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Abstract: One homoleptic (1) and three heteroleptic (2–4) palladium(II) complexes were synthesized
and characterized by various physicochemical techniques, i.e., elemental analysis, FTIR, Raman
spectroscopy, 1H, 13C, and 31P NMR. Compound 1 was also confirmed by single crystal XRD,
showing a slightly distorted square planar geometry. The antibacterial results obtained via the
agar-well diffusion method for compound 1 were maximum among the screen compounds. All
the compounds have shown good to significant antibacterial results against the tested bacterial
strains, Escherichia coli, Klebsiella pneumonia, and Staphylococcus aureus, except 2 against Klebsiella
pneumonia. Similarly, the molecular docking study of compound 3 has shown the best affinity with
binding energy scores of −8.6569, −6.5716, and −7.6966 kcal/mol against Escherichia coli, Klebsiella
pneumonia, and Staphylococcus aureus, respectively. Compound 2 has exhibited the highest activity
(3.67 µM), followed by compound 3 (4.57 µM), 1 (6.94 µM), and 4 (21.7 µM) against the DU145
human prostate cancer cell line using the sulforhodamine B (SRB) method as compared to cisplatin
(>200 µM). The highest docking score was obtained for compounds 2 (−7.5148 kcal/mol) and 3
(−7.0343 kcal/mol). Compound 2 shows that the Cl atom of the compound acts as a chain side
acceptor for the DR5 receptor residue Asp B218 and the pyridine ring is involved in interaction with
the Tyr A50 residue via arene-H, while Compound 3 interacts with the Asp B218 residue via the Cl
atom. The physicochemical parameters determined by the SwissADME webserver revealed that no
blood-brain barrier (BBB) permeation is predicted for all four compounds, while gastrointestinal
absorption is low for compound 1 and high for the rest of the compounds (2–4). As concluding
remarks based on the obtained in vitro biological results, the evaluated compounds after in vivo
studies might be a good choice for future antibiotics and anticancer agents.

Keywords: Pd(II) complexes; X-ray structure; antibacterial activity; antitumor activity; in silico study;
molecular docking

1. Introduction

Cancer is a devastating disease, yet many types can be entirely treated if discovered early
on, and for many others, patients’ lives can be greatly prolonged. Surgery, radiation therapy,
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and chemotherapy [1] are three common cancer treatment modalities that are usually used
in conjunction. The form of treatment is determined by the nature of the disease and the
stage at which it has progressed [2]. Chemotherapy is one of the most common treatments for
numerous forms of malignancies. Localized tumors can be efficiently treated with surgery
and radiotherapy; however, their success is hampered by cancer cells spreading to other parts
of the body [2]. Although radiotherapy and surgery can cure 40% of cancer patients (mostly
those with tiny tumors), the spread of cancer cells may result in the death of the remaining
60% [3–5]. Surgery and radiation therapy cannot be utilized to treat metastasized tumors;
hence, chemotherapy offers this advantage [6,7]. An ideal antitumor medication would be
one that destroys only malignant cells while leaving healthy cells alone.

In actuality, all anticancer medications also impact healthy cells, resulting in a va-
riety of side effects, including nausea, vomiting, and exhaustion [2,4]. Since anticancer
medicines can harm blood cells, patients may develop anemia and a reduced white blood
cell count [8]. The side effects are normally treatable and diminish once the treatment is
completed. Combination chemotherapy combines medications with diverse methods to
overcome resistance, reduce adverse effects, and kill as many malignant cells as possible [9].
Therapeutic medications cause DNA damage either directly or indirectly by interfering
with biomolecules that are utilized to manufacture DNA, such as enzymes and proteins [10].

Many efforts have been made to clarify cisplatin’s biological targets since its discovery
as an anticancer medication [11]. Cisplatin has the potential to target DNA, RNA, and
glutathione, although DNA is likely to be the most significant target [12]. We now have
a fairly thorough grasp of how cisplatin and its analogues interact with DNA and what
structural alterations take place as a result of this interaction after decades of research [13,14].
Although only around 1% of cisplatin molecules attach to DNA [15], the anticancer action
of cisplatin is thought to be predominantly due to DNA binding [16]. With the N7 of
guanine and adenine, Pt2+ produces both nonfunctional and bifunctional adducts.

Khan et al. [17–19] prepared palladium(II) complexes using three antibiotics: tetra-
cycline, doxycycline, and chlortetracycline. Elemental studies, conductivity analyses,
thermogravimetry, and infrared spectroscopy were used to properly describe the com-
plexes. 1H NMR was used to explore the mechanism of interaction between Pd(II) ions
and tetracycline. Through the amide and hydroxyl groups at ring A, all three antibiotics
create 1:1 compounds with Pd(II). Tetracycline’s Pd(II) complex was 16 times more effi-
cient than tetracycline at slowing down the growth of E. coli HB101/pBR322, a bacterial
strain that is resistant to tetracycline, and it was just as successful at stifling the growth
of two E. coli susceptible bacterial strains. In the resistant strain, the palladium(II) combi-
nation with doxycycline increased its activity by a factor of two [20]. At concentrations
of (4.6–9.1) × 10−4 mol/L, several palladium (II) compounds showed broad-spectrum an-
tibacterial action against a variety of human diseases [21,22]. Dithiocrabamates are highly
versatile ligands that form stable complexes with transition elements and with the majority
of the main group elements, lanthanides and actinides [23,24]. The orgaotin(IV) dithio-
carbamate complexes have good coordination chemistry, stability, and diverse molecular
structures, which make them suitable for diverse biological activities [25,26].

Palladium(II) and platinum(II) complexes have structural and thermodynamic sim-
ilarities [27–30]. As a result, creating palladium medications with the highest level of
pharmacological action is of great importance. In this investigation, several mixed-ligand
palladium(II) complexes have proven to be quite promising [29,31,32]. Palladium(II) metal-
lodrugs are suitable models for studying how biological molecules interact with one another
in vivo due to their greater liability (103 times quicker on average than platinum) and ease
of hydration in vitro [33]. It is hypothesized that palladium complexes are more successful
in treating cisplatin-resistant gastrointestinal malignancies [17,34]. Dithiocarbamates have
shown medicinal importance in various fields such as agriculture, pharmaceuticals, and
medicine, especially in anticancer, antioxidant, and antimicrobial activities. So keeping
in view their biological importance, we have selected dithiocarbamate-based ligands to
synthesize Pd(II) complexes with phosphorus donor ligands.
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2. Results and Discussion

The physical data of the reported compounds, including molecular formula, yield,
melting point, and elemental analysis, is given in the Section 3. The sharp melting points and
close matching of the elemental analysis data confirm the purity of the prepared compounds.
The compounds were soluble in common organic solvents and stable at room temperature.

2.1. FT-IR and Raman Results

The FT-IR and Raman data of the prepared compounds are given in the Section 3.
A peak in the range of 2852–2935 cm−1 and 3040–3052 cm−1 was attributed to the sp3

hybridized aliphatic C-H and the sp2 hybridized aromatic C-H, respectively. The Raman
peaks for Pd-Cl, Pd-P, and Pd-S bonds appeared at 298–308 cm−1, 210–221 cm−1 and
380–395 cm−1, respectively. The appearance of the formation of the Pd-S verifies the Pd
dithiocarbamate bond formation. The peak at 1092–1097 cm−1 was assigned to the SCS
group, while that at 1520–1530 cm−1 was ascribed to the C
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for 3 h (Scheme 1). The product was filtered, washed with methanol several times, and 
dried in a vacuum. 

Heteroleptic or mixed ligand palladium(II) complexes (2–4) were prepared by the 
reaction of potassium salt of dithiocarbamate dissolved in dichloromethane (25 mL) with 
palladium phosphine complex dissolved in dichloromethane (30 mL), Scheme 1. The re-
action mixture was kept on reflux with vigorous stirring until the completion of the reac-
tion. Thin-layer chromatography was used to monitor the development of the reaction. 
Upon the completion of the reaction, the solid by-product was filtered, the solvent was 
evaporated by a rotary evaporator, and the product was dissolved in a suitable mixture of 
solvents for recrystallization. 

3.2.1. Dichlorido(diphenyl–n–propylphosphine)palladium(II) (1) 
An amount of 0.08 g (0.45 mmol) of PdCl2 was reacted with 0.20 mL (0.90 mmol) of 

diphenyl–n–propylphosphine. Yield: 79% (0.23 g). Melting point: 161–162 °C. Elemental 
analysis for complex 1 having a molecular formula C30H34Cl2P2Pd: % Calculated (found): 
H, 5.41 (5.39); C, 56.85 (56.71). FT-IR (cm−1): 2922, 2854 υ(C–H, aliphatic), 3052 υ(C–H, ar-
omatic). Raman (cm−1): 298 υ(Pd–Cl), 221 υ(Pd–P). 1H NMR (ppm): 0.96 (t, 3J: 7.2 Hz) 
CH3CH2CH2-, 1.49–1.55 (m) CH3CH2CH2-, 2.39–2.44 (t, 3J: 7.2) CH3CH2CH2-, 7.25–7.71 (m) 
Ar-H. 13C NMR (ppm): 14.7 (CH3CH2CH2-), 23.0 (CH3CH2CH2-), 28.9 (CH3CH2CH2-), 128.3, 
128.4, 134.5, 134.6 (Ar-C). 31P NMR (ppm): 17.1. 

3.2.2. Chlorido–(dimethyldithiocarbamato–κ2S,Sʹ)(diphenyl-2-pyridylphosphine) palla-
dium(II) (2) 

A total of 0.05 g (0.41 mmol) of potassium salt of dimethyldithiocarbamate was re-
acted with 0.29 g (0.41 mmol) of Pd-phosphine complex. Yield: 78% (0.23 g). Melting point: 
197–198 °C. Elemental analysis for complex 2 having a molecular formula 
C20H20ClN2PPdS2: % Calculated (Found) S, 12.21 (12.26); N, 5.33 (5.30); H, 3.84 (3.87); C, 
45.72 (45.80). FT-IR (cm−1) analysis: 1096 υ(SCS), 1548 υ(𝐶 𝑁), 2925, 2861, υ(C-H, ali-
phatic), 3056 υ(C-H, aromatic). Raman (cm−1): 380 υ(Pd–S), 300 υ(Pd–Cl), 218 υ(Pd–P). 1H 
NMR (ppm): 2.80 (s), 3.58 (s) (CH3), 7.37–8.73 (m) (Ar-H). 13C NMR (ppm): 35.5, 38.6 (CH3), 
125.0, 128.9, 130.0, 130.8, 131.3, 134.7, 134.6, 134.9, 149.3, 157.6 (Ar–C) 207.5 (SCS). 31P NMR 
(ppm): 27.5. 

2.2.3. Chlorido– (dimethyldithiocarbamato–κ2S,Sʹ)(diphenyl–2–ethoxyphenyl phos-
phine)palladium(II) (3) 

A total of 0.03 g (0.25 mmol) of potassium salt of dimethyldithiocarbamate was re-
acted with 0.19 g (0.25 mmol) of Pd-phosphine complex. Yield: 85% (0.17 g). Melting point: 
223–224 °C. The elemental analysis for complex 3 has a molecular formula. 
C22H23ClNOPPdS2: % Calculated (found) for: S, 11.57 (11.60); N, 2.53 (2.57); C, 47.66 (47.70). 
FT-IR (cm−1): 1097 υ(SCS), 1528 υ(C N), 2930, 2850 υ(C–H, aliphatic), 3052 υ(C–H, aro-
matic). Raman (cm−1): 390 υ(Pd–S), 301 υ(Pd–Cl), 215 υ(Pd–P). 1H NMR (ppm): 3.14 (s), 
3.26 (s) (CH3), 3.98 (q, –CH2), 1.33 (s, CH3), 6.90–7.76 (m, Ar–H). 13C NMR (ppm): 14.3 (-
CH2CH3), 65.2 (-CH2CH3), 120.1, 126.3, 128.2, 130.4, 131.7, 133.2, 164.0 (Ar-C), 208.2 (SCS). 
31P NMR (ppm): 20.3. 

3.2.4. Chlorido–(dimethyldithiocarbamato–κ2S,Sʹ)(diphenyl–p–tolylphosphine) palla-
dium(II) (4) 

A total of 0.04 g (0.33 mmol) of potassium salt of dimethyldithiocarbamate was re-
acted with 0.24 g (0.33 mmol) of Pd-phosphine complex. Yield: 77% (0.19 g). Melting point: 
216–217 °C. Elemental analysis for complex 4 having a molecular formula C22H23ClNPPdS: 
% Calculated (found) for: S, 11.91 (11.87); N, 2.60 (2.64); H, 4.31 (4.40); C, 49.08 (49.00). FT-
IR (cm−1) analysis: 1092 υ(SCS); 1530 υ(C N) 2935, 2852, υ(C–H, aliphatic), 3040 υ(C–H, 
aromatic). Raman (cm−1): 395 υ(Pd–S), 308 υ(Pd–Cl), 210 υ(Pd–P). 1H NMR (ppm): 3.09 (s), 

N moiety. The partial double
bond character in the C-N bond for dithiocarbamate complexes was confirmed from the
appearance of the peak in the range of 1520–1530 cm−1 as the single C-N bond appears at
1251–1361 cm−1 while the C=N shift value is reported at 1640–1690 cm−1 [17]. The presence
of a single asymmetric SCS peak in the range of 1092–1097 cm−1 indicates the bidentate
bonding mode of the dithiocarbamate ligand with palladium moiety; for monodentate
bonding, two peaks are to be observed in this region if the dithiocarbamate [35]. Figure S1
of the Supplementary Materials shows the FTIR spectrum of Complex 2.

2.2. Multinuclear NMR (1H, 13C and 31P)

The NMR data of the ligands and their palladium complexes is given in the Section 3.
The 1H NMR data is almost similar, with no conspicuous differentiation. The 13C NMR of
the characteristic SCS fragment is observed in the range of 207.3–208.2 ppm and provides an
important indication for the complex’s formation. A slight up field from the ligand due to the
accumulation of electronic density over the carbon atom in SCS after the complexation with
palladium metal was observed. The 31P NMR of the synthesized compounds is observed in
the range of 20.3–27.5 ppm, and it also depicts a slight up field from the ligand as a result
of the transfer of electron density from the ligand to the Pd2+ center. Figures S2–S4 of the
Supplementary Materials show the 1H, 13C, and 31P NMR spectra of complex 1.

2.3. Structural Study of Complex 1

Complex 1 single crystal XRD data was collected at 200 K using a STOE IPDS image
plate detector using MoKα radiation, as depicted in Table 1. The STOE X-AREA application
was used to get cell parameters, gather data, and integrate data. With hydrogen atoms
in optimal locations, all non-H atoms were refined anisotropically after the structure was
solved and refined using SHELXT [36] and SHELXL-2015 [37].

The ORTEP view of complex 1 in a monoclynic crystla system with the P21 space group
is given in Figure 1. The dimensions of the unit cell are: a = 16.3128(4)Å, b = 10.2144(2)Å, and
c = 18.7283(4)Å, while the α and γ = 90◦ and β = 115.793(1)◦. The crystal unit contains two
independent molecules. The environment around the palladium atom is square planar with
slight distortion, having bond angles of Cl1-Pd1-Cl2 = 178.40◦ and P(2)-Pd1-P(1) = 179.39◦, as
given in Table 2. Similarly, the geometry around the P1 atom is distorted tetrahedral, with bond
angles of C(21)-P(1)-C(31) = 102.4◦, C(21)-P(1)-C(11) = 106.8◦, and C(21)-P(1)-Pd1 = 117.5◦.
The geometrical arrangement around the P2 atom is also distorted tetrahedral, with the largest
distortion being caused by the palladium atom due to its large size, and the bond angles
are: C(51)-P(2)-Pd1 = 118.7◦, C(51)-P(2)-C(61) = 101.0◦, and C(51)-P(2)-C(41) = 105.9◦. The
hydrogen bonding and other short contacts in a molecule affect the phyiscochemical properties
of the molecule. The synthesized compound of palladium shows no hydrogen bonding, but it
exhibits short contacts around some outer hydrogen and carbon atoms present in the propyl
and benzene rings. The torsion angle for the atoms Cl1-Pd1-P(1)-C(21) is −30.7(5)◦, which
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is synclinal; Cl2-Pd1-P(1)-C(21) is 147.7(5)◦, which is anticlinal; and P(2)-Pd1-P(1)-C(21) is
−74(11)◦, which is also anticlinal.

Table 1. Single crystal XRD data of complex 1.

Parameter Data

Molecular formula and weigth C30H34Cl2P2Pd & 633.81
Temperature and λ 200 K & 1.54178 Å

Crystal system and Space group Monoclinic and P21

dimensions of unit cell a = 16.3128(4) Å, b = 10.2144(2) Å, c = 18.7283(4)α, γ = 90◦, β = 115.793(1)◦

Volume and Z 2809.71(11)Å3 & 4
ρ, µ & F(000) 1.498 g/cm3, 8.280 mm−1 & 1296

θ range 2.62 to 72.50◦

Index −19 ≤ h ≤ 20, −12 ≤ k ≤ 12, −23 ≤ l ≤ 23
Collec. Ref. 37,079
Indep. Ref. 5866 [Rint = 0.045]

Max. and min. transmission 0.5601 and 0.3968
Data/restraints/parameters 5866/1/636

S on F2 1.144
Final R indices [I > 2sigma(I)] R1 = 0.0584, wR2 = 0.1387

R indices (all data) R1 = 0.0586, wR2 = 0.1389
Largest diff. peak and hole 5.871 and −1.371 e/Å3

CCDC# 2,218,216
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tivity in the order of 2 > 3 > 4 > 1. The higher activity of the heteroleptic compounds 2, 3, 
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and, which can interact with the DNA strands of the carcinoma cells in a variety of ways’. 
This may be responsible for the greater activity of compound 2. 
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Compound # IC50 (µM) 
1 6.94 ± 0.58 
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Table 2. Selected bond lengths and angles for complex 1.

Selected Bond Length/Å

Atom–Atom Length Atom–Atom Length

Pd1–Cl1 2.301(2) Pd12–Cl11 2.301(2)
Pd1–Cl2 2.302(2) Pd12–Cl12 2.300(2)
Pd1–P1 2.328(3) Pd12–P11 2.318(3)
Pd1–P2 2.326(3) Pd12–P12 2.328(3)
P1–C11 1.853(13) P11–C111 1.833(11)
P1–C21 1.822(11) P11–C121 1.846(13)
P1–C31 1.829(10) P11–C131 1.841(11)
P2–C41 1.858(12) P12–C141 1.807(12)
P2–C51 1.814(10) P12–C151 1.824(11)
P2–C61 1.825(12) P12–C161 1.841(12)

Selected Bond Length/◦

Atom–Atom–Atom Angle Atom–Atom–Atom Angle

Cl1–Pd1–Cl2 178.40(11) Cl11–Pd12–P11 90.56(10)
Cl1–d1–P1 90.46(10) Cl11–Pd12–P12 90.25(10)

Cl1–Pd1–P2 89.09(10) Cl12–Pd12–Cl11 178.86(11)
Cl2–Pd1–P1 89.68(10) Cl12–Pd12–P11 89.45(10)
Cl2–Pd1–P2 90.77(10) Cl12–Pd12–P12 89.77(10)
P2–Pd1–P1 179.39(13) P11–Pd12–P12 178.11(11)

C11–P1–Pd1 106.6(4) C111–P11–Pd12 119.3(4)
C21–P1–Pd1 117.5(4) C121–P11–Pd12 105.9(4)
C31–P1–Pd1 116.4(3) C131–P11–Pd12 117.9(4)
C41–P2–Pd1 108.0(4) C141–P12–Pd12 117.2(4)
C51–P2–Pd1 118.7(4) C151–P12–Pd12 109.9(4)
C61–P2–Pd1 115.8(4) C161–P12–Pd12 114.6(4)

2.4. Biological Investigation Results
2.4.1. Antitumor Results

Table 3 describes the anticancer efficacy of the Pd(II) complexes against cisplatin-
resistant DU145 human prostate carcinoma cells. The screened compounds have shown
activity in the order of 2 > 3 > 4 > 1. The higher activity of the heteroleptic compounds 2,
3, and 4 containing different organophosphine ligands despite sharing a dithiocarbamate
group is due to the electronegative nitrogen atom included in the organophosphine ligand,
which can interact with the DNA strands of the carcinoma cells in a variety of ways’. This
may be responsible for the greater activity of compound 2.

Table 3. IC50 (µM) values of the synthesized compounds (1–4).

Compound # IC50 (µM)

1 6.94 ± 0.58
2 3.67 ± 0.17
3 4.57 ± 0.57
4 21.7 ± 1.15

cisplatin >200 [38]
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2.4.2. Antibacterial Results

Table 4 describes the antibacterial potentials of the Pd(II) complexes against various
Gram-positive and negative bacterial strains. Compound 1 is the most active, while
complex 3 is the least active compound. The higher activity of complex 1 may be attributed
to the fact that it has no dithiocarbamate ligand, while the other three complexes (2–4) have
dithiocarbamate ligands, which can react with other active compounds inside the cell, so
they may not have reached the target moiety.

Table 4. Antibacterial activity (inhibition zone in mm) of Pd(II) complexes a.

Sample E. coli K. pneumoniae S. aureus B. subtilis S. epidermidis

1 19 ± 0.33 17 ± 0.31 21 ± 0.41 17 ± 0.31 16 ± 0.15
2 18 ± 0.30 14 ± 0.24 17 ± 0.31 18 ± 0.30 16 ± 0.15
3 19 ± 0.33 2 ± 0.11 18 ± 0.30 18 ± 0.30 20 ± 0.31
4 20 ± 0.34 16 ± 0.15 17 ± 0.31 16 ± 0.15 19 ± 0.33

SD 26 ± 0.21 26 ± 0.23 35 ± 0.11 35 ± 0.11 35 ± 0.11
DMSO 0 0 0 0 0

a Criteria for determining antibacterial assay: no activity: <9 mm; non-significant: 9–12 mm;
good activity: 16–18 mm; significant activity: >18 mm. SD: standard drug (Streptomycin with concentration
of 2 mg/mL).

2.5. In Silico Assessment

In order to make a crucial decision on a daily basis about which compound should
be synthesized, tested, and promoted as a drug candidate, the study of pharmacokinetics
has utmost importance. Not only the efficacy and toxicity but also other parameters such
as absorption, distribution, metabolism, and excretion are thoroughly studied before the
processing of a molecule to be marketed as medicine for the benefit of patients.

The pharmacokinetic parameters of the synthesized complexes were studied by Swis-
sADME webserver. The physicochemical properties show that the complexes 1, 2, 3, and
4 have 10, 5, 7, and 5 rotatable bonds, respectively, as shown in Table 5. The lipophilicity
LogPo/w (iLOGP) is zero for all four complexes, while LogPo/w (XLOGP3) is 9.49, 6.46, 7.54,
and 7.56 for complexes 1, 2, 3, and 4, respectively. Poor solubility in water is predicted,
which is in agreement with the experimental observation. No blood-brain barrier (BBB)
permeation is predicted for all four complexes, while gastrointestinal (GI) absorption is
low for complex 1 and high for the rest of the three complexes. No drug likeness for
complexes 1, 3, and 4 and yes for complex 2 is predicted by the Lipinsky model, while the
Veber model has predicted positive drug likeness for all four complexes. The medicinal
chemistry parameter has predicted zero alerts for all four complexes by PAINS, one alert
for complexes 1, 2, and 4, and two alerts for complex 3 by Brenk.
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Table 5. ADMET and drug-like parameters of synthesized compounds predicted by SwissADME web server a.

Comp. # Physicochemical Properties Lipophilicity Water Solubility (mg/mL) Pharmacokinetics Drug Likeness Medicinal Chemistry

M. W. RT LogPo/w
(iLOGP)

LogPo/w
(XLOGP) S Class BBB P GI A Lipinsky Veber PAINS Brenk

1 633.4 10 0.00 9.49 1.61 × 10−7 PS No Low No; 2 vio: MW > 500, MLOGP > 4.15 Yes 0 alert 1 alert: phosphor
2 526.4 5 0.00 6.46 2.42 × 10−5 PS No High Yes; 1 vio: MW > 500 Yes 0 alert 1 alert: phosphor

3 568.4 7 0.00 7.54 4.55 × 10−6 PS No High No; 2 vio: MW > 500, MLOGP > 4.15 Yes 0 alert 2 alerts: phosphor,
thiocarbonyl group

4 539.4 5 0.00 7.56 4.36 × 10−6 PS No High No; 2 vio: MW > 500, Yes 0 alert 1 alert: phosphor

a MW: molecular weight; RT: rotatable bonds; S: solubility; PS: poorly soluble; GI A: gastrointestinal absorption; vio: violation; BBB P: blood brain barrier permeant.
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2.6. Molecular Docking Results

The compounds docking results with the selected antibacterial targets are provided in
Table 6. Lower binding energies indicate a stronger binding affinity of the complexes with
the target proteins. Among the screened compounds, 3 have shown the highest binding
affinity of−8.6569,−6.5716, and−7.6966 kcal/mol against E. coli, K. pneumonia, and S. aureus,
respectively. The next highest binding energy is shown by compound 4 against all three
bacterial strains, which is evident from the binding energy value given in Table 6. The docking
confirmation and 2D interaction diagram of complex 3 against the three bacterial proteins
are given in Figures 2–4. Figure 2 shows that the Cl atoms of Compound 3 interact with the
His 203 and Lys 162 residues of E. coli. Figure 3 shows that the benzene ring of Compound 3
interacts with the Asn B220 residues of K. pneumonia via arene–H.
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The interaction of the compounds 1–4 with DR5 (1BU3) shows that the maximum
binding affinity was observed for compounds 2 (−7.5148 kcal/mol) and then for compound
3 (−7.0343 kcal/mol). The maximum in vitro antitumor activity was also observed for
compound 2. The docking results reinforced the in vitro results. The interaction with the
DR5 receptor of representative compounds 2 and 3 is given in Figures 5 and 6, respectively.
The 2D diagram of compound 2 shows that the Cl atom of the compound acts as a chain
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side acceptor for the DR5 receptor residue Asp B218 while the pyridine ring is involved in
interaction with the Tyr A50 residue via arene–H. Similarly, compound 3 interacts with the
Asp B218 residue via the Cl atom.
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The interaction of the starting precursors (potassium dimethylcarbamodithioate and
(PR3)2PdCl2, where PR3 = diphenyl–2–pyridylphosphine, diphenyl–2–ethoxyphenyl phos-
phine, and diphenyl–p–tolylphosphine) was checked against the three bacteria receptors:
E. coli (PDB_ID: 6G9S), K. pneumonia (PDB_ID: 4EXS), and S. aureus (PDB_ID: 5ZH8), as
well as DR5 (1DU3).

Against E. coli, the best affinity was shown by the Pd(II) organophosphine precursor
having a diphenyl–p–tolylphosphine moiety (−6.8335 kcal/mol), followed by a diphenyl-2-
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pyridylphosphine moiety (−6.3463 kcal/mol). Similarly, against K. pneumonia and S. aureus,
the maximum binding affinity was observed for the Pd(II) organophosphine precursor hav-
ing a diphenyl–2–ethoxyphenyl phosphine moiety (−5.3247, −6.1572 kcal/mol), followed
by a diphenyl–p–tolylphosphine moiety (−5.0306, −6.0522 kcal/mol), respectively.

The best binding affinity against DR5 (1DU3) was observed for the Pd(II) organophos-
phine precursor having a diphenyl–2–ethoxyphenyl phosphine moiety (−7.1002 kcal/mol),
followed by a diphenyl–p–tolylphosphine moiety (−6.9220 kcal/mol). From the compari-
son of binding energy, we can say that the starting Pd(II) organophosphine precursors have
low binding affinity as compared to their corresponding Pd dithiocarbamate complexes.
The results are shown in Table S1 and Figures S5–S8 of the Supplementary Materials.

Table 6. Binding energy score of compounds (1–4) with the receptor.

Receptor Ligand Binding Affinity (kcal/mol)

E. coli (PDB_ID: 6G9S)

1 −5.3894
2 −6.1962
3 −8.6569
4 −6.8761

K. pneumonia (PDB_ID: 4EXS)

1 −5.5038
2 −5.9045
3 −6.5716
4 −6.4517

S. aureus (PDB_ID: 5ZH8)

1 −6.1450
2 −7.5425
3 −7.6966
4 −7.4745

DR5 (PDB_ID: 1DU3)

1 −6.4104
2 −7. 5148
3 −7. 0343
4 −6.6559

Cisplatin −3.5666

3. Experimental
3.1. Materials and Methods

PdCl2 was obtained from Alfa-Aesar, whilst organophosphines, diphenyl-n-
propylphosphine, diphenyl–2–pyridylphosphine, diphenyl–p–tolylphosphine, diphenyl-2–
ethoxyphenyl phosphine, potassium hydroxide, hydrochloric acid, methanol, and
dichloromethane were acquired from Sigma–Aldrich and put to use directly without
further purification.

NMR spectra were recorded on Mercury 200 MHz and Bruker 300 MHz spectrome-
ters. 1H NMR (300.13 MHz): CDCl3 (7.26 from SiMe4). 13C NMR (75.47 MHz), internal
standard TMS; 31P NMR (121.49 MHz): CDCl3. IR spectra were recorded on a Nicolet
6700 FT-IR instrument in the range of 400–4000 cm−1 and Raman spectra (±1 cm−1) were
measured with an InVia Renishaw spectrometer, using argon ion (514.5 nm) and near
infrared diode (785 nm) lasers. Wire 2.0 software was used for the Raman data acquisi-
tion and spectra manipulations. The elemental analyses were conducted on a LECO-183
CHNS analyzer. Melting points were measured on the Stuart SMP10 apparatus and are
uncorrected. GraphPad Prism was applied for statistical analysis.

3.2. Synthesis

The synthesized compounds were prepared in three steps. In step-1, dithiocarba-
mate was prepared; in step-2, palladium(II) organophosphine complexes were prepared;
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and in step-3, heteroleptic palladium complexes containing both organophosphine and
dithiocarbamate ligands were prepared [17,18].

A carbon disulfide solution (30 mL) in dry methanol was added dropwise to dimethyl
amine and potassium hydroxide dissolved in methanol (30 mL) in an equimolar ratio. The
reaction mixture was stirred for 4 h at 0 ◦C (Scheme 1). A white-colored product was
precipitated, followed by filtration and washing with methanol, and finally dried in an
open atmosphere.
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Scheme 1. Schematic representation of dithiocarbamate ligands, organophosphine Pd(II) complexes (1)
and heteroleptic palladium(II) complexes (2–4).

Palladium(II) organophosphine complex (1) was prepared by reacting PdCl2 dissolved
in methanol (30 mL) along with 4 drops of concentrated HCl with organophosphine dissolved
in acetone (25 mL) in 1:2. The reaction mixture was reflexed and stirred for 3 h (Scheme 1).
The product was filtered, washed with methanol several times, and dried in a vacuum.

Heteroleptic or mixed ligand palladium(II) complexes (2–4) were prepared by the
reaction of potassium salt of dithiocarbamate dissolved in dichloromethane (25 mL) with
palladium phosphine complex dissolved in dichloromethane (30 mL), Scheme 1. The
reaction mixture was kept on reflux with vigorous stirring until the completion of the
reaction. Thin-layer chromatography was used to monitor the development of the reaction.
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Upon the completion of the reaction, the solid by-product was filtered, the solvent was
evaporated by a rotary evaporator, and the product was dissolved in a suitable mixture of
solvents for recrystallization.

3.2.1. Dichlorido(diphenyl–n–propylphosphine)palladium(II) (1)

An amount of 0.08 g (0.45 mmol) of PdCl2 was reacted with 0.20 mL (0.90 mmol) of
diphenyl–n–propylphosphine. Yield: 79% (0.23 g). Melting point: 161–162 ◦C. Elemental
analysis for complex 1 having a molecular formula C30H34Cl2P2Pd: % Calculated (found):
H, 5.41 (5.39); C, 56.85 (56.71). FT-IR (cm−1): 2922, 2854 υ(C–H, aliphatic), 3052 υ(C–H,
aromatic). Raman (cm−1): 298 υ(Pd–Cl), 221 υ(Pd–P). 1H NMR (ppm): 0.96 (t, 3J: 7.2 Hz)
CH3CH2CH2-, 1.49–1.55 (m) CH3CH2CH2-, 2.39–2.44 (t, 3J: 7.2) CH3CH2CH2-, 7.25–7.71
(m) Ar-H. 13C NMR (ppm): 14.7 (CH3CH2CH2-), 23.0 (CH3CH2CH2-), 28.9 (CH3CH2CH2-),
128.3, 128.4, 134.5, 134.6 (Ar-C). 31P NMR (ppm): 17.1.

3.2.2. Chlorido–(dimethyldithiocarbamato–κ2S,S′)(diphenyl-2-pyridylphosphine)
palladium(II) (2)

A total of 0.05 g (0.41 mmol) of potassium salt of dimethyldithiocarbamate was reacted
with 0.29 g (0.41 mmol) of Pd-phosphine complex. Yield: 78% (0.23 g). Melting point: 197–
198 ◦C. Elemental analysis for complex 2 having a molecular formula C20H20ClN2PPdS2:
% Calculated (Found) S, 12.21 (12.26); N, 5.33 (5.30); H, 3.84 (3.87); C, 45.72 (45.80). FT-IR
(cm−1) analysis: 1096 υ(SCS), 1548 υC
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390 υ(Pd–S), 301 υ(Pd–Cl), 215 υ(Pd–P). 1H NMR (ppm): 3.14 (s), 3.26 (s) (CH3), 3.98 (q,
–CH2), 1.33 (s, CH3), 6.90–7.76 (m, Ar–H). 13C NMR (ppm): 14.3 (-CH2CH3), 65.2 (-CH2CH3),
120.1, 126.3, 128.2, 130.4, 131.7, 133.2, 164.0 (Ar-C), 208.2 (SCS). 31P NMR (ppm): 20.3.

3.2.4. Chlorido–(dimethyldithiocarbamato–κ2S,S′)(diphenyl–p–tolylphosphine) palladium(II) (4)

A total of 0.04 g (0.33 mmol) of potassium salt of dimethyldithiocarbamate was reacted
with 0.24 g (0.33 mmol) of Pd-phosphine complex. Yield: 77% (0.19 g). Melting point:
216–217 ◦C. Elemental analysis for complex 4 having a molecular formula C22H23ClNPPdS:
% Calculated (found) for: S, 11.91 (11.87); N, 2.60 (2.64); H, 4.31 (4.40); C, 49.08 (49.00).
FT-IR (cm−1) analysis: 1092 υ(SCS); 1530 υ(C
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for 3 h (Scheme 1). The product was filtered, washed with methanol several times, and 
dried in a vacuum. 

Heteroleptic or mixed ligand palladium(II) complexes (2–4) were prepared by the 
reaction of potassium salt of dithiocarbamate dissolved in dichloromethane (25 mL) with 
palladium phosphine complex dissolved in dichloromethane (30 mL), Scheme 1. The re-
action mixture was kept on reflux with vigorous stirring until the completion of the reac-
tion. Thin-layer chromatography was used to monitor the development of the reaction. 
Upon the completion of the reaction, the solid by-product was filtered, the solvent was 
evaporated by a rotary evaporator, and the product was dissolved in a suitable mixture of 
solvents for recrystallization. 

3.2.1. Dichlorido(diphenyl–n–propylphosphine)palladium(II) (1) 
An amount of 0.08 g (0.45 mmol) of PdCl2 was reacted with 0.20 mL (0.90 mmol) of 

diphenyl–n–propylphosphine. Yield: 79% (0.23 g). Melting point: 161–162 °C. Elemental 
analysis for complex 1 having a molecular formula C30H34Cl2P2Pd: % Calculated (found): 
H, 5.41 (5.39); C, 56.85 (56.71). FT-IR (cm−1): 2922, 2854 υ(C–H, aliphatic), 3052 υ(C–H, ar-
omatic). Raman (cm−1): 298 υ(Pd–Cl), 221 υ(Pd–P). 1H NMR (ppm): 0.96 (t, 3J: 7.2 Hz) 
CH3CH2CH2-, 1.49–1.55 (m) CH3CH2CH2-, 2.39–2.44 (t, 3J: 7.2) CH3CH2CH2-, 7.25–7.71 (m) 
Ar-H. 13C NMR (ppm): 14.7 (CH3CH2CH2-), 23.0 (CH3CH2CH2-), 28.9 (CH3CH2CH2-), 128.3, 
128.4, 134.5, 134.6 (Ar-C). 31P NMR (ppm): 17.1. 

3.2.2. Chlorido–(dimethyldithiocarbamato–κ2S,Sʹ)(diphenyl-2-pyridylphosphine) palla-
dium(II) (2) 

A total of 0.05 g (0.41 mmol) of potassium salt of dimethyldithiocarbamate was re-
acted with 0.29 g (0.41 mmol) of Pd-phosphine complex. Yield: 78% (0.23 g). Melting point: 
197–198 °C. Elemental analysis for complex 2 having a molecular formula 
C20H20ClN2PPdS2: % Calculated (Found) S, 12.21 (12.26); N, 5.33 (5.30); H, 3.84 (3.87); C, 
45.72 (45.80). FT-IR (cm−1) analysis: 1096 υ(SCS), 1548 υ(𝐶 𝑁), 2925, 2861, υ(C-H, ali-
phatic), 3056 υ(C-H, aromatic). Raman (cm−1): 380 υ(Pd–S), 300 υ(Pd–Cl), 218 υ(Pd–P). 1H 
NMR (ppm): 2.80 (s), 3.58 (s) (CH3), 7.37–8.73 (m) (Ar-H). 13C NMR (ppm): 35.5, 38.6 (CH3), 
125.0, 128.9, 130.0, 130.8, 131.3, 134.7, 134.6, 134.9, 149.3, 157.6 (Ar–C) 207.5 (SCS). 31P NMR 
(ppm): 27.5. 

2.2.3. Chlorido– (dimethyldithiocarbamato–κ2S,Sʹ)(diphenyl–2–ethoxyphenyl phos-
phine)palladium(II) (3) 

A total of 0.03 g (0.25 mmol) of potassium salt of dimethyldithiocarbamate was re-
acted with 0.19 g (0.25 mmol) of Pd-phosphine complex. Yield: 85% (0.17 g). Melting point: 
223–224 °C. The elemental analysis for complex 3 has a molecular formula. 
C22H23ClNOPPdS2: % Calculated (found) for: S, 11.57 (11.60); N, 2.53 (2.57); C, 47.66 (47.70). 
FT-IR (cm−1): 1097 υ(SCS), 1528 υ(C N), 2930, 2850 υ(C–H, aliphatic), 3052 υ(C–H, aro-
matic). Raman (cm−1): 390 υ(Pd–S), 301 υ(Pd–Cl), 215 υ(Pd–P). 1H NMR (ppm): 3.14 (s), 
3.26 (s) (CH3), 3.98 (q, –CH2), 1.33 (s, CH3), 6.90–7.76 (m, Ar–H). 13C NMR (ppm): 14.3 (-
CH2CH3), 65.2 (-CH2CH3), 120.1, 126.3, 128.2, 130.4, 131.7, 133.2, 164.0 (Ar-C), 208.2 (SCS). 
31P NMR (ppm): 20.3. 

3.2.4. Chlorido–(dimethyldithiocarbamato–κ2S,Sʹ)(diphenyl–p–tolylphosphine) palla-
dium(II) (4) 

A total of 0.04 g (0.33 mmol) of potassium salt of dimethyldithiocarbamate was re-
acted with 0.24 g (0.33 mmol) of Pd-phosphine complex. Yield: 77% (0.19 g). Melting point: 
216–217 °C. Elemental analysis for complex 4 having a molecular formula C22H23ClNPPdS: 
% Calculated (found) for: S, 11.91 (11.87); N, 2.60 (2.64); H, 4.31 (4.40); C, 49.08 (49.00). FT-
IR (cm−1) analysis: 1092 υ(SCS); 1530 υ(C N) 2935, 2852, υ(C–H, aliphatic), 3040 υ(C–H, 
aromatic). Raman (cm−1): 395 υ(Pd–S), 308 υ(Pd–Cl), 210 υ(Pd–P). 1H NMR (ppm): 3.09 (s), 

N) 2935, 2852, υ(C–H, aliphatic), 3040
υ(C–H, aromatic). Raman (cm−1): 395 υ(Pd–S), 308 υ(Pd–Cl), 210 υ(Pd–P). 1H NMR (ppm):
3.09 (s), 3.27 (s) (CH3), 2.38 (s) (Ph–CH3), 7.43–7.92 (m) (Ar–H). 13C NMR (ppm): 36.4, 39.1
(CH3), 128.3, 129.5, 134.0, 136.5, 136.8, 137.1, 137.6, 141.7 (Ar–C), 22.5 (Ph–CH3), 207.3 (SCS).
31P NMR (ppm): 22.8.

3.3. Biological Activity Assays
3.3.1. Antibacterial Activity Assay

The antimicrobial potential of the prepared compounds was evaluated using the
agar-well diffusion method against five bacterial strains: two Gram-negative and three
Gram-positive strains: E. coli, K. pneumoniae, S. epidermidis, S. aureus, and B. subtilis [39].
Using a sterile cotton swab, about 104–106 colony-forming units (CFU)/mL of bacterial
inoculums were dispersed on top of nutritional agar. The tested compounds having a
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concentration of 2 mg/mL in DMSO were transferred to each well, and then the plates
were incubated for 20 h at 37 ◦C, and finally the inhibition zone (in mm) was measured
to determine the antibacterial activity. Streptomycin was used as the standard drug and
DMSO as a positive control for the determination of growth inhibition, and the experiment
was performed three times [39].

3.3.2. Antitumor Activity

Using the technique described in the referred articles, the anticancer activity of the
synthesized compounds was assessed against DU145 human prostate cancer (HTB-81)
cells [40–42]. Cisplatin was used as a reference drug. Compounds with a concentration
of 50 mmol were dissolved in DMSO and diluted into nine consecutive concentrations,
with the final concentration of DMSO on the cells not exceeding 0.05 percent. In 96-well
flat-bottom microtiter plates, DU145 prostate cancer cells were planted at a density of
5000 cells per well for the growth inhibition test. Following a 24-h incubation period, cells
were treated for four days with varying doses of each treatment. The remaining viable
cells were fixed with 50% cold trichloroacetic acid for 60 min at 4 ◦C, stained with 0.4%
sulforhodamine B (SRB) for four hours at 25 ◦C, washed with 1% acetic acid, and allowed
to dry overnight. After dissolving the colored residue in 10 mM Tris base (pH = 10) and at
490 nm using an ELx808 microplate reader, the optical density was recorded. Graph Pad
Prism was applied for data analysis, and the sigmoidal dose response curve was used to
compute the IC50. The test for growth inhibition was repeated three times [40–42].

3.4. In Silico Studies

The attrition rate for clinical trials used to develop new drugs has increased to 90%
during the last ten years. Over a five-year period, on average, 26.8 small molecules were
approved as FDA drugs. Only 12 innovative small-molecule medicines were approved
by the FDA in 2016—the fewest such approvals over the previous fifty years [43,44].
Pharmaceutical firms invest millions of dollars to push a new treatment through clinical
trials; therefore, failure in the latter stages of drug development often results in large
financial losses [45]. The major reasons why drug candidates fail in clinical trials are
undesirable pharmacokinetic characteristics and unacceptable toxicity [46]. Therefore, it
is crucial for science to select candidates with the right balance of potency along with
absorption, distribution, metabolism, excretion, and toxicity (ADMET). Parameters for
ADMET and drug-like properties are given in Table 5.

3.5. Molecular Docking Analysis

The binding mode and affinity of a small molecule or ligand with a macromolecule,
such as a protein or DNA, can be predicted using molecular docking. In the case of drug
discovery, molecular docking is used to identify potential drug candidates that can bind
to a target protein with high affinity and specificity. Here we have treated Palladium (II)
complexes against three bacterial strains: K. pneumoniae, S. aureus, and E. coli, as well as
trial receptor DR5, for which the PDB files were obtained from the RCSB PDB homepage.

MOE-Dock software version 2015 was used to perform docking studies so as to
identify the binding interactions of the screened compounds in the active site of three
antibacterial targets, such as PDB_ID: 4EXS from Klebsiella pneumonia [47], PDB_ID: 5ZH8
from Staphylococcus aureus [48,49], and PDB_ID: 6G9S from Escherichia coli [50], as well as
death receptor (DR5) PDB_ID: 1DU3. The compounds were built in MOE, and energy
was minimized by using the MOE’s default settings parameters, Placement: Triangle
Matcher and Rescoring: London dG, for the docking study [51]. Two conformations
were generated for each ligand. For further molecular interaction analysis, the highest-
ranked conformation of each compound with the lowest binding energy score was used.
The interactions between receptor–solvent and ligand–solvent were excluded during the
generation of the 2D interaction diagram.
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4. Conclusions

A total of four Pd(II) complexes, including one homoleptic and three heteroleptic,
have been prepared quantitatively. The single crystal analysis of complex 1 shows that
the geometry around the palladium atom is square planar with slight distortion. The
synthesized compounds have shown significant antibacterial activity against the selected
targets. Compound 2 has shown the maximum antitumor activity against DU145 human
prostate carcinoma cells. The lower binding energy or higher inhibition values indicate
a stronger binding affinity of complex 3 with the target proteins. The molecular docking
study of the evaluated compounds with DR5 (1BU3) shows the highest binding affinity for
compound 2 (−7.5148 kcal/mol) and then for compound 3 (−7.0343 kcal/mol). In silico
studies have been performed by the SwissADME webserver, and the compounds generally
have shown one or two violations of Lipinski’s rule of five.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/ph16060806/s1, Figure S1: FTIR spectrum of complex 2; Figure S2: 1H
NMR of complex 1; Figure S3: 13C NMR of complex 1; Figure S4: 31P NMR of complex 1; Figure S5:
(A) Computed and (B) 2D interaction of (PR3)2PdCl2 where PR3 = diphenyl-p-tolylphosphine precursor
with E. coli (PDB_ID: 6G9S); Figure S6: (A) Computed and (B) 2D interaction of (PR3)2PdCl2 where
PR3 = diphenyl-p-tolylphosphine precursor with S. aureus (PDB_ID: 5ZH8); Figure S7:; Figure S8:
(A) Computed and (B) 2D interaction of (PR3)2PdCl2 where PR3 = diphenyl-p-tolylphosphine precursor
with DR5 (1DU3). Table S1: Binding energy score of starting organophosphorous Pd precursors with
the receptor.

Author Contributions: Conceptualization, methodology, investigation, writing—original draft prepa-
ration, H.K.; M.S.; supervision, writing—review and editing, validation, data curation, project
administration, A.B.; software, formal analysis, data curation, S.A.; M.B.; S.M.S.; I.S.B.; project admin-
istration, funding acquisition, writing—review and editing, T.A.W.; S.Z. All authors have read and
agreed to the published version of the manuscript.

Funding: Researchers Supporting Project number (RSP2023R357), King Saud University, Riyadh,
Saudi Arabia.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Data will be available on request to corresponding authors.

Acknowledgments: The authors are thankful to the Higher Education Commission of Islamabad,
Pakistan (Project # 20-10669). The authors extend their appreciation to the Researchers Supporting
Project number (RSP2023R357), King Saud University, Riyadh, Saudi Arabia, for funding this work.

Conflicts of Interest: There are no conflict of interest.

References
1. Parvez, T. Cancer treatment: What’s ahead? J. Coll. Physicians Surg. Pak. 2005, 15, 738–745. [PubMed]
2. Huq, F. Molecular modelling analysis of the metabolism of benzene. Int. J. Pure Appl. Chem. 2006, 1, 461–467.
3. Meyskens, F.L., Jr.; Tully, P. Principles of cancer prevention. Semin. Oncol. Nurs. 2005, 21, 229–235. [CrossRef] [PubMed]
4. Saeed, M.A.; Khan, H.; Sirajuddin, M.; Salman, S.M. DNA Interaction and Biological Activities of Heteroleptic Palladium (II)

Complexes. J. Chem. Soc. Pak. 2021, 43, 227–243.
5. Verweij, J.; De Jonge, M. Achievements and future of chemotherapy. Eur. J. Cancer 2000, 36, 1479–1487. [CrossRef]
6. Galanski, M.; Arion, V.; Jakupec, M.; Keppler, B. Recent developments in the field of tumor-inhibiting metal complexes. Curr.

Pharm. Des. 2003, 9, 2078–2089. [CrossRef]
7. Loehrer, P.J.; Einhorn, L.H. Cisplatin. Ann. Intern. Med. 1984, 100, 704–713. [CrossRef]
8. Goyns, M.H. Cancer and You: How to Stack the Odds in Your Favour; CRC Press: Boca Raton, FL, USA, 1999.
9. Stern, T.A.; Sekeres, M.A. Facing Cancer: A Complete Guide for People with Cancer, Their Families, and Caregivers; McGraw Hill

Professional: New York City, NY, USA, 2004.
10. Mehdi, I. Second Malignancy-A Rare Phenomenon. J. Pak. Med. Assoc. 1998, 48, 345–346.
11. Fichtinger-Schepman, A.; Veer, J.; Lohman, P.; Reedijk, J. A simple method for the inactivation of monofunctionally DNA-bound

cis-diamminedichloroplatinum (II). J. Inorg. Biochem. 1984, 21, 103–111. [CrossRef]

https://www.mdpi.com/article/10.3390/ph16060806/s1
https://www.mdpi.com/article/10.3390/ph16060806/s1
https://www.ncbi.nlm.nih.gov/pubmed/16300718
https://doi.org/10.1016/j.soncn.2005.06.002
https://www.ncbi.nlm.nih.gov/pubmed/16293510
https://doi.org/10.1016/S0959-8049(00)00133-7
https://doi.org/10.2174/1381612033454180
https://doi.org/10.7326/0003-4819-100-5-704
https://doi.org/10.1016/0162-0134(84)85043-6


Pharmaceuticals 2023, 16, 806 18 of 19

12. Lippard, S.J. New chemistry of an old molecule: Cis-[Pt(NH3)2Cl2]. Science 1982, 218, 1075–1082. [CrossRef]
13. Imran, M.; ur Rehman, Z.; Hogarth, G.; Tocher, D.A.; Butler, I.S.; Bélanger-Gariepy, F.; Kondratyuk, T. Two new monofunctional

platinum (ii) dithiocarbamate complexes: Phenanthriplatin-type axial protection, equatorial-axial conformational isomerism, and
anticancer and DNA binding studies. Dalton Trans. 2020, 49, 15385–15396. [CrossRef] [PubMed]

14. Martinho, N.; Marquês, J.M.; Todoriko, I.; Prieto, M.; de Almeida, R.F.; Silva, L.C. Effect of Cisplatin and Its Cationic Analogues in
the Phase Behavior and Permeability of Model Lipid Bilayers. Mol. Pharm. 2023, 20, 918–928. [CrossRef]

15. Abbotto, A.; Beverina, L.; Bradamante, S.; Facchetti, A.; Klein, C.; Pagani, G.A.; Redi-Abshiro, M.; Wortmann, R. A distinctive
example of the cooperative interplay of structure and environment in tuning of intramolecular charge transfer in second-order
nonlinear optical chromophores. Chem. A Eur. J. 2003, 9, 1991–2007. [CrossRef] [PubMed]

16. Gonzalez, V.M.; Fuertes, M.A.; Alonso, C.; Perez, J.M. Is cisplatin-induced cell death always produced by apoptosis? Mol.
Pharmacol. 2001, 59, 657–663. [CrossRef] [PubMed]

17. Khan, H.; Badshah, A.; Murtaz, G.; Said, M.; Neuhausen, C.; Todorova, M.; Jean-Claude, B.J.; Butler, I.S. Synthesis, characterization
and anticancer studies of mixed ligand dithiocarbamate palladium (II) complexes. Eur. J. Med. Chem. 2011, 46, 4071–4077.
[CrossRef] [PubMed]

18. Khan, H.; Badshah, A.; Said, M.; Murtaza, G.; Ahmad, J.; Jean-Claude, B.J.; Todorova, M.; Butler, I.S. Anticancer metallopharma-
ceutical agents based on mixed-ligand palladium (II) complexes with dithiocarbamates and tertiary organophosphine ligands.
Appl. Organomet. Chem. 2013, 27, 387–395. [CrossRef]

19. Khan, H.; Badshah, A.; Said, M.; Murtaza, G.; Shah, A.; Butler, I.S.; Ahmed, S.; Fontaine, F.-G. New dimeric and supramolecular
mixed ligand Palladium (II) dithiocarbamates as potent DNA binders. Polyhedron 2012, 39, 1–8. [CrossRef]

20. Guerra, W.; de Andrade Azevedo, E.; de Souza Monteiro, A.R.; Bucciarelli-Rodriguez, M.; Chartone-Souza, E.; Nascimento,
A.M.A.; Fontes, A.P.S.; Le Moyec, L.; Pereira-Maia, E.C. Synthesis, characterization, and antibacterial activity of three palladium
(II) complexes of tetracyclines. J. Inorg. Biochem. 2005, 99, 2348–2354. [CrossRef]

21. Khan, B.T.; Najmuddin, K.; Shamsuddin, S.; Annapoorna, K.; Bhatt, J. Synthesis, antimicrobial, and antitumor activity of a series
of palladium (II) mixed ligand complexes. J. Inorg. Biochem. 1991, 44, 55–63. [CrossRef]

22. Khan, H.; Badshah, A.; Said, M.; Murtaza, G.; Sirajuddin, M.; Ahmad, J.; Butler, I.S. Synthesis, structural characterization and
biological screening of heteroleptic palladium (II) complexes. Inorg. Chim. Acta 2016, 447, 176–182. [CrossRef]

23. Hogarth, G. Metal-dithiocarbamate complexes: Chemistry and biological activity. Mini Rev. Med. Chem. 2012, 12, 1202–1215.
[CrossRef]

24. Marta Nagy, E.; Ronconi, L.; Nardon, C.; Fregona, D. Noble metal-dithiocarbamates precious allies in the fight against cancer.
Mini Rev. Med. Chem. 2012, 12, 1216–1229. [CrossRef]

25. Adeyemi, J.O.; Onwudiwe, D.C. Organotin (IV) dithiocarbamate complexes: Chemistry and biological activity. Molecules 2018, 23, 2571.
[CrossRef]

26. Sirajuddin, M.; Ali, S.; Tahir, M.N. Pharmacological investigation of mono-, di-and tri-organotin (IV) derivatives of carbodithioates:
Design, spectroscopic characterization, interaction with SS-DNA and POM analyses. Inorg. Chim. Acta 2016, 439, 145–158.
[CrossRef]

27. Micklitz, W.; Sheldrick, W.S.; Lippert, B. Mono-and dinuclear palladium (II) complexes of uracil and thymine model nucleobases
and the x-ray structure of [(bpy) Pd (1-MeT) 2Pd (bpy)](NO3) 2. cntdot. 5.5 H2O (head-head). Inorg. Chem. 1990, 29, 211–216.
[CrossRef]

28. Barnham, K.J.; Bauer, C.J.; Djuran, M.I.; Mazid, M.A.; Rau, T.; Sadler, P.J. Outer-Sphere Macrochelation in [Pd (en)(5′-GMP-N7) 2].
cntdot. 9H2O and [Pt (en)(5′-GMP-N7) 2]. cntdot. 9H2O: X-ray Crystallography and NMR Spectroscopy in Solution. Inorg. Chem.
1995, 34, 2826–2832. [CrossRef]

29. Shen, W.-Z.; Gupta, D.; Lippert, B. Cyclic Trimer versus Head—Tail Dimer in Metal—Nucleobase Complexes: Importance of
Relative Orientation (Syn, Anti) of the Metal Entities and Relevance as a Metallaazacrown Compound. Inorg. Chem. 2005, 44,
8249–8258. [CrossRef]

30. Rau, T.; Van Eldik, R. Mechanistic insight from kinetic studies on the interaction of model palladium (II) complexes with nucleic
acid components. Met. Ions Biol. Syst. 1996, 32, 339. [PubMed]

31. Gao, E.-J.; Wang, L.; Zhu, M.-C.; Liu, L.; Zhang, W.-Z. Synthesis, characterization, interaction with DNA and cytotoxicity in vitro
of the complexes [M (dmphen)(CO3)]· H2O [M = Pt (II), Pd (II)]. Eur. J. Med. Chem. 2010, 45, 311–316. [CrossRef] [PubMed]
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