in MDA-MB-231 cells were Complex
I (14.7 + 0.32 pM) and Complex II (13 + 1.2 uM), which had
relatively high ICs, values.

The cytotoxicity results on the HUVEC healthy cell line
showed that cisplatin was the most toxic, with a 3.85 + 0.22 pM
value, lower than those of Complex I (10.9 + 0.42 pM),
Complex II (14.6 + 0.95 uM), and Complex III (27.7 + 2.6 pM),
whereas the least toxic compounds were ligands with higher
values than 50 pM.

As the ligands and complexes move from chlorine to
iodine, the decrease in cytotoxicity parallels the decrease in
electronegativity and increase in the diameter of the halogen
atom. Chloro-substituted derivatives were noted to be the most
active compounds.

As a result, taking into account the cytotoxicity value and per-
formance of drug-likeness criteria, H,L1 and Complex I can be
considered as candidate compounds for further investigation in
terms of their therapeutic properties in THP-1 cancer cells.
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