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Abstract

:

The reaction between [PtCl2(L-L)] (L-L = dppe, dppp, dppb, dppf, Phen and Bipy) or [PtCl2(PPh3)2] with 1-benzyl-3-phenylthiourea (H2BPT) in a basic medium (CHCl3/EtOH) created new coordinated square planner Pt(II) complexes with [Pt(BPT)(L-L)] (1–4,6,7) and [Pt(BPT)(PPh3)2] (5) types. These complexes were fully characterized by analytical and spectroscopic techniques (i.e., IR, UV. Vis., 1H, and 31P NMR). The results indicated that the thiourea derivative ligand act as a dianion ligand bonded through both S and N atoms in a chelating mode or as a mono-anion ligand coordinated through a sulfur atom with Pt(II) ion. Cytotoxicity activity was performed by the MTT assay to determine anti-cancer activities against MCF-7 breast cancer cells. The study indicated that IC50 values for MCF-7 cells were 10.96–78.90 µM. Additionally, the complexes [Pt(BPT)(dppe)] (1), [Pt(BPT)(PPh3)2] (5), and [Pt(BPT)2(Bipy)] (7) were investigated theoretically, where their quantum parameters were evaluated using the Gaussian 09 program using the theory of B3LYP/Def2TZVP//B3LYP/Lanl2dz. The calculation results confirmed the optimized structures of the complexes square planar geometry. However, the calculated bond lengths and angles showed a slightly distorted square planar geometry due to the trans influence of the sulfur atom. Additionally, complexes of [Pt(BPT)(dppe)] (1) and [Pt(BPT)(PPh3)2] (5) showed higher stability compared to [Pt(BPT)2(Bipy)] (7), which can be attributed to the higher back-donation of (1) and (5) complexes. Furthermore, among the three complexes, the [Pt(BPT)2(Bipy)] (7) complex possessed the lowest HOMO–LUMO gap, which may be a good candidate as the photo-catalyst material.
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1. Introduction


Thioureas have received great research interest due to their diverse potential applications. Thioureas are known to bind to metal ions and form multiple coordination geometries [1,2], where the mono-anion ligand is considered one of the best-known scenarios in thioureas complexes. Another type of coordination can also occur when thioureas are attached to metal ions as neutral ligands. Di-anionic ligands are also possible but are the least likely form of thiourea complexes. Benzoyl thiourea, a special type of thiourea, can interact with transition metal centers through S, O, and N atoms [3,4,5]. Thiourea-metal complexes have been utilized in different applications [6,7,8,9,10,11,12], such as heavy metal separation [6], nano-materials precursor preparation [7], and biologically active materials. In the case of biologically active materials, glutathione, a thiourea derivative, is an interesting compound because it is present in biological systems and can be exploited as practical sulfur-containing nucleophiles [13,14,15,16,17,18].



In other biological active systems, platinum-acyl-thiourea complexes have been demonstrated as materials with antifungal and virus-inhibitory capabilities [16]. However, a detailed investigation of the composition, biological activity, and stability of thiourea derivatives in these systems is yet to be made. In this study, an in-depth investigation was carried out in this system, where the understanding could lead to the creation of stronger antibacterial drugs. Specifically, thiourea derivative metal (Pt(II)) complex ligands were investigated. The study included the synthesis, characterization, and antibacterial properties of 1-benzyl-3-phenylthiourea ligands and associated platinum metal complexes, which have never been reported.




2. Results


2.1. Synthesis


The schematic diagram of the ligand 1-benzyl-3-phenylthiourea (H2BPT) synthesis is illustrated in Scheme 1. This H2BPT ligand was subsequently reacted with the following agents: tertiary phosphine and amine ligands: [PtCl2(diphos)], [PCl2(Phen)], and [PtCl2(Bipy)] in a molar ratio (1:2) in the presence of a base medium to prepare Pt(II) complexes in a dianion form, where the varying synthetic pathways are shown in Scheme 2, Scheme 3 and Scheme 4.



The conductivity measurements of the complexes (1–7) in DMSO solvent showed that these complexes are non-electrolytes [19]. The CHN analysis was carried out, where the results (Table 1) are in good agreement with the suggested structures of the prepared compounds.




2.2. Spectroscopic Investigation


2.2.1. IR Spectra


The IR spectra of 1-benzyl-3-phenylthiourea (H2BPT) ligand showed the amide absorption bands at (3149) and (3363) cm−1 and thioamide bands at (1450) cm−1 and (842) cm−1 [20,21,22,23]. However, the complexes (1–7) showed no N–H absorption bands as in H2BPT. The stretching vibration of S–C=N was identified in the range of (1539–1566) cm−1, indicating the presence of ionic interaction between the ligand and the central metal ion. Interestingly, tertiary phosphine ligands could be found upon the coordination between the ligand, and Pt(II) ion as seen by the appearance of the Ph-p and C-p bands in the IR spectra, such as the υ (P–C) absorption peaks appeared at (505–536) cm−1 and (1099–1103) cm−1, respectively [24,25,26,27,28], as well as the υ (P–Ph) peak appeared in the range of (1433–1435) cm−1. Other IR bands are listed in Table 2.




2.2.2. 1H and 31P-{1H}, 13C-{1H} NMR Spectra


The presence of the two singlets at δ = 9.627 (s, 1H) and δ = 8.164 (s, 1H) could be attributed to the two N–H groups in the H2BPT ligand. Protons of the aromatic rings showed one triplet at δ = 7.118 (t, 1H, JHH = 6.78 Hz), whereas the other phenyl protons showed an unresolved multiplet in the range of δ = 7.439–7.258 (m, 9H). The methylene proton displayed as a doublet at δ = 7.37 (d, 1H, JHH = 7.40 Hz). (Figure S1, Supporting Information).



In the 1H NMR spectra, complexes (1–5) (Figures S2–S6, Supporting Information) exhibited no N–H signals when the compound was modified by NaOH. Complexes (6) and (7) showed that one proton was removed from the NH group, indicating the bonding of the two HBPT ligands on the side of the sulfur atom with the Pt(II) ion. A set of signals was seen within the 7–7.5 ppm range, which belongs to the phenyl groups for the phosphine ligands and the BPT−2 ligand. The protons of the aromatic rings for both BPT−2 and the phosphine ligands were shown as broad peaks within the 6–8 ppm range. On the other hand, the aliphatic protons of the phosphine ligands were shown within 1–4 ppm. Likewise, the Cp ring of the dppf ligand displayed two distinctive singlets at δ = 4.08 and 4.29 ppm, respectively. The protons of Phen and Bipy in the 1H NMR spectra of complexes (6 and 7) (Figures S7 and S8, Supporting Information) displayed as distinctive four peaks. For the Phen ligand in complex (6), these four peaks appeared at δ = 7.86 (d, 2H), 8.34 (s, 2H), 8.72 (dd, 2H,), and 9.80 (d, 1H) ppm, whereas for the Bipy ligand in complex (7), the four peaks appeared at δ = 7.76 (d, 2H), 7.97 (d, 2H), 8.19 (t, 2H), and 8.48 (d, 1H) ppm.



The 31P-{1H} NMR spectra of the complexes (1–5) (Figures S9–S13, Supporting Information) revealed the AX pattern, where two doublets from the platinum satellites appeared. The spectrum of the complex (1) showed two doublets at δ = 43.26 and 49.88 ppm in a 1:1 ratio with a coupling constant of JPP 5.7 Hz. Moreover, the platinum satellites associated with complex (1) at 2884 and 5386 Hz. The split pattern indicates that the Pt(II) ion is attached to both S and N donor atoms in a chelating fashion, where the sulfur atom is trans to one phosphorus atom and the nitrogen atom is trans to the other phosphorus atom [24,25,26]. The remaining mixed ligand phosphine complexes of Pt(II) have a similar pattern and can be explained accordingly.



The 13C-NMR spectrum of the H2BPT ligand is in good agreement with the suggested structure since H2BPT has ten different types of carbon atoms (see Figure S14 Supporting Information). Two significant peaks in the 13C NMR spectrum are the carbon peaks of the C=S group at δ185.01 ppm, and the methylene group (NH-CH2-) displayed at δ55.63 ppm. At the same time, the other phenyl carbons showed eight peaks in the range of δ = 146.92–122.36 ppm.



The formation of complexes (1, 2, 6, and 7) (Figures S15–S18 Supporting Information) was supported by 13C-{1H} NMR spectra which showed the chemical shift of the carbon atoms of the C=S group and the methylene group (NH-CH2-) in low-frequency peaks with δ 172.63–178.63 ppm. These recorded shifts reflected a down-field shift of about 7–13 ppm from the free thiourea ligand, suggesting decreased electron density on the thiocarbonyl carbon, and the coordination happened through a sulfur atom. In a similar view, the chemical shift of the methylene group (NH-CH2-) was shifted down-field, which showed at δ 49.06–53.98 ppm. The spectra of complexes (1 and 2) displayed the chemical shift of the carbons of the aliphatic group (CH2) at δ 31.23 ppm and (δ 19.09 and δ 31.23) ppm, respectively. In addition, the spectra of the complexes (6 and 7) displayed the chemical shift of the carbon of the (C=N) group of diamine ligands at δ 156.81 ppm and δ 155.75 ppm, respectively. Other chemical shifts are listed in Table 3.




2.2.3. UV–Visible Spectra


In the electronic absorption spectra of Pt(II) square planar complexes, the first spin allowed the d-d transition (1A1g → 1A2g) for Pt(II), where the transition could be identified at 420–480 cm−1 [29]. In addition, the electronic spectrum of the Pt(II) complexes (1–7) could display absorption bands between 20,833 and 23,809 cm1 due to the 1A1g → 1A2g transition (Table 4 and Figure 1).





2.3. Cytotoxicity of Selective Complexes


The cytotoxicity of the ligand and two selective complexes (4 and 6) was examined against breast carcinoma (MCF-7 cancer cells) using the MTT assay. The IC50 value (IC50 is the concentration that inhibits 50% of the MCF-7 cell growth) was determined by the method, where the results are summarized in Table 5. From this table, the following features were observed.



	-

	
Complex (6) exhibited the highest activity towards MCF-7 cells with an IC50 value of 10.96 ± 1.12 µM, indicating that complex (6) could be used chemotherapeutically.




	-

	
Complex (4) revealed moderate activity toward MCF-7 cell lines with an IC50 value of 47.07 ± 1.89 µM.




	-

	
The free H2BPT ligand exhibited weak efficacy towards MCF-7 cancer cells with an IC50 value of 78.90 ± 2.87 µM.




	-

	
The efficacy of the best-performing complex (6), Pt(BPT)2(Phen) is approaching the common cancer drug Cis-platin.








2.4. Computational Studies


2.4.1. Geometrical and Electronic Properties


The optimized structures of [Pt(BPT)(dppe)] (1), [Pt(BPT)(PPh3)2] (5), and [Pt(BPT)2(Bipy)] (7) complexes show that the thiourea ligand with a −2 charge can coordinate to the platinum central atom through its S− and N− atoms. The final optimized geometries for these three complexes are square planar symmetry, with Pt(II) at the center, attached to P, S, and N atoms (Figure 2). The calculated bond length shows that not all four bonds to the Pt(II) are equivalent. For example, the bond distance of Pt–N possesses a shorter bond length than those of Pt–S and Pt–P. Moreover, the two phosphorus atoms that attach to the Pt(II) atom are non-equivalent. One of the Pt-P bonds has a bond length of 2.42  Å  while the other has a bond length of 2.37  Å . These values are consistent with our previous work [31], which displayed the Pt-P lengths as 2.233  Å  and 2.264  Å , respectively. Furthermore, it is worth mentioning that when the tertiary phosphine ligand is replaced, the Pt-P bond length can also change. These differences can be attributed to the slightly straightened ring for the dppe ligand (complex (1)) and the PPh3 ligand (complex (5)). The change in the Pt-P bond length in these complexes can be attributed to the stronger trans influence of the S atom compared to the N atom [32]. The Pt-P bond that is trans to the sulfur atom has a longer bond length, whereas the Pt-P bond that is trans to the nitrogen atom has a shorter bond length. In addition, the bond length of Pt–S in these three complexes showed a constant value of about 2.42  Å , but the bond length of Pt–N has different values. In complexes (1, 5, and 7), the Pt-N bond lengths are 2.06, 2.07, and 2.08   Å ,   respectively. The average bond length of Pt–P in [Pt(BPT)(dppe)] (1) is shorter than the average bond length of Pt–P in [Pt(BPT)(PPh3)2] (5). The ligand field theory predicts that Pt(II), d8 has a square planar symmetry. However, the calculated bond angles are not equal to     90  °   , indicating a slightly distorted square planar geometry. For example, in complex [Pt(BPT)(dppe)] (1), the bond angle of P–Pt–P is     85.4  °   , while in [Pt(BPT)(PPh3)2] (5), the bond angle is     100  °   . On the other hand, the bond angles in N–Pt–S are     71.2  °    and     70.7  °    for [Pt(BPT)(dppe)] (1) and [Pt(BPT)(PPh3)2] (5), respectively.



The highest occupied molecular orbital (HOMO) and the lowest unoccupied molecular orbital (LUMO) were calculated at the level of B3LYP/Def2-TZVP (Figure 3). It was found that the HOMO–LUMO gap for [Pt(BPT)2(Bipy)] (7) is less than the two other complexes. These results suggest that [Pt(BPT)2(Bipy)] (7) may be considered as a photocatalyst with electron-hole activation in the solar energy range. Figure 3 shows that HOMO and LUMO are hybridized orbitals that contain Pt d-orbitals. P atoms have less electronegativity compared to S and N atoms. Therefore, unlike their contribution to LUMO, the P atoms do not contribute to HOMO charge density.




2.4.2. NBO Analysis


The natural bond orbital (NBO) charges for essential atoms in the complexes were also investigated, and the results are listed in Table 6. In all three complexes, the charge on the central Pt atom ranges from +2 to a much less positive value. These results represent a ligand-to-metal charge transfer. The NBO charges on N and S atoms are negative but less than unity, which indicates that these atoms donate their valence charge to the Pt(II) atom. The charge donation from the sulfur atom has a higher contribution to the Pt(II) atom than the N atom due to the electronegativity difference between N and S atoms (S is softer than N). The obtained data show that the central metal in both complexes (1) and (5) have less positive charge than complex (7), indicating a higher electron donation to Pt(II). These results suggest that P-containing complexes are more stable than N-complexes due to the high electron contribution from the P atoms to the central Pt ion. The electronegativity of P is less than N, S, and even Pt atoms. Even though P atoms displayed positive values in Table 6, there should be a second test by the second-order perturbation energy (E(2)) in the NBO analyses. Table 7, Table 8 and Table 9 show the results of the second-order perturbation energies due to the charge transfer from donor orbitals to the acceptor ones.



Furthermore, Figure 4, Figure 5 and Figure 6 illustrate donor and acceptor orbitals for the two highest second-order perturbation energies graphically. In line with the previous discussion, these results show that P atoms are very good electron donors to the Pt bonding orbitals. The E(2) values for P donors to Pt acceptor are higher than 150 kcal.mol−1. The next level of the E(2) values belongs to the N donor and anti-bonding orbital of Pt–P or Pt–S as the electron acceptor. In addition to the donation, there is some back-donation in which charges transfer from a central Pt atom to the anti-bonding orbitals of Pt–P and Pt–S. Apparently, this charge back-donation stabilizes the complexes in the range of 10–20 kcal.mol−1. It is interesting to note that the stabilization due to the charge back-donation is higher in complexes (1) and (5) compared to complex (7). This indicates that the probability of charge back-donation is twice in complexes (1) and (5) compared to complex (7).




2.4.3. MEP Analysis


The molecular electrostatic potentials (MEP) of three selective complexes were calculated from the formatted checkpoint file. To complete this analysis, the total electronic density was considered for the MEP calculation, where the results are shown in Figure 7. In this figure, the charge distribution is represented by a range of colors. The red color is for negative MEP, illustrating the electron-rich regions, and the blue color is for positive MEP showing the regions of electron deficiency. The electron-rich regions favor nucleophilic reactions, and the regions with electron deficiency are prompt for electrophilic reactions. In this calculation, the highest positive and negative values of MEP were fixed in the range of −0.04 to +0.04. The computed images allowed the complexes to be visually compared to understand their properties. Figure 7 shows that all three complexes have bold red color regions, which can act as strong nucleophiles. However, only the dsm-6 complex can play the role of strong electrophile. In these complexes, the thiourea ligand is nucleophilic, and bipyridine is located in the electrophilic center.






3. Experimental Section


3.1. Synthesis of 1-Benzyl-3-phenylthiourea (H2BPT)


The ligand 1-benzyl-3-phenylthiourea (H2BPT) was prepared by a modified method described previously [33,34]. In brief, this ligand was prepared by adding 2.14 mL of phenylmethanamine (20 mmol) in 10 mL of benzene under stirring for 10 min. Subsequently, 2.70 mL of isothiocyanatobenzene (20 mmol) was added to the mixture, which was then equilibrated for 4 h. Finally, the mixture was recrystallized with hot ethanol to produce a white precipitate, i.e., 1-benzyl-3-phenylthiourea (yield: 5.27 g or 85%, m.p. = 186–188 °C).




3.2. Synthesis of the Complexes (1–7)


The complexes (1–7) were synthesized by following the general procedure, which included the reaction of [PtCl2(diphos)] or, [PtCl2(PPh3)2] or [PCl2(diamine)] (0.05 mmol) in CHCl3 (10 mL) with the H2BPT/NaOH ligand (0.10 mmol) dissolved in ethanol in a (1:2) molar ratio using CHCl3/EtOH as mixed solvents (1:1). The reaction mixture was stirred and refluxed for 2 h, which gave pale yellow solution. Microscale crystals of the targeted complexes were obtained upon slow evaporation of the reacted solution.




3.3. Molecular Calculations


Three different complexes were selected to study theoretically by molecular simulation. The structures of [Pt(BPT)(dppe)] (1), [Pt(BPT)(PPh3)2] (5), and [Pt(BPT)(Bipy)] (7) complexes were optimized with the B3LYP/Lanl2dz level of theory by using Gaussian 09 program [35]. The frequency analyses were carried out to ensure the optimized structures were in the local points of potential energy surfaces. The number of the imaginary frequency was set at zero in all optimized structures. All post-processing calculations were obtained using the B3LYP/Def2-TZVP level theory. The electrostatic potential (ESP) was calculated from the formatted checkpoint file at the iso-surface value of 0.02, and the density of 0.0004 e/   Å 3   . Natural bond orbital (NBO) calculations, such as natural charges and donor-acceptor stabilization energy, were carried out using the NBO 6.0 program [36]. The GaussView program [37] was used to show the contour plot of HOMO (the highest occupied molecular orbital) and LUMO (the lowest unoccupied molecular orbital).





4. Conclusions


The present work describes the synthesis of a series of phosphine-Pt(II) complexes containing the dianionic thiourea ligand, which was synthesized by reacting one mole of precursor chloro complex, [PtCl2(L-L)] (L-L = dppe, dppp, dppb, dppf, Phen and Bipy) or [PtCl2(PPh3)2] with two moles of 1-benzyl-3-phenylthiourea (H2BPT) in the presence of NaOH as a base. The complexes have been fully characterized by the CHN analysis and NMR, IR, and UV–visible techniques. The spectroscopic results showed that the H2BPT ligand coordinates in the bidentate fashion through N and S atoms with Pt(II) ion. The cytotoxicity study against the MCF-7 cancer cells was carried out and indicated that [Pt(BPT)2(Bipy)] (7) exhibited an anti-cancer property. DFT calculations were also performed under the property of complexes [Pt(BPT)(dppe)] (1), [Pt(BPT)(PPh3)2] (5), and [Pt(BPT)2(Bipy)] (7). The calculation results support the spectroscopic results and indicate that these complexes adopt a square planar geometry. However, the exact geometries are distorted square planar due to the different Pt-P and Pt-S bond lengths. In addition, the HOMO–LUMO energy gap calculations showed similar energy gap values between complexes (1) and (5) but very low values in complex (7), which may be a good candidate for photo-catalyst material.
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Scheme 1. Preparation of 1-benzyl-3-phenylthiourea. 
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Scheme 2. Preparation of the complexes (1–4). 
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Scheme 3. Preparation of the complex (5). 
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Scheme 4. Preparation of the complexes (6 and 7). 
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Figure 1. UV–Visible spectra complexes of the complexes (a) [Pt(BPT)(dppe)], and (b) [Pt(BPT)(dppb)]. 
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Figure 2. Optimized structures for (a) [Pt(BPT)(dppe)] (1), (b) [Pt(BPT)(PPh3)2] (5), (c) [Pt(BPT)2(Bipy)] (7). Hydrogen atoms were not shown for simplicity. 






Figure 2. Optimized structures for (a) [Pt(BPT)(dppe)] (1), (b) [Pt(BPT)(PPh3)2] (5), (c) [Pt(BPT)2(Bipy)] (7). Hydrogen atoms were not shown for simplicity.
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Figure 3. HOMO and LUMO for (a) [Pt(BPT)(dppe)] (1), (b) [Pt(BPT)(PPh3)2] (5), (c) [Pt(BPT)2(Bipy)] (7). 
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Figure 4. Donor and acceptor orbitals of two highest second-order perturbation energies (E(2)) of [Pt(BPT)(dppe)] (1) complex. 
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Figure 5. Donor and acceptor orbitals of two highest second-order perturbation energies (E(2)) of [Pt(BPT)(PPh3)2] (5) complex. 
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Figure 6. Donor and acceptor orbitals of two highest second-order perturbation energies (E(2)) of [Pt(BPT)(Bipy)] (7) complex. 
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[image: Inorganics 11 00125 g006]







[image: Inorganics 11 00125 g007 550] 





Figure 7. Molecular electrostatic potentials calculated at the level of B3LYP/Def2-TZVP for (a) [Pt(BPT)(dppe)] (1), (b) [Pt(BPT)(PPh3)2] (5), and (c) [Pt(BPT)2(Bipy)] (7). 
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Table 1. Melting point (m.p., °C), yield (%), color, conductivity, and CHN analysis of the H2BPT ligand and its complexes.






Table 1. Melting point (m.p., °C), yield (%), color, conductivity, and CHN analysis of the H2BPT ligand and its complexes.





	
No.

	
Complexes

	
Color

	
Yield

(%)

	
m.p. (°C)

	
ΛM (ohm−1·cm2·mole−1)

	
Elemental Analysis (%) Found (Calc.)




	
C

	
H

	
N






	

	
H2BPT

	
white

	
90

	
167–169

	

	
69.39(69.20)

	
5.82(5.89)

	
11.56(11.68)




	
1.

	
[Pt(BPT)(dppe)]

	
off-white

	
64

	
290–295

	
1.3

	
57.62(57.92)

	
4.35(4.61)

	
3.36(3.40)




	
2.

	
[Pt(BPT)(dppp)]

	
yellow

	
72

	
220–223

	
4.5

	
58.08(57.93)

	
4.52(4.47)

	
3.30(3.42)




	
3.

	
[Pt(BPT)(dppb)]

	
yellow

	
78

	
271–273

	
6.3

	
58.53(58.67)

	
4.68(4.59)

	
3.25(3.37)




	
4.

	
[Pt(BPT)(dppf)]

	
yellow

	
70

	
245–248

	
11.5

	
58.25(58.35)

	
4.07(4.30)

	
2.83(3.08)




	
5.

	
[Pt(BPT)(PPh3)2]

	
Yellow

	
72

	
210–212

	
3.4

	
62.56(62.74)

	
4.41(4.70)

	
2.92(3.11)




	
6.

	
[Pt(BPT)2(Phen)]

	
Brown

	
72

	
208–211

	
2.6

	
56.00(55.86)

	
3.99(4.08)

	
9.80(9.91)




	
7.

	
[Pt(BPT)2(Bipy)]

	
Brown-red

	
80

	
214–217

	
6.9

	
54.73(54.88)

	
4.11(4.22)

	
10.08(10.23)
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Table 2. Characteristic peaks in the IR spectra for the synthesized complexes (1–7) and the ligand H2BPT.
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Compounds

	
υ (N–H)

	
υ (C–H)

Aromatic

	
υ (C–H)

Aliphatic

	
υ (S–C=N)

	
υ (C–S)

	
Phosphine




	
υ (P–C)

Bending

	
υ (P–C)

	
υ (P–Ph)






	
H2BPT

	
3149

3363

	
3060

	
2974

	
1450

	
842

	
--------

	
--------

	
-------




	
1

	
------

	
3053

	
2924

	
1541

	
746

	
534

	
1103

	
1435




	
2

	
------

	
3051

	
2922

	
1546

	
746

	
511

	
1101

	
1433




	
3

	
------

	
3053

	
2928

	
1566

	
742

	
505

	
1099

	
1433




	
4

	
------

	
3053

	
2916

	
1566

	
744

	
563

	
1099

	
1435




	
5

	
------

	
3053

	
2922

	
1541

	
744

	
545

	
1095

	
1433




	
6

	
3147

	
3030

	
2976

	
1539

	
738

	
-----

	
-----

	
-----




	
7

	
3153

	
3049

	
2916

	
1541

	
761

	
-----

	
-----

	
-----
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Table 3. 31P-{1H}, 13C-{1H}, and 1H-NMR chemical shifts for the synthesized complexes (1–7) and the H2BPT ligand.






Table 3. 31P-{1H}, 13C-{1H}, and 1H-NMR chemical shifts for the synthesized complexes (1–7) and the H2BPT ligand.





	
Comps.

	
Chemical Shifts δ (ppm)






	
H2BPT

	
1H NMR: 4.74 (d, 2H, CH2), 7.118 (t, 1H, JHH = 6.78 Hz), 7.258–7.439 (m, 9H, H-Phenyl), 8.16 (s, 1H, NH), 9.63 (s, 1H, NH).




	
13C-{1H}NMR: 185.01(C=S), (146.92, 133.68, 132.41, 131.04, 130.08, 129.34, 128.83, 122.36) aromatic carbons, 55.63 (NH-CH2-)




	
1

	
31P-{1H}NMR: PA = 49.88 (d, 2JPA-PX) = 5,7 HZ, JPt-PA = 5386 HZ), δPA = 43.26 (d, 2JPA-PX) = 5.7 HZ, JPt-PA = 2884 HZ)




	
1H NMR: 2.48 (s, 4H, 2CH2-dppe), 7.08–7.83 (m, 20H, H-Phenyl), 4.72 (s, 2H, CH2).




	
13C-{1H}NMR: 178.64(C=S), (147.98, 144.14, 139.87, 135.56, 134.45, 133.13, 132.19, 130.90, 129.77, 129.30, 129.20, 128.30) aromatic carbons, 53.98 (NH-CH2-), 31.23 (CH2-dppe)




	
2

	
31P-{1H}NMR: δPA = 1.205 (d, 2J(PA-PX) = 32.4 HZ, JPt-PA = 7244 HZ), δPX = −5.76 [d, 2J(PX-PA) = 32.4 HZ, JPt-PX = 9769 HZ)




	
1H NMR: 1.71 (m, 2H, CH2-dppp), 2.82 (m, 4H, CH2-dppp), 4.73 (s, 2H, CH2), 7.07–7.74 (m, 30 H, H-Phenyl).




	
13C-{1H}NMR: 172.63(C=S), (147.24, 142.07, 135.16, 134.63, 133.71, 132.44, 131.07, 131.03, 131.00, 129.80, 129.42, 129.33, 128.65, 125.61, 123.38) aromatic carbons, 49.78 (NH-CH2-), 31.23 (PCH2-dppp), 19.09 (CH2-dppp)




	
3

	
31P-{1H}NMR: δPA = 15.15 (d, 2J(PA-PX) = 24.8 HZ, JPt-PA = 6383 HZ), δPX = 11.22 [d,2J(PX-PA) = 24.8 HZ, JPt-PX = 6488 HZ)




	
1H NMR: 2.59 (s, 4H, 2CH2–dppb), 3.04 (s, 4H, 2CH2–dppb), 4.70 (s, 2H, CH2), 7.29–7.67 (m, 30H, H-Phenyl).




	
4

	
31P-{1H}NMR: δPA = 18.035 (d, 2J(PA-PX) = 21.01 HZ, JPt-PA = 7764 HZ), δPX = 13.505 [d, 2J(PX-PA) = 21.01 HZ, JPt-PX = 3191 HZ)




	
1H NMR: 4.08 (s, 4H, Cp), 4.28 (s, 4H, CP), 4.73 (s, 2H, CH2), 6.60–7.32 (m, 30H, H-Phenyl)




	
5

	
31P-{1H}NMR: δPA = 29.99 (d, 2J(PA-PX) = 22.9 HZ, JPt-PA = 2314 HZ), δPX = 19.63 [d, 2J(PX-PA) = 22.9 HZ, JPt-PX = 2460 HZ)




	
1H NMR: 4.72 (s, 2H, CH2), 6.91–7.72 (m, 40H, H-Phenyl).




	
6

	
1H NMR: 4.70 (s, 2H, CH2), 7.00–7.55 (m, 20H, H-Phenyl), 7.86 (d, 2H, JHH = 6.23 Hz, H-Phen), 8.34 (s, 2H, H-Phen), 8.72 (dd, 2H, JHH = 6.48 Hz, H-Phen), 9.42 (s, 2H, NH), 9.80 (d, 1H, JHH = 7.80 Hz, H-Phen).




	
13C-{1H}NMR: 173.36(C=S), 156.81(C=N), (152.07, 144.92, 142.04, 135.85, 133.84, 132.65, 129.96, 128.61, 125.89, 125.06) aromatic carbons, 49.06 (NH-CH2-).




	
7

	
1H NMR: 4.70 (s, 2H, CH2), 7.09–7.45 (m, 20H, H-Phenyl), 7.76 (d, 2H, JHH = 7.80 Hz, H-Bipy), 7.97 (d, 2H, JHH = 7.60 Hz, H-Bipy), 8.19 (t, 2H, JHH = 7.90 Hz, H-Bipy), 8.48 (d, 1H, JHH = 8.00 Hz, H-Bipy), 9.09 (s, 2H, NH).




	
13C-{1H}NMR: 174.05(C=S), 155.75(C=N), (146.92, 140.92, 132.41, 131.08, 131.00, 130.08, 129.48, 129.34, 129.30, 128.83, 122.36, 120.21) aromatic carbons, 52.54 (NH-CH2-).
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Table 4. Characteristic values in the UV–visible spectra of the planar square Pt(II) complexes.
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	Complexes
	λmax (nm)





	1
	420



	2
	446



	3
	452



	4
	480



	5
	475



	6
	464



	7
	460
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Table 5. The IC50 values of the tested complexes against MCF-7 cancer cells.






Table 5. The IC50 values of the tested complexes against MCF-7 cancer cells.





	Pt(II) Complex
	IC50 (µM) *





	[Pt(BPT)(dppe)]
	78.90 ± 2.87



	[Pt(BPT)(dppb)]
	47.07 ± 1.89



	[Pt(BPT)2(Phen)]
	10.96 ± 1.12



	Cis-platin
	7.96 ± 0.69







* IC50(µM): 1–10 (very strong), 11–25 (strong), 26–50 (moderate), 51–100 (weak), above 100 (non-cytotoxic) [30].
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Table 6. NBO Charges for the selective complexes (1, 5, and 7).
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	Complex
	N
	N
	P
	P
	S
	Pt





	(1)
	−0.68 1
	−0.55
	+1.02 2
	+0.98
	−0.33
	+0.31



	(5)
	−0.70 1
	−0.55
	+1.01 2
	+0.97
	−0.30
	+0.31



	(7)
	−0.42 1
	−0.63 4
	−0.42 3
	−0.25 5
	−0.26
	+0.53







1: for N atom connected to Pt, 2: for P atom nearest to S, 3: for the other N atom connected to Pt, 4: for N in NH group. The other N has −0.66 charge, 5: for S atom connected to Pt.
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Table 7. Second-order perturbation energies (E(2)) for charge transfers from donor to acceptor orbitals in Pt(BPT)(dppe)] (1).
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	Donor
	Type
	Acceptor
	Type
	E(2)





	Donation
	(LP1)P30
	57%(s) + 43%(p)
	Pt27–S28
	σ*
	159.1



	
	(LP2)S28
	100%(p)
	C32–N39
	π*
	17.4



	
	(LP1)P30
	57%(s) + 43%(p)
	Pt27–P25
	σ*
	30.8



	
	(LP1)N39
	33%(s) + 67%(p)
	C32–S28
	σ*
	24.6



	
	(LP1)N40
	4%(s) + 96%(p)
	Pt27–P25
	σ*
	12.9



	
	(LP1)N40
	4%(s) + 96%(p)
	C32–N39
	π*
	52.1



	
	(LP2)N40
	29%(s) + 71%(p)
	Pt27–P25
	σ*
	111.6



	Back-Donation
	(LP1)Pt27
	97%(d)
	Pt27–P25
	σ*
	23.2



	
	(LP1)Pt27
	97%(d)
	Pt27–S28
	σ*
	26.5
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Table 8. Second-order perturbation energies (E(2)) for charge transfers from donor to acceptor orbitals in [Pt(BPT)(PPh3)2] (5).
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	Donor
	Type
	Acceptor
	Type
	E(2)





	Donation
	(LP2)S65
	100%(p)
	C67–N79
	π*
	18.0



	
	(LP1)N66
	4%(s) + 96%(p)
	C67–N79
	π*
	54.8



	
	(LP2)N66
	31%(s) + 69%(p)
	Pt64–P1
	σ*
	112.2



	
	(LP1)N79
	33%(s) + 67%(p)
	C67–S65
	σ*
	24.3



	
	(LP1)P30
	55%(s) + 45%(p)
	Pt64–S65
	σ*
	152.0



	
	Pt64–P1
	Σ
	Pt64–S65
	σ*
	22.1



	
	Pt64–S65
	Σ
	Pt64–P1
	σ*
	46.8



	Back-Donation
	(LP1)Pt64
	4%(s) + 96%(d)
	Pt64–P1
	σ*
	26.8



	
	(LP1)Pt64
	4%(s) + 96%(d)
	Pt64–S65
	σ*
	28.7
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Table 9. Second-order perturbation energies (E(2)) for charge transfers from donor to acceptor orbitals in [Pt(BPT)(Bipy)] (7).






Table 9. Second-order perturbation energies (E(2)) for charge transfers from donor to acceptor orbitals in [Pt(BPT)(Bipy)] (7).













	
	Donor
	Type
	Acceptor
	Type
	E(2)





	Donation
	(LP1)N4
	30%(s) + 70%(p)
	Pt21–S22
	σ*
	105.8



	
	(LP1)N12
	30%(s) + 70%(p)
	Pt21–S23
	σ*
	108.0



	
	(LP1)N68
	26%(s) + 74%(p)
	C25–N53
	σ*
	20.9



	
	(LP1)N26
	1%(s) + 99%(p)
	C24–N41
	π*
	54.2



	
	(LP1)N41
	27%(s) + 73%(p)
	C24–N26
	σ*
	19.0



	
	(LP1)N53
	5%(s) + 95%(p)
	C25–N68
	π*
	42.2



	Back-Donation
	(LP1)Pt21
	6%(s) + 94%(d)
	Pt21–S23
	σ*
	10.5



	
	(LP1)Pt21
	6%(s) + 94%(d)
	Pt21–S22
	σ*
	10.0
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