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Abstract: Aim and Objective: Platinum (II) and platinum (IV) of pyrophosphate complexes have
been prepared and characterized to discover their potential as antitumor drugs. This study was
conducted to prepare and characterize new ternary platinum (IT) complexes with formamidine and
pyrophosphate as an antitumor candidate.

Materials and Methods: The complexes have been characterized by mass, infrared, UV-Vis.
spectroscopy, elemental analysis, magnetic susceptibility, thermal analyses, and theoretical
calculations. They have been tested for their cytotoxicity, which was carried out using the fast-
colorimetric assay for cellular growth and survival against MCF-7 (breast cancer cell line), HCT-
116 (colon carcinoma cell line), and HepG-2 (hepatocellular cancer cell line).

Results: All complexes are diamagnetic, and the electronic spectral data displayed the bands due
to square planar Pt(II) complexes. The optimized complexes structures (1-4) indicated a distorted
square planar geometry where O-Pt-O and N-Pt-N bond angles were 82.04°-96.44°, respectively.
Results also show that all complexes are neutral, stable and non-hygroscopic and have noticeable
cytotoxicity with ICsy (uM): 0.035-0.144 MCF-7(breast cancer cell line), 0.042-0.187 HCT-116
(colon carcinoma cell line), and 0.063-0.168 HepG-2 (hepatocellular cancer cell line). Moreover,
the results show that the complex (4) has the best ICsy value.

Conclusion: The complexes showed noticeable cytotoxicity and are considered as promising

antitumor candidates for further applications.

Keywords: Pt(Il), pyrophosphate, formamidine, antitumor, spectroscopy, thermal analysis, magnetic and MO calculations.

1. INTRODUCTION

Metal-Organic compounds have been used in medicinal
chemistry for many reasons. The most important of these
reasons are their lipophilic nature and their ability to provide
a huge variety of functionalized organic ligands [1]. The
applications of transition metal complexes as anticancer
reagents are beneficial [2-6]. The metal complexes with
ligands bearing O, N donor atoms of organic structures have
been studied for their medicinal applications [7]. Mixed
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ligand metal complexes are the most interesting because they
contain different moieties with enhanced properties [8, 9].
The design of thermally stable complexes that can reach the
target position is the aim behind the preparation of these
complexes.

On the other hand, the complexes should be unreactive
towards the reducing agent glutathione (GSH) and extra- and
intracellular biomolecules, which are present in most cells
[10]. At present, platinum (II) complexes are used in 50 to
70% of all chemotherapy schemes administered to cancer
patients [8, 11]. Nevertheless, the use of cisplatin and
interrelated  drugs (carboplatin and oxaliplatin) is
unsatisfactory by their dose-limiting harmful side effects and
by acquired resistance on long therapy as well as by their
lack of efficiency against various cancer types, specifically
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(Z)-N'-(benzo[d]thiazol-2-yl)-N,N-dimethylformamidine

(L)

(Z)-N,N-dimethyl-N'-(1H-1,2,4-triazol-3-yl)formamidine

(L)
Fig. (1). Structures of the formamidine ligands (L1-L4).

metastatic ones [12]. Recently, many cobalt, nickel, and
palladium mono and binuclear pyrophosphate complexes
showed noteworthy inhibition against ovarian tumor cell
lines [13]. Platinum (II) and platinum (IV) of pyrophosphate
complexes have been prepared and characterized to discover
their potential as antitumor drugs [14]. Furthermore,
formamidine ligands under study (L,-Ls) have proven to
have good cytotoxic activity [15]. In continuation of our
previous work on formamidine complexes [15-19], we report
our investigations of platinum (II) mixed complexes with
formamidine and pyrophosphate ligands as potential
chemotherapeutics agents. The formamidine ligand
structures are given in Fig. (1).

2. MATERIALS & METHODS
2.1. Materials

The chemicals used are highly pure. Potassium tetrach
loroplatinate (II), K,[PtCly] and sodium pyrophosphate
decahydrate Na,P,0;.10H,O were purchased by Aldrich.
The solvents used were of analytical grade.

2.2. Measurements

The carbon, hydrogen and nitrogen’s elemental analyses
were analyzed at the microanalytical center of Cairo
University, Egypt. Infrared measurements were carried out
on solids as KBr discs using Jasco FTIR-460 plus and Jasco
FTIR-4000 (ranging 400-4000 cm™) and mass spectrometric
analyses have been carried out using GCMS-QP1000EX
Shimadzu (electron ionization). UV-Vis. spectra have been
conducted by Optizen UV-Vis. spectrophotometer. The
'HNMR spectra are carried out using Spectrospin-Bruker-
AC 200 MHz NMR Spectro-meter (L;) and Varian NMR
400 (Complex 1). Samples were dissolved in DMSO using
tetramethyl-silane (TMS) as an internal reference. The
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susceptibility of the solid complexes was measured by
Sherwood Scientific magnetic susceptibility balance.
Thermal analyses have been conducted using a Shimadzu
thermo-gravimetric analyzer TGA-60H (20 mL / min N,
atmosphere, rate of 10°C / min from 25°C).

2.3. Synthesis of Complexes
2.3.1. Synthesis of Ternary Pt(Il) Complexes

The formamidine ligands were prepared by our group and
are published in the previous work [15]. The ternary
complexes have been prepared following a similar procedure
to that reported by our group [15-19]; 1.0 mmol (0.42 g) of
K,PtCly, 1.0 mmol (0.45 g) of sodium pyrophosphate
decahydrate Na,P,0,.10H,0O were separately dissolved in
water (10 mL at 50°C). 1.0 mmol; of L;(0.21 g) (L,= (Z)-
N'-(benzo[d]thiazol-2-y1)-N, N-dimethylformamidine), L2
(0.19 g) (L, = (Z)-N'-(1H-benzo[d]imidazol-2-yl)-N,N-
dimethylformamidine), L3 (0.14 g) (L3 = (Z)-N,N-dimethyl-
N'-(1H-1,2,4-triazol-3-yl) formamidine) and L4 (0.12 g) (L4
= N-(pyridin-2-yl)formamidine) were separately dissolved
in ethyl alcohol (10 mL) and mixed with the aqueous
solution (10 mL) of Pt(II) salt slightly with constant stirring.
Then, the pyrophosphate solution was added to the mixture
slightly under constant stirring. The whole mixture was
adjusted to pH 8 and refluxed at 90°C for 15 hours under
constant stirring [16]. The green solid complexes were
purified using DMSO. The complexes obtained were
[Pt(L,)PPi].2H,0 (1) (0.38 g; yield: 61.7%), [Pt(L,)PPi].
2H,0 (2) (0.36 g; yield: 59.7%), [Pt(L;)PPi].2H,0O (3) (0.37
g; yield: 68.3%) and [Pt(L4)PPi].7/2H,0 (4) (0.34 g; yield:
61.8%). The elemental analysis of complexes included Anal.
Calc. for (1); (C19H;7N306P,PtS, Calc.: C, 19.61; H, 2.80; N,
6.86, Found: C, 19.45; H, 2.64; N, 6.49%), (2)(CH s
N,OoP>Pt, Calc.: C, 20.18; H, 3.05; N, 9.41, Found: C,
1998, H, 298, N, 9.23 %), (3)(C5H15N509P2Pt, Calc.: C,
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Table 1. The analytical and spectroscopic data of the synthesized Pt(II) pyrophosphate complexes (1-4).
Molar An UV-Vis. Absorption
Complexes Color Solubility 12 I Assignment
Mass Ohm™ ¢cm” mol Peaks (nm)
330-340 n-m*
. 375 n-m
[Pt(L,)PPi].2H,0 (1) 612.35 Green DMSO 5.44
445-460 MLCT
500 'Ai,— By
310-330 n-m*
. 350 n-m *
[Pt(L,)PPi].2H,0 (2) 595.30 Green DMSO 3.67
410-440 MLCT
500 'Aj,— By
[Pt(L;)PPi].2H,0 (3) 546.23 Green NS - NS -
300-325 n-m*
[Pt(L4)PPi].7/2H,0 350-385 n-m*
556.26 Green DMSO 3.45
“) 400 MLCT
460 'Aj,— By

10.99; H, 2.77; N, 12.82, Found: C, 10.80; H, 2.64; N, 12.71
%) and (4) (CsH N30 ,0.5PPt, Cale.: C, 12.98; H, 2.90; N,
7.57. Found: C, 12.73; H, 2.72; N, 7.45).

2.4. Evaluation of the Antitumor Activity

The cytotoxicity test was performed using the fast-
colorimetric assay for cellular growth and survival [20]. The
human tumor cells used were MCF-7 (breast cancer cell
line), HCT-116 (colon carcinoma cell line), and HepG-2
(hepatocellular cancer cell line) to test the cytotoxicity of the
complexes under study. The tumor cells were cultivated in
Dulbecco’s modified Eagle’s medium (DMEM) or RPMI-
1640 dependent on the type of tumor cell line added with
10% of heat-inactivated fetal bovine serum, 1% L-glutamine,
HEPES buffer and 50ug/ml gentamycin. The media were
incubated at 37°C in a humidified atmosphere with 5% CO,
and were sub-cultured twice a week throughout the tests.
Each test was carried out in a triplicate experiment. The
cytotoxicity was tested in the Al-Azhar University Regional
Centre for Mycology and Biotechnology, Cairo, Egypt.

3. RESULTS AND DISCUSSION

The prepared Pt(I) complexes (1-4) analytical and
spectral parameters are given in Table 1. All the Pt(Il)
complexes are stable and non-hygroscopic and soluble
DMSO. The data of elemental analyses are in good
agreement with those of the suggested structures of the
complexes (the experimental part).

3.1. Infrared Spectral Study

The most important IR peaks of prepared Pt(II)
complexes are presented (Table 2). The strong bands that
appeared in ligands at 1600-1642 cm™ are assigned to the
azomethine v(C=N) and at 1261-1276 cm™ are due to v(C-N)
[13, 15-22]. In the spectra of the investigated complexes, the

above-mentioned bands are shifted to 1631-1634 cm™ and
1254-1277 ecm’™; respectively. Additional bands are observed
for the pyrophosphate ligand at (1210-1228 cm™) assigned to
v(PO,), at (883-976 cm™) and (718-763 cm™) assigned to the
asymmetric and symmetric stretching vibration of the P-O-P
bridge, respectively. The asymmetric and symmetric
stretching frequencies of the terminal v(PO;) bands observed
at (1112-1123 ¢cm™) indicate that the [P,O,]™* implements a
bent structure [13, 23, 24]. New bands at (455-495 cm™) and
at (597-609 cm™) were assigned to v(M-N) and v(M-O);
respectively. Furthermore, the infrared spectra of the
complexes (1-4) showed the bands of hydrated water at the
range of (3419-3431 cm™). The experimental and calculated
IR bands of complex (2) are shown in Fig. (2). The calculated
and experimental data are covenant as shown in Table 2 with a
relative error of 0.00-10.96%. This error may be originated
from the dissimilar methodology used to get the data; the
experimental data are measured in the solid-state while the
theoretical data are obtained for an isolated molecule, which is
expected to be close to that in the gaseous state.

3.2. Mass Spectra

The key fragmentations in the mass spectra of the
produced complexes are recorded in Table 3. Complex (1)
(M.Wt = 612.35) showed peaks at m/z = 612 (M; parent),
m/z = 586 (M-2H,0), m/z = 421 (M-(2H,0, P,04)), m/z =
212 (PtO), m/z = 204 (L,) and m/z = 154 (P,04). Complex
(2) M.Wt = 595.30) gave peaks at m/z = 594 (M; parent),
m/z = 559 (M-2H,0), m/z = 418 (M- P,07), m/z = 407 (M-
L,), and m/z = 182 (L,). Complex (3) (M.Wt = 547.23) gave
peaks at m/z = 546 (M; parent), m/z = 404 (M-P,0,), m/z =
375 (M-(2H,0, L3)), m/z = 236 (M-(2H,0, 2C0O,)) and m/z
=140 (L;). Complex (4) (M.Wt = 555.23) gave peaks at m/z
= 556 (M; parent), m/z = 537 (M-H,0), m/z = 507 (M-
7/2H,0), m/z = 430 (M-L,), and m/z = 120 (L,). The spectra
of the complexes (1-4) also showed peaks at 193, 194 and
195 m/z which are assigned to the stable platinum isotopes
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Table 2. Most characteristic observed and calculated vibrational frequencies cm™ for Pt(II) complexes.

Compound Obs. Calc. % Relative Error Assignment
3431 - - v(O-H)Hydrated
1631 1677 2.82 v(C=N) imin.
1271 1264 0.55 v(C-N)
973as 867 10.89
v(P-O-P)brid.
[Pt(L,)PPi].2H, O (1) 747s 826 10.57
1117as 1110 0.62
v(PO3)
1062s 1098 3.38
600 605 0.83 v(M-0)
437 457 4.57 v(M-N)
3425 - - v(O-H)Hydrated
1633 1720 5.32 v(C=N) imin.
1277 1257 1.56 v(C-N)
973as 867 10.89
v(P-O-P)brid.
[Pt(L,)PPi].2H,0 (2) 757s 840 10.96
1123as 1111 1.06
v(PO;)
1058s 1037 1.98
611 607 0.65 v(M-0)
447 455 1.78 v(M-N)
3419 - - v(O-H)Hydrated
1634 1710 4.65 v(C=N) imin.
1214 1248 2.80 v(C-N)
976as 864 11.47
v(P-O-P)brid.
[Pt(L;)PPi].2H,0O (3) 718s 740 3.06
1114as 1092 1.97
v(PO3)
1058s 1064 0.56
618 609 1.45 v(M-0)
487 495 1.64 v(M-N)
3428 - - v(O-H)Hydrated
1629 1739 6.75 v(C=N) imin.
1254 1260 0.47 v(C-N)
883as 870 1.47
v(P-O-P)brid.
[Pt(L4)PPi].7/2H,0 (4) 763s 826 8.25
1112as 1108 0.35
v(PO;)
1055s 1028 2.55
597 597 0.00 v(M-0)
452 479 5.97 v(M-N)
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Fig. (2). The IR spectrum of [Pt(L,)PPi].2H,0 (1).

Table 3. Characteristic mass fragmentations data of Pt(I1I) complexes.
Complex Molar Mass Important Mass Fragmentations (m/z) Values
. 612 (M), 586 (M-2H,0), 421 (M-2H,0, P,05), 371 (M-L,), 204 (L,), 212 (PtO), 154 (P,04) Pt
[P(L.)PPi).2H0 (1) 612.35 isotopes 193, 194, 195
[Pt(L,)PPi].2H,0 (2) 595.30 594 (M), 559 (M-2H,0), 418 (M-P,0,), 407 (M-L,), 182 (L;), Pt isotope 194
[Pt(L;)PPi].2H,0 (3) 547.23 546 (M), 404 (M-P,0,), 375 (M-(2H,0, L,)), 140 (L), Pt isotopes 193, 194, 195
[Pt(L,)PPi].7/2H,0 (4) 555.23 556 (M'1), 537 (M-H,0), 507 (M-7/2H,0), 430 (M-L,), 120 (L,), Pt isotopes 194, 195

[24]. The results also indicate the monomeric nature of the
investigated complexes.

3.3. Electronic Spectra

The measurements of the absorption spectra the
complexes (1, 2, 4) were conducted in DMSO at 200-1100
nm. The resulting data are listed in Table 1. The spectra
exhibited two bands at 300-340 nm and 350-385 nm, which
is due to the n—n* and n—n* transitions of the aromatic
rings and the azomethines of the ligands; respectively [25].
The shoulders at 400-460 nm are due to metal to ligand
charge transfer (LMCT) in the square planar species, which
is supported by the DFT calculations (vide infra). The d-d
transition within the low spin square planar platinum (II) (a”)
species has been shown as a broad band at 460-500 nm due
to 1A1g—> 3B1gtransiti0n [25, 26]. The configurations of the
calculated main excitation electronic transition, as well as the
oscillator strength of Pt(II) pyrophosphate complexes, are
represented in Table 4. The calculated transitions are
covenant with the experimental ones. Complex (1) is

presented in Fig. (3). The calculated orbital excitations were
deduced from HOMO and LUMO energies.

3.4. The "H NMR Spectra

The 'HNMR spectrum of complex (1) has been
measured; as a representative example to emphasize that the
complexes are diamagnetic confirming the magnetic
susceptibility measurements (vide infra); Fig. (4). Complex
(1) showed a singlet band at 8.62 ppm (integrated to 1
proton), which is assigned to the aldimine =CH.

The complex also showed multiplet peaks at 6.94-7.20
ppm (integrated to 4 protons) assigned to the benzothiazole
moiety and multiplet peaks at 2.65-3.33 ppm (integrated to 6
protons) assigned to the two CHj groups. The CH; multiplet
peaks were found to be slightly shifted from those of the
ligand (L) due to the participation of benzothiazole nitrogen
and the N-(CHj3;), nitrogen in coordination (ligand (L,): 8.37
ppm (1H;=CH aldimine), 7.17-7.71(4H;Ph) and 3.08-3.13
(6H; 2CHs)).
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Table4. Computed main excitation energies nm(eV), electronic transition configurations of Pt(II) complexes.

Complex nm(eV) Exp nm Composition (>10%)
339(3.648) 330 HOMO-9—-LUMO(60%), HOMO-7—LUMO +1(25%), HOMO—LUMO+1(15%)
347(3.571) 340 HOMO-8—LUMO(45%), HOMO-7—LUMO (38%), HOMO-6—LUMO(13%)
369(3.358) 375 HOMO-6—LUMO(51%), HOMO-5—LUMO (36%), HOMO-9—LUMO(13%)
- 0, . 0, _ 0,
[P{(L,)PPi].2H,0 (1) 441(2.807) 445 HOMO-1— LUMO(42%), HOMO-4—LUMO (37%), HOMO-8—LUMO(16%)
463(2.677)
460 HOMO-2—LUMO(50%), HOMO-1—-LUMO (33%), HOMO-3—LUMO(26%)
HOMO-4—LUMO(49%), HOMO-1—-LUMO (38%), HOMO-1—-LUMO(14%)
473(2.620)
504(2.460) 500 HOMO—LUMO(67%), HOMO-1—-LUMO(14%)
315(3.933) 310 HOMO-7—-LUMO(53%), HOMO-9—LUMO(43%)
325(3.814) 330 HOMO-7-LUMO(41%), HOMO-6—LUMO (41%), HOMO-5—LUMO(17%)
[Pt(L,)PPi].2H,0 (2) 415(2.981) 410 HOMO—LUMO(49%), HOMO-2—LUMO (44%).
429(2.885) 440 HOMO-2—-LUMO(47%), HOMO-1—-LUMO (43%).
443(2.795) 500 HOMO-1-LUMO(51%), HOMO—LUMO (41%).
338(3.66) - HOMO-2—-LUMO+1(44%), HOMO-1—-LUMO+1(42%), HOMO-—-LUMO(14%)
[Pt(L;)PPi].2H,0 (3) 356(3.482) - HOMO-1-LUMO(54%), HOMO—LUMO (30%), HOMO-2—LUMO+1(14%)
381(3.249) - HOMO—LUMO (59%), HOMO-1—-LUMO (33%).
313(3.982) 300
HOMO-3—-LUMO(53%), HOMO-4—LUMO (30%).
319(3.881) 315
HOMO-1-LUMO+2(45%), HOMO-1—-LUMO+1(30%), HOMO—LUMO+2(22%).
HOMO—LUMO+1(45%),HOMO—LUMO+2(27%),HOMO-1—-LUMO+2(20%).
324(3.823) 325
363(3.4006) 350 HOMO-1-LUMO (43%), HOMO-2—LUMO(41%).
[Pt(L4)PPi].7/2H,0 (4)
370(3.356) 385 HOMO-2—-LUMO(50%), HOMO-1—-LUMO (40%).
399(3.101) 400 HOMO-1-LUMO (46%), HOMO—LUMO(44%).
410(3.020) HOMO-2—LUMO (58%), HOMO-1—-LUMO(37%).
460
428(2.895) HOMO—LUMO (53%), HOMO-1—-LUMO(34%).
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Table 5. Thermogravimetric analytical data for decomposition of Pt(1I) complexes.
DTA i Metallic
Assignment of the
Complex “13[“;:‘: TG Range (K) |  mn Mass(é;’lsf, /F)"““d & ) Residue Found
) 70 Removed Species (Cal.%)
. 303-512 410 5.84%; (5.87%) [2H,0] PtO
[Pt(L,)PPi].2H,0
o 612.35 512-746 541 23.29%; (23.52%) [P,0s] 33.01
746-1259 759 35.93%; (36.09%) [C1oH11N3S, O5] (34.45)
. 292-502 544 5.45%; (6.04%) [2H,0] Pt
[Pt(L,)PPi].2H,0
@ 595.30 502-683 678 28.62%; (29.22%) [P,O4] 30.15
683-872 710 35.78%; (36.95%) [CioH12Ny] (32.75)
, 297-447 586 6.48%:; (6.59%) [2H,0] Pt
[Pt(Ls)PPi].2H,0
) 546.23 447-794 723 24.79%; (25.99%) [P,05,N(CH),] 37.72
794-1137 994 30.98%; (31.30%) [C3H3N,, O, ] (35.69)
. 298-384 339 3.11%; (3.24%) [H,O] Pt
[Pt(L,)PPi].7/2H,0
@ 555.23 384-709 684 33.52%; (33.67%) [5/2H,0, P,0s] 36.38
709-928 722 26.99%; (27.55%) [CsHoN3, O5] (35.12)
8.0 0.001
7.0 === DrTGA lﬁ--vv“v"‘olg~l‘.‘"“‘ 0.000
J
F A LIS !
6.0 [ -
v H - -0.001
Qo : ] Q
£ 50 | ] \ ‘ xd
£ " N\ ! - -0.002 &
D 40 | ! '\ <
~ ! ' O
= \ i - .0.003 £
3.0 ) o
!
[ 0.004
) - -0.
20 !
':
)
10 | 'l' - -0.005
0 O 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 _O 006
O QO NLOVOINTNAN—TONON O TN
NAOATOTOOT AT DT OMOOMOKO MO M
A A N NMO TN N O ONNOLWON D
Temperature, °C

Fig. (5). The thermogram of [Pt(L,)PPi].2H,0 (1).

3.5. Magnetic Susceptibility

The magnetic measurement of platinum (II) complexes
(1-4) indicated that the complexes are diamagnetic, which is
due to the divalent state of Pt(Il) with & electronic
configuration (eg4 bzgz a]gz) in a square planar geometry
where electrons are paired [27].

3.6. Thermal Analysis

The thermogravimetric analysis (TGA) was performed to
explore the thermal stability of the complexes. The first
derivative of the thermogram plots (DrTGA) was also used
to precisely determine the range of each step. The
decomposition data are specified in Table 5. The

assignments of the different decomposed steps are in
consistent with the complexes formulae. The thermograms of
complexes (1) as an example is shown in Fig. (5). The
thermodynamic parameters were calculated using the
Integral method of Coats—Redfern and the approximated
method of Horowitz-Metzger [28, 29] considering the
Ozawa correction [30]. The values of the thermodynamic
parameters are listed in Table 6. The complexes are stable as
indicated by their moderately high total activation energy
(368-660 kI mol™). The variation in the sign of the entropy
(AS*) may be explained by the difference in the structural
complexities (organization and/or arrangement) of the
complexes in the activation state, which stands as the
reactant to the next step [31, 32].
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Table 6. Data of the thermodynamic parameters of the thermal decomposition of Pt(1I) complexes.
Complex T‘:ﬁf};’;‘r‘;’t‘ﬂg‘zﬁ) AE / KJ mol” R2 AS/JK1mol' | AH/KJmol' | AG/KJ mol
63 97 60 100
. 303-508 158 0.97 29 154 138
[PY(L,)PPi].2H,0 (1) 508-740 377 8432 229 371 198
740-889 498 : 355 558 436
74 -114 69 132
. 295-635 356 0.96 266 350 169
[Pt(L2)PPi].2H,0 (2) 635-692 240 0.96 68 234 186
R 0.87
692775 660 220 635 478
57 96 54 88
PHLPPILZELO (3 - 216 . 103 211 151
[Pt(L;)PPi] 20 (3) 568-713 263 83‘51 96 257 187
56 92 53 84
. 298-384 100 0.95 115 94 173
[Pt(Ly)PPi].7/2H,0 (4) 384-709 212 0.95 33 205 182
: 0.85
709-928 368 56 352 439

Table 7. Equilibrium geometric parameters bond lengths (A), bond angles (°) and dihedral angles (°) of optimized Pt(II)
complexes by using DFT/B3LYP/LanL2DZ basis set.
[Pt(L,)PPi].2H,0 (1) Bond Lengths A Bond Angles®

Pt(18)-0(3) 2.031 0O(3)-Pt(18)0(4) 90.52

Pt(18)-0(4) 2.020 O(3)-Pt(18)-N(13) 91.38

Pt(18)-N(13) 2.053 O(4)-P(18)-N(19) 89.29

Pt(18)-N(19) 2.135 N(13)-Pt(18)-N(19) 88.86

- - O(3)-Pt(18)-N(19) 179.12

- - O(4)-Pt(18)-N(13) 175,39
[Pt(L,)PPi].2H,0 (2) - - -

Pt(18)-0(3) 2.036 0(3)-Pt(18)0(4) 92.39

Pt(18)-0(4) 2.037 O(3)-Pt(18)-N(13) 90.57

Pt(18)-N(13) 2.036 O(4)-P(18)-N(19) 83.12

Pt(18)-N(19) 2.11 N(13)-Pt(18)-N(19) 93.99

- 3 O(3)-Pt(18)-N(19) 175.32

- - O(4)-Pt(18)-N(13) 174.94
[Pt(L;)PPi].2H,0 (3) - - -

Pt(1)-0(12) 2.056 0(12)-Pt(1)0(13) 92.11

Pt(1)-0(13) 2.051 0(12)-Pt(1)-N(2) 82.04

P(1)-N(2) 1.968 0(13)-Pt(1)-N(7) 85.04

Pt(1)-N(7) 2.109 N(13)-Pt(18)-N(19) 91.79

- - 0(12)-Pt(1)-N(7) 173.83

- - 0(13)-Pt(1)-N(2) 176.80
[Pt(L,)PPi].7/2H,0(4) - - -

P(1)-0(2) 2.047 0(2)-Pt(1)O(3) 96.44

Pt(1)-0(3) 2.032 0(2)-Pt(1)-N(8) 88.66

Pt(1)-N(8) 2.048 O(3)-Pt(1)-N(14) 82.04

Pt(1)-N(14) 1.970 N(8)-Pt(1)-N(14) 92.82

- - 0(2)-Pt(1)-N(14) 178.46

- - O(3)-Pt(1)-N(8) 174.34

3.7. Computational Studies

The optimized geometries of the complexes (1-4) using
Density functional theory DFT with B3LYP / LanL2DZ
basis set [33, 34] are shown in Fig. (6). The relevant bond
angles and the bond lengths are given in Table 7. The
transition energy of the complexes was calculated from the
time-dependent TD-DFT (time-dependent density functional

linear response theory). The angles of Pt(II)-formamidine
and pyrophosphate ligands vary from (82.04° to 96.44°)
indicating distorted square planar structures [32]. The O-Pt-
O bond angles (90.52°-96.44°) are comparable with the
platinum (II) diamine pyrophosphate complexes in pyroen-2
(en = 1,2-ethanediamine) and pyrodach-2 (dach = trans-1,2-
cyclohexanediamine) (91.33°-96.20°) [14]. The N-Pt-N bond
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Fig. (6). Optimized molecular structures and atomic charges of ternary Pt(II) complexes; Carbon (gray), Nitrogen (blue), Sulfur (yellow),
Phosphorus (orange), Oxygen (red), and Platinum (violet). Hydrogen atoms are omitted for simplicity. (4 higher resolution / colour version of

this figure is available in the electronic copy of the article).

angles (88.96°-93.99°) are also deviating from (90°). This
deviation arose from the participation of the bulky
formamidine ligands in coordination. The calculated bond
length of Pt-O(2.02°-2.06°) and Pt-N (1.97°-2.05°) were
compared with the published Pt(II) complexes and were
found to be consistent (Pt-O: 2.00°-2.03°, Pt-N: 2.01°-2.02°)
[14, 35]. The atomic charges explain the possible donor and
acceptor property of atoms [36]. The higher charge density
has been found to be assigned on ligand’s nitrogen atoms,
which explains their donor properties. The platinum as the
positive core acts as the acceptor. The back donation is
contingent on the higher negative charges of nitrogen atoms
in complexes compared with ligands. This can be reasoned
as MLCT from the platinum to the m*-orbitals of ligands.
The positive charges on the sulfur atoms in L, (+ 0.249) and
complex (1) (+ 0.282), for example, make it hard to act as a

binding site [15]. The complexes were found to be more
polarized (9.74-18.13 Debye) than ligands (1.93-4.90 Debye)
[13, 15, 16, 37]. The calculated electronic energies of the
complexes and their dipole moments are given in Table S3.
Natural Bond Orbital (NBO) calculations were conducted
using the B3LYP / LanL2DZ basis set. Accordingly, for
comg)lex (1), the platinum electronic configuration is :[Xe]
6% 5d* 6p”?7 64" 7p"!, 68 core electrons, 9.34 valence
electrons, and 0.026 Rydberg electrons, which sum to 77.37
electrons and +0.68e charge on Pt atom. The occupancies of
Pt 5d orbitals are d,, 1.958; d,, 1.872; dy, 1.785; d,”,* 1.050
and d,” 1.886. The 5d-electron populations of 8.551
correspondings to the oxidation state Pt(Il) is covenant with
ligand to dp, electron transfer. The occupancy of the d,(z_y2
may be explained on the base of the possibility of electron
transfer from ligand to metal (LMCT). Similar trends are
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shown by complexes (2-4) with Pt 5d populations (8.186-
8.561) confirming the ligand to metal electron transfer. The
electronic energies of the complexes (-1726 to -2279 a.u.)
are more stable than ligands (-949 to -397) [13, 15, 16, 38].
The calculated HOMO and LUMO energies are given in
Table S3. The hardness (1) values are calculated from the
ionization energies (I) and electron affinities (A) as (n = (I-
A) /2) and (I-A) are equal to the energy difference between
the HOMO-LUMO energies. The higher the values of (I-A)
the harder are the molecules and vice versa [39, 40]. The n
values and AE (HOMO-LUMO) are arranged in Table S3.
The transition is much easy in the complexes than in the
ligands; AE of complexes is (0.118-0.145) and of ligands is
(0.106-0.310) [38]. Hence, the complexes (1-4) are more soft
(n = (0.059-0.072) compared with the ligands (0.053-0.155)
[37]. The stability of ligands and complexes is indicated
from the negative values of HOMO and the LUMO as well
as their energy separation [38, 39]. The isodensity surface
graphs of the HOMO and LUMO for complexes are
represented by complex (2); Fig. (S1). The electron densities
in L, are localized on the benzimidazole part, which may
point to a mixed n—n* and n—=n* transition [36]; Fig. (S1).
The molecular electrostatic potential (MEP) has been
calculated and is shown in Fig. (S2), the red and blue

sections indicate electrophilic and nucleophilic reactivity;
respectively. The nitrogen atoms of the ligands; with their
negative (red) regions are the responsive sites for the
electrophilic attack [40]. Contrarywise, the negative regions
(red) in complexes are largely found in the oxygen atoms of
pyrophosphate ligand.

3.8. Cytotoxicity

Cytotoxicity of complexes (1,2,4) was tested (in vitro) in
DMSO against the liver carcinoma cell line (HepG-2),
human breast adenocarcinoma (MCF-7), and colon
carcinoma cell line (HTC-116) using cisplatin and
doxorubicin as references. The experiment was conducted in
triplicate and the average results are considered, the results
are shown in Fig. (7). The IC50 values of the complexes
were deduced in micromoles (concentration in microgram at
50% viability/molar mass of complex) and tabulated in Table
8. The complexes have a noticeable cytotoxicity with IC50
(uM) for MCF-7 (0.035-0.144), HepG-2 (0.063-0.163) and
HCT-116 (0.042-0.187) cell lines. [Pt(L4)PPi].7/2H20 (4)
has the best IC50 values ranged (0.035 t00.063) uM against
the used cell lines which shows that the complexes are
promising antitumor candidates for further studies.

100 J

80 1 —o— MCF-7
X
> —i—HepG-2
= 60 J HCT-116
]
S
O]
© 40 1
20
0 T T T T T 1

20

30

Sample Concentration, mg/well

40 50 60

Fig. (7). Cell viability of [Pt(L4)PPi].7/2H20 (4) against HepG-2, MCF-7, and HCT-116 cell lines. (4 higher resolution / colour version of

this figure is available in the electronic copy of the article).

Table 8. ICsyvalues of for the ligands and some Pt(Il) complexes.
Complex 1Ca (D
MCF-7 HCT-116 HepG-2
L, 0.024+0.007 0.025+0.011 0.040+0.009
L, 0.050+0.012 0.115+0.015 0.051+0.017
L; 0.168+0.007 0.150+0.003 0.222+0.011
L, 0.011+0.013 0.012+0.019 0.006+0.012
[Pt(L,)PPi].2H,0 (1) 0.144+0.017 0.154+0.009 0.168+0.015
[Pt(L,)PPi].2H,0 (2) 0.131+0.015 0.187+0.014 0.154+0.016
[Pt(L,)PPi].7/2H,0 (4) 0.035+0.013 0.042:+0.008 0.063:0.006
Doxorubicin 0.008+0.011 0.008+0.018 0.008+0.006
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CONCLUSION

Ternary platinum (II) complexes with formamidine and
pyrophosphate have been prepared and characterized. The
complexes (1-4) have been proven to be diamagnetic with
distorted square planar. The stability of the complexes was
inferred from the negative HOMO and LUMO’s energies.
The thermal stability of complexes (1-4) has been inferred
from their high total activation energies (368-660 kJ mol™).
The complexes showed noticeable cytotoxicity (ICsy (LM):
MCF-7 (0.035-0.144), HepG-2 (0.063-0.163) and HCT-116
(0.042-0.187). The complexes are considered as promising
antitumor candidates for further application.
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