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1 | INTRODUCTION

Over the past few decades, the compounds bearing a P,S,
moiety are dubbed 2,4-diorganyl-1,3,2,4-dithiadiphosphe-
tane-2,4-disulfide (DTPS, (RP(S)S),) have attracted much
attention, because they serve as the starting material of a
series of new organodithiophosphorus compounds.[l’ﬂ
The prototype of the DTPSs is the so-called Lawesson

potential interactions.

The first synthesis of 2,4-bis(3,4-dimethoxyphenyl)-1,3-dithia-2,4-diphosphetane
2,4-disulfide (SAV-A1 reagent) was achieved. Seven oxo-alkyl esters (HLn) were
synthesized thereof. Ni(II) complexes ([Ni(Ln),]) of these ligands were prepared
in ethanol. The structures were identified by spectral studies. Ni(Il) complexes
were unambiguously determined by X-ray crystallography. In addition, the
ligands and their Ni(IT) complexes were tested on two different human cancer
cell lines, including liver and colon. Moreover, density functional theory (DFT)
calculations of the Ni(II) complexes were performed, and the molecular docking
studies of these compounds with liver cancer protein, PDB ID: 3WZE and colon
cancer antigen proteins, ID 2HQ6 were presented to investigate and predict

2,4-diorganyl-1,3,2,4-dithiadiphosphetan-2,4-disulfide, anticancer, density functional theory,
dithiophosphonato complexes, perthiophosphonic acid anhydrides

reagent.[s] Other analogs, for example, Belleau reagent,[g]

Yokoyama reagent,'”! and Davy reagent!'!! have been
reported afterward (Figure 1).

Lawesson's and Davy's reagents are commercially
available,'?! whereas other DTPSs are synthesized as
needed. There are three routes for the syntheses of these
reagents: the reaction of thiophosphine dichlorides with
H,S!"!; the treatment of the diphosphines with elemental
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@ FIGURE 1 Some of the DTPS
(R p \' TR) Q reagents
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((RP(S)8),)
RO _ S SCHEME 1 The syntheses of
P, S;o* 8 ROH -2H.S > ~ P & dithiophosphonic acids (a) and dithiophosphinic
2 ro” sH acids (b)
A Dithiophosphoric acid
R S
R'OH . > p</
” R'O SH
e— < > ” —G —_— Dithiophosphonic acid
R'MgX /hydrolysis BN /5
-MgBrOH P
DTPS o= /" sn
B B

R, R' = Alkyl- or aryl- groups.

sulfurl™!; and by the reaction of P,S;, with aliphatic or

aromatic compounds.''>”! The last method appears to
be superior to the others in that virtually no by-products
accompany; the whole process is a single step, and the
starting materials are stable against open-air, humidity,
and mild heat in terms of the starting materials of other
methods.

Organodithiophosphorus compounds include
dithiophosphoric-, dithiophosphonic-, and dithiophosphi-
nic acids. Dithiophosphoric acid"® synthesis requires a
different approach, for example, the direct reaction of
P,S,o with alcohols (Scheme 1a). Dithiophosphonic- and
dithiophosphinic acids are prepared by the reaction of
DTPSs with alcohols!'” and Grignard reagents,*”’
respectively (Scheme 1b).

Organodithiophosphorus compounds find practical
uses in, for example, agriculture (as insecticides and
pesticides)*??; industry (as antioxidant-additives for
lubricants)!?*!; solvent-extraction reagents for metals'>*
flotation agents for mineral ores!**?!; and medlclne
(as potential antibiotics, antimicrobial agents, and possi-
ble anticancer agents).!*’** Their use in metal mining is
based on the fact that they provide two soft-base type
sulfur ligands®® so as to form a four-ring chelate.
Depending on the metal cation, they usually form either
four- or six-coordinate complexes.**>®! Ni(II) complexes
are well-known among the four coordinate metal
complexes.*”~4!

S-tributylstannyl dithiophosphates and dithiopho-
sphonates were prepared, and the bactericidal activity of
S-tributylstannyl  dithiophosphates was tested on

Dithiophosphinic acid

Staphylococcus aureus (ATCC 29213), Escherichia coli
(ATCC 25922), and Bacillus cereus.'*'! These compounds
tested had more activity towards B. cereus than control
Nika-Politsid (10 mm) and Slayt (12 mm) with growth
inhibition zone of 23-24 mm. In a different study, some
Ni(IT) complexes of dithiophosphonic acids were synthe-
sized, and their biological activities were tested against
Pseudomonas aeruginosa (ATCC 27853), E. coli (ATCC
25922), and Acinetobacter baumannii (ATCC 19606)
using disk  diffusion method.**’  The results
demonstrated that the most sensitive bacterial strains on
the compounds tested were gram-negative bacteria,
A. Baumannii, E. coli, and P. aeruginosa. Dithiophospho-
nates and amidodithiophosphonates compounds were
synthesized!**! and screened against seven gram-positive
bacteria, seven gram-negative bacteria, and three differ-
ent Methicillin-Resistant Staphylococcus aureus (MRSA)
strains. The results showed that a compound had potent
anti-MRSA activity.

There are few published studies on the cytotoxic
activities of dithiophoshorus compounds, let alone on the
dithiophosphinic acid!** and dithiophosphonic acid!*>~*"!
compounds. In contrast, antiproliferative activity studies
on dithiophosphoric acid compounds appear to be more
frequent.[*®! For example, a study by Lowe et al. showed
that Pt(IT)-dithiophosphoric acid complexes have cyto-
toxic activity.*”! In another study by Kumar et al., it is
reported that some vanadium-based dithiophosphate
complexes were active against lung, prostate, and leuke-
mia cancers.®” These studies obviously need some sup-
porting research to arrive at a more conclusive idea about
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the anticancer activity of dithiophoshorus derivatives as a
whole.

In this work, we present the synthesis, characteriza-
tion, and a preliminary trial for the possible uses of a
new group of organodithiophosphorus compounds that
are prepared from a single starting material, namely,
2,4-bis(3,4-dimethoxyphenyl)-1,3-dithia-
2,4-diphosphetane  2,4-disulfide = (SAV-Al
(Scheme 2).

The treatment of SAV-A1 reagent with alcohols yielded
the dithiophosphonic acids, HS,P((C¢Hs(3,4-CH;0),)
(ORn)); RI1 = methyl; R2=ethyl; R3 = n-propyl-;
R4 = n-butyl; R5 = 3-pentyl-; R6 = 3-methyl-1-butyl-;
R7 = benzyl. The dithiophosphonic acids are encrypted as
HLn and the ligands thereof as Ln with the “n” values
following the order given above (between 1 and 7; see
Scheme 3). HLn acids were converted to their ammonium
salts (NH4Ln) by passing dry ammonia through their
impure, concentrated benzene solutions. The treatment of
NH,Ln with NiCl,.6H,0 in ethanol led to the complexes
([Ni (Ln),]). The structures of the compounds
were characterized by spectroscopic methods (mass
spectrometry [electrospray ionization (ESI)], Fourier trans-
form infrared [FT-IR] spectroscopy, ‘H-, >C-, *'P-nuclear
magnetic resonance [NMR], and 2D-heteronuclear single
quantum coherence (HSQC) techniques (for [Ni(L6),]),
and elemental analysis. All complexes were elucidated by
single-crystal X-ray diffraction analyses.

reagent)

CH;3 o
|

° HsC, N
\ / P (o)
PsS1o + 4 Aratmosp., 120°C,3h 2 (o} \
/T || CH,
o -2H,8

|
CH, Of
CH;3 SAV-A1 reagent

Appl 30f23
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Quantum mechanical calculations on the ground
states of Ni(II) dithiophosphonato complexes have been
performed using B3LYP/LANL2DZ/6-31+G(d,p) level,
and the optimized geometries were compared with those
found by the X-ray diffraction technique. The ground
state energy levels, chemical parameters, the orientation
of the frontier molecular orbitals (highest occupied
molecular orbitals [HOMOs] and lowest unoccupied
molecular orbitals [LUMOs]), and molecular potential
surfaces (MEPs) of the compounds have been
predicted via density functional theory (DFT) in the gas
phase. The molecular docking studies (MDSs) of the
Ni(II) complexes on the liver cancer protein, PDB ID:
3WZE and colon cancer antigen proteins, ID 2HQ6 have
also been investigated to predict potential interactions.

2 | MATERIALS AND METHODS
Reagents, instruments, X-ray data collection and
structure refinement procedures, Hirshfeld surface

(HS) analysis, computational methods (DFT calculations
and molecular docking calculations), general procedure
and structural data, in vitro cytotoxic activity studies of
the compounds are summarized in the Supporting Infor-
mation (SI). Analytical procedures, spectroscopic data,
and spectra of the compounds are also summarized in SI.

3 | RESULTS AND DISCUSSION
3.1 | Spectroscopic studies
3.1.1 | IR spectra

Selected IR data (cm™ ') assignment of vibrational
bands for the compounds is given in Table S1. The

SCHEME 2 Synthesis reaction of SAV-A1 reagent characteristic vy stretching bands of the ligands appear
CH3 H3C
! |
o o
_Q- oo °©\ 7 e - i o@\ 7
QII "G Benzene, 5060°C c':u; /P\SH Benzene s /P\S‘NH,,*
RnO RnO
cHJ SAV-A1 reagent HLn NH4Ln by
Ethanol .
-2NH4Cl
Rn HLn  NHln  [Ni(Ln);]
R1 -CH, HL1T  NHLT  [Ni(C)] @\ o
R2 -CH HL2  NH.L2  [Ni(L2)]
R3 -C:H: HL3 NH:LS [Ni(L3)§] / \ / \ / f”3
RA -CjH, HL4  NHL4  [Ni(L4)g] by, o \ AN / °
RS -CH(C,Hs), HL5  NHL5  [Ni(L5),]
SCHEME 3 The syntheses R6  -CH,CH,CH(CH,), HL6  NHL6  [Ni(L6),]
R7 -CH,-Ph HL7  NHL7  [Ni(L7),] INi(Ln)] o

of ligands and their

Ni(II) complexes

]
H3C
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at 3190-2931 cm ™ * on IR. These bands disappear on the
IR spectra of the complexes proving the substitution of
the ammonium group by metal cations. For the ligands,
symmetric and asymmetric PS stretching bands (v(PS)sym
and v(PS),sym) are observed at 610-544 cm ! and 689-
641 cm !, respectively.[*17#351:52] The IR spectra of the
complexes all show two bands in the ranges 562-553 and
663-630 cm ™! attributable to the Vgm and Vuym PS
stretching vibrations, respectively. The complexes also
display Ni-S bands. IR spectral symmetric and asymmet-
ric Ni-S stretching bands (U(Ni-S)sym and v(Ni-S),sym) are
located at 263-296 and 323-351 cm ', respectively. IR
data reported for similar compounds agree well with our
ﬁndings.[30’38’53’54]

3.1.2 | Mass spectra

The ESI-MS spectra of the compounds are presented in
the SI. Some MS peaks display m/z values that are 23 or
41 units higher than the value corresponding to the m/z
of the probably-candidate species. This is attributed to
the attachment of sodium or acetonitrile contaminations
from the buffer or the solvent. In the MS spectra of the
ligands, the peak pertaining to the molecular ion
[M-NH,]" is the principal peak. The molecular ion peak
is also the principle one in the spectra of the complexes
except for those [Ni(Ln),] complexes with n =1, 3, 6,
and 7.

3.1.3 | NMR spectroscopy

The starting material, DTPS, is insoluble in the common
NMR solvents, so no NMR data were provided for it. The
NMR spectra and important NMR data for the ligands
and their nickel(II) complexes are presented in
Tables S2-S6. The numbering system used for assign-
ments of the protons is also given in Figure S1.

The Cq-H proton in the 3,4-dimethoxyphenyl ring
appears as a doublet of doublets due to splittings by the
phosphorous (*Jpy = 12.6-14.4 Hz for the ligands and
*Jpy = 14.2-15.1 Hz for the complexes) and also by Cs-H
proton (CJygy = 82-84 Hz for the ligands and
*Jqu = 7.8-8.4 Hz for the complexes). Splittings by the
other aromatic proton are not observable. The C,-H pro-
ton gives rise to a doublet as it is split by phosphorous
(Jpy = 13.8-14.7 Hz for the ligands and *Jpy = 15.1-
15.3 Hz for the complexes). Here again, splittings by dis-
tant aromatic protons are below the observable limit. Cs-
H proton displays a four-bond coupling to phosphorus
(*Jpy = 3.6-3.8 Hz for ligands and *Jpy; = 3.3-4.2 Hz for
complexes); therefore, this proton also appears as a

doublet of doublets. The chemical shifts of the methoxy
protons are virtually the same (§ = ~3.6—4.0 ppm in all
compounds).

The chemical shifts of the P-O-Co-H protons in the
ligands tend to move to lower fields in the spectra of the
corresponding nickel complexes. These protons appear
very close to the aromatic ring O-CHj3 protons on the
spectra of the ligands but more distant on those of the
complexes because the aromatic ring O-CHj; protons are
less effected by the complexation. The H-C,o-H protons
on the ligand [NH4L6] are typically diastereotopic and
remain the same on the spectrum of the corresponding
nickel complex.

On the ">C-NMR spectra of the ligands, the nuclei C,
and Cg are split by the phosphorus in the ranges,
Jpc = 14.6-15.0 Hz and 12.2-12.8 Hz, respectively. These
values lie in the expected domain.”! As is the case in
many similar structures, the three-bond P-C coupling dis-
played by the nuclei C; and Cs (Jpc = 16.8-17.4 Hz and
16.8-18.3 Hz, respectively) is higher than the two-bond
couplings of C, and Cs.

The difference between the >C NMR spectra of the
complexes and those of the corresponding ligands is not
worth commenting on.

Proton-decoupled *'P-NMR spectra all the com-
pounds comprise single peaks. The chemical *'P chem-
ical shifts of the ligands are located in the range
103.7-109.6 ppm and those of the complexes in the
range 96.3-104.5 ppm, which means that the complex
formation causes a shift of § = ~4-6 ppm to higher
fields.

The ambiguity regarding the assignments of "H- and
13C-NMR peaks of [Ni(L6),] complex was dealt with by
using HSQC spectra (Figure 2). All the NMR values com-
pare well with the literature reports for similar struc-
tures.[53,55—62j

3.2 | Crystallographic descriptions of the
Ni(IT) complexes

The crystallographic data and refinement details of the
data collection for all complexes are given in Table 1.
Crystal structures of [Ni(Ln),] (n = 1-7) were unambigu-
ously confirmed through single-crystal X-ray diffraction
analysis. [Ni(L1),], [Ni(L2),], [Ni(L6),], and [Ni(L7),]
appear to crystallize in the monoclinic system, whereas
[Ni(L4),] and [Ni(L5),] display a triclinic structure with
P-1. Unlike other complexes, [Ni(L3),] belongs to ortho-
rhombic Pbca space group. Whereas the asymmetric unit
of most Ni(II) complexes consists of a single molecule,
that of [Ni(L6),] involves two crystallographically inde-
pendent compounds.
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FIGURE 2 Heteronuclear single quantum coherence (HSQC) spectrum (I) for the aromatic region and (II) for the aliphatic region of
[Ni(L6)s]

All the complexes consist of two dithiophosphonate
(L) and one crystallographically distinct Ni(II) ions. The
numbering figures are depicted in Figures 3a-9a. The
Ni(II) ion in each of the complexes has a square planar
coordination geometry formed by four sulfur atoms from
two dithiophosphonate ligands. In [Ni(L1),], [Ni(L2),],
[Ni(L3),], [Ni(L4),], and [Ni(L5),], four-coordinate T,
parameters for Ni(IT) are between 0 and 0.037, and it can
be considered as ideal square planar geometry.[63] It is
worth noting that the dithiophosphonate moieties in [Ni
(L1),] are in cis-configuration with respect to the
coordination plane, and similar structures with
cis-arrangement are very rare in the literature.!**®*! This
may be attributed to the relatively less steric hindrance of
methyl groups compared with the bulkier alkyl- and
aryl- moieties in the other dithiophosphonates.

The selected bond lengths and bond angles are
given in Table S7. The Ni—S bond distances in
Ni(IT) coordination sphere are between 2.2148(13)-2.2311
(12) A/2.1970-2.3501 A (Exp./Cal.) for [Ni(L1),], 2.2228
(6)-2.2267(6)/2.3480-2.3489 A (Exp./Cal.) for [Ni(L2),],
2.2121(8)-2.2246(8) A/2.3483-2.3488 A (Exp./Cal.) for
[Ni(L3),], 2.2288(6)-2.2318(5) A/2.3440-2.3482 A (Exp./
Cal) for [Ni(L4),], 2.2261(15)-2.2388(14) A/2.3440-
2.3482 (Exp./Cal) for [Ni(L5),], 2.2217 (11)-2.2294
(9) A/2.3482-2.3485 A (Exp./Cal.) for [Ni(L6),], and
2.2156(4)-2.2244(4) A/2.3475-2.3476 A for [Ni(L7),]. The
S—Ni—S bond angles exhibit almost the same tendency
in all complexes and range from 87.84 (5)° to
180.0°/89.325° to 180.0° (Exp./Cal.). As expected, the
optimized bond lengths are somewhat longer than the
experimental values. These results are not surprising
because the optimized results are based on the unpacked

isolated molecules, whereas the experimental results
are obtained in the solid-state form. The N—S bond
distances and S—Ni—S bond angles are compatible
with those previously found in dithiophosphonato
Ni(II) complexes.!334**+70 The average P—S bond
lengths for [Ni(Ln),] are typically about 2.0 A, which
shows that m-electron delocalization prevails in the -PS,
moiety of dithiophosphonates. These values are consis-
tent with the literature reports.'*>”*7*! As indicated in
Table S8, intermolecular C—H---O hydrogen bonding
interactions are to be considered “weak” because the
experimental C—H- - -O distance between the CH groups
and O atoms in the dithiophosphonato anions
(do. . 1) ~ 2.52-2.72 A) is longer than the corresponding
van der Waals distances (Tyqw(O) + Iyaw(H) = 2.72 A),
(Figures 3b-9b). On the other hand, the C—H- - -S hydro-
gen bonding interactions (corresponding van der Waals
distances [Iyqw(S) + Ivaw(H) = 3.00 A]) were observed
only in [Ni(L1),], [Ni(L2),], and [Ni(L7),] (Figures 3d,
4d, and 9c¢). It is noteworthy that, in all the complexes,
the short intermolecular =---x interactions with less than
3.8 A distance in between are not present. But C—H.---x
interactions for [Ni(L1),], [Ni(L2),], [Ni(L3),], [Ni(L5),],
and [Ni(L7),] are notable.

In [Ni(L1),], the C8—HSC--05 (d(cs...0s5) = 3-454 A)
contacts link the molecules to form a hydrogen-bonded
dimer (Figure 3b). HS of [Ni(L1l),] is illustrated in
Figure 3c, and the O---H/H---O interactions appear as dis-
tinct spikes in the 2D fingerprint plot (Figure S3A),
which constitute 15.5%. These hydrogen-bonded dimers
are expanded into a 1D zigzag hydrogen-bonded chain
connected by C12—H2B---S1 (d(c12.. s1) = 3.691 A) con-
tacts running along the c-axis (Figure 3d). The second
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most predominant contribution to the total HS by 19.0%
- S - - is from the S---H/H---S interactions appearing as distinct
8 S .8 .8 spikes in the 2D fingerprint plot. Interestingly, as shown
2 ° 5 S xS o
— ﬁ’ I & § ‘ﬁ 5 ﬁ 2 in Figure 3e, the C8—HSA Tyhenyi (dy = 2.65 A,
N g~ 3 4 (=} . . . . o1 .
g - ) < < CH> 2 C“> oL Figure S2A) interaction contributed to stabilization of the
Z @ E o @ § = = o & i 3D supramolecular network to form a honeycomb-like
motif viewed down the a-axis. The closest C—H:--Typeny1
@ interaction is seen in [Ni(L1),], as illustrated in the shape
g g . index-mapped HS (Figure S2B).
S2  a .= .8 In [Ni(L2),], the weak C—H.-O (C7—H7A--0O1,
e @ xS S "
= 3 5 85 8 dcr..on =  3546A  and  C9—H9A--02,
S 5: 3 3 SdSgd dcs. oy = 3117A) and C—H-S (C3—H3-SI,
23~ & S FF A des sy =  3692A  and  C9—H9B--S2,
d(co...s2) = 3.925 A) hydrogen bonding interactions form
8= a 2D supramolecular layers (Figure 4b-d). The 2D finger-
§ g = = print regions of [Ni(L2),] show that the S---H/H---S and
d . N . N . . . . .
LS g SZS Y92 & O---H/H---O interactions constitute the significant area of
& «: ¢ § I E I “oi the HS with the ratio of 22.7% and 16.5% (see
% Q jﬂ @ § [ ‘-‘g I ‘é N Figure S5A). Moreover, these 2D layers are expanded into
£ ] A — ~ F S a 3D supramolecular network (Figure 4e) by the C8—
o H8A: - Tohenyt (A = 2.72 A, Figure S4A) interactions,
5 B ° w as indicated in the shape index-mapped HS (Figure S4B).
<‘:" E BB As illustrated in Figure S4, the C---H/H---C interac-
= z | 8 ‘§ CH> § C”> A tions comprise 16.8% of the HS, which represent C—
1 28 S - S o Sz T H.--n interactions. In [Ni(L3),], the C3—H3---03 (d
~ O 7 Xe) ~ .
z =~ 8 3 C} z ng z E (C3---03) = 3.645 A, Figure 5¢) hydrogen bonding inter-
actions, which comprise the ratio of 12.4% of the
i hich prise th io of 12.4% of the HS
" (Figure SM7A), sustained by running along the bc-plane
N to form a 2D hydrogen-bonded layers (Figure 5b), which
S~ N S o
3 LS .3 are stabilize e short C—H-- -z contacts —
ﬁg ~ S 53 tabilized by the short C—H tacts (C10
-~ = = S g5 § cqt, (degemy = 3. A). Furthermore, the other
I 2 & ﬁ 3 ﬁ & H10B (dgg...my = 3.645(12) A). Furth: the oth
—~ s — 3 4 (=] e
=T S S o S o ] C-H- - -m interactions (C9-H10C:--x, (dg..ry = 3.636(4) A)
T 8g 8 = g 1 g 3 . ) | .
Z § ~ z% < E = o 5 3 play a crucial role in the formation of the herringbone-
like 3D supramolecular network (Figure 5d). The
- C..-H/H---C intermolecular interactions that represent
a8 q 0 = C—H- - -z interactions (Figure S6A) comprise 15.7% of
CHJ = - S S o S ~ the total HS for [Ni(L3),]. The HS shape index of [Ni
g & Hg o g 9 S 78 (L3),] shows concave curvature, where C—H---x interac-
g o K § = 7 ng 7 nBE' < tions occur (Figure S6B).
Z 4 L S In [Ni(L4),], the weak C—H---O (C11—H11A--02,
dic11...02y = 3.572 A, Figure 6b) hydrogen bonding
S — interactions (Figure 6¢), which comprise 14.1% of the
§ 3 2 = HS (Figure S9A), generated a 1D hydrogen-bonded
| S © 4 § o g - chains along the c-axis. These chains are further linked
Zﬂ j Hg § 20 81 38 by the short C—H.--C contacts (C3—H3---C12,
= 5 2 S a © « | ° o
2 S g7 o 2 IR ds. - c12) = 2.88 A; C8—HS8A--C2, d(riga. . .c2) = 2.84 A;
E Z 3 3 = ~ ~ S C12—H12B---C5, d(c12p...c5) = 2.82 A), which are less
g - © than corresponding sum of the van der Waals
L 2 = g ‘é o E $E £ ' E distances (Tygw(C) + Ivaw(H) = 2.90 A), to form a 2D
-~ 5 3 S £ 28 88 23 % g — hydrogen-bonded layers (Figure 6d). Moreover, the adja-
= 7] N~ .= - = &
= 2, Q é & § % T X /H\ BRI R cent layers are connected through the weak = - -x interac-
< = g o
= § < 8 = & g 8 .E: .:%5 %D&\“’/ tions (di.ny = 4.255A) between the phenyl rings
= a (Figure S8A) to form a 3D supramolecular network
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CHeeeS mteractlon

F

FIGURE 3 (a) Crystal structure of [Ni(L1),] with displacement ellipsoids drawn at the 50% probability level. (b,c) Hirshfeld surface
(HS) of [Ni(L1),] mapped with dorm, sShowing the C—H---O hydrogen bonding interactions. (d) View of the one-dimensional C—H---S
hydrogen-bonded chains running along the crystallographic c-axis. (e) The illustration of the 3D supramolecular network showing the
honeycomb-like motif

CHeeeS

interactions
2D supramolecular

hydrogen-bonded layers

FIGURE 4 (a) Crystal structure of [Ni(L2),] with displacement ellipsoids drawn at the 50% probability level (symmetry code: i: —x + 1,
—y + 1, —2). (b,c) Hirshfeld surface (HS) of [Ni(L2),] mapped with d,orm, showing the C—H---O hydrogen bonding interactions. (d) View of
the C—H---S hydrogen bonding interactions in the crystal structure. (e) The illustration of the 3D supramolecular network showing 2D
hydrogen-bonded layers
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FIGURE 5 (a) Crystal structure of [Ni(L3),] with displacement ellipsoids drawn at the 30% probability level (symmetry code: i: —x + 1,
—y + 1, —z). (b,c) Hirshfeld surface (HS) of [Ni(L3),] mapped with dyorm, showing the C—H---O hydrogen bonding interactions. (d) The
illustration of the 3D supramolecular network showing the herringbone motif

2D supramolecular
hydrogen-bonded Iayers

FIGURE 6 (a) Crystal structure of [Ni(L4),] with displacement ellipsoids drawn at the 50% probability level (symmetry code: i: —x + 1,
—y + 2, —z + 1). (b,c) Hirshfeld surface (HS) of [Ni(L4),] mapped with d;,orm, showing the C—H:--O hydrogen bonding interactions. (d) The
2D layers connected by the short C—H---O and C—H---C interactions. (e) Representation of 3D supramolecular network

(Figure 6€). This = - -x interaction is observed by looking In [Ni(L5),], the intermolecular C—H---O
at the pattern of adjacent red and blue triangles on the interactions (C12—H12A:--04, dc1z2...04y = 3.634 A;
HS shape index map (Figure S8B). C12—H12A---05, dc12...05) = 3.285 A; C9—H9B---02,
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dico. . .02) = 3.525 A; C12—H12B---03,
dic12...03) = 3.618 A, Figure 7b) comprising 11.8% of the
HS (Figure 7c, Figure S11A) form a 2D hydrogen-bonded
layers along the ac-axis. In addition, the C—H.- - -x inter-
actions (C11—H11C---x, (d(H---w) = 2.73 A, Figure S10A)
contribute to the stabilization of the 3D supramolecular
network (Figure 7d). The HS shape index of Ni(L5),] dis-
plays concave curvature, where C—H---x interactions
occur (Figure S10B).

In [Ni(L6),], two molecules in the asymmetric
unit interact with each other through the weak
intermolecular C—H.---O interaction (C9—HO9A.--O4,
dco...0ay = 3.504 A) and moderate n---m interaction
(d¢r...my = 3.838 A) between the phenyl rings, as shown in
Figures 8b and S12A. The HS shape index displays the
evidence of the adjacent red and blue triangles on
the shape index surface (Figure S12B). The other inter-
molecular C—H---O interaction (C18—H18B---02,
dcis. .02y = 3.504 A) plays a key factor to construct
the 3D herringbone-like supramolecular network
(Figure 8d). As indicated Figure 8c, the weak C—H.: --O
interactions make an 8.5% contribution to the total HS,
(Figure S13A).

In [Ni(L7),], the 3D supramolecular network is
mainly stabilized by the weak C—H---O interaction
(C11—H11---03, d(c11.. .03) = 3.416 A, Figure 9b) and the
weak C—H---S interactions (C14—H14---S1,
dic14...s1) = 3.857 A; C6—H6--S2, dce.. 52y = 3.894 A,

0

CHeeeO interactions

’

2D supramolecular

' / hydrogen-bonded layers — - NI\

Figure 9c,d). The C—H---O and C—H- - -S interactions
comprise 14.1% and 12.9% of the total HS, respectively
(Figure S15A). The C—H- - -z interactions (C13—H13---x,
(dm.my = 270A; C15—H15-x, (dg..) = 2954,
Figure S14A) also contributed the formation of a
3D network of crystal structure (Figure 9e). The C—
H- - -z interactions in [Ni(L7),] are easily can be seen in
the HS shape index exhibiting concave curvature, where
C—H---r interactions occur in Figure S14B.

To summarize the intermolecular interactions quanti-
tatively, the 2D fingerprint plots exhibit that the most
dominant interaction in [Ni(Ln),] (n = 1-7) is the H/H
interaction contributing to the total HS with the values
equal to 41.1%, 42%, 47.5%, 51.5%, 56.7%, 59.4%, and
42.7%, respectively. This is probably due to the abundant
aliphatic and aromatic hydrogen atoms in the com-
pounds. The second most contributions to the total HS in
[Ni(L1-L6),] are from S/H---H/S interactions appearing
as distinct spikes, which constitute 22.9%, 22.7%, 21.4%,
17.2%, 14.1, and 18%, respectively. This provides evidence
for the important role of the C—H- - -S interactions in the
stabilization of crystal structure. In the presence of
benzyl, instead of aliphatic side groups, in [Ni(L7),], the
S/H---H/S interaction rate drops significantly. The fact
that the side groups are aromatic makes C—H---x interac-
tions be the second-highest contribution to the HS in [Ni
(L7),]. The non-classical C—H---O hydrogen bonds are
one of the other weak interactions observed in these

FIGURE 7 (a) Crystal structure of [Ni(L5),] with displacement ellipsoids drawn at the 30% probability level (symmetry code: i: —x + 1,
—y + 1, —2). (b,c) Hirshfeld surface (HS) of [Ni(L5),] mapped with dy,orm, showing the showing the C—H---O hydrogen bonding interactions.

(d) Mlustration of 3D supramolecular network
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FIGURE 8 (a) Crystal structure of [Ni(L6),] with displacement ellipsoids drawn at the 30% probability level (symmetry code: i: —x + 1,
—y + 1, —z). (b) Perspective view of the C—H---O hydrogen bonding and the short =& interaction. (c) Hirshfeld surface (HS) of [Ni(L6),]
mapped with dorm, Showing the C—H---O hydrogen bonding interactions. (d) The view of the 3D supramolecular network showing the

herringbone motif

complex structures. It can be concluded that, as a general
trend, the S/H---H/S interactions are the most important
interactions after C—H---S interactions, comprising
15.5%, 16.5%, 12.4%, 14.1%, 11.8%, 8.5%, and 14.1% of the
total HS, respectively. It is also worth noting that the C—
H---x interactions in [Ni(Ln),] (n = 1-7) make a remark-
able contribution in the formation of supramolecular net-
work with the ratio of 10.7%, 16.8%, 15.7%, 11.7%, 11.7%,
6.9%, and 25.4%, respectively. The shortest n---x interac-
tion among all Ni(II) complexes was observed in the [Ni
(L6),], as exhibited large flat region on the curvedness
mapped on the HS (Figure S13C).

3.3 | Optimized molecular structures of
the complexes

The optimized 3D structural parameters of the
complexes investigated were calculated using B3LYP/
LANL2DZ/6-314+-G(d,p) level in the ground state. The
optimized molecular figures of the compounds are
depicted in Figure 10a. Experimental and theoretical
values of selected bond lengths and angles were listed in
Table S7.

3.3.1 | Frontier orbitals and chemical
parameters of the complexes

Frontier orbitals (HOMOs and LUMOs) are related to
electron affinity and ionization potential (IP). These
orbitals are very important for chemical reactivity. If the
energy values of frontier orbitals are calculated, the
chemical parameters such as the IP, the electron affinity
(EA), the chemical hardness (i), the absolute electroneg-
ativity (y), and the absolute softness (¢) of the molecules
can be calculated by using to the Koopmans theorem.!”®!
The chemical parameters and the energy
gaps between HOMOs and LUMOs of the
Ni(II) dithiophosphonato complexes were calculated by
the DFT in the ground state. The total energies,
calculated chemical parameters, and the energy gaps
AEgqp = (ELumo — Emomo) were given in Table S9. As
can be seen in the Table S9, the values of AEg,, are
3.3641, 3.3625, 3.3590, 3.3598, 3.3758, 3.3644, and
3.3582 eV for the gas phases of the compounds [Ni(Ln),]
(n = 1-7), respectively. The configurations of HOMO and
LUMO with energy levels are depicted in Figure 10b. In
all the compounds, HOMOs are mainly localized on the
whole molecule except for R, groups, whereas LUMOs
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FIGURE 9

CHe++0 interactions

CHee+S interactions

(a) Crystal structure of [Ni(L7),] with displacement ellipsoids drawn at the 50% probability level (symmetry code: i: —x + 1,

-y + 2, —z + 1). (b,c) Perspective view of the C—H---O and C—H---S hydrogen bonding interactions. (d) Hirshfeld surface (HS) of [Ni(L7),]
mapped with d,orm, Showing the C—H---S hydrogen bonding interactions. (e) View of the 3D supramolecular network

are mainly localized on PS, moiety and nickel atoms
(Figure 10b).

3.3.2 | The MEP surfaces of the complexes

Electrostatic potential maps (MEPs) are valuable tools to
describe the charge-related properties of molecules. They
allow us to visualize the size and shape of molecules. The
non-covalent interactions predicted by MEPs can allow
us to predict the molecule's charge transfer and
bioactivity centers. Conventionally, the negative regions
are colored as red, whereas the positive regions are col-
ored as blue in the MEPs. The negative regions exhibit
higher electron density (electrophilic reactivity), whereas
the positive regions exhibit low electron density
(nucleophilic reactivity) in the MEPs. The MEP surfaces

of the complexes were determined and visualized by the
Gaussian 09 and Gauss-view visualization programs.
MEDPs were illustrated in Figure S16.

The oxygen atoms O3 (04 for [Ni(L1),] and [Ni(L5),])
of 3,4-dimethoxyphenyl groups in the compounds, the
MEP diagrams indicated that the maximum electron densi-
ties (electrophilic reactivities) are 0.066, 0.067, 0.068, 0.067,
0.067, 0.067, and 0.068 a.u., respectively (Figure S16). The
nucleophilic sites are illustrated in the MEP diagrams,
Figure S16. These regions give preliminary information to
predict possible intermolecular interactions.

3.3.3 | MDSs of the complexes

The MDS can be used to model the interactions between
molecules and a target protein at the atomic level. These
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FIGURE 10 The optimized structures (a) highest occupied molecular orbital (HOMO) and lowest unoccupied molecular orbital
(LUMO) surfaces electron density and band gap values (eV) (b) of the Ni(II) complexes
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FIGURE 10 (Continued)

models serve in drug discovery and development studies
and save time, thereby providing low costs. In this study,
we first tested the Ni(II) complexes at various concentra-
tions against cancer cell lines including HepG2 and
DLD-1. As a second step, we predicted the potential inter-
actions of [Ni(Ln),] (n = 1-7) with proteins and com-
pared the results with the corresponding experimental
findings. The MDSs of the Ni(II) complexes were done

(b)
LUMO (eV) —D—

-2.4814

AE (eV) = 3.3758
Gap

HOMO (eV) 4@-7

-5.8573

LUMO (eV) ﬂ—

-2.4787

AE (eV) = 3.3644
Gap

HOMO (eV) ﬂ—

-5.8431

LUMO (eV) —D—

-2.5138

AE (eV) = 3.3582
Gap

HOMO (eV) —E»i

-5.8719

[Ni(L7)2]

with liver cancer protein, PDB ID: 3WZE and colon can-
cer antigen proteins, ID 2HQ6. The comparative bonding
energies and RMSD values for each MDS are listed in
Table S10. Energetically most favorable docked poses
were obtained from the rigid molecular docking of each
compound with 3WZE and 2HQ6 Figure 11a. The bind-
ing sites, binding types, and bond distances are given in
Table S11. The 3D illustrations of the non-covalent
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interactions between [Ni(Ln),] (n = 1-7) and the pro-
teins samples 3WZE and 2HQ6 were given in Figure 11b.
For the docking interactions of [Ni(Ln),] (n = 1-7) with
PDB ID: 3WZE, the relative binding energy values
are —6.5, —6.6, —6.5, —5.5, —5.5, —5.6, —5.9, and
—38.2 kcal/mol, respectively. The corresponding values for
docking studies with PDB ID: 2HQ6 are —5.8, —5.6,
—-5,5, —6.7, —7.2, —7.1, and —6.8 kcal/mol.

The complex [Ni(L1),] binds at the active sites of
amino acids, namely, ASP1046, ARG1027, PRO1068,
ILE1025, ALAS881, SER884, ARG1027, LEUS889, and
ILES888, of the liver cancer protein (PDB ID: 3WZE). The
type of interactions is as follows: one the conventional
hydrogen bonds, six carbon-involving hydrogen bonds,
two (pi-system)-alkyl, one (pi-system)-sigma, and one (pi-
system)-anion interactions. The conventional hydrogen
bond length is 2.994 A (between an OD2 oxygen on
ASP1046 and S2 atom of dithiophosphonate-complex).
On the other hand, six particular amino acids ASN103,
GLN64, SER73, GLN112, ALA102, and HIS127 of colon
cancer antigen proteins (PDB ID: 2HQ6) have been

(a)

H-Bonds.
Donor

Acceptor il

[Ni(L3)2] - 3WZE

[Ni(L3)2] - 2HQE

FIGURE 11

2HQ6 (a) and the non-covalent interactions of the Ni(II) complexes (b)

Chemistry

estimated to interact with [Ni(L1),]. The non-covalent
interactions are as follows: three conventional hydrogen
bonds; two carbon-involving hydrogen bonds; one
(pi-system)-donor-metal acceptor bond; and one
(pi-system)-donor-sulfur  bond. The conventional
hydrogen bond lengths are 3.157 A (between NE2
nitrogen on GLN64 and O6 atom of OCH; group of
dithiophosphonate-complex), 3.781 A (between an O
atom on ASN103 and S2 atom of dithiophosphonate-
complex), and 3.384 A (between an O atom on ASN103
and S3 atom of dithiophosphonate-complex).

The complex [Ni(L2),] appears to be bound to the
active sites of the amino acids HIS1026, LEUS889,
LEU1019, CYS1045, ASP1046, GLUS885, ASP1046, and
ARG1027 in the liver cancer protein (PDB ID: 3WZE) by
two conventional hydrogen bonds; two (pi-system)-alkyl
interactions; one alkyl-alkyl van der Waals bonds; three
carbon-involving hydrogen bonds; one (pi-system)-anion
interaction; and two (pi-system)-cation interactions.
The conventional hydrogen bond lengths are
3100 A between HIS1026:0 and S1 atom of

}EUBBQ
Mo

-

7N

>

M

us1s

[Ni(L2);] - 2HQ6

A ri
E1053

[Ni(L3)2] - 3WZE

[Ni(L3)2] - 2HQ6

Energetically most favorable docked poses obtained from the rigid molecular docking of each complex with 3WZE and
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FIGURE 11 (Continued)

dithiophosphonato-complex and 3.527 A between
HIS1026:0 and S2i atom of dithiophosphonate-complex.
The complex binds at the active site of ARG56, ASN103,
HIS127, LEU123, ILE62, PHE114, PHE61, LYS126,
HIS55, and THR71 of the colon cancer antigen proteins
(PDB ID: 2HQ6) by three conventional hydrogen bonds;
one unfavorable metal-donor interaction; one T-shaped
(pi-system)-(pi-system) interaction; six (pi-system)-alkyl
interactions; two inter alkyl interactions, one (pi-sys-
tem)-sulfur bond; and two carbon-involving hydrogen
bond interactions. For the docking of colon cancer anti-
gen proteins (PDB ID: 2HQ6) with [Ni(L2),], the con-
ventional hydrogen bond lengths are 3.482 A between
ARG56:NH1 and the atom S1 on the dithiophosphonato-
complex; 3.686 A between ARG56:NH1 and the atom
S2i on the dithiophosphonate-complex; and 3.205 A
between an O atom on ASN103 and the S1 atom of the
dithiophosphonato-complex.

The molecular docking results indicate that 14 amino
acids, namely, HIS1026, LEU1049, ILE1053, TYR1082,
ARG1027, LEU889, ILE888, TYR1059, ASP1028,
ASP1046, GLUS815, ARG1027, CYS1024, and ILE888 of

SP1§6

’ﬁ-m \\7 o
d
(. X/ )
\\ "." =

CYS1024

w57

TYR1059 @10&3

[Ni(L4),] - 3WZE

>. JYR1082

[Ni(L5)2] - 3WZE

[Ni(L5)2] -2HQ6

the liver cancer protein (PDB ID: 3WZE), are found to
interact with [Ni(L3),] complex. The predicted 14 non-
covalent interactions are of the types: one conventional
hydrogen bond, three (pi-system)-alkyl interactions,
three alkyl-alkyl van der Waals bonds, four carbon-
involving hydrogen bonds, and three more interactions
between (pi-system)-central cation, (pi-system)-sulfur,
and (pi-system)-sigma bond. The conventional hydrogen
bond length is 3.018 A between HIS1026:0 and the atom
S2 of the dithiophosphonate-complex. On the other
hand, eight particular amino acids ARG56, HIS127,
LEU123, ILE62, PHE114, HIS55, GLY72, and SER73 of
colon cancer antigen proteins (PDB ID: 2HQ6) have
been estimated to interact with [Ni(L3),]. The 11 non-
covalent interactions are as follows: three conventional
hydrogen bonds; two (pi-system)-alkyl and two alkyl-
alkyl interactions; two carbon-involving hydrogen bonds;
and three more interactions between (pi system)-sulfur,
(pi-system)-sigma bond, and one T-shaped (pi-system)-
(pi-system) interactions. The conventional hydrogen
bond lengths are 3.507 A (between the NHI nitrogen
atom on ARG56 and one of the S atoms on
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FIGURE 11 (Continued)

dithiophosphonato-complex); 3.681 A (between the NH1
nitrogen atom of ARG56 and another S atom on
dithiophosphonato-complex); and 3.303 A (between an
O atom on ASN103 and S atom of dithiophosphonato-

complex.

The complex [Ni(L4),] binds at the active sites of
HIS1026, PRO1068, LEU889, TYR1059, LEU1049,
ILE1053, TYR1059, ASP1028, ASP1046, ILESSS,

ARG1027, and CYS1024 of the liver cancer protein (PDB
ID: 3WZE). The type of interactions is as follows: one
conventional hydrogen bond; two alkyl-alkyl and two
(pi-system)-alkyl interactions; three carbon-involving
hydrogen bonds; and three more interactions between
(pi-system)-sigma bond, (pi-system)-cation, and (pi-sys-
tem)-sulfur. The conventional hydrogen bond length is
3.506 A (between an O atom on HIS1026 and the S1 atom
of dithiophosphonato-complex). The molecular docking
results between [Ni(L4),] and the colon cancer antigen
proteins (PDB ID: 2HQ6) show that the complex binds to
active sites on ASN103, HIS127, ILE62, LEU123, HIS127,
PHE114, LYS126, and ARG56 of 2HQ6. The non-covalent
interactions are as follows: two conventional hydrogen
bonds; four (pi-system)-alkyl and two alkyl-alkyl

Chemistry

[Ni(L6):] - 3WZE

[Ni(L6)2] - 2HQE

[Ni(L7)z] - 3WZE

[Ni(L7)2] - 2HQ6

interactions and two more interactions between (pi-sys-
tem)-sulfur and (pi-system)-cation. The conventional
hydrogen bond lengths are 3.163 A (between an O atom
on ASN103 and S1 atom of dithiophosphonate-complex)
and 3.551 A (between NE2 nitrogen on HIS127 and S1
atom of dithiophosphonato-complex).

The docking studies between [Ni(L5),] and 3WZE
indicate that the amino acids HIS1026, ASP1046,
ARG1027, LEU889, TYR1082, ILE1053, LEU1049,
CYS1024, TYR1059, and GLUS815 interact with the com-
plex. The non-covalent interactions between the complex
and the liver cancer protein (PDB ID: 3WZE) are as fol-
lows: two conventional hydrogen bonds, four (pi-system)-
alkyl interactions, two alkyl-alkyl interactions, one
(pi-system)-sulfur, and one (pi-system)-cation interaction
and two carbon involving-hydrogen bond interactions.
There are the conventional hydrogen bonds are of the
lengths, 3.232 A (between an O atom on HIS1026 and an
S atom on dithiophosphonato-complex) and 3.524 A
(between OD2 oxygen on ASP1046 and S atoms of
dithiophosphonato-complex). Docking studies also show
that six different amino acids ARG56, ASN103, LYS126,
ALA102, LEU123, ALA104, and GLY105 of colon cancer
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antigen proteins (PDB ID: 2HQ6) interact with the [Ni
(L5),]. The non-covalent interactions are as follows: three
conventional hydrogen bonds, two (pi-system)-alkyl, and
three alkyl-alkyl interactions along with one amide-pi
stacked interaction and one carbon-involving hydrogen
bonds. The conventional hydrogen bond lengths are
3.276 A (between NH1 nitrogen on ARG56 and S1 atom
of dithiophosphonato-complex), 3.441 A (between an O
atom on ASN103 and S2i of dithiophosphonato-complex),
and 3.355 A (between an O atom on ASN103 and S1
atom of dithiophosphonato-complex).

The complex [Ni(L6),] binds at the active site of
HIS1026, ASP1028, TYR1059, GLUS815, PRO1068,
LEU1067, ILE1053, LEU1049, LEU1019, ILE892, ILES8SS,
and ARG1027 of the liver cancer protein (PDB ID:
3WZE) with one conventional hydrogen bond, one alkyl,
eight (pi-system)-alkyl, three carbon involving-hydrogen
bond, one for (pi-system)-sigma, and one (pi-system)-
cation interactions. The conventional hydrogen bond
length is 3.053 A (between an O atom on HIS1026 and S1
atom of dithiophosphonato-complex). The molecular
docking results between [Ni(L6),] with the colon cancer
antigen proteins (PDB ID: 2HQ6) predict that the com-
plex [Ni(L6),] binds at the active site of HIS1026,
ASP1028, TYR1059, GLUS815, PRO1068, LEU1067,
ILE1053, LEU1049, LEU1019, ILE892, ILE888, and
ARG1027 of 2HQ6. The non-covalent interactions are as
follows: one conventional hydrogen bond, eight (pi-sys-
tem)-alkyl, three carbon involving-hydrogen bond, and
one (pi-system)-sigma and (pi-system)-cation interac-
tions. The conventional hydrogen bond length is 3.053 A
between HIS1026:0 and S1 atom of dithiophosphonato-
complex.

The molecular docking results indicate that nine
amino acids, namely, HIS1026, ARG1027, LEUS889,
ILE888, ARG1027, ASP1046, CYS1024, ASP1046, and
CYS1045 of the liver cancer protein (PDB ID: 3WZE), are
found to interact with [Ni(L7),] complex. The predicted
non-covalent interactions are of the types: two conven-
tional hydrogen bonds, two carbon involving-hydrogen
bonds, two (pi-system)-alkyl, one (pi-system)-sigma, one
(pi-system)-anion, and two (pi-system)-cation interac-
tions. The conventional hydrogen bond lengths are
3.042 A (between an O atom on HIS1026 and S1 atom of
dithiophosphonato-complex) and 3.091 A (between an O
atom on HIS1026 and S2i atom of dithiophosphonato-
complex). Finally, docking studies also show that nine
different amino acids ARG56, LYS126, ASN103, SER73,
LYS126, ALA102, GLN112, ASN103, and GLY72 of colon
cancer antigen proteins (PDB ID: 2HQ6) interact with
the [Ni(L7),]. The non-covalent interactions are as fol-
lows: four conventional hydrogen bonds, two carbon
involving-hydrogen bonds, two (pi-system)-alkyl, one

(pi-system)-donor hydrogen, and one metal acceptor
interactions. The conventional hydrogen bond lengths
are 3.591 A between ARG56:NH1 and S1, 3.119 A
between LYS126:NZ and 03i atom of
3,4-dimethoxyphenyl, 3.718 A between ASN103 and S2i
atom of dithiophosphonato-complex, and 3.098 A
between GLY72:CA and 03 atom of
3,4-dimethoxyphenyl in the complex.

The lowering of the HOMO-LUMO energy gap
value has a substantial influence on the intermolecular
charge transfer. The low HOMO-LUMO energy gap
always refers to lower Kkinetic stability and higher
chemical reactivity. As for the DFT results, the energy
gap AEqq, (eV) of the complex [Ni(L7),] is lower than
the other Ni complexes used in this study (Table S9).
The energy gap AEgq, (eV) of the complex [Ni(L7),] is
especially noteworthy to predict potential non-covalent
interactions with colon cancer antigen proteins (PDB
ID: 2HQ6). Consequently, according to all of the molec-
ular docking results, we can say that the bioactivity of
the investigated complexes with 2HQ6 (colon cancer
antigen proteins) is higher than that between the inves-
tigated Ni complexes and 3WZE (the liver cancer
protein).

The molecular and crystal structures of the complexes
in the study were determined using single-crystal X-ray
structure analyses. The optimized geometries from X-ray
structure analyses were used for MDS of the complexes.
The MDS studies of the Ni(II) complexes on the liver can-
cer protein, PDB ID: 3WZE and colon cancer antigen pro-
teins, ID 2HQ6 were investigated to predict potential
interactions. The small HOMO-LUMO energy gap value
has a significant effect on intermolecular charge transfer.
The low HOMO-LUMO energy gap always refers to
lower kinetic stability and higher chemical reactivity. As
can be seen in Table S9, the values of AEg,, (eV) are
3.3641, 3.3625, 3.3590, 3.3598, 3.3758, 3.3644, and
3.3582 eV for the gas phases of the complexes [Ni(L1),],
[Ni(L2),], [Ni(L3),], [Ni(L4),], [Ni(L5),], [Ni(L6),], and
[Ni(L7),], respectively. These values are very close to
each other. Therefore, it is not appropriate to compare
the values of the energy gaps AEq,, (¢V) of the investi-
gated complexes in order to explain the non-covalent
interactions of the compounds with PDB ID: 3WZE and
colon cancer antigen protein ID 2HQ6 for MDS. Except
for [Ni(L4),] and [Ni(L7),] complexes, the others did not
have a significant effect on the growth of liver cancer
cells, while it was observed that none of the nickel com-
plexes were effective on colon cancer under the same
experimental conditions. The detailed experimental
results and comparison have been given in In vitro cyto-
toxic activity studies. The comparative predicted binding
sites, binding types, and bond distances for each the
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MDS studies of the Ni(IT) complexes on the liver cancer
protein, PDB ID: 3WZE and colon cancer antigen pro-
teins, PDB ID: 2HQ6 were listed in Table S10. The 3D
illustrations of the predicted non-covalent interactions
between [Ni(Ln),] (n = 1-7) and the proteins samples
3WZE and 2HQ6 were also given in Figure 11b. Accord-
ing to MDS results, the bioactivities of the investigated
complexes with colon cancer antigen proteins (PDB ID:
2HQ6) were higher than the bioactivities between
the investigated complexes and liver cancer proteins
(PDB ID: 3WZE).

3.4 | Invitro cytotoxic activity studies
The cytotoxic activities of compounds were tested at
5, 10, 20, 50, 100, and 200 pM concentrations in two
human cancer cell lines, including HepG2 and DLD-1 for
48 h. The results are given in Table 2.

As can be seen in the results in Table 2, while the
designed organic molecules were not effective in the
HepG2 cell line, it was observed that two of the nickel
complexes of these molecules were effective on cell
growth. These two complexes having the codes of [Ni
(L4),] and [Ni(L7),] had cytotoxic activity on HepG2
cell line with ICs, values of 181.1 and 173.2 pM, respec-
tively. These [Ni(L4),] and [Ni(L7),] complexes, which
contain n-butyl and benzyl groups in their structures,
respectively, demonstrated more toxic effects on liver
cells than on colon cancer cells. However, other com-
pounds ([NH,Ln] (n =1-7), [Ni(L1),]-[Ni(L3),], [Ni
(L5),], [Ni(L6),]) except of these mentioned complexes
([Ni(L4),] and [Ni(L7),]) did not have a significant
effect on the growth of liver cancer cells and the calcu-
lated ICs, values were found to be greater than 200 pM.

Comparison of the data obtained within the set of
synthesized compounds [NH4Ln] and [Ni(Ln),] (n = 1-
7) show that aliphatic side chains revealed a drastic
change in the activities of these compounds. According

TABLE 2 ICs, results for
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to the structure-activity relationship (SAR) studies, a
compound [NH,4L5] containing 3-pentyl substituent on
the phenyl ring demonstrated more antiproliferative
activity compared with that of other synthesized new
compounds [NH,L1]-[NH4L4], [NH,4L6], [NH,L7], and
[Ni(L1),]-[Ni(L7),] with ICs, value of 68.2 pM in DLD-1
cell line. Other active compounds towards the DLD-1
cell line were [NH4L2], [NH,4L3], and [NH,L6] with ICs,
values of 131.3, 151.2, and 118.0 pM, respectively. How-
ever, under the same experimental conditions, it was
observed that none of the nickel complexes were effec-
tive on colon cancer, and the related cancer cells grew
as in the negative control. In a nutshell, all tested mole-
cules and their nickel complexes exhibited lower cyto-
toxic activity in both liver and colon cancer cell lines
than that of conventional chemotherapeutic drug
cisplatin.

The dose-dependent effects of new compounds on cell
viability ratio are given in Figures 12 and 13.

As can be seen in Figures 12 and 13, the viability
ratio of cells changed depending on concentrations
tested of the compounds and cisplatin for two cell lines.
For the majority of compounds tested in this study, the
highest cell viability was seen at concentrations of
5, 10, 20, 50, and 100 pM. Cell viability ratios were cal-
culated as 88.36%, 80.37%, 94.75%, 79.12%, 55.26%,
53.00%, 71.96%, 66.63%, 59.14%, 64.64%, 41.51%, 50.30%,
37.64%, and 37.23% in HepG2 cells at 200 pM concen-
tration of compounds [NH4Ln] and [Ni(Ln),| (n = 1-7),
respectively. At 200 pM concentration of compounds
[NH4,Ln] and [Ni(Ln),] (n =1-7), the viability ratios
were calculated as 62.10%, 52.49%, 57.26%, 64.54%,
48.57%, 52.17%, 64.58%, 95.82%, 98.56%, 96.61%, 69.36%,
53.20%, 48.92%, and 55.64% for DLD-1 cells,
respectively.

It is seen in Figure 13 that the activity of ligands in
colon cancer cells is higher than their nickel complexes.
For example, while the cell viability ratio was obtained
as 56.77% in 100 pM of [NH4L2], this ratio was

compounds against cancer cell lines Healpay ol

Ligands HepG-2 DLD-1 HepG-2 DLD-1 Complexes
[NH,L1] >200 >200 >200 >200 [Ni(L1),]
[NH,L2] >200 131.3 >200 >200 [Ni(L2),]
[NH,L3] >200 151.2 >200 >200 [Ni(L3),]
[NH,L4] >200 >200 181.1 >200 [Ni(L4),]
[NH,L5] >200 68.2 >200 >200 [Ni(L5).]
[NH,L6] >200 118.0 >200 >200 [Ni(L6),]
[NH,L7] >200 >200 173.2 >200 [Ni(L7),]
Cisplatin 53.4 56.1
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calculated as 100% when the complex of this compound
was used.

4 | CONCLUSIONS

In an effort to create alternatives to the well-known
perthiophosphonic acid anhydrides such as Lawesson
reagent and Belleau reagents, we investigated on the new
reagent, SAV-Al, with an emphasis on a less laborious
procedure. This compound was used in the synthesis of
structurally diverse organo-dithiophosphonic acid ammo-
nium salts, and the anions of these salts were used in the
preparation of new dithiophosphonato Ni(II) complexes.
The structures of the ligands and the complexes were elu-
cidated by spectroscopic techniques. The >*C-NMR spec-
tra of the aromatic parts of the compounds display
interesting features.

FIGURE 12
antiproliferative effect of compounds and

——[NH,L1] Dose-dependent
—=—[NH,L2]
——[NH,L3] cisplatin on HepG2 cells for 48 h
—<—[NH,4L4]
——[NH,L5]
—e—[NH,L6]
——[NH,L7]
——Ni(L1),]
[Ni(L2),]
INi(L3), ]
—=—[Ni(L4),]
——[Ni(L5), ]
[Ni(L8), ]
INi(L7),]

Cisplatin

——[NH,L1] FIGURE 13 Dose-dependent
antiproliferative effect of compounds and

cisplatin on DLD-1 cells for 48 h

—=—[NH,L2]
—a—[NH,4L3]
[NH ,L4]
——[NH,L5]
—s—[NH,L6]
——[NH,LT]
——[Ni(L1),]
[Ni(L2),]
IN(L3),]
—=—[Ni(L4),]
——[Ni(L5), ]
[Ni(L8),]
INi(L7), ]

Cisplatin

The theoretically calculated structural parameters of
the [Ni(Ln),] complexes were compared with the molecu-
lar structures obtained from X-ray analysis by using DFT.
Total molecular energies, HOMO-LUMO band energy
gaps, the chemical parameters, the HOMO and LUMO
diagrams, and MEP analysis of the complexes were
reported by the quantum mechanical calculations. Ener-
getically, the most favorable poses during docking were
also obtained from the rigid molecular docking of each
Ni complex with liver cancer protein, PDB ID: 3WZE and
colon cancer antigen proteins, ID 2HQ6. The binding
sites, types of interaction, and bond distances are pre-
dicted by MDS of the compounds. According to the theo-
retical results, the HOMO-LUMO band energy gap
AEGqp (eV) of the complex [Ni(L7),] is lower than those
of the others.

Molecular docking results show that the bioactivities
of the investigated complexes with 2HQ6 (colon cancer
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antigen proteins) are higher than that between the com-
plexes and 3WZE (the liver cancer protein).

The compounds concerned were also tested against
two different cell lines for evaluating the anti-cancer
potentials. It was found that some of the compounds pre-
pared have a toxic effect on the screened cell lines. In
particular, the compound [NH4L5] was found to be more
cytotoxic effect with an ICs, value of 68.2 pM in DLD-1.
The theoretical calculation results appear to agree well
with the experimental findings. [Ni(L7),] was found to be
the most effective complex, among metals against HepG2
cells.
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