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New 2,4-bis(2,4-dimethoxyphenyl)-1,3-dithia-2,4-diphosphetane 2,4-disulfide, (SAV-A2), was synthesized
from the reaction P4S1o and 1,3-dimethoxybenzene. SAV-A2 was reacted with alcohols to form dithiophos-
phonic acid monoesters (HLn, HS;P((2,4-CH30),C¢H3)(ORn); n=1-3, R1=2-butyl-; R2=n-pentyl-; R3=4-
tert-but-benzyl-). The acids were converted to the ammonium salts ([NH4Ln]) to serve as the source
of the ligands (Ln), to obtain Ni(Il) complexes, ([Ni(Ln);]). [Ni(L2),] crystal structure was elucidated
by single-crystal X-ray diffraction analysis. In addition, Density Functional Theory (DFT) calculations of
[Ni(L2),] was performed. The molecular docking studies of the complex with liver cancer protein, PDB
ID: 3WZE and colon cancer antigen proteins, ID 2HQ6 were done compare with experimental and the-
oretical results. All compounds were tested on liver- and colon cancer cell lines. Among the complexes
tested, [Ni(L3),] showed an activity closer to that of cisplatin against the colon cancer cell line. The other
compounds were found to be have less active.
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1. Introduction

Phosphor-1,1-dithiolates including dithiophosphate (DTP),
dithiophosphinate (DTPA) and dithiophosphonate (DTPOA) ligands
and their derivatives have many commercial applications such as
floatation reagents in the recovery of industrial metal cations [1],
as additives in lubricants [2], as pesticides in agriculture [3] and
as precursors for chemical warfare [4]. They are also deemed to
be a potential candidates to be used in the synthesis of antibiotics
[5] and anticancoregenes against some tumors [6].

Organo-dithiophoshorus compounds have been the subject of a
few studies on the field of cancer therapeutics. There are hardly
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any studies on the antiproliferative activities of dithiophosphinic-
[7] and dithiophosphonic acids [8-10]. Anti-cancer studies with
dithiophosphoric acids, on the other hand, are slightly more com-
mon [11]. Pt-dithiophosphoric acid complexes, for example, were
found to be active against cancer, by Lowe et al. [12]. Cytotoxic
activities of some vanadium dithiophosphates have been demon-
strated by Kumar et al. in the cancers of the lung, prostate and
blood [13]. So, the preliminary motives are ready to make inves-
tigations on the cancerogenic activity of dithiophosphinate and
dithiophosphonate compounds.

Due to the soft-base character of dithiophosphorus-compounds,
phosphor-1,1-dithiolate ligands form stable complexes with cations
of soft-acid nature. There are several papers available giving
the details of the synthesis, structures and chemistry, espe-
cially the metal complexes of dithiophosphorus-compounds. The
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X=-OR, [Ni(DTPOA),]
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Scheme 1. Some of the organodithiophoshorus Ni(Il) complexes.

metal cations that have high affinity towards dithiophosphorus-
ligands tend to form four-coordinated complexes. For example,
Zn(Il), Cd(I1) and Hg(ll) are prone to form dimeric complexes
with tetrahedral geometries [14,15]. Group 10 cations, Ni(Il), Pd(II)
and Pt(Il), on the other hand, form monomeric complexes with
square planar coordination geometry [15-18]. Dithiophosphonato-
and dithiophosphinato complexes of Ni(ll), namely [Ni(DTPOA),]
and [Ni(DTPA),], are prepared by the direct reaction of 1,3,2,4-
dithiadiphosphetane 2,4-disulfides (Lawesson reagent, (LR), for ex-
ample), with an monofunctional alcohol, ROH [19] or with a Grig-
nard reagent, R-MgX [20], respectively (Scheme 1).

1,3,2,4-dithiadiphosphetane 2,4-disulfides are the most valuable
cyclic phosphorus-sulfur compounds that are also named perthio-
phosphonic acid anhydrides. They are depicted by the general for-
mula (PR,S),, (R= alkyl-, aryl-). The most common commercial
representative of this class is LR with R=(4-CH30)Ph- [21]. Belleau
reagent (R=PhOPh-) [22], Davy reagent (R=CH3S-) [23], Ferrocenyl
Lawesson reagent (R=Cp-) [24]| and Yokoyama reagent (R=PhS-)
[25] are the other perthiophosphonic acid anhydrides. In recent
years, LR analog as SAV-B1 (R=(4-CH30)(2-CH3)Ph-) and SAV-B2,
(R = 1-CH30)(2-CH3)Ph-) were reported to have been prepared
[26].

Here, we report the preparation of another diphosphetane 2,4-
disulfide (Scheme 2A), namely, 2,4-bis(2,4-dimethoxyphenyl)—1,3-
dithia-2,4-diphosphetane 2,4-disulfide, (SAV-A2). This compound
was reacted with alcohols to prepare the compounds, HS,P((2,4-

HsC,
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CH30),CgH3)(ORn); R1=2-butyl-; R2=n-pentyl-; R3=4-tert-
butylbenzyl- (Scheme 2B). The compounds are collectively denoted
by HLn (Scheme 2C). The acids, HLn, were converted to ammo-
nium dithiophosphonate salts, [NH4Ln] for purification and later
use as the source of the dithiophosphonate ligands (Scheme 2D).
Dithiophosphonato-Ni(II) complexes, [Ni(Ln),], were prepared by
the action of the ammonium salts on an ethanol - solution of
NiCl, (Scheme 2E).

The compounds were characterized by FT-IR, mass spectrome-
try and multinuclear NMR spectroscopy. The crystal structure of
[Ni(L2),] was elucidated by single crystal X-ray diffraction tech-
nique. Ligands and their Ni(Il) complexes were used for anticancer
studies. The Density Functional Theory (DFT) calculations for the
ground state of the complex [Ni(L2),] have been performed us-
ing the B3LYP/LANL2DZ/6-31+G(d,p) level program, and the op-
timized geometry was compared with that found by single crys-
tal X-ray diffraction analysis of the same compound. The energy
levels, the orientation of the frontier molecular orbitals (HOMOs
and LUMOs), molecular potential surfaces (MEPs) and the chem-
ical parameters of the complex have been determined by DFT
in the gas phase. The interactions of the complex [Ni(L2),] with
DNA samples were predicted and the results found were compared
with experimental activity data. Within this context, the molecu-
lar docking studies of [Ni(L2),] with liver cancer protein (PDB ID:
3WZE) and colon cancer antigen protein (PDB ID: ID 2HQ6) were
investigated.
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Scheme 2. The syntheses reaction of the compounds.
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Table 1

Crystal data and structure refinement details for [Ni(L2),].
Compound [Ni(L2),]
CCDC 2,054,970

The formula of Refinement Model C6H40NiOgP,S4
Formula weight 697.47
Temperature/K 173

Radiation, Wavelength (A) MoK (A = 0.71073)

Crystal system Triclinic
Space group P-1

a/A 7.7485(11)
b/A 7.9589(12)
c/A 13.793(2)
al° 105.315(2)
Bl° 99.061(2)
y° 91.880(2)
Crystal size/mm? 0.52 x 0.50 x 0.23
Volume/A3 807.7(2)

VA 1
pcalcg/cm3 1.434
pu/mm-1) 0.995
F(000) 366

26 range for data collection/° 3.108 to 50

Index ranges -9<h=<9,-9<k=<9-16<1<16
Reflections collected 9941

Independent reflections 2851 [Rjp; = 0.0260, Rjgm, = 0.0222]
Data/restraints/parameters 2851/0/181

Goodness-of-fit on F2 (S) 1.039

Final R indices [I > 20(I)] R; = 0.0232, wR; = 0.0612

R indices (all data) R; = 0.0244, wR;, = 0.0619

Largest diff. peak/hole | e A—3 0.35/-0.26

2. Experimental
2.1. Materials and instruments

Ethanol, 2-butyl alcohol n-pentyl alcohol, 4-tert-butylbenzyl al-
cohol, 1,3-dimethoxybenzene, P4S9, NiCl,-6H,0, benzene, chloro-
form and diethyl ether were purchased from Sigma-Aldrich.

The LC/MS system was supplied by Waters with a C-18 HPLC
column and a Waters Micromass ZQ connected to an ESI ionizer.
Melting point determinations were done on a Gallenkamp appa-
ratus with a glass capillary. 'H (500 MHz), 13C ('H decoupled;
125 MHz) and 3'P NMR ('H decoupled; 202.4 MHz) spectra were
recorded on a Bruker FT spectrometer at 298 K. 'H and 3C NMR
chemical shifts (§) are given in ppm and referenced to the internal
signal of TMS. 85% H3PO4 was used as the external standard for
31p NMR. D,0 was the solvent of choice for [NH4Ln] and CDCl3
for [Ni(Ln),] complexes. Diagnostic correlations which are based
on Hetero Nuclear Single Quantum Coherence (HSQC) experiments
were also performed on a Bruker FT spectrometer at 298 K. IR
spectra were recorded on a Perkin Elmer Spectrum 400 FT-IR in-

8
H4C

X= *NH,, n=1; X= Ni(ll), n=2
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Table 2
The predicted bonding energies and RMSD values as a consequence of molecular
docking for [Ni(L2),] by using AutoDock-Vina software.

Complex Mode Affinity Distance from the best mode
3WZE, 2HQ6 (kcal/mol) RMSD Lb. RMSD b,
[Ni(L2),]-3WZE 1 -7.3 0.000 0.000

2 -71 1.330 11.481

3 -7.1 1.239 2.137

4 -6.9 2.425 9.777

5 -6.9 2.853 7.008

6 -6.7 2.798 7.222

7 -6.7 3.220 7.605

8 -6.4 2.987 9.285

9 -6.4 3.198 9.127
[Ni(L2),]-2HQ6 1 -6.0 0.000 0.000

2 -5.8 1.608 11.182

3 -5.8 0.554 11.266

4 -5.8 1.863 2.562

5 -5.2 2.206 10.963

6 -5.0 3.223 4.214

7 -5.0 5.454 11.593

8 -4.8 3.806 11.220

9 -4.7 3.427 11.131

strument (200-4000 cm~!) with wavenumbers in cm~! units. El-
emental analyses were performed on a LECO CHNS-932 C instru-
ment.

2.2. Synthesis

2.2.1. Preparation of the
2,4-bis(2,4-dimethoxyphenyl)—1,3-dithia-2,4-diphosphetane
2,4-disulfide, (SAV-A2)

In a 145 °C oil-bath under a fume hood, 1,3-dimetoxybenzene
(4.97 g, 35.96 mmol) was added dropwise, with constant stirring,
onto a P4Sqp sample (4 g, 8.99 mmol) in a round-bottom flask
while passing Ar gasses to provide an inert atmosphere. The mix-
ture turned into a clear, pale-yellow solution in about 1 hour af-
ter the dropwise addition step. The stirring procedure was con-
tinued and a yellow precipitate started to form in 2 h. After 3 h,
the mixture was taken out of the oil bath and left aside for cool-
ing to room temperature. A deep yellow solid was formed at the
bottom of the flask. The solid was filtered; washed with dry di-
ethyl ether and then crushed in ether medium with a spatula. The
ether-washed solid was filtered again and dried in an inert (Ar) at-
mosphere. Our experience is that the yellow product decomposes
in 1 hour under humid atmosphere.

2.2.2. General procedure for the ammonium salts of dithiophosphonic
acids [NH4Ln]

2.00 g (4.30 mmol) of the SAV-A2 reagent was taken into a
three-necked flask, and onto it, an 8.60 mmol of one of the alco-

Fig. 1. The numbering scheme for ligands and complexes.



Table 3
TH NMR data of the compounds . (D,0 for [NH4Ln], CDCl3 for [Ni(Ln),]; 8 in ppm, J in Hz, s: singlet, d: doublet, dd: doublet of doublets, t: triplet, and m: multiplet).
[NH4L1] [NH4L2] [NH4L3] [Ni(L1),] [Ni(L2),] [Ni(L3),]
C3-H 6.6 (m, 2H) 6.6 (m, 2H) 6.5 (m, 2H) 6.4 (s, 2H) 6.4 (d, 2H); Ypu= 3.4 6.4 (d, 2H); 3Jpu= 3.5
Cs-H C3H is adjacent to CsH C3H is adjacent to CsH Cs3-H is adjacent to CsH 6.6 (d, 2H); 3Jyu=8.0 6.6 (d, 2H); 3Jyu=8.5 6.6 (d, 2H); 3Jyy=8.6
Cs-H 8.1 (dd, H) 8.1 (dd, H) 8.2 (dd, H) 8.0 (dd, 2H) 7.9 (dd, 2H) 7.9 (dd, 2H)
3Jou= 17.0; 3Juu= 8.4 3Jou= 16.7;3Jyn= 8.7 3Jou= 16.6; 3Jyn= 8.5 3Jon= 17.7; 3Jun= 8.2 3ou= 17.9; 3Jyn= 8.6 3Jou= 18.1; 3Jyu= 8.6
C,-H 3.9 (s, 6H) 3.8 (s, 3H) 3.8 (s, 6H) 3.9 (s, 6H) 3.9 (s, 6H) 3.8 (s, 12H)
Cg-H 3.9 (s, 3H) 3.8 (s, 6H) 3.8 (s, 6H)
Co-H 4.5 (m, H) 3.8 (dd, 2H) 4.9 (d, 2H); 3Jpy= 8.8 4.9 (m, 2H) 4.3 (dd, 4H) 5.3 (d, 4H); 3Jp= 9.5
3Jpn= 15.5;*Jun= 6.8 3Jpu= 15.8; *Jun= 6.4
Cio-H 1.6 (m, 2H) 1.6 (m, 2H) - 1.6 (m, 4H) 1.7 (m, 4H) -
Ci-H 0.9 (t, 3H); 3Jyu= 7.5 - - 1.0 (t, 6H); 3Jyn= 6.8 - -
Cio-H 1.2 (d, 3H); 3Juu= 6.3 - - 1.4 (d, 6H); 3Jyy= 5.6 - -
Cis-H - 0.8 (t, 3H); 3Jyy= 7.0 - - 0.9 (t, 6H); 3Juy= 6.3 -
Cis-H - - 1.3 (s, 9H) - - 1.3 (s, 18H)
Ci112-H - 1.3 (m, 4H) 7.3 (s, 4H) - 1.4 (s, 8H) 7.4 (s, 8H)
Table 4
13C NMR data of the compounds. (D,0 for [NH4Ln], CDCl3 for [Ni(Ln),]; § in ppm, J in Hz).
[NH4L1] [NH4L2] [NH4L3] [Ni(L1),] [Ni(L2),] [Ni(L3),]
G 124.3, Jpc= 114.0 123.3, Jpc= 111.0 125.9 116.5, Jpc= 118.1 116.1, Jpc= 116.8 115.7, Jpc= 116.5
superimposed with Cyy 1y
G 163.7, 2Jpc= 3.6 163.5, 2Jpc= 3.6 162.6, 2Jpc= 3.3 161.8 162.0 162.0
Gy 101.6, 3Jpc= 7.9 101.5, 3Jpc= 7.8 99.5, 3Jpc= 7.7 99.0, 3Jpc= 7.8 99.0, 3Jpc= 7.9 99.0, 3Jpc= 8.0
Cs 166.0, 4Jpc=2.8 166.0, *Jpc= 2.9 164.8, *Jpc= 2.1 164.9 164.9 165.1
Cs 107.1, 3Jpc= 15.0 107.2, 3Jpc= 14.8 107.2, 3Jpc= 14.8 104.3, 3Jpc= 18.1 104.3, 3Jpc= 16.9 1044, 3Jpc= 16.8
Cs 137.6, 2Jpc= 13.0 137.8, Ypc= 12.7 136.5, 2fpc= 12.3 134.3, 2Jpc= 15.3 1342, Ypc= 146 1343, 2fpc= 14.8
Cy 58.4 58.4 55.8 55.6 55.8 55.8
Cs 58.0 58.2 55.6 55.6
Co 782, 2pc= 7.9 68.4, 2Jpc= 7.9 66.9, 2Jpc= 6.0 76.2 66.3, 2Jpc= 6.2 67.3, 2Jpc= 5.5
C1o 32.8, 3Jpc= 4.6 32.2, 3Jpc= 8.5 137.0, 3Jpc= 9.8 30.5 29.9, 3Jpc= 7.5 133.3, 3Jpc= 9.2
Ci1 11.7 30.2 125.9 21.8 27.7 1253
superimposed with C;
Ci2 23.0, 3Jpc= 3.3 24.5 128.9 9.5 22.2 127.9
Cy3 - 16.2 151.3 - 14.0 151.1
Cua - - 353 - - 34.6
Cis - - 31.8 - - 31.3

D 32 o437 11D ong F wojgvs "9q

261PEL (£202) Z2Z1 24mon43S uD)nd3Jo Jo [puinof
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Fig. 2. HSQC spectrum of [Ni(L2),].

hols (0.64 g of 2-butyl alcohol; 0.76 g of n-pentyl alcohol; 1.41 g of
4-tert-butylbenzyl alcohol) was added dropwise. The mixture was
heated to 50-60 °C, kept at this temperature range until complete
dissolution and then left aside to cool. The crude dithiophospho-
nic acid (an oily, viscous mixture), was poured into 50-60 mL of
benzene. The benzene solution was filtered (filter paper) and was
cooled to 0 °C. Through this solution dry ammonia gas was bub-
bled at a rate of 20 mL/min until the precipitation was complete.
The white, amorphous precipitate ([NH4Ln]) was filtered (filter pa-
per), washed with benzene and dried in a vacuum desiccator.

2.2.3. General procedure for the synthesis of the complexes [Ni(Ln),]

421 mmol sample of the ammonium salt interested (1.36 g
of [NH4L1]; 1.42 g of [NH4L2]; 1.74 g of [NH4L3]) was dissolved
in 30-40 mL ethanol. Onto this, a solution of 2,10 mmol (0.5 g)
NiCl,-6H,0 in the same solvent was added dropwise. The mix-
ture was heated to 50-60 °C; kept as such for 5-10 min and fil-
tered through filter paper without letting excess cooling. Tiny, vi-
olet crystals form upon cooling. This compound was recrystallized
from ethanol or chloroform.

Experimental details for compounds are follows:

SAV-A2: Yield: 3.01 g (72%). Yellow. M.P.: 92 °C. Anal. Calcd. for:
C16H1504P,S4 (464.52 g.mol~1): C, 41.37; H, 3.91; S, 27.61; found:
C, 41.40; H, 3.95; S, 27.64%.

[NH4L1]: Yield: 1.98 g (71%). White. M.P.:167-168 °C. 31P NMR:
6=99.8. LC/MS: m/z 3519 ([(M-NH,4)(EtOH]*, 100%). Anal. Calcd.

for: C1,H,,NO3PS, (323.41 gmol~1): C, 44.56; H, 6.86; N, 4.33; S,
19.83; found: C, 44.66; H, 6.96; N, 4.42; S, 19.90%.

[NH4L2]: Yield: 2.15 g (73%). White. M.P.: 178 °C. 3P NMR:
6=102.3. LC/MS: m/z 365.8 ([(M-NH4)(EtOH]*, 100%). Anal. Calcd.
for: C;3H24NO5PS, (337.44 gmol-1): C, 46.27; H, 7.17; N, 4.15; S,
19.00; found: C, 46.40; H, 7.30; N, 4.27; S, 19.12%.

[NH4L3]: Yield: 2.63 g (73%). White. M.P.:187-188 °C. 31P NMR:
6=103.4. LC/MS: m/z 442.0 ([(M-NH4)(EtOH]*, 100%). Anal. Calcd.
for: Ci9H,gNO3PS, (413.53 g.mol~1): C, 55.18; H, 6.82; N, 3.39; S,
15.51; found: C, 55.21; H, 6.84; N, 3.43; S, 15.57%.

[Ni(L1),]: Yield: 0.98 g (70%). Violet. M.P.:167 °C. 3P NMR:
6=98.5. LC/MS: m/z 6701 ([M+H]*, 100%). Anal. Calcd. for:
Cy3H36NiOgP,S, (669.44 g.mol-1): C, 43.06; H, 542; S, 19.16;
found: C, 43.14; H, 5.50; S, 19.24%.

[Ni(L2),]: Yield: 1.28 g (87%). Violet. M.P.:107 °C. 3P NMR:
6=1014. LC/MS: m/z 698.2 ([M+H]*, 100%). Anal. Calcd. for:
CoeHyoNiOgP,S, (69749 g.mol-1): C, 44.77; H, 5.78; S, 18.39;
found: C, 44.89; H, 5.90; S, 18.51%.

[Ni(L3),]: Yield: 1.32 g (74%). Violet. M.P.:179 °C. 3'P NMR:
6=102.6. LC/MS: m/z 185.6 ([NiS4]*, 100%), 850.27 ([M+H]*, 82%).
Anal. Calcd. for: C38H48Ni06p254 (84969 g.m01_1): C, 5371. H,
5.69; S, 15.10; found: C, 53.71; H, 5.74; S, 15.15%.

2.3. X-ray data collection and structure refinement of [Ni(L2),]

Single crystal data for [Ni(L2),] were obtained with Bruker
APEX II QUAZAR three-circle diffractometer. Indexing was per-
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Fig. 3. A. A view of the structure of [Ni(L2),], showing the atom-labeling scheme. Displacement ellipsoids are drawn at the 50% probability level. Symmetry code: (a)
2 — x,1 —y, 2 -z B. HS of [Ni(L2);] mapped with dporm, showing the C—H---O (red dotted lines) and C—H---S (green dotted lines) hydrogen bonding interactions. C.
Perspective view of the 2D constructed from the C—H---O hydrogen bonds. D. The 1D chains constructed from the hydrogen bonding rings with R2,2(18)-graph-set notation.

formed using APEX2 [27]. Data indexing, integration and reduction
were performed with Bruker SAINT [28]. Absorption correction was
performed by the multi-scan method implemented in Bruker SAD-
ABS [29]. [Ni(L2),] was solved using SHELXT [30] and then refined
by full-matrix least-squares refinements on F using the SHELXL
[31] in Olex2 software package [32]. The positions of all hydro-
gen atoms which were bonded to carbon were geometrically op-
timized with the following HFIX instructions in SHELXL: HFIX 137
for the -CH3, HFIX 23 for the —-CH,, and HFIX 43 for the CH of the
aromatic rings. Finally, their displacement parameters were set to
isotropic thermal displacements parameters (Ujo(H) = 1.2 x Ueq
for CHyromatic CHz and (Ujgo(H) = 1.5 x Ueq (CH3 groups). Crys-
tallographic data and refinement details of the data collection for
[Ni(L2),] are given in Table 1. Crystal structure validations and ge-
ometrical calculations were performed using Platon software [33].
Mercury software [34] was applied for the cif files visualization.

2.4. Computational methods

2.4.1. DFT calculations

The DFT calculations of the complex [Ni(L2),] were performed
by the Gaussian 09 software package and the Gauss-view visualiza-
tion program [35]. The single crystal X-ray diffraction experimental
data of [Ni(L2),] were used to prepare the input file for the geome-
try in Gaussian. The complex was optimized at B3LYP/LANL2DZ/6-
31+G(d,p) level in ground state [36-38] used in DFT calculation
to predict the geometry optimizations, total energies, HOMO and
LUMO orbitals and MEP surfaces of the compound.

2.4.2. Molecular docking calculations

The molecular docking calculations of [Ni(L2),] with liver can-
cer protein, PDB ID: 3WZE and colon cancer antigen proteins, ID
2HQ6 to predict the interaction mechanism were performed by us-
ing AutoDock-Vina software [39]. 3D molecular structures of the
proteins were obtained from Protein Data Bank (PDB). All residues
were removed and then polar hydrogens were added to produce
favorable protonation states for molecular docking using Discover
Studio Visualizer 4.0 software [40]. AutoDockTools (ADT) was used
for creating docking data entry files [41]. ADT was performed to
add partial charges using the Geistener method and to define tor-
sions and rotatable bonds. The active sites of the proteins were
defined to include residues of the active site within the grid size
of 30 x 30 x 30 A. To evaluate the quality of docking results, it
is common to calculate the Root Mean Square Deviation (RMSD)
between the docked pose and the known crystal structure confir-
mation. Docking results are acceptable when the RMSD value is
lower than 2 A [42]. At the same time, between molecular docking
executions were performed, the most favorable ones being repre-
sented by the lowest free-bond energy (AG) [43]. The predicted
bonding energies and RMSD values as a consequence of molecular
docking for [Ni(L2),] are listed in Table 2. The interactions figures
were drafted using Discover Studio Visualizer 4.0 software [40].

2.4.3. In vitro cytotoxic activity studies
Human colon cancer cell line (DLD-1) (ATCC® CCL-221™) and
human liver hepatocellular carcinoma cell line (HepG2) (ATCC®
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Fig. 4. A. The resolved 2D fingerprint plots showing the percentage contributions to the total HS area. B. HS mapped with shape index (left) and curvedness (right) of
[Ni(L2),]. The HS shape index exhibits concave curvature, where C—H..-7r interaction occurs.
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Fig. 5. The optimized structures of the complex [Ni(L2),] by DFT.
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Table 5

The intermolecular C—H---X (X = O, S, ) interactions (A and °) for [Ni(L2),].
D—H--A Symmetry  d(D—H) d(H--A) d(D—H.-A) D-H-.A
C8—HS8C---01 2656.01 0.98 2.51 3.347 142.99
C7—H7C.--03 1565.01 0.98 2.59 3.325 131.87
C11-H11A.-S1  2667.01 0.99 2.85 3.739 149.23
C8—H8B.--Cg2 2756.01 0.98 2.77 3.631 146.47

Represents the ring built up by atoms C1-C2-C3-C4-C5-C6.

HB-8065™) were purchased from American Type Culture Collec-
tion (ATCC, USA).

The cytotoxic activity studies were done according to the liter-
ature procedures [44,45]. The DLD-1 and HepG2 cells were seeded
into sterile 96-well plates at a density of 5.103 cells/well. After
24 h, cells were exposed to compounds at six different concentra-
tions for 48 h. After this period was completed, 5 mg/mL of MTT
stock solution was added to each well, and the plates were incu-
bated for 2 h. The measure of absorbance values was done using
the Promega plate reader device at 560 nm. ICsy values were cal-
culated using GraphPad Prism software 5.

3. Result and discussion
3.1. Spectroscopic studies

The characteristic v(N-H) stretching bands of the ligands appear
at 2967-2953 cm~! on IR. These bands disappear on the IR spec-
tra of the complexes proving the substitution of the ammonium
group by metal cations. Symmetric and asymmetric PS stretch-
ing vibrations (V(PS)sym and v(PS)ssym) of the ligands are shown
up at 559-554 cm~! cm~! and 665-651 cm~!, respectively. On
the other hand, the spectra of the complexes all show two bands
in the ranges 560-549 cm~! and 682-669 cm~! attributable to
the vsym and vgsym PS stretching bands, respectively. The com-
plexes also display Ni-S bands (v(Ni-S)sym and v(Ni-S)gsym) that
are located at 271-287 cm~! and 330-342 cm™!, respectively. IR
data reported for similar compounds agree well with our findings
[18,26,46,47].

All the ligands and complexes display intense molecular ion
peaks. The ammonium salts display the corresponding dithiophos-

Table 6
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phonic acids as the molecular ion. In the section, experimental, we
represent the molecular ions by [M-NH,4]". In general, all the [M-
NH4]*" species are accompanied by one molecule of EtOH. These
peaks are the most intense (principal) ones on all the MS spectra.
The molecular ion peaks of the complexes, [M+H]", are also the
principal peak, except for [Ni(L3),].

The starting material, SAV-A2, is insoluble in the common NMR
solvents, so no NMR data were provided for it. The numbering sys-
tem used for assignments of the protons is also given in Fig. 1.

The "H NMR data is given in Table 3. In the 'TH NMR spec-
tra of all the compounds tested, the Cg-H proton on the 2,4-
dimethoxyphenyl ring appears as a doublet of doublets indicating
splittings by the phosphorus (3Jpy= 16.6-17.0 Hz for the ligands
and 3Jpy= 17.7-18.1 Hz for the complexes) and also by Cs-H pro-
ton (3Jyy= 8.4-8.7 Hz for the ligands and 3Jyy= 8.2-8.6 Hz for the
complexes). The methoxy protons C;-H and Cg-H on the aromatic
moiety were overlapped. The chemical shifts of the methoxy pro-
tons are §=~3.8-3.9 ppm in ligands and complexes.

The signals of the C3-H and Cs-H protons are adjacent to each
other for the ligands. These protons are somewhat (C3-H; 4Jpy=
3.4-3.5 Hz, Cs-H; 3J,;;=8.0-8.6 Hz) separated from each other in
the spectra of the complexes. On the spectra of the ligand [NH4L2],
the P-O-Cg-H proton is very close to O-CH;3 (attached to the aro-
matic ring) protons. But more distant on that of the complex; ob-
viously because the aromatic ring O-CH3 protons are effected by
complexation.

As given in Table 4, on the 3C NMR spectra of the ligands, the
signals of the neighboring carbons Cs and Cg are split by the phos-
phorus in the ranges reported [26] for the two-bond P-C coupling
(3Jpc= 12.3-13.0 Hz) and the three-bond P-C coupling (3Jpc= 14.8-
15.0 Hz), respectively. As is the case in many similar structures, the
three-bond P-C coupling displayed by the nuclei C5 (3Jpc= 14.8-
15.0 Hz) is higher than the two-bond couplings of C5 (}Jpc= 12.3-
13.0 Hz).

Similar cases in the coupling patterns of the 24-
dimethoxyphenyl ring protons are reflected in the 3C NMR
spectra of the complexes.

31Tp_.NMR spectra of the [NH4Ln] are of single peaks and 3!'P
chemical shifts of the ligands are observed in the range 99.8-
103.4 ppm and those of the complexes in the range 98.5-
102.6 ppm.

Selected experimental and calculated [B3LYP/LANL2DZ/6-31+G(d,p) level in the ground state] bond lengths (A), bond angles (°) and torsion angles

for [Ni(L2)s ].

Bond lengths (A)

Bond angles (°)

X-ray Calculated X-ray Calculated
Ni1-S1 2.222(2) 2.3506 S1—Ni1-S1! 180.0 180.0
Ni1-S2 2.241(2) 2.3490 S21—Ni1-S2 180.0 180.0
S1-P1 2.004(2) 2.1947 S2—Ni1-S1! 92.07(2) 90.247
S2—P1 2.009(2) 2.1926 S1—Ni1-S2 92.07(2) 90.247
P1-01 1.582(2) 1.6231 P1-S1—Nil 87.93(2) 85.983
P1-C1 1.790(2) 1.8376 P1-S2—Nil 87.93(2) 86.071
01-C9 1.462(2) 1.4798 S2—P1-S1 101.08(2) 98.193
02-C2 1.359(2) 1.3843 01-P1-S1 113.02(2) 111.988
02-C7 1.432(2) 1.4563 01-P1-S2 113.14(2) 113.539
03-C4 1.359(2) 1.3899
03-C8 1.435(2) 1.4576
Torsion angles (°)

X-ray Calculated X-ray Calculated

S1-P1-01-C9 61.6(1) 60.018 P1-01-C9-C10 122.6(1) 179.466
S1-P1-C1-C2 176.1(1) —171.223 P1-C1-C2-02 -1.3(2) 0.728
S1-P1-C1-C6 -7.8(1) 8.758 01-P1-C1-C2 54.8(1) -68.518
S2—P1-01-C9 —52.5(1) 50.073 01-P1-C1-C6 -129.0(1) -111.501
S2—P1-C1-C2 —68.4(1) —56.791 02-C2-C3-C4 176.1(2) 179.637
S2—P1-C1-C6 107.7(2) 123.190 C1-P1-01-C9 -177.6(1) —178.833
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Table 7
Calculated total energies, dipole moments and chemical parameters of the compounds [Ni(L2);].
Parameters [Ni(L2),]
Erorar(Hartee) —1688.7629 Erorar: Total energy
Enomo (eV) —5.9226 Enomo and Ejymo: Energy values of HOMO and LUMO
Erumo (eV) 0.1442 AEgay = (Erumo - Enomo): Gap of energy.
AEgqp(eV) 6.0668 I: lonization potential.
I (eV) 5.9226 A: Electron affinity.
A(eV) —0.1442 n: Absolute hardness. (I-A)/2.
n (eV) 3.0334 x: Electronegativity. (I + A)/2.
X (eV) 2.8892 o: Softness. 1/n.
o (eV) 0.3297 Mp: Chemical potential. -(I + A)/2
up(ev) —2.8892 w:Electrophilicity.up?/21.
w 12.6603

LUMO (eV)

AE (eV) = 6.0668
Gap

HOMO (eV) — 4 }

Fig. 6. HOMO and LUMO electron density isosurfaces and band gap values (eV) of the complex [Ni(L2),].

As a general pattern, NMR ('H, 13C and 3'P) signals of the com-
plexes are displayed at higher fields relative to those observed for
the corresponding ligands. All the NMR data are reasonably consis-
tent with the literature reports for similar structures [46-52].

The unambiguous assignments of 'H and 3C NMR data of
[Ni(L2),] complex was dealt with by using HSQC spectra (Fig. 2).
According to HSQC two-dimensional NMR spectrum data, the posi-
tions of C,, C3 and C5 atoms in the 2,4-dimethoxyphenyl ring con-
firm the expected structure, as well as in single-crystal X-ray study.

3.2. Description of crystal structure and optimized molecular
structure of [Ni(L2),]

The crystal structure of [Ni(L2),] was unambiguously elucidated
through single-crystal X-ray diffraction analysis to better under-
stand its solid-state structure (Fig. 3A). [Ni(L2),] crystallizes in the
triclinic crystal system with P-1 with the asymmetric unit con-
sisting of one Ni(ll) cation and one ligand (L2). The Ni(Il) ion is
located on a crystallographic inversion center. The dihedral an-
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Fig. 7. Molecular electrostatic potential (MEP) surfaces for the complex [Ni(L2),].

gle between the 2,4-dimethoxyphenyl ring and NiS4 coordination
plane in the complex is 61.83° and also the dithiophosphonate
moieties are in trans arrangement with respect to the coordina-
tion plane. The Ni metal center has a square planar coordination
geometry by four sulfur atoms (S1, S1i, S2, S2!) from two dithio-
phosphonate ligands, forming four-membered chelate rings with
an S1—Ni1—S2 angle of 87.929(15)°, and these angles agree with
those observed in related Ni(Il) complexes (CSD. Ref. Code: NOR-
FUV, RIVQUI, RIVRAP) [53,54]. The Ni—S bond distances (Nil—
S1 = 2.2216(5) A and Ni1—S2 = 2.2412(5) A) are in the nor-
mal ranges and are well-matched to those found in Ni(ll) com-
plexes (CSD Ref. Code: XORKAT, DUKMIH, HAHDAW, LIGFA], NIR-

H-Bonds
Donor

Acceptor kil

[Ni(L2),] - 3WZE

Journal of Molecular Structure 1272 (2023) 134197

MAF, NORFUV) [53,55-59]. The P1—S1 and P1—S2 bond lengths
are 2.0036(6) A and 2.0093(6) A, respectively, are intermediate
between the P—S (~2.1 A) and P = S (~1.90 A) bond distances,
which reflect that m-electron delocalization prevails in the -PS,
of dithiophosphonate moiety. Unsurprisingly, the 2D fingerprint
plots (Fig. 4A) exhibit that the most effective contact in solid-
state of [Ni(L2),] is the H/H interaction contributing to the to-
tal Hirshfeld surface with the value equal to 54.5% owing to
the plentiful hydrogen atoms through aliphatic side groups. The
weak C—H--O (C8-H8C--01, (d(C8-01) = 3.347 A; C7—H7C--03,
(d(C7--03) = 3.325 A, Table 5) hydrogen bonding interactions link
the molecules to form 2D hydrogen-bonded layers (Fig. 3C). The
resulting 2D layers are further expanded into a 3D supramolecu-
lar network through C11—H11A--S1 (d(C11--S1) = 3.347 A) interac-
tions, forming the hydrogen bonding rings with R2,2(18) motif, as
shown in Fig. 3D. HS of [Ni(L2),] are illustrated in Fig. 3B and the
0--H/ H-+0 and S--H/ H--S interactions constitute 13% and 17.3%,
respectively, appearing as distinct spikes in the 2D fingerprint plot
(Fig. 4A). The closest C—H--mphenyl (d(H-m)) = 2.77 A, Table 5)
interaction is illustrated in the shape index-mapped Hirshfeld sur-
faces (Fig. 4B) and also help to stabilize the crystal structure of
[Ni(L2),]. On the other hand, the curvedness mapped on the HS
(Fig. 4B) does not show a large flat region, which reflects no im-
portant -7 stacking interactions less than s phenyl--wphenyl <
3.8 A.

The optimized 3D structural parameters of the investi-
gated complex [Ni(L2),] were calculated using B3LYP/LANL2DZ/6-
31+G(d,p) level in the ground state. The optimized molecular fig-
ure of the complex is given in Fig. 5. Experimental and theoretical
values of selected bond lengths and angles were listed in Table 6.

3.3. Hirshfeld surface (HS) analysis

HS [60] incorporating 2D fingerprint plots [61] using Crystal Ex-
plorer [62] program was used in order to get a better insight into

H-Bonds
Donor

Acceptor b

[Ni(L2),] - 2HQ6

Fig. 8. Energetically most favorable docked poses were obtained from the rigid molecular docking of [Ni(L2),] with 3WZE and 2HQ6.
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Table 8
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Binding interactions of the compounds [Ni(L2),] with liver cancer protein, PDB ID: 3WZE and colon cancer antigen proteins, PDB ID: 2HQ6.

Compound (UNKO)-3WZE and 2HQ6 Name

Distance (A) Bonding types (Category and binding mode)(H:

Hydrogen; HB: Hydrogen Bond; HFB: Hydrophobic)

UNKO:S - A:ASP1046:0D2
UNKO:S - A:ASP1046:0D2
UNKO:S - A:HIS1026:0
UNKO - A:ILE1053
A:TYR1082 - UNKO:C
A:ARG1027:NH1 - UNKO
A:CYS1024:SG - UNKO
A:ILE888:CD1 - UNKO
UNKO:C - A:LEU889
UNKO:C - A:GLU815:0
A:ARG56:NH1 - UNKO:S
A:GLN64:NE2 - UNKO:0
UNKO - A:LYS126
A:PHE61 - UNKO:C
UNKO - A:ARG56
UNKO:C - A:LEU123
UNKO:S - A:HIS127
UNKO:S - A:HIS127
A:ARG56:NH1 - UNKO
UNKO:Ni - A:ASN103:0
UNKO:C - A:SER106:0G
UNKO:C - A:ASP152:0
UNKO:C - A:LYS126:0

[Ni(L2),] - 3WZE

[Ni(L2),] - 2HQ6

3.6139 Conventional Hydrogen Bond (H) [D2-0--S2i]
3.4770 Conventional Hydrogen Bond (H) [D2-0--S1]
3.1366 Conventional Hydrogen Bond (H) [C-O-S2i]
5.2295 Pi-Alkyl (HFB) [ orbitals — Alkyl]

4.0834 Pi-Alkyl (HFB) [z orbitals — Alkyl]

3.7277 Pi-Cation (HFB) [H1-N — m orbitals]

5.0079 Pi-Sulfur (Other) [G-S — 7 orbitals]

3.8076 Pi-Sigma (HFB) [C-H — m orbitals]

5.2759 Alkyl (HFB) [Alkyl — Alkyl]

3.3808 Carbon Hydrogen Bond (HB) [C-H 0]
3.0786 Conventional Hydrogen Bond (H) [H1-N--S1]
3.1482 Conventional Hydrogen Bond (H) [E2-N--01]
4.9857 Pi-Alkyl (HFB) [7 orbitals — Alkyl]

5.0052 Pi-Alkyl (HFB) [ orbitals — Alkyl]

49188 Pi-Alkyl (HFB) [z orbitals — Alkyl]

4.9040 Alkyl (HFB) [Alkyl — Alkyl]

5.9748 Pi-Sulfur (Other) [S — 7 orbitals]

46153 Pi-Sulfur (Other) [S — m orbitals]

4.0069 Pi-Cation (HFB) [H1-N — s orbitals]

2.7925 Metal-acceptor (Metal) [Ni — O]

3.7505 Carbon Hydrogen Bond (HB) [C-H~ O]
3.5472 Carbon Hydrogen Bond (HB) [C-H 0]
3.5429 Carbon Hydrogen Bond (HB) [C-H 0]

Plra\ky’

Pi-sigma
\

\ Hydrogen
4 bond

Pi-alkyl
p—

SP1046

ILE1053

[Ni(L2),] - 3WZE

\
y ILE888
\
Aklyy
89

PHE61 ARG56 SP152
o
\bond

\

[Ni(L2),] - 2HQ6

Fig. 9. The non-covalent interactions of [Ni(L2),] with 3WZE and 2HQ6.

Table 9

ICsp results for compounds against cancer cell lines.
Compounds IC5o (M)

DLD-1 HepG2

[NH4L1] >200 >200
[NH4L2] >200 >200
[NH4L3] 127.50 >200
[Ni(L1)] 131.40 >200
[Ni(L2),] >200 >200
[Ni(L3),] 65.67 >200
Cisplatin 48.83 31.91

the intermolecular interactions in the solid-state of [Ni(L2),]. The
normalized contact distance (dnorm) surface, which is expressed in
terms of distances to the surface from the nuclei inside and outside
the HS (d;, and de, respectively) and the vdW radii of the atoms,

1

defined as Eq. (1) gives the identification of the regions of par-
ticular importance to intermolecular interactions [59,63]. The 2D
fingerprint plots, which were derived from the combination of d;,
and de, were used for quantifying the intermolecular contacts in
the crystal.

d
di — r;’ w de — rgdw

rydw
i

(1)

dnorm = l‘gdw

The resolved fingerprint plots showing the percentage contribu-
tions to the total HS (HS) area in [Ni(L2),] are given in Fig. 4A.

3.4. Computational methods

3.4.1. Frontier orbitals and chemical parameters of [Ni(L2),]
Frontier orbitals (HOMOs and LUMOs) are very important for
chemical reactivity and are associated with electron affinity and



E.G. Saglam, E. Bulat, C.T. Zeyrek et al.

120 -
100 - el [NH4L1]
e [NH4L2]
S 80 s [NHA4L3]
£ e [Ni(L1)2
2 60 =
E Ni(L2)2]
3 40 - [Ni(L3)2]
© Cisplatin

20 -

0
5 10 20 50 100 200
Concentration (uM)
Fig. 10. Antiproliferative effect of compounds on DLD-1 cells.
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Fig. 11. Antiproliferative effect of compounds on HepG2 cells.

ionization potential. According to Koopmans theorem [10], chem-
ical parameters such as ionization potential (IP), electron affinity
(EA), chemical hardness (1), absolute electronegativity (x) and ab-
solute softness (o) can be calculated if the energy values of the
frontier orbitals are determined.

The energy gap, AEgqp = (Erumo - Enomo). between HOMO and
LUMO makes it easy to predict the chemical and electrical prop-
erties of molecules. Thus, to determine the chemical parameters
of [Ni(L2),], the energy gaps between HOMOs and LUMOs were
calculated with the B3LYP/LANL2DZ/6-31+G(d,p) level of the DFT
in the ground state. The total energies, calculated chemical pa-
rameters and energy gaps AEgq = (Erumo - Enomo) of [Ni(L2);]
were given in Table 7. As seen in Table 7, the value of AEgg, is
6.0668 eV in the gas phase. The energy levels and configurations
of HOMO and LUMO are shown in Fig. 6. HOMO is mainly localized
on the S2i atom of the 2,4-dimethoxyphenyl ring, while LUMO is
mainly only localized on the phenyl group in [Ni(L2),] (Fig. 6). The
low energy gap value has a significant effect on the intermolecu-
lar charge transfer and bioactivity of the molecule. The low energy
gap AEgg value has a significant influence on the intermolecular
charge transfer and bioactivity of the molecule.

3.4.2. The MEP surfaces of the complex [Ni(L2),]

Electrostatic potential maps (MEPs) are very useful 3D diagrams
for visualizing charge distributions of molecules. They are valuable
tools for describing the charge-related properties and to visualize
the size and shape of molecules. Thus, the non-covalent interac-
tions predicted by MEPs can be a lead to predict the charge trans-
fer and bioactivity centers of the molecule. In MEPs, negative re-
gions colored in red exhibit higher electron density (electrophilic
reactivity), while positive regions colored blue exhibit low electron

12
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density (nucleophilic reactivity). To determine the electrophilic and
nucleophilic reactivity of [Ni(L2),], MEP surfaces were determined
and visualized with B3LYP/LANL2DZ/6-31+G(d,p) level using Gaus-
sian 09 and Gauss-view visualization programs. The diagram of
MEP was illustrated in Fig. 7. The maximum electron density (elec-
trophilic reactivity) values of 01 (011), 03 (03'), S1 (S1i) and S2
(S21) atoms from the MEP diagram of [Ni(L2),] were calculated as
0.0519, 0.0355, 0.0425 and 0.0510 a.u. The maximum positive re-
gion value is 0.0465 a.u. and the positive region indicating nucle-
ophilic reactivity are shown in the MEP diagrams in Fig. 7. These
regions provide preliminary information to predict intermolecular
interactions.

3.4.3. Molecular docking studies

Molecular docking studies can be used to model interactions
between molecules and a target protein at the atomic level. These
models serve in drug discovery and development studies and save
time, thereby providing low costs. The molecular docking studies
of [Ni(L2),] were done with liver cancer protein, PDB ID: 3WZE
and colon cancer antigen proteins, ID 2HQ6. The bonding energies
and RMSD values for each molecular docking study of the investi-
gated compounds are listed comparatively in Table 2. Energetically
most favorable docked poses obtained from the rigid molecular
docking of each compound with 3WZE and 2HQ6 were illustrated
in Fig. 8. The binding sites, binding types and bond distances are
given in Table 8 according to the molecular docking studies of the
compounds. The non-covalent interactions of [Ni(L2),] with 3WZE
and 2HQ6 using the molecular docking study were revealed and
illustrated as 3D in Fig. 9. The relative binding energy values are
—7.3 and -6.0 kcal/mol docked with investigated Ni(Il) complex
and liver cancer protein (PDB ID: 3WZE) and colon cancer antigen
proteins (PDB ID: 2HQG6), respectively.

The molecular docking results indicate that nine amino acids,
namely, ASP1046, HIS1026, ILE1053, TYR1082, ARG1027, CYS1024,
ILE888, LEU889, and GLU815 of the liver cancer protein (PDB ID:
3WZE) are found to interact with [Ni(L2),] complex. The predicted
non-covalent interactions are of types: three conventional hydro-
gen bonds, one carbon-involving hydrogen bond, two (pi-system)-
alkyl interaction, one (pi-system)-sigma bond, one (pi-system)-
cation, one (pi-system)-sulfur and one alkyl interactions. The con-
ventional hydrogen bond lengths are 3.137 (between the O oxygen
atom on HIS1026 and S2i atom of dithiophosphonato-complex);
3.477 A (between the OD2 oxygen on ASP1046 and S2i atom of
dithiophosphonato-complex) and 3.614 A (between the OD2 oxy-
gen on ASP1046 and S1 atom of dithiophosphonato-complex).

Docking studies also show that ten different amino acids
ARG56, GLN64, LYS126, PHE61, LEU123, HIS127, SER106, ASP152
LYS126 and ASN103 of colon cancer antigen proteins (PDB ID:
2HQ6) interact with the [Ni(L2),] complex. The non-covalent in-
teractions are: two conventional hydrogen bonds, three carbon-
involving hydrogen bonds, one (pi-system)-cation bond, three
(pi-system)-alkyl, two (pi-system)-sulfur, one metal acceptor and
alkyl interactions. The conventional hydrogen bond lengths are
3.079 A (between NH1 nitrogen on ARG56 and S1 atom of
dithiophosphonato-complex), 3.148 A (between NE2 nitrogen on
GLN64 and O1 atom of the n-pentyl group in dithiophosphonato-
complex).

3.5. Cytotoxic activity studies of compounds as in vitro

The antiproliferative activity of ligands and their nickel com-
plexes were tested at different concentrations against liver and
colon human cancer cell lines for 48 h. The results are given in
Table 9.

The tested [NH4Ln] and [Ni(Ln),] (n = 1-3) exhibited IC5q val-
ues in the ranges of values 65.67 and >200 pM in the human
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colon adenocarcinoma cell line (DLD-1). According to this made
structure-activity relationship (SAR) study, substituents on the
molecule structures certainly have a significant effect on DLD-1.
For example, one of the Ni complexes [Ni(L3),] containing 4-tert—
but-benzyl group showed a very effective result with 65.67 uM
compared to the other compounds in DLD-1, and this value is
very close to the ICsy value obtained from the positive control
drug cisplatin. On the other hand, the complex [Ni(L3),] exhib-
ited nearly two times higher cytotoxic activity than other syn-
thesized compounds in the DLD-1 cell line. At the same time,
the ligand [Ni(L3),] of this metal complex [NH4L3] demonstrated
higher antiproliferative activity on the DLD-1 cell line compared
to the other two ligands [NH4L1] and [NH4L2] with ICsy value of
127.50 pM. This clearly shows that the substituents on the struc-
ture affect the activity of the molecule. Complex [Ni(L1),] with ICsq
value of 131.40 pM, had moderate toxic effect on the inhibition of
colon cancer cell growth as in vitro. However, compounds [NH4L1],
[NH4L2] and [Ni(L2),] were found to be inactive towards DLD-1 for
the tested concentrations and incubation time.

We also evaluated in vitro antiproliferative activity of com-
pounds towards the HepG2 cell line. Interestingly, all tested com-
pounds were found to be inactive in this cell line. Even, the most
effective complex [Ni(L3),] in the DLD-1 cell line was found to
have an ICsg value higher than 200 pM in HepG2. The variation
of the antiproliferative effect of the compounds on cells for 48 h
depending on the concentrations is given in Figs. 10 and 11.

As seen in Fig. 10, the compounds [NH4L3], [Ni(L1);]-[Ni(L3),]
tested inhibited the proliferation of dividing colon and liver
cancer cells in a dose-dependent manner. However, compounds
[NH4L1] and [NH4L2] did not show any effect on cell viability
ratio even at a concentration as high such as 200 pM. The vi-
ability ratios of DLD-1 cells were obtained in 93.48%, 94.25%,
92.49%, 71.27%, 94.78%, 66.99% and 81.54% at 20 uM concentra-
tion of [NH4Ln], [Ni(Ln),] and (n = 1-3) and cisplatin, respectively.
When the concentrations of tested compounds were increased to
200 pM, the viability ratio of DLD-1 cells changed as follows:
91.89%, 86.76%, 21.78%, 53.25%, 56.47%, 15.13%, 19.68% for [NH4Ln],
[Ni(Ln),] (n = 1-3) and cisplatin, respectively. The results show
that the ligand [NH4L3] and its metal complex have a significant
toxic effect on DLD-1 at 200 pM concentration and greatly inhibit
cell growth.

The synthesized ligands and complexes generally do not effect
on liver cancer cells growth. The viability ratios of HepG2 cells
were obtained in 83.40%, 92.19%, 94.55%, 59.93%, 51.65%, 19.62%,
23.52% at 200 uM concentration of [NH4Ln], [Ni(Ln),] (n = 1-3)
and cisplatin, respectively. When 100 M of complex [Ni(L3),] was
used, the cell viability ratio was measured as 87.13%. This ratio was
dramatically reduced to 19.62% with 200 uM of the same com-
plex. However, there was no significant change in liver cancer cell
inhibition with the concentration change of the other compounds
(Fig. 11).

4. Conclusion

A new intermediate dithiophosphorus compound, 2,4-bis(2,4-
dimethoxyphenyl)—1,3-dithia-2,4-diphosphetane 2,4-disulfide
was prepared to use in the synthesis of a series of ditihophos-
phonic acids ammonium salts, [NH4Ln] and the corresponding
Ni(Il) complexes, [Ni(Ln),]. This intermediate is meant to enrich
the new route of synthesis we have developed by using 2,4-bis(3-
methoxytolyl)—1,3-dithia-2,4-diphosphetane 2,4-disulfide (SAV-B1),
2,4-bis(2-methoxytolyl)—1,3-dithia-2,4-diphosphetane 2,4-disulfide
(SAV-B2) [26] and 2,4-bis(3,4-dimethoxyphenyl)—1,3-dithia-2,4-
diphosphetane 2,4-disulfide, (SAV-A1) [64]. The new intermediate
2,4-bis(2,4-dimethoxyphenyl)—1,3-dithia-2,4-diphosphetane 2,4~
disulfide will be coded SAV-A2. The codes are given to emphasize
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that the four intermediates are the continuation of an integral ef-
fort to facilitate easy routes for the synthesis of dithio-phosphorus
compounds.

The DFT calculations of [Ni(L2),] were presented. Calculated
structural parameters of the Ni complexes were compared with the
molecular structures obtained from X-ray analysis by using DFT.
Total molecular energies, the energy values of HOMO-LUMO band
gaps, the chemical parameters, the HOMO and LUMO diagrams
and MEP analysis of the complexes were reported by the quan-
tum mechanical calculations. Energetically most favorable docked
poses were also obtained from the rigid molecular docking of in-
vestigated Ni complex with liver cancer protein, PDB ID: 3WZE and
colon cancer antigen proteins, ID 2HQ6. The binding sites, binding
types and bond distances are predicted by molecular docking stud-
ies of the compounds.

The compounds were screened in human cell lines, and it was
found that some compounds have toxic effect. In particular, a com-
plex [Ni(L3),] was found to be more effective than the others with
an ICsg value of 65.67 puM in DLD-1.
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