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Abstract
The reaction of bidentate-S, N-thione Schiff base ligand, Phenyl (E)-2-(1-phenylethylidene)-hydrazine-1-
carbodithioate (PPEHCDT) with NiCl2.3H2O produced a neutral NiII(S, N)2 complex with cis form as kinetic favor 
isomer. Various physicochemical techniques, including EDX, FAB-MS, UV-Vis, IR, CHN, and XRD-crystal analysis, were 
employed to characterize the desired complex. These techniques provided evidence supporting the coordination 
of the ligand with the Ni-center, as indicated by the neutral cis-Ni(L)2 formula. The XRD-results revealed a cis-
isomer as anionic S-thiol and bis-bidentate-N-azomethine, as well as a slightly distorted square planar neutral 
cis-Ni(PPEHCDT)2 complex. In contrast, the DFT simulation supported a distorted tetrahedral as favor geometry, 
despite the fact that the XRD/DFT structural parameters results agreed. Moreover, the Molecular Electrostatic 
Potential (MEP) together with the Hirshfeld Surface Analysis (HSA) confirmed the XRD seen in appearance of the 
Heteromeric sub-synthons via C-H….πPh and C-H···S interactions. Moreover, the TG/DTG technique exhibited a high 
level of stability (∼ 250 °C) and a two-step thermal degradation process for the prepared cis-Ni(PPEHCDT)2 complex. 
Furthermore, it has been observed that the molecular docking of 1BNA-DNA with the free ligand is superior to that 
of the cis-Ni(PPEHCDT)2 complex due to the presence of two H-bonds with a larger binding energy as opposed to 
a single H-bond with a lower binding energy.
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Introduction
The transition metal ion nitrogen-sulfur bi-chelated 
ligand complexes that were accomplished from dithio-
carbazic acid and S-alkyl thioesters were recently 
studied for their structural uniqueness and applica-
tions [1–4]. The mode of coordination of such ligands 
together with their thiol/thione isomerization pro-
nounced their biological activities against cancer cells, 
viruses, microbes, fungal, and bacterial [2–4]. More-
over, the multifaceted industrial chemistry of ligand-
complexes results in the participation of such new 
materials in non-biological and biological catalysis 
approaches [5]. Furthermore, the coordination of sev-
eral types of hydrazonedithioate (as S and N ligands) 
is an essential piece of research to develop new com-
plexes with industrial molecular magnetism, semicon-
ducting behavior, electrochemical, and optoelectronic 
properties [6].

The transition metal ions [M(S, N)2]n complexes 
using hydrazone dithioate ligands established sev-
eral metal centers with different oxidation numbers 
of Fe(II&III), Mn(II, IV & VI), Co(III&II), Cu(I&II) 
and Ni(II), engage in the electrochemical oxidation of 
water [7–10]. Ni(S, N)2 complexes were found to be 
the best catalysts among the others for the oxidation of 
water [11–16]. Therefore, the oxidation catalytic prop-
erties of such complexes, especially Ni(II) have been 
developed industrially for oxidation of enantioselec-
tive sulfides, alcohols, and alkenes [17–20]. In the nat-
ural biological system, Ni(II) with N, S containing bi-, 
tri-, or multi-chelated ligand complexes were used as 
a model for Ni(II)-enzymes like Ni-containing super-
oxide dismutase and bi-functional acetyl–CoA/carbon 
monoxide dehydrogenase synthase [21, 22].

In light of the growing interest in dithiocarbazic 
acid ligands and their metal complexes [1, 23–25], the 
primary objective of this study was to ascertain the 
molecular structure of the cis-Ni(PPEHCDT)2 com-
plex during its interaction with the S-PPEHDC ligands. 
This study aimed to investigate the thiol-thione coor-
dination mode behavior of the desired tridentate 
hydrazinecarbodithioate Schiff base via various physi-
cochemical measurements, with particular emphasis 
on crystallographic XRD-one. The DFT, XRD, ther-
mal behavior, HSA, MEP, MAC/NPA, DOS, HOMO/
LUMO, and physicochemical properties together with 
their 1BNA-DNA docking behaviors were investigated.

Experimental
Chemicals and measurements
Chemicals and solvents fine are available from Fluka. 
In order to measure the infrared vibrations in the 
4000–200  cm− 1 wavenumber range, the PerkinElmer 
Spectrum 1000 FT-IR Spectrometer was used. The 

UV–Vis. data was achieved via TU-1901 double-beam 
spectrophotometer. Using a 711  A (8  kV) Finnigan, 
FAB-MS data were gathered. An Elementar Analyzer 
Varrio EL was used to get the CHN analysis.

Synthesis of Ni(II) complex
The PPEHCDT ligand and its Ni-complex were 
designed and synthesized in quantitative yield using a 
recent synthesis approach [1], based on our knowledge 
of hydrazinecarbodithioate polychelate ligands, which 
can act as tridentate or bidentate ligands, and insights 
from relevant literature reviews. It is noteworthy to 
notice that past publications have documented the 
utilization of distinct nickel transition components in 
the synthesis of analogous complexes [1, 23–25]. The 
desired complex was prepared by adding a hot solu-
tion of BPEHCDT ligand (0.31 g, 1.0 mmol) in 20 mL 
of ethanol to a solution of NiCl2.3H2O (0.24 g, 1 mmol) 
in ethanol (30 mL). The mixture was stirred for an 
hour. The solution’s volume was then reduced to half 
and refrigerated in a refrigerator for eight hours. The 
green precipitate was filtered and thoroughly washed 
with methanol and n-hexane, respectively. M.p 223 °C, 
yield in 76%. Anal. Calcd for C30H26N4NiS4: C, 57.24; 
H, 4.16; and N, 8.90. Found C, 57.21; H, 4.27; N, 8.73. 
FAB-MS: [M+] = 629.3  m/z. Selected IR data (cm− 1): 
v(C-H, Ph) 3080–3020  cm− 1, v(C-H, alkyl) 2920–
2890  cm− 1, v(2  C = N) 1570 b, v(N-N) 1118  s, v(CSS) 
825  cm− 1, v(Ni-N) 622  cm-1, cm− 1, v(Ni-S) 502  cm-1, 
cm− 1. UV–vis. Ligand bands like π→π* at 238  nm, π 
→n, at 302, n→π* at 360, 397,238, 290, and d→d (Ni2+) 
band at 420 nm.

Computation and XRD-crystal
HSA was achieved via CrystalExplorer platform, ver-
sion 17 [26]. Gaussian W09 software was utilized for 
all the DFT stimulations [27]. The LANL2DZ was used 
as a basis set for Ni(II) the heavy atoms, while DFT 
6-311G(d, p) was used for the other atoms. The dock-
ing studies were performed via Autodock 4.2 soft-
ware, 2016 [28]. The 3D structure of the used DNA 
was obtained from the Protein Data Bank (PDB) via 
the 1bna code; the structure is readily accessible free 
on the PDB website [29]. The resolution of the 1BNA 
DNA structure, determined by SC-XRD, is 1.90 Å; the 
structure was obtained by crystallizing the protein 
under a precise method. The 1BNA-DNA structure is 
a distinguished B-form DNA dodecamer and was one 
of the first high-resolution DNA structures revealed 
using X-ray crystallography [30].

Single-crystal XRD data was collected on a Bruker 
AXS Smart Apex CCD diffractometer with graphite 
monochromatic Mo-Kα radiation of λ = 0.071073 Å at a 
temperature of 130 ± 2 K, using the scanning technique 
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to a maximum of 137 ± 2 K. The structure was solved 
by direct method employing SIR-92 and full-matrix 
least squares refinement [31]. All nonhydrogen atoms 
were anisotropically refined through SHELXL [32]. 
Hydrogen atoms were located geometrically and were 
refined isotropically. Table 1 reports the crystal data.

Results and discussion
Preparation, CHN-EA, MS, EDX and IR of cis-Ni(PPEHDC)2 
complex
To obtain the required cis-Ni(PPEHDC)2 complex, 
the PPEHDC ligand was treated with NiCl2.3H2O in 
a hot EtOH solution at room temperature, as shown 
in Scheme 1. The cis-Ni(PPEHDC)2 complex was col-
lected as a brownish powder with a good yield of 78%. 
The complex is slightly soluble in methanol, chlori-
nated solvents, and hot water but never in n-hexane. 
The cis-Ni(PPEHDC)2 molecular structure was exam-
ined using various spectral techniques, including IR, 
FAB-MS, CHN-EA, UV-vis, EDX, TG/DTG, and XRD-
crystal. The XRD result showed the PPEHDC ligand 
as S (thiol) and N (azometh) and not with thione form 
ligand mode of coordination.

Furthermore, it was observed that the cis-isomer 
of the neutral Ni(PPEHDC)2 complex was exclusively 

obtained as the kinetically favored isomer. Con-
versely, there was no indication of the formation of the 
trans-Ni(PPEHDC)2 complex isomer, which is ther-
modynamically favored. This observation has been 
substantiated through XRD-crystal analysis.

Cis-Ni(PPEHDC)2 complex formula weight was con-
firmed by FAB-MS, [M + 1+] = 629.3  m/z (628.2  m/z 
theoretical). The CHN-elemental analysis aligns with 
the molecular formula of the complex C30H26N4NiS4. 
Moreover, EDX-analysis confirmed the purity and the 
atomic continent, as only energy peaks belong to C, N, 
S and Ni were detected, as shown in Fig. 1a.

The solid-state FT-IR of cis-Ni(PPEHDC)2 complex 
was recorded, as seen in Fig.  1b. Several IR stretch-
ing vibration bands were observed; the main groups 
CPh-H, Calkyl-H, C = N◊Ni, C = N, N-N, CS2, N◊Ni and 
S◊Ni stretching vibrations were sited to 3080 − 3020, 
2920 − 2890, 1575, 1570, 1118, 825, 622, 502  cm− 1, 
respectively. The same functional group stretching 
vibrations were observed by DFT-IR with slight shifts 
in their wavenumber values, as seen in Fig.  1c. Fur-
thermore, the DFT and experimental IR wavenumber 
values exhibit a high level of agreement, as evidenced 
by a graphical correlation of 0.997, as seen in Fig. 1d.

Table 1  cis-Ni(PPEHCDT)2 complex structure refinement data
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X-Ray and DFT computations
The DFT-optimized and ORTEP diagrams of cis-
Ni(PPEHDC)2 complex structures and their parameters 
have been illustrated in Fig.  2; Table  2. C32H30N4NiS4 
is Monoclinic in crystal system, C2/c with Z = 4 per 
cell. The two PPEHDC ligands bonded to Ni(II) center 
via S and N provided by 2 anionic via S- and 2 neutral 
N-groups to form the neutral cis-Ni(PPEHDC)2 com-
plex with two five-hetero-metal-membered center cis-
Ni(N, S)2 rings (Fig. 2b). The bond and angle values of 
the Ni(II)-complex are in high agreement with previ-
ously similar structures [1, 23, 24]. The Ni(II) center 
geometry was solved as a distorted square planar with 
τ = 30.2o (Fig. 2b). The DFT optimization result of the 
cis-Ni(PPEHDC)2 complex revealed that the square 
planar geometry is more favourable than the tetrahe-
dron geometry. This observation was not surprising 
since the DFT theory neglected any internal interac-
tions (gaseous state). Hence, it is possible through 
DFT to observe that the tetrahedral structure around 
metal center is a preferred isomer over the square pla-
nar geometry because it has a lower steric hindrance 
that minimizes the internal repulsion. As the distorted 
square planar around the Ni(II) center has been con-
firmed experimentally by XRD-crystal, it can be said in 
this manuscript that the DFT-theory contradicted the 
results of XRD in judging the final geometry around 
the metal central atom, but it agreed in judging the 
other structural parameters.

The DFT-optimized angles and bond lengths were 
consistent with experimental XRD data, as shown 
in Fig.  3. Figure  3a shows acceptable levels of DFT 
and XRD in terms of angles and bond lengths. Bond 

lengths were in great agreement, as shown in Fig.  3a, 
with a graphical correlation R2 = 0.972 (Fig.  3b). Even 
two distinct geometries were proposed: the tetrahe-
dral structure was seen by DFT and the square pla-
nar structure was validated by XRD; their angles also 
exhibited excellent agreement, as shown in Fig.  3c, 
with graphical correlation R2 = 0.9798 (Fig. 3d).

Heteromeric [CH···Cl/CH···πPh] synthon and HSA 
investigation
Typically, the occurrence of two primary large syn-
thons of 2D-S24-type cyclic bonding is uncommon 
(Fig. 4a). This is because each synthon is composed of 
a triple-side sub-synthon, specifically 2S11 and 1S10, 
which bind through two short contacts: Calkyl-H…S 
with a radius of 2.902 µ and Cph-H…Ph with a radius 
of 2.974 γ (Fig.  4b). The non-classical shorter hydro-
gen bonds, specifically H…S and H…Ph, exhibit a two-
dimensional chain formation, as depicted in Fig.  4b. 
Furthermore, the cis-Ni(PPEHDC)2 lattice exhibited a 
notable increase in crystalline matrix stability as well 
as enhanced optical and electrical characteristics due 
to the presence of eight interactions per two synthons 
[33].

To confirm the packing result, the HSA of cis-
Ni(PPEHDC)2 was performed in between − 0.632 and 
1.876 a.u. using the CIF crystallographic data [34–42]. 
The HSA and 2D-FP collected results are illustrated in 
Fig. 5. The existence of S and N heteroatoms together 
with π of the aromatic rings, in addition to several 
polar hydrogens, enhanced the formation of eight red-
dots, including the presence of short interactions like 
H….S and H···πPh as seen in dorm (Fig. 5a). Moreover, 

Scheme 1  Cis-Ni(PPEHDC)2 complex synthesis
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2D-FP intermolecular H-to-atom ratios are displayed 
in Fig. 5b. It was found that the H···H (51.5%) interac-
tion has the highest ratio among all interactions, while 
the H···Ni reflected a 0.1% ratio (Fig.  5c). The 2D-FP 
ratio analysis is illustrated in the following order: 
H….H > C….H > S…H> (N….H, Ni….H, 0%).

MEP, and MAC/NPA
MEP map of cis-Ni(PPEHDC)2 complex is computed 
to explore the binding properties of the complex. The 
potential increased, ranging from blue, green, yellow, 
orange, and red, reflecting the degree of the electronic 
density of each atom. The MEP results indicated that 
the etheric S and coordinated S atoms display the 

highest e-rich/nucleophilic sites (red color). Mean-
while, the e-poor/electrophilic spots (blue) are highly 
seated on the phenyl and methyl protons. Usually, 
aromatic rings are rich with π  electrons; they are 
distinguished as yellow areas (Fig.  6). Non-classical 
C-H···πPh and C-H….S H-bond interactions can be 
computed using MEP theory that is consistent with 
the HSA and XRD outcome. The atomic charge of our 
molecule surface behavior MAC and NPA charge dis-
tribution in cis-Ni(PPEHDC)2 complex were calculated 
and displayed as seen in Fig.  6. In general, the NPA 
reflected the Ph charges with higher values compared 
to MAC results. All atomic charges of each atom on 
the surface of the core of the molecule were collected 

Fig. 1  (a) EDX spectra, (b) IR, (c) DFT and (d) DFT/Exp.-IR correlation diagram
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in Table 3. The comparative study of both the models, 
MAC and NPA, is accepted since a high graphical cor-
relation is detected at 0.8921, as seen in Fig. 6d.

HOMO/LUMO and DOS
The HOMO and LUMO shapes and energy levels pro-
vide input about stability, the relationship orbitals, 
and the general chemical and structural properties 
of the prepared new compounds. In the HOMO, the 
main electron density focused around the Ni(II) and 
the core atoms of cis-Ni(PPEHDC)2; meanwhile, in 
LUMO focus only around the core atoms and not on 
Ni(II) center. Both HOMO and LUMO defocused the 
terminal phenyls. Moreover, the ELUMO, EHOMO, and ΔE 
were calculated to be -0.0833, -0.1921, and 0.1088 a.u 
(2.9598 eV), respectively, as shown in Fig. 7a. In order 
to verify the HOMO and LUMO energy values, they 
were calculated using another model, like the Density 
of State (DOS). The net energy resulted in by DOS 
ΔEDOS was found to be consistent with ΔEHOMO/LUMO 
with very close 2.988 eV, as seen in Fig. 7b.

TG/DTG analysis
The thermal behavior of the desired cis-Ni(PPEHDC)2 
complex has been performed in an ambient condi-
tions using a heat rate of 10  °C/min via TG/DTG, as 
shown in Fig. 8. Figure 8 shows the complex exhibitin 
high thermal stability. The stability of the complex up 
to 250  °C can be attributed to the absence of uncoor-
dinated or coordinated water molecules on the nickel 
atom. This is evidenced by the absence of any weight 
loss in the complex between 50 and 160 °C, as depicted 
in Fig.  8a. This finding is consistent with both the IR 
and XRD results. The desired complex underwent two 
primary decay processes. The initial step exhibited the 
most pronounced mass decay within the temperature 
range of 250–300  °C, with TDTG = 280  °C (Fig.  8) and 
mass of 39.6%. This loss can be mainly attributed to 
the de-structured of one piece of the PPEHDC ligand 
to form cis-Ni(PPEHDC)2 complex. Meanwhile, the 
second step involved a wide range of temperatures 
from 420 to 510  °C, with TDTG = 480  °C and mass loss 
of 40.5%.This loss can be attributed to the de-structur-
ing of the second ligand component, which occurred 

Fig. 2  (a) ORTEP diagram, (b) distorted square planar, (c) DFT optimization, and (d) DFT-tetrahedral structure of cis-Ni(PPEHDC)2 complex
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Table 2  Designated DFT/XRD bonds and angles lengths
Bond No. Bond type Bond length [Å] Angle No. Angle type Angle value (o)

XRD DFT XRD DFT
1 Ni1 S2 2.1759 2.2912 1 S2 Ni1 N2 86.02 89.35
2 Ni1 N2 1.906 1.7947 2 S2 Ni1 S2 98.44 97.78
3 Ni1 S2 2.1759 2.2911 3 S2 Ni1 N2 159.84 151.42
4 Ni1 N2 1.906 1.7947 4 N2 Ni1 S2 159.84 151.43
5 S1 C1 1.830(2) 1.9333 5 N2 Ni1 N2 96.56 97.52
6 S1 C8 1.747(2) 1.8185 6 S2 Ni1 N2 86.02 89.35
7 S2 C8 1.756(2) 1.7961 7 C1 S1 C8 100.7(9) 99.66
8 N1 N2 1.408(2) 1.4633 8 Ni1 S2 C8 92.33 88.7
9 N1 C8 1.292(2) 1.2988 9 N2 N1 C8 110.5(1) 111.7
10 N2 C9 1.300(2) 1.313 10 Ni1 N2 N1 118.2 119.34
11 C1 C2 1.502(2) 1.5018 11 Ni1 N2 C9 127.2 128.37
12 C2 C3 1.389(3) 1.402 12 N1 N2 C9 114.6(1) 112.27
13 C2 C7 1.390(3) 1.4019 13 S1 C1 C2 110.3(1) 108
14 C3 C4 1.381(3) 1.3949 14 C1 C2 C3 120.7(2) 120.45
15 C4 C5 1.379(4) 1.3973 15 C1 C2 C7 120.3(2) 120.6
16 C5 C6 1.377(4) 1.397 16 C3 C2 C7 119.0(2) 118.95
17 C6 C7 1.391(3) 1.3953 17 C2 C3 C4 120.6(2) 120.59
18 C9 C10 1.497(3) 1.5078 18 C3 C4 C5 120.0(2) 120.06
19 C9 C11 1.483(2) 1.4743 19 C4 C5 C6 120.3(2) 119.77
20 C11 C12 1.393(2) 1.4055 20 C5 C6 C7 120.0(2) 120.1
21 C11 C16 1.394(2) 1.4076 21 C2 C7 C6 120.2(2) 120.54
22 C12 C13 1.388(2) 1.394 22 S1 C8 S2 116.1(1) 116.04
23 C13 C14 1.387(3) 1.3961 23 S1 C8 N1 119.0(1) 118.08
24 C14 C15 1.382(3) 1.3998 24 S2 C8 N1 124.8(1) 125.89
25 C15 C16 1.385(3) 1.393 25 N2 C9 C10 122.3(2) 120.73
26 S1 C1 1.830(2) 1.9333 26 N2 C9 C11 118.8(2) 119.94
27 S1 C8 1.747(2) 1.8186 27 C10 C9 C11 118.9(2) 119.2
28 S2 C8 1.756(2) 1.7961 28 C9 C11 C12 119.9(2) 119.83
29 N1 N2 1.408(2) 1.4633 29 C9 C11 C16 120.6(2) 121.09
30 N1 C8 1.292(2) 1.2987 30 C12 C11 C16 119.4(2) 119
31 N2 C9 1.300(2) 1.313 31 C11 C12 C13 120.1(2) 120.51
32 C1 C2 1.502(2) 1.5019 32 C12 C13 C14 120.1(2) 120.1
33 C2 C3 1.389(3) 1.402 33 C13 C14 C15 120.0(2) 119.87
34 C2 C7 1.390(3) 1.4019 34 C14 C15 C16 120.4(2) 120.2
35 C3 C4 1.381(3) 1.3949 35 C11 C16 C15 120.1(2) 120.31
36 C4 C5 1.379(4) 1.3972 36 C1 S1 C8 100.7(9) 99.66
37 C5 C6 1.377(4) 1.397 37 N2 N1 C8 110.5(1) 111.7
38 C6 C7 1.391(3) 1.3954 38 N1 N2 C9 114.6(1) 112.27
39 C9 C10 1.497(3) 1.5079 39 S1 C1 C2 110.3(1) 108
40 C9 C11 1.483(2) 1.4743 40 C1 C2 C3 120.7(2) 120.45
41 C11 C12 1.393(2) 1.4055 41 C1 C2 C7 120.3(2) 120.6
42 C11 C16 1.394(2) 1.4076 42 C3 C2 C7 119.0(2) 118.95
43 C12 C13 1.388(2) 1.394 43 C2 C3 C4 120.6(2) 120.58
44 C13 C14 1.387(3) 1.3961 44 C3 C4 C5 120.0(2) 120.06
45 C14 C15 1.382(3) 1.3998 45 C4 C5 C6 120.3(2) 119.77
46 C15 C16 1.385(3) 1.393 46 C5 C6 C7 120.0(2) 120.1
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Fig. 4  (a) 2D-S24 triple sub-synthon, and (b) 2S11 + S10 sub-synthons including H….S and H···πPh interactions

 

Fig. 3  (a) XRD/DFT-bond lengths histogram, (b) XRD/DFT-bond lengths graphical correlation, (c) XRD/DFT-angles histogram, and (d) DFT/Exp. angles 
correlation diagram
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Fig. 5  (a) dnorm, (b) shape index, and (c) 2D-FP over the cis-Ni(PPEHDC)2 complex surface
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simultaneously with the reaction with atmospheric O2 
to produce nickel oxide as a final product with ∼ 19.3% 
yield [44].

Molecular docking studies
In the field of structural drug design (SDD), under-
standing the binding of medications to DNA or 
enzymes can be accomplished by the most success-
ful theoretical molecular coupling method, which 
distinguished as an outstanding methodology [43–
45]. The methodology in this section focuses on the 
interaction between the free PPEHCDT ligand and 
its cis-Ni(PPEHCDT)2 complex with 1BNA-DNA 
helices. This algorithm will analyze different posi-
tions, orientations, and types of interaction between 
PPEHCDT or cis-Ni(PPEHCDT)2 and DNA using 
Autodock 4.2 [28] output virtualized via PyMOL [46] 
software. Its goal is to identify the configuration that 

offers the greatest fit to assess the experimental bet-
ter future chemotherapy. Table 4; Fig. 9 show the final 
docked pictures and the binding energy estimates for 
the ligand and its complexes. The PPEHCDT docked 
with 1BNA resulted like the cisplatin binding mode; 
mimic a good docking by cross-linking of the 1BNA 
both double helix [42] with a minor grove site interac-
tion (Fig. 9a) via two short hydrogen bonds. The first 
was via NH of hydrazine carbodithioate and cytosine 
(DC23:O4) bases of DNA with 1.985 Å length, and the 
second hydrogen bond was through sulfur of dithio-
ate and guanine (DG4:H22) bases of DNA with 2.323 
Å length (Fig. 9b). These two H-bond result the bind-
ing energy with a very good value of -8.84  kcal/mol. 
Other weak binding interactions as Ph π: π, S-π and 
VdW, were also recorded, as seen in Fig. 9b. A dramat-
ical change in the bonding mode was obtained when 
the cis-Ni(PPEHCDT)2 was introduced instead of the 

Fig. 6  (a) MEP, (b) MAC/NPA, (c) MAC vs. NPA, and (d) MAC/NPA correlation of cis-Ni(PPEHDC)2 complex

 

Content courtesy of Springer Nature, terms of use apply. Rights reserved.



Page 11 of 16Boshaala et al. BMC Chemistry          (2025) 19:108 

free ligand. The complex binds the 1BNA to the major 
grove instead of the minor grove position (Fig.  9c) 
[44, 45]. Only one hydrogen bond via sulfur of dithio-
ate and adenine (DA18:H62) with 2.234 Å length has 
been detected (Fig.  9d); moreover, a lower binding 
energy of -6.34 kcal/mol has been recorded as seen in 
Table 4. Additionally, inhibition constant (IC) value of 
cis-Ni(PPEHCDT)2 complex is lower than that of the 
free ligand which reflects the complex as better 1BNA 
binder (Table 4). However, they usually used the bind-
ing energy values in the final judgment on the ability of 
compounds to bind with DNA better, since it is a more 
reliable parameter. Conversely, the ligand efficiency 
values aligned with the bonding energy values, indi-
cating that the free PPEHCDT ligand is a more effec-
tive DNA-binder compared to its cis-Ni(PPEHCDT)2 

complex, as PPEHCDT exhibited a higher negative B.E 
value (Table 4).

Conclusions
A novel neutral Nickel(II) complex with two 
Ni(PPEHDC)2 bidentate N, S-type ligands has been 
prepared in a good yield. The structural formula of 
cis-Ni(PPEHDC)2 isomer was evidenced by XRD and 
further supported via EDX, IR, UV-Vis, CHN-EA, and 
FAB-MS analysis. X-ray diffraction reflected the cis-
Ni(PPEHDC)2 complex with distorted square planar 
as opposed to the tetrahedral geometry revealed by 
the DFT theoretical analysis. The cis-Ni(PPEHDC)2 
was chelated to the Ni(II) center via S-thiol and 
N-azomethine atoms to form a unique cis-conforma-
tion square planar. Additionally, the DFT/XRD angles 

Table 3  NPA/MAC charge population
No. Atom MAC NPA No. Atom MAC NPA
1 Ni 0.773991 0.47953 37 S 0.428473 1.09673
2 S 0.428479 1.09846 38 S 0.029384 0.01851
3 S 0.029393 0.02495 39 N -0.30618 -0.39583
4 N -0.30617 -0.39799 40 N -0.58893 -0.32677
5 N -0.58894 -0.32517 41 C -0.6439 -0.68963
6 C -0.6439 -0.69496 42 H 0.245213 0.2827
7 H 0.245211 0.27978 43 H 0.257552 0.28873
8 H 0.257556 0.28763 44 C 0.009012 -0.06272
9 C 0.009016 -0.05458 45 C -0.17697 -0.24844
10 C -0.17697 -0.24863 46 H 0.183214 0.23135
11 H 0.183216 0.22624 47 C -0.18242 -0.21721
12 C -0.18242 -0.22399 48 H 0.188746 0.24536
13 H 0.188747 0.24454 49 C -0.18403 -0.23838
14 C -0.18403 -0.23783 50 H 0.190087 0.24446
15 H 0.190088 0.24366 51 C -0.18176 -0.226
16 C -0.18176 -0.22341 52 H 0.191285 0.24465
17 H 0.191285 0.24384 53 C -0.17602 -0.22458
18 C -0.17602 -0.2277 54 H 0.192236 0.24129
19 H 0.192234 0.24245 55 C -0.36979 -0.3656
20 C -0.36981 -0.35085 56 C 0.37293 0.22568
21 C 0.372934 0.2238 57 C -0.59781 -0.70643
22 C -0.59782 -0.70653 58 H 0.242664 0.24544
23 H 0.242663 0.2453 59 H 0.197974 0.227
24 H 0.197976 0.22637 60 H 0.246672 0.26099
25 H 0.246675 0.26247 61 C -0.03467 -0.06863
26 C -0.03467 -0.06978 62 C -0.21812 -0.10338
27 C -0.21812 -0.09712 63 H 0.243342 0.12813
28 H 0.243337 0.12819 64 C -0.17587 -0.21638
29 C -0.17587 -0.19096 65 H 0.218091 -0.184
30 H 0.21809 -0.18743 66 C -0.19307 -0.23435
31 C -0.19307 -0.23478 67 H 0.197867 0.22665
32 H 0.19787 0.22787 68 C -0.18269 -0.24134
33 C -0.18268 -0.24223 69 H 0.195581 0.24506
34 H 0.195581 0.24623 70 C -0.19438 -0.20181
35 C -0.19438 -0.19899 71 H 0.189295 0.23989
36 H 0.189295 0.24049
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and bond length values were of good consistency. The 
MEP, MAC/NPA, and HSA calculation results proved 
the XRD-experimental result in the 2D-S24 synthons 
formation via C-H···πPh and C-H···S interactions. The 
cis-Ni(PPEHDC)2 is thermally stable up to 250 oC; it 
decomposed to nickel oxide final product in a two-step 
decomposition mechanism. Moreover, investigations 

of 1BNA docking with the free ligand and its Ni-com-
plex showed a dramatical shift in binding locations, 
H-bond quantity and type, and binding energy values.

Fig. 7  (a) HOMO and LUMO shapes and energy and (b) DOS diagrams of cis-Ni(PPEHDC)2 complex
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Table 4  Docking data of both the PPEHCDT and its cis-Ni(PPEHCDT)2

No. B.E (kcal/mol) Ligand Efficiency I. C, µM T = 298. 15 K Hb of residues and ligands with bond length (Å)
PPEHDC -8.84 -0.47 9.78 DNA: B:DC23:O4….H (1.985)

DNA: A:DG4:H22….S (2.323)
cis-Ni(PPEHDC)2 -6.34 -0.11 1.35 DNA: B:DA18:H62….S (2.234)

Fig. 8  TGA of the cis-Ni(PPEHDC)2 complex
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Fig. 9  Docking result of both the PPEHCDT and its cis-Ni(PPEHCT)2 with 1BNA: (a) PPEHCDT ‘s connection site, (b) 2D-interactions of PPEHCDT, (c) cis-
Ni(PPEHCDT)2’s connection site, and (d) Nucleotides medium with their H-bond interacted to cis-Ni(PPEHCDT)2
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