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Abstract: Three new palladium complexes based on 2-hydrazinopyridine (hzpy) ligand, coupled with 

oxalate (ox), malonate (ma) and pyrophosphate (pyph) ligands, were prepared; [Pd(hzpy)(ox)], 

[Pd(hzpy)(ma)] and [Pd(hzpy)(pyph)]. The spectroscopic and thermal studies of the complexes 

suggested that the complexes were of square planar geometry. The complexes were thermally stable 

with an overall activation energy of 678, 981, and 633 kJ mol–1 for [Pd(hzpy)(ox)]. [Pd(hzpy)(ma)] 

and [Pd(hzpy)(pyph)], respectively. Geometric optimization of the three complexes was performed at 

DFT/B3LYP/SDD level through Gaussian 09. TDDFT and frequency calculations were studied to 

investigate the electronic and vibrational transitions. The potential in vitro cytotoxic activities of the 

three complexes was studied. The complexes exhibited a moderate cytotoxic effect against four cancer 

cell lines; MCF-7 (human breast cancer cell line), HepG-2 (human Hepatocellular carcinoma), PC-3 

cells (human prostate carcinoma), and HEP-2 (Larynx carcinoma). The IC50 values of the three 

complexes exhibited a good performance against PC-3 cell line with low IC50 values reached 2.87 

μg/ml for [Pd(hzpy)(ox)] compared to the IC50 of Vinblastine sulfate (42.4 μg/ml). 

Keywords: palladium complex; dinitrogen ligands; cytotoxicity; DFT. 

Abbreviations: 

TGA   Thermal gravimetric analysis 

DFT  Density functional theory 

TD-DFT Time-dependent density functional theory 

LLCT   Ligand-ligand charge transfer 

MLCT  Metal-ligand charge transfer 

ΔE  Energy gap  

χ   Absolute electronegativity 

η   Absolute hardness 

σ   absolute softness  

Pi   chemical potentials 

 ω   global electrophilicity 

S   global softness 

ΔNmax   Additional electronic charge 
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1. Introduction 

Coordination chemistry supported humans with many metal complexes used for 

different purposes, including catalysis and biological applications (antitumor drugs) [1]. The 

importance of these applications paved the way to improve and tune the chemical properties of 

the metal complexes and the accompanying ligands. Cisplatin, carboplatin and oxaliplatin are 

the main platinum-based compounds used as antitumor agents [2, 3]. Unfortunately, cis-platin, 

the main antitumor agent, acquired resistance and has toxic effects. Such resistance and toxicity 

forced researchers to direct their efforts for preparing analogs to cisplatin [4, 5]. The similar 

properties (structural and thermodynamic) between platinum and palladium (soft Lewis acids) 

encourage the researchers to prepare new palladium-based analogs to be used as antitumor 

agents to avoid cisplatin drawbacks [6]. Palladium-based coordinated compounds have higher 

activity compared to that of the platinum alternatives as they hydrolyze rapidly. The palladium 

complexes' fast kinetics form reactive spices within the biological systems that cannot reach 

their targets [7-9]. The ligands' type and nature are critical in tuning the reactivity, stability, 

and lipophilicity of the metal complexes [10]. The palladium complexes' reactivity requires a 

smart design for the complexes to stabilize complexes such as using bulky, chelating, and 

nitrogen-based ligands such as pyridine derivatives imidazole and 1,10-phenanthroline [11-

14]. Modifying the coordinated ligands to the palladium center can also tune and enhance the 

palladium complexes' cytotoxic activities [15-20]. The pyridine derivative-based complexes 

were reported to act as antitumor agents, and the ability of their palladium complexes proved 

their ability to interact with DNA [21, 22]. We continue our research on Pd(II) complexes in 

the current work, soluble in water, based on 2-hydrazinopyridine ligand with potential 

antitumor activities. The three palladium complexes' water solubilities were enhanced by 

coordinating the palladium center ion with oxalate, malonate, and pyrophosphate ligands. The 

in vitro cytotoxic activities of the palladium complexes were investigated against four cancer 

cell lines; MCF-7 (human breast cancer cell line), HepG-2 (human Hepatocellular carcinoma), 

PC-3 cells (human prostate carcinoma), and HEP-2 (Larynx carcinoma), and the IC50 values 

were recorded. Three palladium complexes were synthesized and characterized using 

spectroscopic techniques (IR, UV, and NMR) magnetic and thermal analyses. The complexes 

were optimized at DFT/B3LYP/SDD level. 

2. Materials and Methods 

2.1. Materials. 

Sodium tetrachloro palladate, sodium pyrophosphate, 2-hydrazinopyridine 

hydrochloride, malonic acid, and oxalic acid were obtained from Sigma Aldrich. 

2.2. Physical measurements. 

The absorption spectra were collected using an Optizen UV–Vis spectrophotometer. 

The IR spectra were recorded using a Jasco FT-IR – 460 plus. Varian-Oxford Mercury VX-

300 NMR (300 MHz) spectrometer was used for 1HNMR spectra (DMSO-d6). FAB-MS 

measurements of the compounds were performed via JEOL JMS- AX 500 spectrometer. TGA 

analyses of the three complexes were performed by Shimadzu thermogravimetric analyzer 

(TGA-50H) under a continuous flow of N2 and heating rate of 10 oC / min. 
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2.3. Theoretical calculations. 

The geometrical optimization of the palladium complexes (Figures 1 – 3) in the gas 

phase was performed at DFT/B3LYP/SDD level [23-27] using GAUSSIAN 09 [28]. The 

output files were displayed using GaussView 5.0. The frequency and TD-DFT calculations 

were also investigated. The bond angles and lengths around the metal center are listed in Tables 

S1 - S3 (Supplementary materials).  

 
Figure 1. The optimized structure of [Pd(hzpy)(ox)] complex. 

 
Figure 2. The optimized structure of [Pd(hzpy)(ma)] complex. 

 

Figure 3. The optimized structure of [Pd(hzpy)(pyph)] complex. 
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2.4. Evaluation of the antitumor activity 

The cytotoxicity testing was performed according to the method reported in the 

literature [29,30] at the Regional Centre for Mycology and Biotechnology, Al-Azhar 

University, Cairo, Egypt. The evaluation of the cytotoxic activities was measured against four 

human cell lines; MCF-7 cells (breast cancer), HepG-2 cells (Hepatocellular carcinoma), PC-

3 cells (prostate carcinoma), and HEP-2 (Larynx carcinoma). 

2.5. Synthesis of Palladium (II) Complexes. 

The three complexes' preparation has been carried out by mixing Na2PdCl4 with ligands 

(hzpy, ox, ma, and pyph) in a 1:1 molar ratio in two steps (Scheme 1). 1.0 mmol (0.294 g) of 

Na2PdCl4 was mixed with 1.0 mmol (0.182 g) of 2-hydrazinopyridine in 30 ml ethanol while 

stirring at room temperature. 1.0 mmol of the secondary ligand (0.126 g of H2C2O4, 0.104 g of 

H4C3O4, and 0.446 g) of Na4O7P2.10H2O) was then added and the mixture was adjusted to pH 

3.5 and 4 hours. The solid was precipitated and separated by filtration. The filtered complex 

was washed thoroughly with hot ethanol. Then with diethyl ether, the solid complex was dried 

under vacuum and subjected to analysis.  

 
Scheme 1. Preparation of palladium complexes. 

[Pd(hzpy)(ox)] complex (1): Yield of 0.236 g (78%). Found: C, 27.46; H, 2.35; N, 

12.65. Anal. Calc. for C7H7N3PdO4: C, 27.70; H, 2.32; N, 13.84. IR (KBr, cm−1) υ: 3274 (s), 

3159 (s), 1631 (s), 1249 (m), 1188 (s), 763 (s), 532 (w) and 466 (w). 1H-NMR [δ, ppm] 

(DMSO-d6): aromatic protons of hzpy ligand (6.69 - 8.38, m, 3H), N-H and NH2 groups (6.70, 

m, 3H). FAB-MS: m/z = 302 (M+-H). UV-Vis: 310, 380, 510, 690 and 715 nm. 

[Pd(hzpy)(ma)] complex (2): Yield of 0.26 g (82%). Found: C, 29.45; H, 2.46; N, 12.56. 

Anal. Calc. for C8H9N3O4Pd: C, 30.25; H, 2.86; N, 13.23. IR (KBr, cm−1) υ: 3274 (s), 3159 (s), 

1627 (s), 1284 (m), 1188 (s), 763 (s), 528 (m) and 435 (w). 1H-NMR [δ, ppm] (DMSO-d6): 

CH2 of malonate ligand (3.46, s 2H), aromatic protons of hzpy ligand (6.68 - 8.38, m, 3H), N-

H and NH2 groups (6.69, m, 3H). FAB-MS: m/z = 317 (M+). UV-Vis: 310, 390, 510, 680 and 

720 nm. 
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[Pd(hzpy)(pyph)] complex (3): Yield of 0.31 g (80%). Found: C, 15.56; H, 2.45; N, 

11.35. Anal. Calc. for C5H9N3P2Pd: C, 15.34; H, 2.32; N, 10.79. IR (KBr, cm−1) υ: 3274 (s), 

3155 (s), 1249 (w), 1188 (s), 763 (s), 532 (m) and 470 (w). 1H-NMR [δ, ppm] (DMSO-d6): 

aromatic protons of hzpy ligand (6.68 - 8.38, m, 3H), N-H and NH2 groups (6.68, m, 3H). FAB-

MS: m/z = 386 (M+-5H). UV-Vis: 310, 390, 560 and 720 nm. 

3. Results and Discussion 

3.1. Characterization of palladium complexes. 

3.1.1. Infrared spectra. 

The IR spectral data of the complexes are tabulated in Table 1. The N-H stretching 

peaks of the amino group of hzpy ligand were found at 3305 and 3259 cm-1 in the spectrum of 

hzpy ligand (Figure  S1) have been appeared in the spectrum of the complex as two strong 

peaks and being shifted to lower frequencies, upon complex formation, at 3274 and 3159 cm-1 

indicating the participation of the NH2 group in coordination (Figure 4). There was a shift to 

higher frequencies in the deformation vibrations as well at 1249 cm-1 (ρt NH2), 1188 cm-1 

(ρwNH2), and 763 cm-1 (ρrNH2), also suggesting that the chelation was through the amino 

group (Table 1). The calculated deformation vibrations appeared at 1280, 1144, and 763 cm-1 

with relative errors between -3.7 to 2.5 %. The pyridyl ring's involvement in the chelate 

formation was confirmed by observing the in-plane and out-of-plane ring deformations at 729 

and 474 cm-1, respectively [31]. It is worth noting the experimental and theoretical values of 

the vibrations were close with low relative error percentages (Figures 4, 5, and Table 1). The 

band due (υC=O) appeared at 1631 cm-1 and the calculated value 1640 with a relative error of 

0.6 %. The complex spectrum also showed additional peaks at 532 and 420 cm-1 assigned to 

M-O and M-N bonds, respectively [32, 33].  

 
Figure 4. Experimental IR spectrum of [Pd(hzpy)(ox)] complex. 
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Figure 5. Theoretical IR spectrum of [Pd(hzpy)(ox)] complex. 

The infrared spectrum of [Pd(hzpy)(ma)] complex, Figure 6, displayed a similar pattern 

as the [Pd(hzpy)(ox)] complex. The chelation was through the amnio group, and the pyridyl 

ring was confirmed through a shift in the N-H stretching and through the in-plane and out-of-

plane ring deformations, respectively.  

 
Figure 6. Experimental IR spectrum of [Pd(hzpy)(ma)] complex. 

 The N-H stretching peaks of the amino group of hzpy were found at 3305 and 3259 cm-

1 in the spectrum of hzpy ligand (Figure S1; Supplementary materials) that appeared in the 

spectrum of the complex as two strong peaks and were shifted to lower frequencies at 3274 

and 3159 cm-1. Furthermore, the coordination through the NH2 group was also suggested via 
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the higher shift of its deformation vibrations observed at 1284 cm-1 (ρt NH2), 1188 cm-1 

(ρwNH2), and 763 cm-1 (ρrNH2) (Table 1). The calculated deformation vibrations appeared at 

1304, 1144, and 720 cm-1 with a relative error between -5.6 to 1.7 %. The pyridyl ring's nitrogen 

was also supported by observing the in-plane and out-of-plane ring deformations at 628 and 

466 cm-1, respectively [31]. The calculated error percentages between the theoretical and 

experimental spectra were relatively low (Figures 6, 7, and Table 1). The band due (υC=O) 

appeared at 1627 cm-1 and the calculated value 1600 with a relative error of -1.7 %. The 

complex spectrum showed additional peaks at 528 and 435 cm-1 assigned to M-O and M-N 

bonds, respectively [32, 34]. 

 

Figure 7. Theoretical IR spectrum of [Pd(hzpy)(ma)] complex. 

The IR spectra of the [Pd(hzpy)(pyph)] complex are shown in Figure 8. The N-H 

stretching peaks of the amino group of hzpy (Figure S1) appeared in the complex spectrum as 

two strong peaks and were shifted to the lower frequency at 3274 and 3155 cm-1, indicating the 

participation of the NH2 group in coordination. The coordination of the NH2 groups has also 

been confirmed from the shift of its deformation vibrations (ρtNH2, ρwNH2, and ρrNH2) to 

higher frequencies at 1249, 1188, and 763 cm-1, respectively (Table 1). The theoretical 

deformation vibrations appeared at 1304, 11,44 and 720 cm-1, with the relative error between -

7.1 to -2.0 %. Generally, the complex's theoretical vibrational spectral data were in good 

agreement with the corresponding experimental ones (Figure 8, 9, and Table 1). The pyridyl 

ring's involvement was also supported by the observation of the in-plane and out-of-plane ring 

deformations at 634 and 470 cm-1, respectively [31]. The band due(υP-O-P) and (υP=O) 

appeared at 1110 cm-1and 921 cm-1 in spectrum of the ligand; Figure 8 was found as a small 

peak, shifted to a lower frequency in the spectrum of the complex at 867 cm-1 indicating the 

coordination of pyph was through the two oxygen atoms. The complex spectrum also exhibited 

two peaks at 532 and 470 cm-1  reflected the M-O and M-N bond's vibration, respectively [32, 

34].  
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Figure 8. Experimental IR spectrum of [Pd(hzpy)(pyph)] complex. 

 
Figure 9. Theoretical IR spectrum of [Pd(hzpy)(pyph)] complex. 

Table 1. Characteristic calculated and observed vibrational frequencies cm-1 of the palladium complexes 
Complex Obsd  Calcd  Relative error  Assignment 

[Pd(hzpy)(ox)] 3274 3520 7.5 υ(NH2)  
3159 3440 8.9 υ(NH2) 

 1631 1640 0.6 υ(C=O)  
1249 1280 2.5 (ρt NH2)  
1188 1144 -3.7 (ρwNH2)  
763 768 0.7 (ρrNH2)  
532 544 2.3 υ(M-O)  
420 456 8.6 υ(M-N) 

[Pd(hzpy)(ma)] 3274 3528 7.8 υ(NH2)  
3159 3440 8.9 υ(NH2) 
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Complex Obsd  Calcd  Relative error  Assignment 

 1627 1600 -1.7 υ(C=O)  
1284 1304 1.6 (ρt NH2)  
1188 1144 -3.7 (ρwNH2)  
763 720 -5.6 (ρrNH2)  
528 560 6.1 υ(M-O)  
435 448 3.0 υ(M-N) 

[Pd(hzpy)(pyph)] 3274 3520 7.5 υ(NH2)  
3155 3432 8.8 υ(NH2)  
1249 1224 -2.0 (ρt NH2)  
1188 1104 -7.1 (ρwNH2) 

 1110 1104 -0.5 (υP-O-P) 

 921 912 -1.0 (υP=O)  
763 728 -4.6 (ρrNH2)  
532 504 -5.3 υ(M-O)  
470 448 -4.7 υ(M-N) 

3.1.2. 1HNMR spectra. 

The NMR spectra confirmed the diamagnetic properties of the three palladium 

complexes. In the case of [Pd(hzpy)(ox)] complex, the aromatic protons of hzpy ligand were 

observed as a multiplet at (6.69 - 8.38, m, 3H) in addition to the protons of the N-H and NH2 

groups which were appeared at (6.70, m, 3H). The same peaks appeared almost at the same 

chemical shifts for [Pd(hzpy)(pyph)] complex; aromatic protons of hzpy ligand (6.68 - 8.38, 

m, 3H), N-H, and NH2 groups (6.68, m, 3H). [Pd(hzpy)(ma)] complex exhibited the same peaks 

in the same regions; aromatic protons of hzpy ligand (6.68 - 8.38, m, 3H), N-H, and NH2 groups 

(6.69, m, 3H) in addition to the methylene group of the malonate ligand which appeared as a 

singlet at (3.46, s, 2H).  

3.1.3. Mass spectra. 

The mass spectral data of the three palladium complexes are summarized in Table 2. 

The mass spectrum of [Pd(hzpy)(ox)] complex (M. wt. = 303.57) displayed the parent peak at 

m/z = 302 (M+ - H) in addition to a peak at m/z=110 that is assigned to (hzpy) ligand and a 

peak at m/z=140 assigned to (PdO2) compound. The mass spectrum of [Pd(hzpy)(ma)] complex 

(M. wt. = 317.59) showed a peak at m/z = 317 assigned to the parent peak (M+). The spectrum 

showed two peaks at m/z=109 and at m/z=150, which corresponded to hzpy ligand and PdCO2. 

The mass spectrum of [Pd(hzpy)(pyph)] complex (M. wt. = 391.51) gave a parent peak at m/z 

= 386 (M+ - 5H+), peak at m/z=109 assigned to (hzpy) and peak at m/z=156 assigned to (P2O5). 

The palladium oxide (PdO) appeared in the three palladium spectra at m/z = 122. 

Table 2.  Important mass data of palladium complexes. 

Complex Molar mass m/z Values 
[Pd(hzpy)(ox)]   303.57 302, 301, 215, 140, 134, 109, 108, 106, 104. 

[Pd(hzpy)(ma)]   317.59 317, 312, 231, 150, 125, 118, 117, 109, 105, 104 

[Pd(hzpy)(pyph) 391.51 386, 231, 175, 156, 126, 119, 110, 109, 104, 94 

3.1.4. UV-Vis spectra. 

The three complexes' UV-Vis spectra were recorded in the visible region, and the 

electronic transition and their assignments are listed in Table 3. The absorption spectrum of 

[Pd(hzpy)(ox)] complex (Figure 10) displayed a broadband in 280-350 nm region with maxima 

at 310 nm, which was assigned to the -* transition within the hzpy ligand. The n-* transition 

overlapped with MLCT. Both appeared as a shoulder at 380 nm [35, 36]. The d-d transitions 

expected for square planar geometry were observed at 510, 690, and 715 nm, which may be 
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assigned to 1A1g→1Eg , 
1A1g→1A2g  and 1A1g→3A2g; respectively [37]. The same pattern was also 

observed in the other two complexes; [Pd(hzpy)(ma)] and [Pd(hzpy)(pyph)]. The intra-ligand 

transitions within the hzpy ligand were in the same region 280-350 nm range with maxima at 

310 nm. MLCT transitions appeared as a shoulder at 390 nm that was overlapped with n-* 

electronic transition in two spectra. [35, 36] The d-d transitions in the case of [Pd(hzpy)(ma)] 

complex appeared between 510 - 720 nm (Figure 11) and between 560 - 720 nm for 

[Pd(hzpy)(pyph)] complex (Figure 12) [37].  

Table 3. The calculated electronic excitations based on TD-DFT/B3LYP/SDD method and the corresponding 

experimental absorption values of the three palladium complexes. 
Excitation 

(eV) 

Wavelength 

(nm) 

Oscillator 

strength 

Major transition(s) 

(% contribution) 

Character Exp. 

[Pd(hzpy)(ox)] 

4.396 282 0.159 60 -> 62                (68 %) 

57 -> 64                (7 %) 

53 -> 64                (6 %) 

π->π* 310 

3.434 361 0.001 58 -> 61                (53 %) 

50 -> 61                (14 %) 

d-d 

π->π* 

380 

2.850 435 0.001 56 -> 61                (63 %) 

58 -> 61                (30 %) 

d-d 

MLCT 

460 

[Pd(hzpy)(ma)] 

4.412 281 0.123 64 -> 66                (63 %) π->π* 310 

3.212 386 0.0001 60 -> 65                (48 %) 

62 -> 65                (42 %) 

d-d 

π->π* 

380 

2.924 424 0.0002 63 -> 65                (63 %) 

64 -> 65                (18 %) 

d-d 

MLCT 

485 

[Pd(hzpy)(pyph)] 

4.459 278 0.121 81 -> 83                (69 %) 

82 -> 83                (14 %) 

π->π* 310 

3.244 382 0.0002 78 -> 83                (49 %) 

82 -> 83                (27 %) 

d-d 

π->π* 

365 

2.658 466 0.0009 82 -> 84                (63 %) 

81 -> 84                (18 %) 

d-d 

MLCT 

- 

 

Figure 10. Experimental UV-Vis spectrum of [Pd(hzpy)(ox)] complex. 

3.1.5. Magnetic properties. 

Magnetic susceptibility measurements also confirmed the diamagnetic nature of the 

three palladium complexes. Therefore, the three complexes have square planner geometry, and 

the Pd(II) metal ion center has d8 configuration eg
4 a1g

2 b2g
2. Based on different analysis 

techniques (spectral and magnetic), the hzpy coordinated via the amino group and the pyridyl 

ring's nitrogen atom. Oxalate, malonate, and pyrophosphate act as bidentate through their 

oxygen atoms. 
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Figure 11. Experimental UV-Vis spectrum of [Pd(hzpy)(ma)] complex. 

 

Figure 12. Experimental UV-Vis spectrum of [Pd(hzpy)(pyph)] complex. 

3.1.6. Thermal analysis. 

The three palladium complexes' thermal properties were investigated through TGA and 

DTG plots (Figure S2–S4; Supplementary materials).). The temperatures of decomposition and 

the corresponding mass losses of species are given in (Table 4). The thermal decomposition 

steps of each complex are shown in Schemes 2 - 4. TGA and DTG plots (Figure S2; 

Supplementary materials).) of [Pd(hzpy)(ox)] complex showed that the complex decomposed 

through two steps; Scheme 2. The first step was between 451 - 680 K and reflected the loss of 

54.3 % of the sample (54.4 % calc.), such loss assigned to the elimination of hzpy ligand 

(C5H3N3) and 2CO species (mass = 165; m/z = 140).  

Table 4. Thermo Analytical data of palladium complex. 

Complexes TG range 

(K) 

DTAmax 

(K) 

Mass loss found  

(calcd. %) 

Assignment of the 

removed species 

Metallic residue  

found (cal.%) 

[Pd(hzpy)(ox)] 471-780 

1102-1175 

483 

1120 

54.3, (54.4) 

5.2, (5.1) 

C5H7N3, 2CO 

1/2O2 

PdO 

40.5; (40.2) 

[Pd(hzpy)(ma)]  464-754 

1076-1177 

473 

1156 

52.7; (52.6) 

8.01; (8.8) 

C5H9N3, 2CO 

CO 

PdO 

38.5; (38.4) 

[Pd(hzpy)(pyph)]  431-531 

531-1213 

478 

1156 

30.07; (32.6) 

37.3; (36.5) 

C5H7N3, H2O 

P2O5 

PdO 

30.1; (31.3) 
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 The second one (1102 - 1175 K) was due to the loss of 5.2 % (5.1 % calc.) could be 

attributed to the loss of 1/2O2 species. The palladium oxide (PdO) (mass = 122) 40.5 %, was 

the residue at the end of the analysis (40.2 % calc). 

 

 
Scheme 2. Thermal decomposition of [Pd(hzpy)(ox)] complex. 

The thermal analysis of the [Pd(hzpy)ma] complex (Figure S3; Supplementary 

materials) involves two decomposition steps, Scheme 3, at 464 – 753 and 1176 - 1177 K. The 

decomposition also started with the removal of (hzpy) C5H7N3 in addition to 2CO species (mass 

= 165; m/z = 167.2). The second decomposition step was due to the removal of 8.01 % (8.8 % 

calc.), which may be attributed to the loss of CO. Palladium oxide PdO (mass = 122; m/z = 

122.6) was the only residue at the end of the analysis; 38.5 %, (38.4 % calc.).  

 
Scheme 3. Thermal decomposition of [Pd(hzpy)(ma)] complex. 

TGA plot (Figure S4; Supplementary materials) of [Pd(hzpy)pyph] complex showed 

that the decomposition included two steps; Scheme 4. The first decomposition step (431 – 531 

K), resulted from removing the hzpy and water groups 30.07 % (32.6 % calc.). The second one, 

the weight loss, was 37.3 % of the sample (36.5 % calc.) due to the loss of P2O5 compound 

(mass = 142; m/z = 142.7). PdO 30.1%, (31.3 % calc) was the oxide residue (mass=122; 

m/z=125.2). The thermodynamic parameters of the decomposition peaks were calculated using 

Horowitz-Metzger and Coats-Redfern equations [38-43]. The correlation coefficients of the 

Arrhenius plots of the three complexes' thermal decomposition steps were found to range from 

0.81 - 0.97, indicating good fitness of the linear function. Table 5 gives the decomposition 

temperature ranges, DTG peak temperature, correlation coefficients of the Arrhenius plots, and 

the thermodynamic parameters. The complexes showed considerable thermal stability, which 

is reflected from the overall activation energy sum to 678, 981, and 633 kJ mol–1 for 

[Pd(hzpy)(ox)]. [Pd(hzpy)(ma)] and [Pd(hzpy)(pyph)], respectively compared to that of 
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[Pd(hzpy)Cl2], which has an overall activation energy of 580 KJ mol-1, reflecting that the 

former complexes have two chelating agents instead of one as in the latter complex. 

 

Scheme 4. Thermal decomposition of [Pd(hzpy)(pyph)] complex. 

Table 5. Thermodynamic data of the palladium complexes. 
Complex Decomposition 

temperature (K) 

∆E 

K J mol-1 

R2 ∆S 

J K-1 mol-1 

∆H 

K J mol-1 

∆G 

K J mol-1 

[Pd(hzpy)(ox)]   464-753 

1076-1177 

50 

628 

0.81 

0.97 

-177 

287 

46 

618 

139 

291 

678 110 664 430 

[Pd(hzpy)(ma)]  464-753 

1076-1177 

42 

939 

0.81 

0.96 

-192 

558 

38 

929 

138 

292 

981 366 967 430 

[Pd(hzpy)(pyph)] 

 

394-822 

1080-1213 

49 

584 

0.90 

0.96 

-181 

238 

44 

574 

140 

299 

633 57 618 439 

 

Figure 13. The energy (eV), character, and some contours of the molecular orbitals of [Pd(hzpy)(ox)] complex.  

3.2. Theoretical studies. 

The optimized geometries of the complexes are given in Figures 1 – 3. Bond lengths 

and angles surrounding the central palladium ion are reported in Tables S1 - S3; Suplementary 

materials). The Pd-N and Pd-O bond lengths are within the regular range reported in the 

literature [16, 44]. TD-DFT investigations calculations were made to study the electronic 

transitions. Frequency calculations were performed for the optimized geometries. Different 
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quantum parameters were calculated (frontier energy levels, softness, hardness, 

electronegativity, chemical potential, and electronic charge) to study the palladium complexes' 

stability (Table 6) [45-50]. The HOMO - LUMO diagrams of the palladium complexes are 

shown in Figures 13 - 15, and the energy gaps of [Pd(CPDA)(ox)], [Pd(CPDA)(ma)] and 

[Pd(CPDA)(pyph)] are equal to 4.51, 4.57 and 4.16 eV, respectively; these energy gaps indicate 

that the two complexes are stable transition metal complexes [51].  

Table 6. Calculated quantum parameters. 

Complex HOMO LUMO x η σ pi ΔE ω ΔNmax 

[Pd(hzpy)(ox)] -6.77 -2.25 4.51 2.25 0.44 -4.51 4.51 4.51 1.99 

[Pd(hzpy)(ma)] -6.7 -2.15 4.43 2.28 0.43 -4.43 4.57 4.30 1.94 

[Pd(hzpy)(pyph)] -6.85 -2.69 4.77 2.08 0.48 -4.77 4.16 5.47 2.29 

 

Figure 14. The energy (eV), character, and some contours of the molecular orbitals of [Pd(hzpy)(ma)] complex.  

 
Figure 15. The energy (eV), character, and some contours of the molecular orbitals of [Pd(hzpy)(pyph)] 

complex.  
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The three palladium complexes' UV-Vis spectra were studied, and the corresponding 

electronic transitions were investigated using TDDFT based on the optimized singlet state 

geometry (square planar) using SDD basis set (Figures S4 – S7; Supplementary materials). In 

[Pd(hzpy)(ox)] complex, HOMO orbital is localized mainly on π orbitals of hzpy ligand (75 

%) in addition to 18 % from d-orbital of Pd(II) while H – 1 orbital consists of d-orbital of Pd(II) 

(65 %). LUMO orbital was constructed from 55 % of d-orbital of Pd(II) and 26 % of π orbitals 

of hzpy ligand. The L + 1 orbital is originated from π orbitals of the hzpy ligand (73 %). Based 

on TDDFT, the complex exhibited an intense band (λmax) at 282 nm and other peaks at 361 and 

435 nm. At 361 nm, the transition was due to d-d transitions, MLCT, and n/π->π* of ox ligand. 

The corresponding transition appeared as a shoulder at 380 nm. The peak appeared at 435 nm 

resulting from the combination of d-d and MLCT (dπ(Pd)-> π*hzpy). 

In [Pd(hzpy)(ma)] complex, HOMO orbital was constructed from 64 % of π orbital of 

hzpy ligand in addition to 25 % from d-orbitals of Pd(II) ion. H – 1 orbital is mainly based on 

d-orbitals of Pd(II) metal (83 %). LUMO is based on d-orbitals of Pd(II) ion (55 %), π orbitals 

of hzpy (26 %), and ma (18 %) ligands. L + 1 orbital is originated solely from the π orbital of 

hzpy ligand (97 %). Based on TDDFT, the complex exhibited an intense band (λmax) at 281 nm 

and other peaks at 386 and 424 nm. At 386 nm, the transition was due to d-d transitions, MLCT, 

and n/π->π* of ma ligand. The corresponding transition appeared as a shoulder at 380 nm. The 

peak appeared at 424 nm resulting from the combination of d-d and MLCT (dπ(Pd)-> π*hzpy). 

In [Pd(hzpy)(pyph)] complex, the frontier orbitals are located mainly on the hzpy 

ligand. HOMO orbital is constructed from 82 % of π orbital of hzpy ligand, and H – 1 orbital 

is mainly based on d-orbitals of Pd(II) metal (91 %). LUMO is based on d-orbitals of Pd(II) 

ion (53 %), π orbitals of hzpy (27 %), and pyph (21 %) ligands. L + 1 orbital is originated 

solely from the π orbital of hzpy ligand (97 %). Based on TDDFT, the complex exhibited an 

intense band (λmax) at 278 nm and other peaks at 382 and 466 nm. At 382 nm, the transition 

was due to d-d transitions, MLCT, and n/π->π* of ma ligand. The corresponding transition 

appeared as a shoulder at 365 nm. The peak appeared at 466 nm resulting from the combination 

of d-d and MLCT (dπ(Pd)-> π*hzpy). 

Natural Bond Orbital (NBO) calculations [52] were performed at the B3LYP/SDD level 

of theory. Donations from dinitrogen ligands to Pd(II) exceeded back donations from metal to 

ligand and the charges on the palladium are lower than the formal + 2 charge; 0.390 for complex 

with hzpy ligand and Cl ions. The charges on the palladium ions were 0.668, 0.668 and 0.711 

for complexes based on hzpy ligand with ox, ma and pyph ligands, respectively. [53] According 

to the NBO analysis for the palladium complexes, the electronic configurations of the Pd atom 

are the following: [Pd(hzpy)(ox)] complex: [core] 4dxy 1.13937, 4dxz 1.97591, 4dyz 1.977308, 

4dx2-y2 1.72177, 4dz2 1.96300. [Pd(hzpy)(ma)] complex: [core] 4dxy 1.24526, 4dxz 1.97022, 4dyz 

1.89940, 4dx2-y2 1.70424, 4dz2 1.95074. [Pd(hzpy)(pyph)] complex: [core] 4dxy 1.53420, 4dxz 

1.95535, 4dyz 1.87690, 4dx2-y2 1.51599, 4dz2 1.92823. The total palladium valence populations 

are 8.77, 8.76 and 8.81 for [Pd(hzpy)(ox)], [Pd(hzpy)(ma)] and [Pd(hzpy)(pyph)] complexes, 

respectively.   

  The molecular electrostatic potentials (MEPs) were used to highlight the negative (red) 

and positive (blue) regions of each complex [54]. The reddish areas were located mainly on the 

oxalate, malonate, and pyrophosphate ligands (Figures 16 - 18). 
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Figure 16. MEP mapping [Pd(hzpy)(ox)] complex. 

 
Figure 17. MEP mapping [Pd(hzpy)(ma)] complex. 

  

 
Figure 18. MEP mapping [Pd(hzpy)(pyph)] complex. 

3.3. Cytotoxicity. 

The in vitro cytotoxicity of the three palladium complexes against four cancer cell lines 

(MCF-7, HEPG-2, PC-3, and HEP-2) was investigated through the literature's method, and the 

IC50 values are tabulated summarized in Table 7. Vinblastine sulfate was used as a standard 

(Table 7). The relation between the complex concentration and the corresponding surviving 

cells was plotted to obtain each tumor cell line's survival curve after treatment with each 

complex (Figures S8 – S11; Supplementary materials). The IC50 values were calculated from 

the graphs of the dose-response curve for each conc. using Graphpad Prism software (San 

Diego, CA. USA). The IC50 values of the [Pd(hzpy)(ox)] complex were relatively low and close 
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to that of the Vinblastine sulfate. It is worth noting that the three complexes exhibited an 

excellent performance against PC-3 cell line, the IC50 values were: 2.87, 29.5, and 14.9 μg/ml 

for [Pd(hzpy)(ox)], [Pd(hzpy)(ma)] and [Pd(hzpy)(pyph)], respectively, compared to that of 

Vinblastine sulfate (42.4 μg/ml). [Pd(hzpy)(ox)] complexes showed the lowest IC50 values 

against the four cancer cell lines, which may be resulted from the formation of the stable species 

of the complex in contrast to [Pd(hzpy)(ma)] complex, which may suggest a role of the 

methylene group in such behavior in reducing of the cytotoxic activities. 

Table 7. IC50 values of the antitumor activities of the palladium complexes. 

Complex HEP-2 PC-3 MCF-7 HEPG-2 

Vinblastine sulfate 29.9 42.4 5.9 2.93 

[Pd(hzpy)(ox)] 14.2 2.87 6.87 3.39 

[Pd(hzpy)(ma)] 55.8 29.5 46.9 28.4 

[Pd(hzpy)(pyph)] 41.4 14.9 30.7 21.3 

4. Conclusions 

 Three water-soluble Pd(II) complexes based on 2-hydrazinopyridine were prepared and 

characterized. The 2-hydrazinopyridine ligand was coordinated via the two amino groups. The 

malonate, oxalate, and pyrophosphate acted as a bidentate ligand and were coordinated via 

oxygen atoms. Spectroscopic and magnetic analyses conformed that the palladium complexes 

were square planar and diamagnetic. The thermal stability of the complexes was studied. DFT 

calculations were performed to study the theoretical properties of the complexes in the gas 

phase. The theoretical investigations also suggested that the complexes were stable. 

[Pd(hzpy)(ox)] complexes showed the lowest IC50 values against the four cancer cell lines, 

which may be resulted from the formation of the stable species of the complex. The three 

complexes exhibited enhanced cytotoxic activity against PC-3 cancer cell lines than the 

standard (Vinblastine sulfate). The IC50 values of the complexes were 2.87, 29.5, 14.9 and 

42.4 for [Pd(hzpy)(ox)], [Pd(hzpy)(ox)], [Pd(hzpy)(ox)] and Vinblastine sulfate, respectively. 

Further investigations are required for correlating the antitumor activities and structure of the 

complexes. 
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