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a b s t r a c t

The square planar complexes [Pd(MPT)Cl2] (1) and [Pd(BPT)Cl]ClO4 (2) were synthesized by the reaction
of the 4,40-(6-(3,5-dimethyl-1H-pyrazol-1-yl)-1,3,5-triazine-2,4-diyl)dimorpholine (MPT) and N-methyl-
N-phenyl-4,6-di(1H-pyrazol-1-yl)-1,3,5-triazin-2-amine (BPT) ligands with PdCl2 (1:1) in acetone under
thermal conditions, respectively. In complex 1, the Pd(II) ion is coordinated with the MPT ligand as a
bidentate NN-chelate, augmented with two chloride ligands in cis positions. In complex 2, the Pd(II)
ion is coordinated with the BPT ligand as a tridentate N-chelate in a pincer fashion, together with one
chloride ligand. Hirshfeld analysis indicated that complex 1 is packed with a significant quantity of
Cl. . .H (20.2%), O. . .H (6.8–8.1%) and N. . .H (10.8–11,7%) hydrogen bonds, as well as some CAH. . .p
(8.1–9.0%) interactions and C. . .O contacts (1.1–2.0%). On the other hand, O. . .H (13.8%), CAH. . .p
(16.5%) and anion-p stacking (C. . .O: 1.2%) are the most important interactions in 2. The atoms in mole-
cules topological parameters correlate well with the Pd-N distances. In vitro anticancer experiments
showed that both complexes have higher activity than their free ligands against MDA-MB-231 and
MCF-7 cell lines. Complex 2 showed the highest cytotoxic activity with IC50 = 13.5 and 18.6 mg/mL against
MDA-MB-231 and MCF-7, respectively, compared to 30.5 mg/mL for complex 1.

� 2020 Elsevier Ltd. All rights reserved.
1. Introduction

Since the remarkable success of cisplatin, carboplatin and oxali-
platin in the treatment of cancer [1], significant efforts have been
made to develop new Pt(II) complexes and their Pd(II) analogues,
in order to find alternative drugs that combine the strong mode
of action with low dose and limited toxicity [2,3]. The use of cis-
platin, carboplatin and oxaliplatin drugs for cancer treatment is
limited by serious toxicity problems [4–6]. Palladium is a good
replacement for platinum in the development of metal-based anti-
cancer drugs [7–11]. Pd(II) complexes are closely related to their Pt
(II) analogues due to their structural similarities in coordination
chemistry. Since the reported studies by Graham et al. [12], which
indicated the use of Pd(II) complexes as possible anticancer agents,
several novel Pd(II) complexes have been reported with promising
anticancer activity. In several cases, the Pd(II) complexes showed
better antitumor activity than their Pt(II) counterparts (such as cis-
platin, carboplatin, etc.) [11].

On the other hand, the s-triazine scaffold affords the basis for
the synthesis of numerous compounds with widespread applica-
tions in medicinal chemistry [13]. Especially, s-triazines bearing a
pyrazolyl moiety (Fig. 1), have low toxicity towards growth-stimu-
lating activity [14]. Additionally, they show good anticancer activ-
ity [15–17]. Many pyrazolyl-s-triazine derivatives showed
moderate to strong cytotoxicity depending on the nature of sub-
stituent attached to the triazine ring [17]. Recently, a series of s-tri-
azine derivatives have been reported that show strong anticancer
activities against two human breast cancer cell lines (MCF-7 and
MDA-MB-231). It was found that the substituent on the s-triazine
core showed a significant effect on the anticancer activity [18].
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Fig. 1. Structures of the MPT, MBPT and BPT ligands.
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From another point of view, Zn(II) and Co(II)-MBPT (MBPT = 2,4-
bis(3,5-dimethyl-1H-pyrazol-1-yl)-6-methoxy-1,3,5-triazine) [19]
and Ag(I)-MPT [20] complexes showed a broad spectrum of
antimicrobial activities, while Ni(II)-MBPT complexes showed
selective actions against Gram-positive bacteria [21]. The attrac-
tive bio-activity of s-triazines and their metal complexes, as well
as the interesting anticancer activities of pyrazolyl-s-triazines
[16], triggered us to report herein the synthesis and structure of
Pd(II) complexes with the BPT and MPT ligands (Fig. 1).
Additionally, the anticancer activities of the studied Pd(II)
complexes compared to their free ligands against breast cancer
MCF-7 and MDA-MB-231 cell lines are also discussed.
2. Experimental

2.1. Materials and physical measurements

Chemicals and solvents were purchased from the Sigma-Aldrich
Company. The C, H and N analyses were determined using a Per-
kin-Elmer 2400 elemental analyzer. A JEOL spectrometer
(400 MHz) was used to measure the NMR spectra at room temper-
ature in DMSO d6.
Table 1
Crystal data for complexes 1 and 2.

1 2

CCDC 1,998,456 1,998,457
Empirical formula C16H25Cl2N7O3Pd C21H24Cl2N8O4Pd
Fw 540.73 629.78
temp (K) 170(2) 170(2)
2.2. Syntheses of the ligands and their Pd(II) complexes

2.2.1. Syntheses of the MPT and BPT ligands
The two ligands MPT and BPT (Fig. 1) were prepared following

the reported methods [16,22]. Further experimental details regard-
ing the preparation and characterization of these ligands are avail-
able in the Supplementary data.
k (Å) 0.71073 0.71073
cryst syst Triclinic Monoclinic
space group P

—
1 P21/c

a (Å) 9.22380(10) 9.9407(2)
b (Å) 9.7348(2) 20.1738(8)
c (Å) 12.4921(2) 12.1803(5)
a (deg) 89.3900(10) 90
b (deg) 85.5100(10) 91.103(2)
c (deg) 66.0530(10) 90
V (Å3) 1021.71(3) 2442.21(15)
Z 2 4
qcalc (Mg/m3) 1.758 1.713
l(Mo Ka) (mm�1) 1.204 1.025
No. reflns. 20,717 26,364
Unique reflns. 5474 5604
GOOF (F2) 1.074 1.123
Rint 0.0270 0.0823
R1a (I � 2r) 0.0286 0.0753
wR2b (I � 2r) 0.0625 0.1281

a R1 = R||Fo| – |Fc||/R|Fo|. b wR2 = [R[w(Fo2 – Fc
2)2]/ R[w(Fo2)2]]1/2.
2.2.2. Synthesis of [Pd(MPT)Cl2] (1)
To a solution of the 4,40-(6-(3,5-dimethyl-1H-pyrazol-1-yl)-

1,3,5-triazine-2,4-diyl)dimorpholine (MPT) ligand (60.0 mg,
0.174 mmol) in acetone (20 mL) was added PdCl2 (30.8 mg,
0.174 mmol), and the reaction mixture was heated at 50 �C under
stirring for 3 days. After that, the mixture was filtered off and kept
at room temperature for slow evaporation to afford the final com-
plex [Pd(MPT)Cl2] (1) as orange block crystals.

Yield: 90%. 1H NMR (DMSO d6) d, ppm: 2.11 (s, 3H, CH3), 2.49 (s,
3H, CH3), 3.56–3.69 (m, 16H, 8 CH2), 6.05 (s, 1H, CH). 13C NMR
(DMSO d6) d, ppm: 12.3 (CH3), 15.6 (CH3), 43.3 (CANAC, morpho-
line), 65.9(CAOAC, morpholine), 112.4 and 142.5 (C = CH, pyra-
zole), 149.5 (C(CH3) = N, pyrazole), 162.7, 164.2, 164.8 (N-C@N,
triazine). Anal. Calcd for C16H25Cl2N7O3Pd: C, 35.54; H, 4.66; N,
18.13. Found: C, 35.76; H, 4.35; N, 18.32%.
2.2.3. Synthesis of [Pd(BPT)Cl]ClO4 (2)
To a solution of the N-methyl-N-phenyl-4,6-di(1H-pyrazol-1-

yl)-1,3,5-triazin-2-amine (BPT) ligand (60.0 mg, 0.154 mmol) in
acetone (20 mL) was added PdCl2 (27.3 mg, 0.154 mmol), and
the reaction mixture was heated at 50 �C under stirring for 3 days.
After that, the mixture was filtered off and kept at room tempera-
ture for slow evaporation to afford the final complex [Pd(BPT)Cl]
ClO4 (2) as yellow block crystals.

Yield: 91%. 1H NMR (DMSO d6) d, ppm: 2.51 (s, 6H, 2CH3), 2.62
(s, 3H, CH3), 2.74 (s, 3H, CH3), 3.29 (s, 3H, CH3N), 5.02 (s, 2H, CH2-
Ph), 6.64 (s, 1H, CH), 6.68 (s, H, CH), 7.37–7.38 (m, 5H, Ph). 13C NMR
(DMSO d6) d, ppm: 12.3 (CH3), 15.6 (CH3), 40.5 (CH3N), 53.5
(CH2Ph), 112.4 (CH = C, pyrazole), 127.1, 128.1, 129.1, 142.5 (Car),
145.8 (C(CH3) = CH, pyrazole), 149.5 (C(CH3) = N, pyrazole),
162.7, 164.2, 164.8 (N-C@N, triazine). Anal. Calcd for
C21H24Cl2N8O4Pd: C, 40.05; H, 3.84; N, 17.79. Found: C, 40.27; H,
3.99; N, 17.82%.

2.3. Crystal structure determination

The crystal structures of 1 and 2 were measured using a Bruker
Kappa Apex II diffractometer using Mo Ka radiation. Denzo-Scale-
pack [23a] was used for cell refinements and data reductions while
SHELXT software [23b] was used to solve the structures (see



Scheme 1. Synthesis of the [Pd(MPT)Cl2] (1) and [Pd(BPT)Cl]ClO4 (2) complexes.

J. Lasri et al. / Polyhedron 187 (2020) 114665 3
Supplementary data). SHELXL software [23b] was used for
structural refinements and SADABS [23c] for absorption
correction (Table 1). Different intermolecular interactions were
analyzed using the Crystal Explorer 17.5 program [24].
3. DFT calculations

Using the Gaussian 09 software package [25], single point calcu-
lations using MPW1PW91 and Wb97XD methods [26] combined
with cc-PVTZ and cc-PVTZ-PP [27] basis sets for non-metal atoms
and the Pd atom, respectively were performed. Natural bond orbi-
tal and atoms in molecules (AIM) analyses were performed using
NBO 3.1 [28] and Multiwfn [29] programs, respectively.
Table 2
Geometric parameters (Å and �) for 1 and 2.

Bond Distance Bonds Angles

Fig. 2. X-ray structure of 1.
4. In vitro anticancer activity

In vitro anticancer activities against two breast adenocarcinoma
cell lines were examined. Details regarding the cell lines and cyto-
toxicity assays are described in the Supplementary data. To study
the morphology of MDA-MB-231 and MCF-7 cells, the cells were
treated with complex 2 and compared with the control (methanol).
Cells were cultured in 24-well plates and exposed to 15 and
20 lg/mL of complex 2 for 48 h. The morphological changes were
imaged (20x magnification) using a phase contrast microscope
(Leica, Germany).
Complex 1
Pd1-N1 2.0199(16) N1-Pd1-N3 78.15(6)
Pd1-N3 2.0595(16) N1-Pd1-Cl2 96.34(5)
Pd1-Cl2 2.2746(5) N3-Pd1-Cl2 174.06(5)
Pd1-Cl1 2.2778(5) N1-Pd1-Cl1 169.91(5)

N3-Pd1-Cl1 96.30(5)
Cl2-Pd1-Cl1 88.81(2)

Complex 2
Pd1-N3 1.929(5) N3-Pd(1)-N1 78.0(2)
Pd1-N(1 2.038(6) N3-Pd1-N5 79.1(2)
Pd1-N5 2.046(5) N1-Pd(1)-N(5) 157.1(2)
Pd1-Cl1 2.2903(18) N3-Pd1-Cl1 179.61(16)

N1-Pd1-Cl1 102.36(16)
N5-Pd1-Cl1 100.57(15)
5. Results and discussion

5.1. Syntheses and characterizations of 1 and 2

The new Pd(II) complexes [Pd(MPT)Cl2] (1) and [Pd(BPT)Cl]ClO4

(2) were synthetized, respectively, by the reaction of MPT and BPT
with PdCl2 (1:1) in acetone under thermal conditions (Scheme 1).
Complexes 1 and 2 were characterized by 1H and 13C NMR
spectroscopies, elemental analyses and also by single crystal
X-ray diffraction.
The 1H NMR spectrum of the complex [Pd(MPT)Cl2] (1) showed
the two methyl groups of the pyrazolyl moiety (b and a, Scheme 1)
as two singlet peaks at d 2.11 and 2.49 ppm, respectively, and these



Table 3
Hydrogen bond parameters (Å and �) for 1 and 2.

D-H. . .A d(D-H) d(H. . .A) d(D. . .A) <(DHA)

Complex 1
C3-H3. . .Cl1i 0.95 2.67 3.470(2) 142.8
O3-H3A. . .O1 0.98 1.97 2.933(7) 167.4
O3-H3B. . .Cl2ii 0.97 2.34 3.301(3) 172.8
i1 x + 1,y,z; ii -x + 1,-y + 1,-z
Complex 2
C2-H2A. . .O3#1 0.98 2.59 3.210(9) 121.4
C3-H3. . .O4 #2 0.95 2.54 3.452(9) 161.1
C20-H20. . .O3 #3 0.95 2.46 3.299(10) 147.2
i �1 + x,y,z; ii1-x,1-y,-z ; iii 2-x,1-y,-z

Fig. 3. The hydrogen bonding interactions in the [Pd(MPT)Cl2] complex (1).

Fig. 4. X-ray structure of 2.
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were shifted upfield compared to the free ligand (d 2.27 and
2.59 ppm, respectively). The four methylene groups of the
morpholine residue appeared as a multiplet peak in the range d
3.56–3.69 ppm, while the four methylene groups in the free ligand
appeared as a triplet peak at d 3.17 ppm and a broad singlet at d
3.82 ppm. The CH unit of the pyrazole ring (H4, Scheme 1) in com-
plex 1 was observed as a singlet peak at d 6.05 ppm, with a slight
downfield shift compared to the free ligand (d 5.97 ppm). The 13C
NMR spectrum of complex 1 showed two peaks at d 12.3 (Cb)
and 15.6 (Ca) ppm corresponding to the two methyl groups
attached to the pyrazole ring. The carbon atoms of the morpholine
residue, CANAC and CAOAC, were observed at d 43.3 and
65.9 ppm, respectively. The carbon atoms of the pyrazole moiety
(C4, C5 and C3, Scheme 1) were observed at d 112.4, 142.5 and
149.5 ppm, respectively, while the s-triazine core carbon atoms
(N-C@N, C60, C20 and C40) were observed at d 162.7, 164.2 and
164.8 ppm, respectively.

In the 1H NMR spectrum of the complex [Pd(BPT)Cl]ClO4 (2), the
protons of the four methyl groups of both pyrazole rings were
observed as three singlets at d 2.51, 2.62 and 2.74 ppm. Addition-
ally, the protons of the methylamino (CH3N) and methylene (CH2)
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groups were detected as two singlets at d 3.29 and 5.02 ppm,
respectively. While the two pyrazole protons (CH = C), which
appeared in the free BPT ligand at d 6.31 and 6.37 ppm, were
slightly shifted downfield in the Pd(II) complex 2 to d 6.64 and
Fig. 5. Most important contacts (upper) and molecular packing

Fig. 6. Intermolecular interacti
6.68 ppm, respectively. In the 13C NMR spectrum of 2, the five
methyl carbon atoms of the pyrazole and methylamino groups
were detected at d 12.3, 15.6 and 40.5 ppm. The methylene carbon
(CH2) was observed at d 53.5 ppm, while the sp2-hybridized carbon
through weak CAH. . .O and anion-p stacking (lower) in 2.

ons in complexes 1 and 2.



Fig. 7. The dnorm of the O3-H3B. . .Cl2 (A), C13-H13D. . .Cl2 (B), C3-H3. . .Cl1(C), C13B-H13A. . .Cl1 (C’) and O3-H3A. . .O1 (D) hydrogen bonds, as well as the C. . .O contacts (E)
and C11B-H11D. . .N4 (F) in 1.

Fig. 8. The Hirshfeld dnorm analysis of the C20-H20. . .O3 (A), C3-H3. . .O4 (B) and
C21-H21. . .O4 (C) interactions as well as the CAH. . .p (D) and anion-p stacking (E),
as well as the shape index of the weak p-p (F) interactions in 2.

Table 4
Charges at the Pd centre and coordinated ligand units.

Atom CPX-1 Atom CPX-2

MPW1PW91 WB97XD MPW1PW91 WB97XD

Pd 0.2691 0.2996 Pd 0.4999 0.5200
Cl� �0.3932 �0.4091 Cl� �0.4460 �0.4617
Cl� �0.3798 �0.3949 ClO4

� �0.9445 �0.9468
MPT 0.5040 0.5043 BPT 0.8905 0.8885

6 J. Lasri et al. / Polyhedron 187 (2020) 114665
atoms of the pyrazole rings, which appeared in the free BPT ligand
at d 111.2, 144.4 and 152.3 ppm, were slightly shifted in the Pd(II)
complex 2 to d 112.4, 145.8 and 149.5 ppm, respectively (see the
Experimental section and Supplementary data for more
information).

5.2. X-ray structure description

The structure of [Pd(MPT)Cl2].H2O (1), with thermal ellipsoids
at the 50% probability level, is shown in Fig. 2. The Pd(II) ion is
coordinated with one MPT ligand in a bidentate mode, with Pd1-
N1 (2.0199(16) Å) being slightly shorter than Pd1-N3 (2.0595(16)
Å), probably due to steric hinderance between the s-triazine and
morpholine moieties which lead to a longer Pd-N(s-triazine) bond
than the Pd-N(pyrazole) bond. The coordination sphere of the Pd
(II) ion is completed by two Pd-Cl bonds at cis positions, with
Pd1-Cl1 and Pd1-Cl2 distances of 2.2778(5) and 2.2746(5) Å,
respectively (Table 2). The Cl1-Pd1-Cl2 angle is 88.81(2)� whilst
the N1-Pd1-N3 bite angle of the MPT ligand is 78.15(6)�. The angle
between the trans bonds are in the range 169.91(5)� for N1-Pd1-
Cl1 to 174.06(5)� for N3-Pd1-Cl2. The PdN2Cl2 coordination sphere
shows a distorted square planar geometry. The values of the con-
tinuous shape measurements are 31.19 compared to a tetrahedron
and only 0.91 compared to a square planar geometry. As a result,
the coordination geometry of 1 is distorted square planar.

The crystal water molecule connects each of two [Pd(MPT)Cl2]
units by O3-H3B. . .Cl2 and O3-H3A. . .O1 hydrogen bonds (Table 3),
leading to the hydrogen bonded dimer shown in Fig. 3A. These
dimer units are further connected with each other by C3-H3. . .Cl1
hydrogen bonding interactions (Fig. 3B).

In the complex [Pd(BPT)Cl]ClO4 (2), the BPT ligand coordinates
to the Pd(II) ion in a pincer fashion, as an NNN-chelate (Fig. 4). The
Pd1-N3 bond distance is the shortest (1.929(5) Å) compared to the
other Pd-N bonds with the pyrazolyl moieties (Pd1-N1 = 2.038(6) Å
and Pd1-N5 = 2.046) Å), which is common for such a type of pincer
ligand. The coordination sphere is completed by the Pd1-Cl1 bond
(2.2903(18) Å) trans to the Pd-N interaction of the central s-triazine
core. The angles between the trans bonds are 179.61(16) and 157.1
(2)� for N3-Pd1-Cl1 and N1-Pd1-N5, respectively, while the angles
between the cis bonds are in the range 78.0(2)-102.36(16)�, sug-
gesting a more distorted square planar geometry compared to 1.
The bite angles of the BPT ligand are 78.0(2) and 79.1(2)� for
N3-Pd1-N1 and N1-Pd1-Cl1, respectively. The values of the
continuous shape measurements are 33.00 and 2.13 compared to
tetrahedral and square planar geometries. The value of 2.13 is
higher than that of 0.91 for complex 1, suggesting a more distorted
square planar arrangements of the donor atoms around the Pd(II)
centre than in 1.



Fig. 9. Correlation between the Pd-N distances with q(r). A similar correlation was
obtained with the interactions energies and the correlation coefficient R2 = 0.8265
using the MPW1PW91 method.

Table 5
AIM topological parameters for the different Pd-N and Pd-Cl coordination interactions using the MPW1PW91 method.

Bond q(r) G(r) V(r) H(r) (V(r)/G(r) Eint

Complex 1
Pd1-N3 0.0953 0.1480 �0.1740 �0.0260 1.176 54.58
Pd1-N1 0.0884 0.1350 �0.1579 �0.0229 1.170 49.53
Pd1-Cl1 0.0819 0.1027 �0.1281 �0.0255 1.248 40.20
Pd1-Cl2 0.0822 0.1031 �0.1285 �0.0254 1.246 40.32

Complex 2
Pd1-N1 0.0779 0.1727 �0.1920 �0.0192 1.111 60.23
Pd1-N3 0.1283 0.1924 �0.2373 �0.0449 1.234 74.46
Pd1-N5 0.0757 0.1685 �0.1864 �0.0179 1.106 58.49
Pd1-Cl1 0.0794 0.1026 �0.1262 �0.0235 1.229 39.58

aH(r): Total energy density; bPotential (V(r)) and kinetic energy (G(r)) density.
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The packing of the [Pd(BPT)Cl]ClO4 complex units is controlled
by weak CAH. . .O interactions and anion-p stacking (Table 3 and
Fig. 5). The anion-p stacking occurs between the ClO4

� anion and
the carbon atoms from the s-triazine moiety, with C6. . .O4 and
C8. . .O1 distances of 2.781(9) and 2.873(8) Å, respectively.

5.3. Hirshfeld analysis

A summary of all the contacts and their percentages in com-
plexes 1 and 2 are shown in Fig. 6. The dnorm of the important con-
tacts in complex 1 are shown in Fig. 7.

The packing of complex 1 is controlled by Cl. . .H (20.2%), O. . .H
(6.8–8.1%) and N. . .H (10.8–11.7%) hydrogen bonds, as well as
some CAH. . .p (8.1–9.0%) interactions and C. . .O contacts
(1.1–2.0%). Since the studied complex comprises a disordered mor-
pholine ring, we have two complex parts based on the disorder
model; hence we analyzed all possible intermolecular interactions
in both parts. Both parts showed O3-H3B. . .Cl2, C13-H13D. . .Cl2
and C3-H3. . .Cl1 interactions with Cl. . .H distances of 2.323,
2.740 and 2.563 Å, respectively. Also, short O3-H3A. . .O1/O3-
H3A. . .O1B hydrogen bonds with hydrogen-acceptor distances of
1.965 and 1.798 Å were detected in the first and second parts,
respectively. Interestingly, a stacked dimer via C4. . .O2 (3.173 Å)
and C6. . .O2 (2.999 Å) short contacts between the morpholine
oxygen atom from one complex unit and C atoms of the pyrazole
and triazine moieties from a neighbouring complex was
detected (region E). In addition, weak C13B-H13A. . .Cl1 and
C11B-H11D. . .N4 interactions with donor-acceptor distances of
2.738 and 2.459 Å were observed only in the first part.

In complex 2, all O. . .H contacts (13.8%) belong to weak
CAH. . .O interactions. The C20-H20. . .O3, C3-H3. . .O4 and C21-
H21. . .O4 interaction distances are 2.350, 2.414 and 2.547 Å,
respectively. In addition, the shortest H. . .p contacts are
C18. . .H11 (2.537 Å), C19. . .H11 (2.601 Å) and C17. . .H11
(2.735 Å), indicating weak aromatic CAH. . .p interactions (16.5%).
The anion-p stacking (C. . .O: 1.2%) interactions occur between
the perchlorate oxygen atoms and carbon atoms from the s-tri-
azine moiety with C. . .O distances of 2.781 Å (C6. . .O4) and
2.873 Å (C8. . .O1). Also, the C. . .C (3.539 Å) and C. . .N (3.323 Å)
interactions revealed the presence of weak p-p stacking between
the pyrazole moieties (Fig. 8).

5.4. DFT studies

5.4.1. Natural population analysis (NPA)
The NPA analysis results of complexes 1 and 2 are shown in

Table 4. The charge at the divalent palladium ion is significantly
compensated by the negative charge density of the ligand groups.
Its charge is reduced to 0.3 and 0.5 e in complexes 1 and 2,
respectively. The charge at the Pd(II) centre is significantly more
compensated in complex 1 than 2, possibly due to the presence
of two coordinated chloride ions in 1. The amount of electrons
transferred from the two coordinated Cl� ions is 1.2 e in 1 and
0.5 e per Cl� ion in 2. Also, the bidentate MPT ligand transferred
about 0.5 e to the Pd(II) ion in 1, while the corresponding value
for the tridentate pincer ligand (BPT) in 2 is 0.9 e.

5.4.2. AIM topology analysis
The computed atoms in molecules topological parameters

[30–38] are collected in Table 5. At a first glance, the negative H
(r) and V(r)/G(r)˃1 for all Pd-N and Pd-Cl bonds indicate significant
covalent character for these interactions. In addition, the electron
density (q(r)) values at the critical point of these bonds are higher
for shorter bonds than longer ones. The q(r) values are in the range
0.0757–0.1283 a.u. It is maximum for the Pd-N(s-triazine) bond in
complex 2, which is the shortest one among the Pd-N bonds. In this
case, the Pd-N interaction energy is the highest (74.46 kcal/mol)
while the corresponding values for the other Pd-N bonds are less
(49.53–60.23 kcal/mol). Good correlations were obtained between
the Pd-N distances, q(r) and the interaction energies (Fig. 9).

5.5. Anticancer activity

5.5.1. MTT (3-(4,5-dimethyl thiazol-2yl)-2, 5-diphenyl tetrazolium
bromide) assay

Complexes 1 and 2 showed significant cell growth inhibition
against MDA-MB-231 and MCF-7 compared to their original
ligands. It has been reported that the ligand MPT was completely
inactive against both cell lines, whilst the BPT ligand showed weak
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activity against MDA-MB-231 (IC50 value of 50 mg/mL) and good
activity against MCF-7 (IC50 value of 12.5 mg/mL) [17]. In our stud-
ies, complex 2 was found to be more active than complex 1. The
calculated IC50 values for complexes 1 and 2 were 30.5 and
13.5 mg/mL respectively against MDA-MB-231. Similarly, the calcu-
lated IC50 values for complexes 1 and 2 were 30.5 and 18.6 mg/mL,
respectively, against MCF-7 (Fig. 10). The Pd complexes enhanced
the anticancer activities against the two tested cell lines, as deter-
mined by the MTT cell viability assay. This observation is in agree-
ment with the literature [11].

5.5.2. Cell morphology
The morphological changes of MDA-MB-231 and MCF-7 after

48 h of treatment with complex 2 were imaged using an inverted
light microscope (Fig. 11) [39]. The untreated cells displayed nor-
mal cell morphology with an intact membrane and a high density
of cells. However, the treated cells showed a reduction in the cell
number and volume after the treatment. The cells showed
Fig. 11. Morphological changes in MDA-MB-231 and MCF-7 cell

Fig. 10. Cytotoxicity of complexes 1 and 2 against MDA-MB-231 and MC
apoptotic features, such as shrinkage, rounding of cells and mem-
brane blabbing.
6. Conclusions

Two square planar Pd(II) complexes with mono- and bis-pyra-
zolyl-s-triazine ligands were synthesized and their structures were
elucidated. In the [Pd(MPT)Cl2] (1) and [Pd(BPT)Cl]ClO4 (2) com-
plexes, the Pd(II) ion is coordinated with the MPT and BPT ligands
as bidentate and tridentate chelates, respectively. DFT calculations
were used to perform natural population analysis and to investi-
gate the nature and strength of the Pd-N and Pd-Cl coordination
interactions. The IC50 values for breast cancer cells were evaluated
for complexes 1 and 2. Both complexes showed higher activity
compared to the free ligands. Complex 2 showed higher cytotoxic
activity against MDA-MB-231 (IC50 = 13.5 mg/mL) and MCF-7
(IC50 = 18.6 mg/mL) compared to 1. Finally, we propose that the
s treated with 15 and 20 lg/mL of complex 2, respectively.

F-7 after 48 h of treatment. Data are mean values of triplicates ± SD.



J. Lasri et al. / Polyhedron 187 (2020) 114665 9
inhibitory activity of these Pd(II) complexes needs further consid-
eration for the development of anticancer agents.
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