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ABSTRACT: The development of facile and cost-effective anticancer
metallodrugs possessing minimal side effects is urgently needed.
Piperazine-containing anticancer drugs are already available on the
market. A piperazine-based potassium 4-(ethoxycarbonyl)piperazine-
1-carbodithioate [pecpcdt] (L) ligand and its metal complexes
[Co(ecpedt),] (1), [Ni(ecpedt),] (2), [Culecpedt);] (3), and
[Zn(ecpcdt),] (4) were synthesized. These compounds were
characterized by different spectroscopic methods and single-crystal
X-ray crystallography data. Ni(II) and Cu(II) complexes have
distorted square planar geometry, whereas the Co(IlI) complex has
distorted octahedral geometry around the metal ions. Complexes are
weakly fluorescent in the solution compared to the free ligand. The
complexes were further examined for their in vitro anticancer activities
against the primary Dalton’s lymphoma (DL) cells along with standard drug cisplatin. The anticancer studies of metal complexes
have been performed through various biochemical assays, and the findings thus obtained suggest that they demonstrate an effective
anticancer activity. [Co(ecpcdt);] (1) shows superior cytotoxicity against DL cells than complexes [Cu(ecpcdt),] (3),
[Zn(ecpcdt),] (4), and cisplatin. The superiority preferences of these complexes follows [Co(ecpcdt);] (1) > [pecpedt] >
[Cu(ecpcdt),] (3) > [Ni(ecpedt),] (2) > [Zn(ecpedt),] (4). Further assays were performed on a cobalt(III) complex having the
highest efficacy to gain insights into the mechanism of cell death and showed that reduced mitochondrial membrane potential and
increased mitochondrial ROS production, highlighting mitochondrial-dependent apoptosis as the major mechanism for tumor cell
death. On the other hand, the viability of normal splenocytes was minimally affected by the [Co(ecpcdt);] (1) treatment.
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Bl INTRODUCTION

Cancer remains one of the most serious health concerns of

ruthenium, gold, iridium, rhenium, etc., which have displayed
promising results in recent years.‘%_S
The first-row transition metal complexes have received

modern times, exerting a large impact on individuals, families . . . ..
’ § § P ! ’ attention due to their high abundance, intrinsic toxicity, and

and societies worldwide. According to estimates from the
World Health Organization (WHO) based on data from more
than 100 nations, cancer is either the first or second largest
cause of death before the age of 70. Recently, it has been
estimated that there are over 10.0 million cancer-related
fatalities worldwide and 19.3 million newly diagnosed cases of
cancer. One of the major challenges facing contemporary
global research concerning cancer is finding a cure. There are
several cancer therapies available, but chemotherapy is the
most often used due to its higher survival rate than that of the
others. Several metal complexes, such as oxaliplatin and
cisplatin, are being used to treat various cancer cell types but
come with a lot of drawbacks. The use of cisplatin and its
derivative led to serious side effects such as nephrotoxicity,
ototoxicity, and gastrointestinal toxicity.” Acute adverse effects
on the body being treated and a limited therapeutic window
have led to the use of nonplatinum-based metal ions, such as
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potential interference with endogenous metal ion pathways
than late transition metals.” The first-row transition metal
complexes are also appealing since the homeostasis and
signaling of endogenous metal ions play a significant role in
both healthy and disease states, and their alteration or
disruption may open translational opportunities to take
advantage of weaknesses in illness.” As essential trace elements,
iron, cobalt, nickel, copper, and zinc can be employed as
structural and catalytic cofactors that are involved in a variety
of biological processes.” Cobalt, a cofactor for vitamin B,,
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Scheme 1. Synthesis of [pecpcdt] and Its Co(III), Ni(II), Cu(IL), and Zn(II) Complexes
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possesses the ability to control DNA synthesis and retain
optimal nervous system and neurological functions.”'* Methyl-
S-coenzyme M-reductase, hydrogenase, urease, and few various
other enzymes all include nickel, which is essential for the
transport of RNA and DNA."" Copper is less damaging to
humans than nonessential metals like platinum.'” More than
3000 proteins and enzymes contain zinc, which participates in
immune system function, DNA synthesis, and protein
synthesis."”'* As Zn(II) is a strong Lewis acid that is redox
inactive, it can support an array of coordination geometries and
has a tendency toward rapid ligand exchange. As a result,
Zn(II) complexes are likely to function substantially more than
traditional platinum medicines."

The anticancer potential of metallodrugs can be tuned
effectively with a suitable choice of ligand. The piperazine
moiety is widely encountered in biologically active compounds
used in various therapeutic applications, such as anticancer,'®
antibacterial,'” and antifungal,18 which has been acknowledged
as a preferred structure in drug discovery. Some anticancer
drugs are already available in the market containing piperazine
moieties such as Palbociclib and Ribociclib (for treatment of
metastatic breast cancer), Avapritinib (treatment of gastro-
intestinal stromal tumor), Trilaciclib (for mitigation of
chemotherapy-induced myelosuppression in small cell lung
cancer), Entrectinib (for treatment of metastatic nonsmall cell
lung cancer), etc.'” The Carbodithioates (CDTs) are given to
patients at prescribed intervals to minimize the toxicity of
platinum-based medications.”® It is also known that platinum-
(I1) complexes of CDTs have notable anticancer capabilities;
in certain instances, their cytotoxic efficacy outperformed that
of cisplatin.”"** Several CDT-containing metal complexes have
been reported for anticancer activity.”>*" In particular, Li et al.
have reported platinum(II) complexes with methyl hydrazine-
carbodithioate derivatives of indolin-2-one and found them to
be efficient anticancer agents HCT-116, MCF-7, and MDA-
MB-231 cell lines.”> Amir et al. have reported the platinum(II)
complexes based on 4-(4-methoxyphenyl)piperazine-1-carbo-
dithioate as efficient anticancer agents.”” Nawaz et al. have
reported N,N’-dibenzyl-1-carbodithioate- and 4-(2-
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hydroxyethyl)piperazine-1-carbodithioate-based Pd(II) com-
plexes and found that complexes have potent anticancer
activity against HepG2 cells than standard drug doxorubicin.**
Recently, Jaiswal et al. have prepared potassium azepane-1-
carbodithioate (acdt) ligand and its metal complexes [Co-
(acdt);], [Cu(acdt),], [Zn,(p,-acdt),(acdt),], and [PhHg-
(acdt)] and found them to be efficient against MDA-MB-231
cancer cells. They also found that the Co(III) complex
increases the nitric oxide level more efficiently than other metal
complexes in MDA-MB-231 cells.”” Beebe et al. have prepared
mixed ligand Co(III) complex with 9-anthraldehyde-N(4)-
methylthiosemicarbazone and 1,10-phenanthroline. One of the
Co(III) complexes they prepared has shown potency against
4T1-luc metastatic mammary breast cancer cells with
ICs, = 34.4 uM.”® Dithiocarbazate-based complexes of Fe(III),
Co(IlI), Ni(Il), and Zn(II) have been synthesized and
evaluated for their efficacy as antineoplastic agents against
various cancer cells. Among them, the Co(IlI) complex
exhibited higher anticancer efficacy than other complexes
and cisplatin against MCF-7 and A549 cancer cells.”” Dutta et
al. have reported photoactive Co(III) complexes with a mixed
ligand of the N,N-donor a-diimine ligands with naturally
occurring flavonoids chrysin and silibinin. The complexes
exhibited notable cytotoxicity against cervical (HeLa) and lung
(AS49) cancer cells when exposed to visible light (400—700
nm), resulting in low micromolar ICy, values (2.3—3.4 uM)
and a phototoxicity index of about 15—30. In addition, the
complexes exhibited remarkably minimal toxicity toward
normal lung epithelial cells.”” Recently, Co(III) polypyridine
containing sulfasalazine as a coligand is reported as a
ferroptosis inducer. The complex exhibited the ability to
eliminate both individual cancer cells and multicellular tumor
spheroids of colon carcinoma.”'

Thus, piperazine-appended CDTs ligand and its complexes
have not been explored as anticancer agents against Dalton’s
lymphoma cells. Also, the spectral, structural, and mechanisms
of anticancer action of these complexes have not been studied
in detail. Also, the anticancer potential of different metal
centers with the same ligand has not been explored much.
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Keeping these facts, we have synthesized piperazine-appended
CDTs ligand potassium 4-(ethoxycarbonyl) piperazine-1-
carbodithioate [pecpcdt] and its complexes [Co(ecpcdt)]
(1), [Ni(ecpedt),] (2), [Culecpedt),] (3), and [Zn(ecpedt),]
(4). These complexes are fully characterized with different
spectroscopic techniques, viz, UV—vis, IR, and single-crystal
X-ray data for Co (III), Ni (II), and Cu (II) complexes.
Further, the antiproliferative activity of these complexes was
assessed against Dalton’s Lymphoma cells (DL) along with
cisplatin employing various biochemical assays.

B EXPERIMENTAL SECTION

Materials and Methods. The details regarding chemicals
used, crystallography, and anticancer studies have been given
in the Supporting Information.

Synthesis of [pecpcdt]. To a solution of ethyl piperazine-
1-carboxylate (1 mmol, 0.146 mL), carbon disulfide (1 mmol,
0.06 mL) and ethanolic solution of potassium hydroxide (1
mmol, 0.056 g) was added dropwise with continuous stirring,
and the reaction is first stirred for 1 h on an ice bath. After the
completion of the reaction, a white precipitate of potassium 4-
(ethoxycarbonyl)piperazine-1-carbodithioate [pecpcdt] ob-
tained was filtered off, washed with ethanol, and air-dried
(Scheme 1).

Yield: 87%; M.P.: 268 °C. Anal. found: C, 35.05; H, 4.35; N,
10.60; S, 23.05%. Anal. Caled for CgH,:KN,0,S, (272.43): C,
35.27; H, 4.81; N, 10.28; S, 23.54. IR (KBr, cm™): 3009,
2982, 2906, 2863 U(C—Hyperine); 1693 v(C=0), 1436 v(C—
Hyending), 1406 v(C—N), 1210 v(C—-0), 1031 v(C=S). 'H
NMR (500 MHz, D,0, 8, ppm) 4.39 (t, ] = 5.0 Hz, 4H), 4.20
(g, J= 10 Hz, 2H), 3.60 (t, J= 5 Hz, 4H), 1.30 (t, ] = 7.4 Hz,
3H). C NMR (126 MHz, D,0, §, ppm) 209.58 (>C-S5),
157.35 (>C—N), 62.79, 50.56 (piperazine ring), 42.97 (CH,),
13.92 (CHj;). UV—vis (A, DMF) 300 nm.

Preparation of Metal Complexes. A methanolic solution
of CoCl,-6H,0 (0.079 g, 0.33 mmol), NiCl,-6H,0 (0.11 g, 0.5
mmol), CuCl,-2H,0 (0.085 g, 0.5 mmol), and Zn(OAc),
2H,0 (0.11 g, 0.5 mmol) in an equimolar ratio [L:M = 2:1,
3:1 for cobalt(Ill) complex] were added separately into four
separate stirring solution of freshly prepared solution of
[pecpcdt] (L) to yielded complexes [Co(ecpedt);] (1),
[Ni(ecpcdt),] (2), [Cu(ecpcdt),] (3), and [Zn(ecpcdt),]
(4), respectively, and the mixture was again stirred for 30 min
at room temperature. After the completion of the reaction,
colored precipitates of the [Co(ecpedt);] (1) (blackish green),
[Ni(ecpedt),] (2) (pastel green), [Cu(ecpcdt),] (3) (green),
and [Zn(ecpcdt),] (4) (white) obtained were filtered off,
washed with methanol, and air-dried. Single crystals of these
complexes suitable for X-ray analysis were grown by slow
evaporation of the above solution over 10—30 days (Scheme
1).

Synthesis of [Co(ecpcdt);] (1). Yield: 65%; M.P.: 183 °C,
Anal. found: C, 37.14; H, 4.95; N, 11.60; S, 25.05%. Anal.
Calcd for Cy,H3oN¢CoO4Ss (758.90): C, 37.94; H, 5.13; N,
11.06; S, 25.29. IR (KBr, em™): 2922, 2857 v(C—H,iperasine);
1701 v(C=0), 1421 v(C-N), 978 v(C=S), 767, 536 v(Co—
S). 'H NMR (500 MHz, CDCL,, &, ppm) 4.17 (q, ] = 6.9 Hz,
6H, —CH,), 3.88 (q, ] = 6.4 Hz, 12H), 3.57 (d, ] = 6.8 Hg,
12H), 1.2 (t, J = 7.2 Hz, 9H). The “*C NMR (126 MHz
CDCl,, 8, ppm): 205.63 (>C=S), 155.32 (=C-N), 62.05,
45.07 (piperazine ring), 42.84 (CH,), 14.69 (CH,). UV—vis
(Amas, DMF) at 325 and 650 nm.

Synthesis of [Ni(ecpcdt),] (2). Yield: 63%; M.P.: 294 °C,
Anal. found: C, 36.05; H, 4.30; N, 10.40; S, 24.05%. Anal.
Caled for C,¢H,N,NiO,S, (525.34): C, 36.54; H, 4.94; N,
10.65; S, 24.36. IR (KBr, cm™): 2981, 2910, 2861 1(C—
Hiperwine) 1704 v(C=0), 1504, 1427 v(C—N), 983 v(C=S8),
547, 480 v(Ni—S). 'H NMR (500 MHz, CDCl,, §, ppm) 4.09
(q,] = 5.0 Hz, 4H, CH,), 3.71-3.74 (q, ] = 6.4 Hz, 8H, CH,),
3.32—-48 (d, ] = 6.8 Hz, 8H, CH,), 1.20 (t, ] = 5.0 Hz, 6H,
CH;). The “C NMR (126 MHz CDCl;, §, ppm): 203.57
(>C-S), 154.40 (—C-N), 61.18, 45.07 (piperazine ring), 42.84
(CH,), 14.51 (CH;). UV—vis (4, DMF) 273, 430, and 610
nm.
Synthesis of [Cu(ecpcdt),] (3). Yield: 62%; M.P.: 238 °C,
Anal. found: C, 35.90; H, 4.30; N, 10.35; S, 24.45%. Anal.
Caled for C,(H,4N,Cu0,S, (530.19): C, 36.21; H, 4.90; N,
10.56; S, 24.14. IR (KBr, cm™'): 2984, 2916, 2862 v(C—
Hyiperaine)y 1714 v(C=0), 1423 v(C-N), 979 v(C=S), 772,
and 540 v(Cu—S). UV—vis (A,,,,, DMF) spectra: 272, 431, and
632 nm.

Synthesis of [Zn(ecpcdt),] (4). Yield: 66%; M.P.: 263 °C,
Anal. found: C, 36.45; H, 4.40; N, 10.35; S, 24.40%. Anal.
Calcd for C,¢HpN,ZnO,S, (532.03): C, 36.08; H, 4.88; N,
10.52; S, 24.05. IR (KBr, cm™): 2992, 2922, 2857 v(C—
Hyiperasine), 1704 v(C=0), 1432 v(C—N), 1008 v(C=8), 541,
475 v(Zn—S). '"H NMR (600 MHz, DMSO-d;) & 4.03—4.08
(m, 12H, piperazine ring + CH, of ethyl), 3.46—3.48 (t, ] = 5.2
Hz, 8H, other CH, protons ofpiperazine), 1.19 (t, ] = 7.1 Hz,
6H, CH;). The *C NMR (151 MHz DMSO-d,, &, ppm):
204.70 (>C-S8), 154.61 (—C-N), 61.51, 50.77 (piperazine
ring), 43.14 (CH,), 14.58 (CH;). UV—vis (4., DMF): 277,
340 nm.

B RESULTS AND DISCUSSION

Potassium 4-(ethoxycarbonyl)piperazine-1-carbodithioate
[pecpcdt] was prepared by a reaction of ethyl piperazine-1-
carboxylate, carbon disulfide, and potassium hydroxide in an
ethanolic solution. The targeted metal complexes were
obtained by the reaction of the ligand with the corresponding
metal salts in an appropriate ratio. After the successful
characterization of metal complexes, we examined the
antiproliferative activity on Dalton’s lymphoma cells.

IR Spectra. The IR spectrum of [pecpcdt] showed the
characteristic bands of CH, C=0, C—N, C-S, and stretching
vibrations. The C—Hpiperasine Stretching vibrations were
observed in the range of 3009—2982 cm™'. The C=O
stretching frequency was found at 1693 cm™, indicating the
presence of a carbonyl group. In addition, the compound also
showed CH (methyl and methylene groups) symmetrical and
asymmetrical stretching vibrations at 2906 and 2863 cm™,
respectively. Further, C—N stretching vibrations were observed
at 1406 cm™’, respectively. The C—S stretching vibrations were
observed at 1031 cm™ (Figure S2). The IR spectra of
complexes 1—4 showed characteristic bands of CH, C=0, C—
N, C-S, and stretching vibrations. In complexes 1—4, C—
Hpjperazine Stretching vibrations were observed in the range of
2922-2992 cm™!, respectively. The C=0O group stretching
frequency was observed in the 1701—1714 cm™' range in
complexes 1—4. In addition, all complexes also showed a
CH,yethyl symmetrical vibration around 2857 cm™!, whereas the
asymmetrical vibration merged with C—Hieraine Stretching
vibrations (~2950). Further, the C—N stretching vibration was
observed in the range of 1421—1432 cm ™' for complexes 1—4.
A new band of M-S stretching vibrations range of 475—536

https://doi.org/10.1021/acsomega.4c06972
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Figure 1. ORTEP Diagram of [Co(ecpcdt);] (1) at the 40% Probability Level. Hydrogen Atoms Are Omitted for Clarity.

cm™". The C—S stretching vibration was observed in the range
of 978—1008 cm™' in complexes 1—4 (Figures S3—S6). A
negative shift of approximately SO cm™ in the v(C=S)
stretching frequency was observed in all complexes, indicating
the formation of metal—sulfur bonds. A positive shift of
approximately 10 cm™" was observed in the (C—N) stretching
freque;:c;}f,2 further supporting the formation of complex-

Electronic Absorption Spectra and Magnetic Mo-
ments. The observed magnetic moment for the Cu(II)
complex is approximately 1.72 pp, indicating the existence of a
single unpaired electron. However, other complexes are
diamagnetic, as indicated by their magnetic moment values,
which are near 0.4 yg, and the recorded NMR spectra of these
complexes. The electronic absorption spectra of [pecpcdt] and
complexes 1—4 were recorded in a 50 uM DMF solution. The
ligand [pecpcdt] and its complexes 1—4 exhibit prominent
absorption bands at 300, 325, 273, 272, and 277 nm,
respectively, which can be attributed to intraligand charge
transfer (ILCT) transitions (Figure S7A). The complex 1 is
diamagnetic, indicating the presence of Co(IlI) in a low-spin
octahedral geometry. It shows a band at 650 nm, which is
assigned to the IAlg — T, transition characteristic of Co(III)
in octahedral coordination®® (Figure S7B). Complex 2 reveals
two additional peaks at 430 and 610 nm. These bands are
attributed to d—d transitions (specifically, lAlg - lBlg and 1A1g
- 1B2g transitions) within the metal d-orbitals. The
diamagnetic behavior of complex 1, along with the observed
d—d transitions, supports the square planar geometry around
the Ni(II) central metal ion.** Complex 3 shows two bands at
431 and 632 nm, attributed to d—d transitions (dxy e
and d;> — d,z_ transition) in the metal d-orbitals. These

transitions suggest a square planar geometry around the Cu(Ir)
ion (Figure S7B). Since Zn(II) has a d'* electronic
configuration, the electronic spectrum of complex 4 shows
only absorption bands at 277 and 330 nm. These bands are
attributed to 7 — #* and ILCT (intraligand charge transfer)
transitions (Figure S7A).>*%

Emission Spectra. Emission spectra of the ligand
[pecpcdt] and complexes 1—4 were obtained in a 50 uM
DMF solution between 200 and 800 nm. Ligand [pecpcdt]
shows an emission band at 358 nm upon excitation at 300 nm.
However, complex 1 excited at 325 nm exhibits an emission
maximum at 358 nm. Other complexes 2, 3, and 4 display
emission maxima at 337, 342, and 378 nm upon excitation at
275 nm. Thus, the above results suggest that the ligand and
complexes 1—4 are fluorescent (Figure S8).

'H and 3C NMR Spectra. The 'H NMR spectrum of
potassium 4-(ethoxycarbonyl)piperazine-1-carbodithioate
[pecpcdt] exhibits two signals at § 4.39 and 3.60 ppm due
to the CH, protons of the piperazine ring. Due to ethyl
protons, two signals were observed at 6 4.20 and 1.30 ppm.
The *C NMR spectrum of [pecpcdt] showed two signals at &
209.58 and 157.35 ppm due to the >C=S and >C—N carbons,
respectively. The signals for CH, and CHj carbons were
observed at & 62.79 and 13.92 ppm, respectively. The
piperazine ring carbons appear at 50.56 and 42.97 ppm. 'H
NMR spectra of complexes showed signals in the range &
7.45—8.60 and 7.45—8.62 ppm for complexes 1, 2, and 4 are
assigned to the protons of the piperazine ring of the ligand.
Complexes 1, 2, and 4 showed N-CS, carbon signals at 205.63,
203.57, and 204.70 ppm, respectively, which signifies the
delocalization of electrons and metal—sulfur bonding in the
four-membered CS,M chelate ring (Figures S9—S16).
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Figure 3. Cell viability was evaluated using the standard MTT assay detailed in the materials and methods. Tumor cells were subjected to 24 h
treatments with varying concentrations of [pecpcdt] (1) (A), [Co(ecpedt);] (1) (B), [Ni(ecpedt),] (2) (C), [Cu(ecpedt),] (3) (D),
[Zn(ecpcdt),] (4) (E), and cisplatin (F). The cytotoxic effects were quantified, and the results are presented in a bar diagram, indicating the
percentage of mean + SD. Statistical analysis involved a one-way analysis of variance, followed by Bonferroni’s multiple comparison post-test,
across at least three independent experiments. Significance levels were denoted as **p < 0.01 and ***p < 0.001.

Crystal Structure Description. The details of data
collection, structure solution, and refinement are listed in
Table S1. Selected bond lengths and angles for complexes are
given in Tables S2 and S3. Further, the weak intermolecular
interactions are listed in Tables S4—S6.

Crystal Structure Description of [Co(ecpcdt);] (1). The
ORTEP diagram displaying [Co(ecpcdt);] (1) along with the
atom numbering system is depicted in Figure 1. Complex 1
crystallizes in a triclinic system with the space group P-1. The
coordination sphere of the cobalt center is accomplished by
coordinating with six dithiocarbamato sulfur atoms originating
from three units of the same ligand. This interaction results in
the formation of CS,Co chelates, each comprising four
members. The Co—S bond lengths in complex 1 are Col—
S2 = 2.2713(16), Col-S5 = 2.2763(15), Col—-S3 =
2.2775(17), Col—S4 = 2.2786(15), Col—S6 = 2.2855(15),
and Col—S1 = 2.2974(18) A (Table S2). These bond lengths
closely resemble those reported for analogous com-
plexes.””*”** The bite angles around Co(IIl) are found at
76.51(6)°, 77.57(6)°, and 76.21(5)°, demonstrating a
significant deviation from the regular octahedral (Oh)
geometry (Table S3). Within the Co(IIlI) chelate ring, the
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carbon—sulfur bond distances are observed to be intermediate
between single and double bond distances, and S—C bond
distances are found to be in the range of 1.711—1.741 A. These
findings sug§est significant charge delocalization within the
chelate ring.”””® Further, the structure is stabilized by intra-
and intermolecular C—H---S and C—H:--O hydrogen bonding
interactions as depicted in Figures S17 and S18, respectively,
and bond distances for these interactions are given in Table S4.
These interactions contribute to stabilizing the structure of the
complex and play an essential role in constructing a
supramolecular architecture.

Crystal Structure Description of [Ni(ecpcdt),] (2) and
[Cu(ecpcdt),] (3). Complexes 2 and 3 are isostructural, and
only one ORTEP diagram is given here (Figure 2). The
crystallographic unit of complexes 2 and 3 contains two units
of complexes, which closely interact with each other through
ionic kind of weak M-S (M = Ni/Cu, 2.706 and 2.716 A,
respectively) interaction (Figures S19 and S20, respectively),
which is like previous reports and considerably larger than the
standard Ni/Cu—S bond (~2.3 A).*”*°~*' In addition, one
part of the ester moiety is disordered in complex 2 and split
into two parts a and b with occupancies 0.51 and 0.49, and
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Figure 4. Morphological features of apoptosis, necrosis, and plasma membrane integrity were evaluated through AO/EB dual staining. (A) Images
were captured using DIC, FITC, and TRITC channels on a confocal microscope (Zeiss LSM 780) at 60X magnification. (B) Mean fluorescent
intensity of AO/EB in control, cobalt-complex-treated, and cisplatin-treated tumor cells is represented in a bar diagram. Statistically significant at *p

< 0.1.

major contributing part a is taken for discussion (C(14)—
O(3A) = 1.458(12)). Similar to complex 2, complex 3 also has
a distorted piperazine and ester moiety and is split into parts a
and b with occupancies of 0.56 and 0.44, and the main
contributing part a is taken for discussion (C(14)—O(3A) =
1.221(11)). The ORTEP plot of [Cu(ecpedt),] (3), along
with the atom numbering scheme, is shown in Figure 2. In
complexes [Ni(ecpedt),] (2) (Figure S1) and [Cu(ecpcdt),]
(3), the coordination environment of the metal center is
formed by four dithiocarbamato sulfurs from two ligand units,
resulting in a distorted square planar geometry around Ni(II)
and Cu(II) metal ions. All of the metal—sulfur bond distances
are about 2.1976(9) and 2.2090(9) A (Table S4). The bond
distances observed closely match those reported for previously
studied copper(II) and Ni(II) dithiocarbamato com-
plexes.””*>*°~* The comparable bite angles {S(1)—Ni—S(2)
=76.70(5)° and S(2)—Cu(1)—S(1) = 76.50(4)°} observed in
the two metal chelates of complexes [Ni(ecpcdt),] (2) and
[Cu(ecpedt),] (3) are considerably lower than the ideal bond
angle of 90°, suggesting a distorted square planar geometry at
the metal center. The metal is placed slightly above the plane
of four S atoms by 0.371 and 0.375 A for complexes 2 and 3,
respectively. Notably, the four S atoms are not perfectly
coplanar, and the distortion from planarity is due to the weak
interaction of one of the sulfur atoms with the metal atom of
the adjacent molecule. There are three distinct types of N—C
bond lengths present in complexes 2 and 3. The C1-N1
(1.322(11) and 1.324(5) A) bond lengths are the shortest,
followed by the N2—Cé6 (1.355(11) and 1.357(6) A) bond
lengths and the N—C bonds in the six-membered ring, which
are the longest (N1—C2 1.477(11) and 1.463(S) A) for
complexes 2 and 3. In complexes 2 and 3, the structures are
stabilized by intra- and intermolecular C—H---S and C—H:--O
hydrogen bonding interactions as depicted in Figures S21—
S28, and bond distances for these interactions are given in
Tables SS and S6.

Antitumor Studies. Metal Complexes Reduced Tumor
Cells’ Viability. The MTT assay evaluated the cytotoxic and
antiproliferative effects of the ligand and all of the complexes
on tumor cells. The ligand exhibited the highest cell death at
5.0 pg/mL of concentration (Figure 3A). However, complex
[Zn(ecpcdt),] (4) was the least effective, inducing only 5.62%
cell death at its highest concentration of § ug/mL (Figure 3E).
The complex [Ni(ecpedt),] (2) was more effective than
[Zn(ecpcdt),] (4), causing 48% cell death at S ug/mL (Figure
3C). The complex [Cu(ecpedt),] (3) demonstrated a notable
decrease in cell viability with an ICy, of 3.82 ug/mL (Figure
3B). The complex [Co(ecpcdt);] (1) emerged as the most
potent among all, with activity comparable to the standard
drug cisplatin (Figure 3F). Its cytotoxic potential was dose-
dependent, achieving the highest cell death at 5 pg/mL, with
an ICy, value of 2.5 yg/mL (Figure 3B). These observations
are consistent with previous reports.27’42 Due to the superior
cytotoxicity demonstrated by the cobalt complex, subsequent
experiments utilized treatment with its ICy, concentration (2.5
ug/mL), and the outcomes were compared with the ICy, (2.0
ug/mL) of the standard drug cisplatin. Further, the viability of
normal splenocytes was minimally affected by the [Co-
(ecpcdt);] (1) treatment, as demonstrated in Figure S29.
However, there are only a few reports available on the
antiproliferative effects of synthetic complexes against DL cells.
Under comparable conditions (24 h of incubation), the
antiproliferative activity of the synthesized [Co(ecpcdt);] (1)
on DL cells is compared with the previously described
compounds. The synthesized complex has anticancer activity
that is much better than earlier findings (Table S7).

Induction of Apoptosis and Necrosis in Tumor Cells.
Programmed cell death is crucial for the anticancer efficacy of
drugs. Hence, we assessed the ability of [Co(ecpedt);] (1),
comparing it with that of cisplatin, to induce apoptosis in
tumor cells through microscopy and flow cytometry.
Morphological changes were examined using AO/EB staining,
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Figure S. Tumor cells were treated with specified concentrations of the cobalt complex and the standard anticancer drug cisplatin separately for 24
h. A quantitative assessment of apoptosis induced by the cobalt complex was conducted using Annexin-V/PI staining followed by flow cytometry.
(A) Flow cytometry dot plot illustrating the counts of live, early apoptotic, late apoptotic, and necrotic cells in control, [Co(ecpedt);] (1)-treated
and cisplatin-treated groups. (B) Bar diagram depicting the percentage of apoptotic tumor cells in all three groups, with statistical significance

measured at ***p < 0.001.
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Figure 6. Flow cytometry analysis of mitochondrial membrane potential using the JC-1 assay in tumor cells treated with the cobalt complex. (A)
FACS quadrant illustrating a shift in the cell percentage toward green fluorescence, indicating reduced mitochondrial potential. (B) Bar diagram
depicting the percentage of tumor cells emitting red fluorescence (JC-1’s ] aggregates) and green fluorescence (JC-1 monomer). Statistical

significance was measured at **p < 0.01, **¥p < 0.001.

revealing significant apoptosis and necrosis caused by cobalt
complex treatment (Figure 4A). Cells in early apoptosis
displayed a brilliant green and yellowish nucleus, while those in
late apoptosis emitted orange fluorescence. Necrotic and dead
cells exhibited a dense orange and red nucleus.”> As shown in
Figure 4B, the mean fluorescent intensities of AO/EB have
increased, signifying enhanced permeabilization of the dye
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within apoptotic and necrotic cells. This suggests a loss of
plasma membrane integrity in cells treated with the cobalt
complex and cisplatin. For a more precise and quantitative
evaluation of apoptotic cells, Annexin-V/PI staining, followed
by flow cytometry, was performed. Annexin-V binds to
phosphatidylserine on apoptotic cell surfaces, and PI, a
membrane-impermeable dye, enters cells with compromised
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Figure 7. Impact of cobalt complex treatment on ROS production in tumor cells was evaluated by using the H,DCFDA assay. ROS levels were
analyzed via flow cytometry using the FL-1 channel. (A) Flow cytometry histogram displays increased ROS production, evident from the right shift
in overlaid histograms. (B) Bar diagram illustrates the enhancement in the geomean during flow cytometry. Statistically significant at **p < 0.01,
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membranes.”> Treatment with the cobalt complex at its ICs,
concentration for 24 h led to a striking increase in early
apoptotic cells from 0.90 to 40.70%, and late apoptotic cells
rose from 3.80 to 33.61% compared to control (p < 0.001).
The apoptotic effects induced by the [Co(ecpcdt);] (1) were
nearly comparable to those caused by the standard anticancer
drug cisplatin (Figure SA,B).

Disruption of A¥m in Tumor Cells. A JC-1 assay was
performed to identify whether apoptosis initiated in tumor
cells by [Co(ecpcdt);] (1) treatment was dependent on or
independent of mitochondria. Flow cytometry data indicated a
significant shift in the cell population, with 56.85% displaying a
decreased mitochondrial membrane potential upon cobalt
complex treatment (Figure 6A). JC-1 dye’s potential-depend-
ent accumulation in mitochondria was evident, with a shift
from green to red fluorescence at 590 nm, indicative of higher
A¥m. Conversely, monomeric JC-1 exhibited green fluo-
rescence at 529 nm, corresponding to lower A¥Wm.** The
observed disruption in mitochondrial membrane potential, as
evidenced by the change in the percentage of cells fluorescing
red to green, suggests a mitochondrial-dependent mechanism
underlying apoptosis (Figure 6B).

Enhanced ROS Production in Tumor Cells. The induction
of apoptosis through mitochondria is closely associated with
elevated ROS generation within cells.”* We assessed the
oxidative stress of [Co(ecpcdt);] (1)-treated tumor cells by
detecting the level of ROS generation. ROS levels in tumor
cells were measured using the nonfluorescent, cell-permeable
dye H,DCFDA, which, when exposed to ROS, was converted
to the fluorescent 2',7'-dichlorofluorescein. Flow cytometry
analysis of H,DCFDA-stained cells demonstrated an increase
in the level of ROS production upon treatment with the cobalt
complex. This was evident from a right-shifted histogram,
indicative of elevated ROS levels in [Co(ecpcdt);] (1)-treated
tumor cells (Figure 7A). Moreover, the higher fold change in
the geometric mean, obtained through flow cytometry analysis
control and [Co(ecpcdt);] (1)-treated tumor cells in
comparison, was depicted in a bar diagram (Figure 7B).
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B CONCLUSIONS

A new ligand potassium-1-ethoxycarbonyl-piperazine-4-carbo-
dithioate [pecpcdt] (L) and its complexes [Co(ecpcdt);] (1),
[Ni(ecpedt),] (2), [Cu(ecpedt),] (3), and [Zn(ecpcdt),] (4)
have been synthesized and characterized by various spectro-
scopic techniques. The molecular structures of 1, 2, and 3 were
confirmed by single-crystal X-ray crystallography. In the
presence of the carbodithioate ligand, complex 1 is formed
by the conversion of Co(Il) to Co(IIl) by aerial oxidation,
forming a six-coordinate distorted octahedral Tris-carbodi-
thioate Co(III) complex. The crystal structures of complexes 1,
2, and 3 are stabilized by various types of intermolecular and
intramolecular hydrogen bondings. Further, the evaluation of
the anticancer potential of the ligand and these complexes
against Dalton’s lymphoma cells has been performed. Among
the four complexes and the ligand tested, the cobalt complex
was found as the most potent in inducing cytotoxic and
antiproliferative effects. The cobalt complex displayed
remarkable cytotoxic activity against tumor cells of non-
Hodgkin’s lymphoma cells, comparable to that of cisplatin.
The apoptosis and necrosis caused by the cobalt complex
concurrently decline AWm and increase intracellular ROS
production and oxidative stress. In addition, the viability of
normal splenocytes is marginally affected by the cobalt
complex. The anticancer potential of the cobalt complex
observed in this study makes it a promising anticancer agent
for further exploration.
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