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Abstract

Four new nickel (ll) complexes with bis(benzimidazole)thio- and selenoether-based
ligands have been synthesized and characterized in the solid state by elemental
analysis, IR, magnetic susceptibility and X-ray crystallography, and in solution by FAB*
mass spectrometry, UV-vis spectroscopy and cyclic voltammetry. Single-crystal X-ray
diffraction analysis of the compounds revealed octahedral geometries for all nickel
centers. Three of the four complexes are dimers with chloride bridges between the two
Ni(ll) ions. However, in solution all complexes have a monomeric formulation, based on
mass spectrometry and osmometry measurements. The complexes were also screened
for their cytotoxic activity on human cell lines (Hela, SK-LU-1 and HEK-293), and

compared with a related Cu(ll) complex.
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1. Introduction

Imidazole derivatives are an important class of nitrogen heterocycles, being the core
fragment of different natural products and biological systems. The imidazole ring is
biologically relevant as it can mimic the corresponding moiety in histidine. It is able to
act as a ligand towards metal ions, potentially enabling them to bind with biomolecules
[1]. Benzimidazoles contain a phenyl ring fused to the imidazole, and are of great
interest due to their potential applications in several biological areas [2], such as anti-
inflammatory [3], antiviral [4], antibacterial [5,6], antifungal [7], antioxidant [8] and
antiproliferative/anticancer activities [9-12]. In addition to these properties,
bis(benzimidazole) derivatives have attracted great attention because they have a
remarkable coordination ability. The derivatives containing two benzimidazole and one
central amine, pyridine or other units, act as tridentate ligands for transition metals,

and have been employed for modeling biological systems [13,14].

On the other hand, thioethers have recently been reevaluated as important ligands due
to their involvement in several chemical and biological systems [15]. Moreover, their
redox non-innocent nature as ligands in transition metal complexes has captured
interest in recent years, owing to their participation in a variety of redox processes.
Besides, the study of compounds containing mixed N and S donor atoms has raised
research interest in recent years due to their significant antifungal, antibacterial and

anticancer activities. Finally, thioether ligands are of importance for coordination



chemists attempting to develop effective model complexes to mimic the active sites of

sulfur-containing metalloproteins [16].

Among metal-based complexes, the platinum-based anticancer drugs such as cisplatin
are well known and still widely used in the treatment of malignancies. However, Pt(ll)
drugs present severe side effects, toxicity, and different resistance mechanisms that
have led to efforts to find better therapeutic alternatives [17-19]. As such, nickel (ll),
exhibiting the same d® electronic configuration, is a close analogue of platinum (ll) but
much more readily available. An advantage of Ni(ll) is its ability to adopt a great variety
of coordination geometries such as cis- or trans- square planar, tetrahedral, square-
pyramidal, and octahedral, while Pt(ll) only forms cis- or trans square planar complexes
[20,21]. Furthermore, the biological properties of many nickel complexes are currently

being investigated [22].

Herein, we present the synthesis nickel complexes with bis(benzimidazole)thio- and
selenoether-based ligands (Figure 1), along with their characterization and in vitro
anticancer activity. The modular architecture of this ligand family allows us to study
different structural parameters such as the electronic and steric properties of the
thioether functionality, the substituents in the alkyl chain connecting from the central
nitrogen to the thioether moiety, and the replacement of the thioether functionality by

a selenoether one.
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Figure 1. Structure of ligands.

2. Experimental

2.1. Reagents and techniques

Solvents and reagents were obtained from commercial suppliers and were used
without further purification. NiCl,-6H,0 was used as received from Aldrich. Mass
spectra were obtained on a JEOL JMS-SX-102A mass spectrometer at an accelerating
voltage of 10 kV, with a nitrobenzyl alcohol matrix and Xenon atoms at 6 keV (FAB*) or
a JEOL The AccuTOF JMS-T100LC (DART). NMR spectra were recorded on a JEOL Eclipse
300 spectrometer in CDClz with tetramethylsilane as an internal standard. Melting
points were determined on an Electrothermal Mel-Temp apparatus and are
uncorrected. UV-Vis spectra were recorded on a Shimadzu UV-160U
spectrophotometer. Elemental analyses were performed at the microanalytical facility
of the Instituto de Quimica. Solid state magnetic susceptibility measurements were
performed at room temperature using a MSB Evans balance; the appropriate
diamagnetic corrections were applied using Pascal's constants [23]. Cyclic voltammetry
measurements were made under N; or Ar in anhydrous CHsCN, with a CH Instruments

potentiostat-galvanostat equipped with a glassy carbon working electrode and a

N
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platinum wire auxiliary electrode. Potentials were recorded versus a pseudoreference
electrode of AgBr(s)/Ag(wire) immersed in 0.1 M NBu4Br acetonitrile. In agreement
with IUPAC convention, the voltammogram of the ferrocenium/ferrocene (Fc'/Fc)
system [24] was obtained to establish the values of half wave potentials (E;/;) from the

expression E;j, =(E, + E¢)/2.

2.2.  ligands synthesis

The synthesis of ligands L1M® and L2M¢ has been previously reported [15,18,25], along
with their physical characterization. In addition, we prepared L3 and L4™® in an
analogous fashion to its aryl- and methylthioether analogs; it consists of the reaction of
(2-phenylethylthio)ethylamine for L3M or (2-phenylseleno)ethylamine for L4M¢ with

two equivs. of 1-methyl-2-(chloromethyl)benzimidazole in the presence of base.

L3, 1-Methyl-2-cloromethylbenzimidazole (1.20 g  6.60 mmol), (2-
phenylethylthio)ethylamine (0.61 g, 3.30 mmol), potassium carbonate (1.80 g, 13.33
mmol), and sodium iodide (50 mg, 0.33 mmol) were placed in 15 mL CH3CN in a round
bottom flask, and the mixture was heated to reflux for 5 h. The solution was then
filtered through Celite, concentrated to dryness, and extracted with 3 x 10 mL of
dichloromethane. The solution was concentrated to ca. 5 mL, and the concentrated
solution was evaporated slowly to afford pale yellow crystals of L3V (0.71 g; 45%). Mp:
132-135 °C. IR (ATR): v = 3057, 3026, 2944, 2920, 2808, 1672, 1613, 1511, 1475, 1454,
1438, 1399, 1330, 1285, 1206, 1173, 1121, 1097, 1029, 989, 938, 858, 798, 766, 740,
696, 540, 498, 435 cm™. DART-MS: m/z 470 [M+1]". "H NMR (CDCl3, 300 MHz): & = 7.70

(m, 2H, Bzlm), 7.22 (m, 9H, Ph and Bzlm), 6.99 (m, 2H, Bzim), 3.99 (s, 4H, BzIm-CH,),
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3.64 (s, 6H, BzIm-CHs), 2.93 (t, 2H, N-CH,), 2.62 (m, 4H, S-CH,CH,-Ph), 2.49 (m, 2H, S-
CH,) ppm. *C{*H} NMR (CDCls, 75 MHz): & 151.13 (BzIm), 142.20 (BzIm), 140.41 (BzIm),
136.21 (Ph), 128.54 (Ph), 128.49 (Ph), 126.37 (Ph), 122.98 (BzIm), 122.28 (BzIm), 119.83
(Bzlm), 109.29 (Bzlm), 54.16 (S-CH,), 51.49 (N-CH,), 36.23 (N-CH,.Bzim), 33.45 (CH,),

30.01 (N-CHs), 29.87 (CH3) ppm.

4™, In a 100 mL round bottom flask, 1.20 g (6.60 mmol) 1-methyl-2-
chloromethylbenzimidazole, 1.80 g (13.33 mmol) K,CO3, and 50 mg (0.33 mmol) of Nal
were dissolved in CH3CN, and the mixture was stirred at room temperature for 30 min;
then 790 mg (3.33 mmol) of (2-phenylseleno)ethylamine were added, and the mixture
was heated to reflux for 5 h. After cooling to room temperature, the solution was
filtered through Celite and concentrated under reduced pressure. A colorless crystalline
material started to deposit, the volume was reduced to ca. 3 mL under reduced
pressure, and slow evaporation afforded L4" (1.14 g; 70%). Mp: 112—115 °C. IR (KBr): v
=3057, 3028, 2922, 2807, 1611, 1511, 1475, 1454, 1437, 1398, 1358, 1330, 1289, 1234,
1206, 1173, 1147, 1121, 1097, 1029, 988, 939, 906, 860, 798, 762, 741, 696, 653, 569,
538, 499, 471, 440, 410 cm*.DART-MS: m/z 490 [M+1]". *H NMR (CDCl3, 300 MHz): & =
7.71 (m, 2H, Bzlm), 7.26 (m, 6H, Bzlm), 7.16 (d, 2H, Ph), 7.04 (m, 1H, Ph), 6.97 (m, 2H,
Ph), 4.00 (s, 4H, BzIm-CH,), 3.65 (s, 6H, BziIm-CHs), 3.02 (t, 4H, N-CH,CH,-Se) ppm.
3c{*H} NMR (CDCl3, 75 MHz): & 151.03 (BzIm), 142.07 (Bzlm), 140.29 (BzIm), 136.09
(Ph), 128.43 (Ph), 128.38 (Ph), 126.26 (Ph), 122.87 (BzIm), 122.17 (BzIm), 119.72 (BzIm),
119.72 (Bzlm), 54.02 (S-CH,), 51.39 (N-CH,), 36.11 (NCH,BzIm), 33.34 (NCHs), 29.91

(CH,), 29.75 (CH,) ppm. ”’Se NMR (CDCls, 57 MHz): & = 239 ppm.



2.3.  Synthesis of complexes

Complexes 1-4 were prepared in a similar way. In the general procedure, acetonitrile
solutions (10 mL) containing the corresponding ligand, L1™® (0.53 mmol, 200 mg) for 1,
2™ (0.12 mmol, 60 mg) for 2, L3V (0.43 mmol, 200 mg) for 3, and L4™® (0.61 mmol,
300 mg) for 4, was added to methanolic solutions (5 mL) of NiCl,-6H,0 in stoichiometric
quantities. The mixtures were stirred for 3 h at room temperature, and volatile
materials were then evaporated under reduced pressure, the solid obtained washed

with 5 mL of diethylether, filtered, and dried under reduced pressure.

[Ni(L1M¢)(H,0)(CI)]CI (1). Green crystals of 1 in 68% yield suitable for X-ray structure
determination were collected after slow evaporation in acetonitrile solution. Anal.
Calcd. for Cp3H59ClgNsNiOS [Ni(L1V®)(H,0)(Cl)]Cl-C,H,Cly: N, 10.08; C, 39.75; H, 4.21; S,
4.61. Found: N, 10.28; C, 39.92; H, 4.31; S, 4.74. IR (ATR): 3395, 3273, 3175, 2929, 1656,
1613, 1482, 1455, 1328, 1298, 1248, 1218, 1087, 1008, 995, 926, 896, 766, 749, 644,
540, 437, 427 cm™. FAB* MS: m/z 472 [Ni(L1M®)(CI)]*. UV-vis (MeCN): A, nm (g, M  cm™)

394 (59), 615 (62).

Ni(L2V®),(u-Cl)s]Cl (2). Green microcrystals of 2 in 40% yield suitable for X-ray
structure determination were collected by filtration after then days of slow
evaporation in acetonitrile solution. Anal. Calcd. for CsgHggClsN1gNi; O3S, [Niz(LZMe)z(u-
Cl);]CI-3H,0: N, 11.18; C, 53.70; H, 5.47; S, 5.12. Found: N, 11.19; C, 53.59; H, 5.33; S,

4.88. ). IR (ATR): 3304, 3202, 2948, 2934, 1616, 1504, 1480, 1451, 1329, 1296, 1250,



1103, 1016, 1008, 979, 932, 899, 875, 763, 745, 556, 427 cm™. FAB* MS: m/z 562

[Ni(L2V®)(C)]*. UV-vis (MeCN): A, nm (g, M™* cm™) 303 (2671), 359 (321), 635 (14).

[Niz(L3V®),(u-C1),][NICL,] (3). Green microcrystals of 3 in 53% vyield were collected
by filtration after then days of slow evaporation in acetonitrile solution. Anal. Calcd. for
Cs6H70ClsN1oNi304S; [Nia(L3M),(1-Cl),][NICl4] -4H,0: N, 10.00; C, 48.04; H, 5.04; S, 4.58.
Found: N, 10.24; C, 48.01; H, 5.08; S, 4.28. IR (ATR): 3060, 3025, 2944, 2930, 1613,
1498, 1482, 1453, 1326, 1295, 1151, 1127, 1103, 1007, 973, 926, 894, 782, 743, 697,
540, 431 cm™. FAB* MS: m/z 562 [Ni(L3™®)(Cl)]*. UV-vis (MeCN): A, nm (g, M cm™) 395

(46), 636 (41).

[Niz(L4aV®),(u-Cl),][NICL,] (8). Green crystals of 4 in 54% vyield suitable for X-ray
structure determination were collected by slow evaporation in tetrachloroethane-
methanol solution. Anal. Calcd. for CsgHsgCliaN1gNisSe; [Niz(L4ME)2(u—CI)2][NICI4]
2C,H,Cly: N, 8.23; C, 39.53; H, 3.44. Found: N, 8.12; C 39.63; H, 3.54. IR (ATR): 3356,
3053, 2942, 2912, 1616, 1500, 1481, 1453, 1327, 1294, 1101, 1108, 893, 783, 740, 684,
538, 430 cm™. FAB* MS: m/z 582 [Ni(L4™®)(CI)]*. UV-vis (MeCN): A, nm (g, M cm™) 304

(4656), 414 (70), 651 (28).
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Figure 2. Nickel complexes 1-4.

2.4.  X-ray structure determination

X-ray diffraction data for 1 and 2 were collected on a Bruker SMART or a SMART APEX
DUO CCD diffractometer with Mo Ka radiation (A = 0.71073 A) at 298(2) K for 1 and
100(2) K for 2. Frames were collected by omega scans, integrated using the SAINT
software, and corrected for semiempirical absorption (SADABS) [26]. The structures
were solved by direct methods (SHELXT) [27], and refined by full-matrix least-squares
on F? with SHELXL-97 [28] using the SHELXLE GUI [29]. Weighted R-factors, Rw, and all
goodness-of-fit indicators, S, were based on F2. The observed criterion of F> > 20F was
used only for calculating the R-factors. In 2 the disordered imidazole moiety,
disordered chlorine anion and two disordered water molecules were refined using
geometry (SADI, DFIX, SAME) and Uij restraints (SIMU, RIGU, ISOR, EADP) using free

variable for occupancy implemented in SHELXL [28]. The occupancy ratio for majority



position and second position in imidazole, chlorine atom and water molecules are

55/45, 91/9 and 63/37 respectively.

Crystals of 3 and 4 were mounted on a glass fiber and crystallographic data were
collected with an Oxford Diffraction Gemini "A" diffractometer with a CCD area
detector (Amoka = 0.71073 A) at 130 K. The double pass method of scanning was used to
exclude any noise [30]. The collected frames were integrated by using an orientation
matrix determined from the narrow frame scans. Final cell constants were determined
by a global refinement; collected data were corrected for absorbance by using
analytical numeric absorption correction using a multifaceted crystal model based on
expressions upon the Laue symmetry with equivalent reflections [31]. Structures
solutions and refinement were carried out with the SHELXS-2014 [27] and SHELXL-2014
[28] packages. WinGX v2018.3 [32] software was used to prepare material for
publication. Full-matrix least-squares refinement was carried out by minimizing (Fo® —

Fc?)2.

For all complexes, all non-hydrogen atoms were refined anisotropically. H atoms
attached to C atoms were placed in geometrically idealized positions and refined as
riding on their parent atoms, with C—=H = 0.95 — 1.00 A and with Ujs,(H) = 1.2U¢4(C) for
aromatic, methylene and methine groups, and 1.5U.(C) for methyl groups.
Crystallographic data for all complexes are presented in Table 1. The crystallographic
data for the structures reported in this paper has been deposited with the Cambridge
Crystallographic Data Centre as supplementary publication no. CCDC 2008985,

2008986, 2009133, and 2009134. Copies of the data can be obtained free of charge on

10
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application to CCDC, 12 Union Road, Cambridge, CB2 1EZ, UK (fax: (+44) 1223-336-033,

e-mail: deposit@ccdc.cam.ac.uk).
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Table 1. Summary of crystallographic data for 1-4.

1

2

3

4

Empirical formula
Formula weight
Temperature
Wavelength
Crystal system
Space group

Unit cell dimensions

Density (calculated)
Volume

z

Absorption coefficient
F(000)

Crystal size

Reflections collected
Independent
reflections
Absorption correction

Refinement method

Data / restraints /
parameters
Goodness-of-fit on F2
Final R indices
[1>2sigma(l)]

R indices (all data)

Ca1H,9Cl,NsNiO3S
561.16

298(2) K
0.71073 A
Triclinic

P-1

a=9.772(2) A
b=11.675(3) A
c=12.607(3) A
.= 80.808(6)°

B =71.554(6)°

y =71.654(6)°
1.442 mg/m3
1292.2(5) A3

2

1.070 mm1

584
0.38x0.136x0.098
mm3

19510

4709

[R(int) = 0.0303]
Multi-scan
Full-matrix least-

squares on F2

4709/13/334

1.078
R1 = 0.0402
wR*=0.1119
R1=0.0444
wR*=0.1164

C56H68C|4N10Ni20352
1252.54

100(2) K
0.71073 A
Monoclinic

C2/c
a=22.1478(13) A
b=16.0954(9) A
c=15.7892(9) A
a=90°

B =94.5402(12)°
vy =90°

1.483 mg/m3
5610.8(6) A3

4

0.991 mm-1
2616
0.400x0.139x0.062
mm3

27398

6448

[R(int) = 0.0423]
None
Full-matrix least-

squares on F2

6448 / 597 / 509

1.026
R1=0.0321
WR” = 0.0749
R1 = 0.0450
wR” = 0.0818

Ce2H71ClgN13Ni3S;
1451.26

130(2) K
0.71073 A
Monoclinic
P21/c
a=19.1172(16) A
b=21.037(3) A
c=16.3655(9)A
a=90°

B =95.512(6)°

v =90°

1.471 mg/m3

6551.3(11) A3
4

1.212 mm1

3008
0.270x0.130x0.070
mm?3

39705

15899

[R(int) = 0.0585]
Analytical
Full-matrix least-

squares on F2

15899 /0/ 782

1.056
R1=0.0868
wR” =0.2160
R1=0.1105
WR” =0.2415

Ce2HgaClogN1oNisSe,
2204.98

130(2) K
0.71073 A
Triclinic

P-1
a=13.2046(15) A
b=15.5353(16) A
c=23.247(2) A

o = 76.998(9)°

B =79.473(9)°

Y =68.262(10)°
1.707 mg/m3
4290.0(8) A3

2

2.355 mm1
2200
0.270x0.170x0.120
mm3

47896

20268

[R(int) = 0.1042]
Analytical
Full-matrix least-

squares on F2

20268 /0/932

1.021
R1=0.0721
wR® = 0.1632
R1=0.1539
wR® = 0.2137

2.5.  Cytotoxicity assay

Two human cancer cell lines: Hela (cervical carcinoma) and SKLU-1 (human lung

adenocarcinoma) and a normal cell line HEK-293 (human embryonic kidney) were

provided by the National Cancer Institute (USA). Cells were cultured in a RPMI-1640
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medium (RPMI Medium 1640 (1x), Gibco, Gaithersburg, Maryland) supplemented with
10% fetal bovine serum (FBS, Invitrogen, Carlsbad CA), L-glutamine (2 uM), penicillin G
(100 u/mL), and streptomycin sulfate (100 pg/mL) at 37°C with 5% v/v CO,. Biological
assays were carried out in a 96 well plates at 5000 cells/well. After 24 hours, the cells
were treated with increasing concentrations of the complexes (1, 5, 10, 25, 50, 75 and

100 uM). Cell viability was evaluated after 72 h incubation with complexes.

After treatments, culture media was replaced by 100 pL of MTT (3-(4,5-dimethylthiazol-
2-yl)-2,5-diphenyltetrazolium bromide) to a final concentration of 0.33 mg/mL
dissolved in culture media and incubated at 37 °C with 5% CO, for 1 h in the dark.
Supernatant was removed and replaced with DMSO to dissolve formazan crystals.
Absorbance value was measured at 570 nm. Experiments were done in triplicate. 1Csg
was calculated from three independent experiments using GraphPad Prism 7.00
(GraphPad Software, La Jolla California USA). Percentage of cell viability was calculated

in comparison with control cells.

3. Results and discussion

3.1.  Ligand synthesis

The synthesis of bisbenzimidazole-chalcogenoether mixed ligands (Scheme 1) was
accomplished following a route similar to published methods [18,25,33]. The
corresponding nickel complexes 1-4 were prepared by adding one equivalent of ligand

in acetonitrile solution to solutions of NiCl,-6H,0 in methanol. In all cases, the yellow

13



solutions of the ligands changed color to dark green immediately after addition of

nickel(ll) chloride.

KI
N K,CO, N
RNH, 4+ 2 | —_— N— N
cl N CH;CN Me” jl\
Me R 7y N
Me

LqMe L2Me L3Me LgMe

Scheme 1. General procedure for ligand synthesis

3.2.  Characterization and solid-state structures of nickel complexes

The complexes were characterized by various analytical and spectroscopic techniques.
Characterization of the isolated complexes in the solid state by combustion analysis
matches the proposed formulations. IR spectra present the bis(2-
methylbenzimidazolyl)amine ligand-derived C-H stretching bands between 3200 and
2900 cm™, as well as aromatic C—C and C—N stretches around 1450-1275 cm™. All the
nickel(ll) complexes 1-4 were found to be electron paramagnetic resonance (EPR)

silent.

Solid state magnetic susceptibility measurements were performed on 1-4 at room
temperature; values for the effective magnetic moment and magnetic susceptibility are
given in Table 2. In all cases, the positive value of X, indicates that the nickel complexes
are paramagnetic [23]. The pes value of 3.04 Bohr Magnetons (BM) for 1 is close to the

spin-only value (Uess =2.83 BM) at room temperature for a magnetically isolated Ni(ll)

14



system, and is typical for paramagnetic octahedral Ni(ll) complexes with d®
configuration. The value agrees with results reported previously on similar Ni(ll)
complexes [34-36]. Likewise, the values of 4.19, 4.52 and 4.75 for the other
compounds, are slightly lower than the expected value for a system with 4 unpaired
electrons (4.90 BM), which in related dinuclear Ni(ll) complexes indicates a weak

antiferromagnetic coupling between the two paramagnetic metal ions [37].

Table 2. Magnetic parameters of complexes 1-4

Magnetic parameters

Compound
Heft (BM) X (emu mol™)
1 3.04 3.91x10°
2 4.19 7.42x10°
3 4.52 8.65x 107
4 4.75 9.56 x 10°

The coordination environment around the nickel centers in the complexes was
established by single-crystal X-ray diffraction. Crystals of 1, 2 and 3 (acetonitrile), as
well as, 4 (tetrachloroethane/methanol), suitable for diffraction studies were obtained
by slow evaporation of saturated solutions. In all cases the Ni(ll) ions display slightly
distorted octahedral geometries; with the exception of 1, complexes 2, 3 and 4 are
dimers with chloride bridges between the two metal centers. Depiction of the solid-

state structures with atom numbering schemes are presented in Figure 3 for 1, Figure 4
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for 2, Figure 5 for 3, and Figure 6 for 4. Selected bond distances (A) and angles (°) are

presented in Table 3.

Complex 1 crystallizes in the triclinic space group P-1, the Ni(ll) ion coordinated by one
thioether sulfur atom, two benzimidazole nitrogen atoms, the nitrogen atom of the
tertiary amine, one chloride, and a molecule of water, with an outer-sphere chloride
ion. In contrast, complexes 2, 3 and 4 reveal dimeric species. In the case of 2, the
asymmetric unit is comprised of [Ni(L2V®)(C1),] (Figure 4 A) and the nickel center is
coordinated by the three ligand-derived nitrogen atoms; notably, the thioether sulfur
atom does not coordinate to the Ni(ll) ion. As is the case with 1, the counterion is an
outer-sphere chloride. In 3 and 4, the chloride-bridged -cationic dimers are
accompanied by tetrachloronickelate dianions; in the cations, the Ni(ll) centers are
coordinated by all N and S/Se donors. Complex 2 has three bridging chlorides and a
Ni~“Ni distance of 3.0818(5) A, while in 3 and 4 the Ni(ll) centers share two bridging

chlorides at Ni~Ni distances of 3.447(7) and 3.480(6) A respectively.

In 2, the three coordinated N atoms are in trans positions relative to the chloride
bridges, with the Ni-Ngmine distances 0.163 and 0.193 A longer than each of the Ni-Ng,,
bonds. For 3 and 4 that only have two chloride bridges, the Ni-Namine bonds are also
longer than the corresponding Ni-Ng,, bond lengths; among these (Ni-Ng,,), the ones
that are trans relative to the bridging chlorides are the longest, likely reflecting a trans
influence. In general, the bond lengths agree well with those reported for octahedral

nickel (1) complexes [38].
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Figure 3. Mercury diagram of 1 at the 50% probability level, hydrogen atoms and anion
are omitted, C and N atoms not coordinated to Ni shown as wireframe for clarity. Color
code: C, gray; S, yellow; O, red; N, blue; Cl, lime; Ni, green.

&/\\

AN (B)

Figure 4. Mercury diagram of asymmetric (A) and dimeric (B) unit of 2 at the 50%
probability level; hydrogen atoms and anion are omitted for clarity.
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Figure 5. Mercury diagram of 3 at the 50% probability level, hydrogen atoms and anion
are omitted for clarity.

Figure 6. Mercury diagram of 4 at the 50% probability level, hydrogen atoms and anion
are omitted for clarity. Color code: Se, purple.
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Table 3. Selected bond distances (A) and angles (°) for 1-4.

1 2
Ni1-Cl1 2.358(1) Nil-N1(Amine) 2.212(2)
Ni-N1(Bzlm) 2.062(3) Ni-N3(BzIm) 2.049(8)
Ni-N4(BzIm) 2.048(2) Ni1-N5(BzIm) 2.019(2)
Ni-N3(Amine) 2.201(2) Ni1-Cl1 2.399(6)
Nil-S1 2.490(1) Ni1-Cl2 2.460(6)
N1-01 2.121(2)
CI1-Ni1-CI2 84.75(15)
N1-Ni1-N3 78.26(8) CI1(#1)-Ni1-CI2 83.50(15)
N1-Ni1-N4 90.36(8) Cl1-Ni1-Cl1(#1) 85.58(19)
N3-Ni1-N4 81.32(8) Ni1-CI1-Nil(#1) 78.70(17)
Cl1-N1-S1 95.91(3) Ni1(#1)-CI2-Nil 76.50(2)
Cl1-Ni1-01 86.53(6) N5-Nil-N3 91.9(3)
Cl1-Ni1-N4 98.19(6) N1-Ni1-N5 81.51(6)
S1-Ni1l-N3 83.95(6) N1-Nil1-N3 77.7(3)
S1-Nil-N4 89.30(6) CI1-Ni1-N5 100.40(5)
S1-Ni1-01 92.06(6) Cl1-Ni1-N3 100.2(3)
N5-Ni1-Cl1(#1) 91.38(5)
N1-Ni1-Cl1(#1) 96.45(4)
CI2-Ni1-N3 92.60(3)
CI2-Ni1-N1 93.55(4)
3 4
Ni1-N9(BzIm) 2.016(4) Ni1-N6(Bzlm) 2.042(5)
Ni1-N7(Bzlm) 2.059(4) Ni1-N9(BzIm) 2.039(6)
Ni1-N6(Amine) 2.160(4) Ni1l-N8(Amine) 2.162(6)
Ni1-S2 2.560(13) Nil-Sel 2.589(1)
Ni1-Cl1 2.372(12) Ni1-Cl1 2.359(2)
Ni1-CI2 2.439(12) Ni1-CI2 2.487(2)
Ni2-N4(BzIm) 2.019(4) Ni2-N4(BzIm) 2.016(6)
Ni2-N2(Bzlm) 2.050(4) Ni2-N2(Bzlm) 2.055(5)
Ni2-N1(Amine) 2.146(4) Ni2-N1(Amine) 2.170(5)
Ni2-S1 2.475(13) Ni2-Se2 2.555(1)
Ni2-Cl1 2.479(12) Ni2-Cl1 2.504(2)
Ni2-CI2 2.360(11) Ni2-CI2 2.373(2)
N9-Ni1-N7 96.89(15) Sel-Nil-Cl1 98.21(5)
N9-Ni1-N6 83.16(15) Sel-Ni1-CI2 79.16(5)
N7-Nil-N6 79.12(15) Sel-Nil-N6 93.1(2)
N9-Ni1-Cl1 99.10(11) Sel-Nil-N8 86.4(1)
N7-Ni1-Cl1 92.25(11) CI1-Ni1-CI2 88.76(6)
N7-Ni1-Cl2 95.57(11) CI1-Ni1-N6 99.7(2)
N6-Ni1-Cl2 90.96(11) CI1-Ni1-N9 96.3(2)
Cl1-Ni1-CI2 88.79(4) CI2-Ni1-N8 89.5(1)
N9-Ni1-S2 88.37(11) CI2-Ni1-N9 93.2(2)
N6-Ni1-S2 83.61(11) N6-Nil1-N8 82.6(2)
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Cl1-Ni1-S2 104.79(4) N6-Ni1-N9 92.4(2)
N4-Ni2-N2 92.34(15) N8-Ni1-N9 78.8(2)
N4-Ni2-N1 82.87(15) Se2-Ni2-Cl1 78.51(4)
N2-Ni2-N1 79.88(15) Se2-Ni2-Cl2 96.81(5)
N4-Ni2-CI2 98.94(11) Se2-Ni2-N1 86.6(1)
N2-Ni2-CI2 93.02(11) Se2-Ni2-N2 96.7(2)
N4-Ni2-S1 92.03(11) Cl1-Ni2-CI2 88.04(6)
N1-Ni2-S1 84.88(11) Cl1-Ni2-N1 90.2(1)
CI2-Ni2-S1 102.01(4) Cl1-Ni2-N4 91.4(2)
N2-Ni2-Cl1 96.60(11) Cl2-Ni2-N2 99.6(2)
N1-Ni2-Cl1 91.29(11) CI2-Ni2-N4 96.3(2)
Cl2-Ni2-CI1 88.11(4) N1-Ni2-N2 82.4(2)
S1-Ni2-Cl1 77.32(4) N1-Ni2-N4 79.9(2)
N2-Ni2-N4 91.5(2)

Symmetry transformations used to generate equivalent atoms for 2 (#1): -x+1,y,-z+1/2

3.3.  Solution characterization of nickel complexes

The nickel complexes 1-4 are soluble in polar solvents but only sparingly soluble in non-
polar solvents such as dichloromethane. *H NMR spectra could not be obtained in view
of the paramagnetic character of the complexes. In the positive-ion fast atom
bombardment mass spectrometry (FAB*-MS), for all cases a signal corresponding to
[Ni(L)(CI)]" was detected (Figure S9 in the Supporting Information), m/z 472 for 1, 562
for 2 and 3, and 582 for 4, that for complexes 3 and 4 corresponding to half the
molecular weight of the putative dimer expected. The results of FAB'-MS, and
osmometry determinations by vapor diffusion of acetonitrile solutions, leads us to
propose a monomeric nature in solution for all complexes in the form of [Ni(L)(Cl)]".
The ligands may coordinate through all donor atoms to the Ni(ll) centers, but the

chloride bridges are broken.
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Optical spectra for the complexes in acetonitrile or methanol are shown in Figure 7,
with relevant electronic absorption parameters summarized in Table 4. All complexes
have similar spectra in MeCN and MeOH, the principal differences are the intensity of
the signals, with smaller molar absorptivities in methanol. In all cases the strong
absorption bands below 300 nm were assigned as intraligand transitions. The electronic
spectral diagram shows bands at ~300 and 400 nm for 2 and 4, assigned as Ligand-to
Metal Charge Transfer (LMCT) from the coordinated chalcogens (E = S or Se) to the
Ni(ll) ions, Eps = Niand E, = Ni, respectively. For 1 and 3, only the one assigned to Egy
—> Ni is observed at ~395 nm. The bands observed for 2 and 4 are intense, reflecting a
high degree of electronic delocalization between the metal orbitals and the thio- or
selenoether donors, which can be directly related to a high degree of covalency of the
M-E bonds [39]. The broad signals observed from 500 nm to 800 nm were assigned to
weak d—d bands (e < 100), which are typical for octahedral Ni(ll) complexes [40]. As a
consequence of an increasing electron donating ability in the ligand by the different
substitution in the amine, the d—d band for complex 1 at 615 nm is red shifted to 635,
636 and 651 nm in 2, 3, and 4 respectively [41]. The optical parameters summarized in
Table 4 are consistent with previously reported Ni complexes in octahedral geometry
[38,42]. It is important to emphasize that in the solid state 2 does not present M-S
ligation, but since in the UV-vis spectrum the characteristic bands of M-S transitions are
present, it appears that in solution the chalcogen atom is coordinated, in agreement

with the mass spectrometry and osmometry measurements.
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Figure 7. UV-Visible spectra of complexes 1 (blue line), 2 (green line), 3 (orange line)
and 4 (purple line) in MeCN (Panel A) and MeOH (Panel B).

Table 4. Optical parameters of complexes 1-4

Optical parameters

Compound A (nm), [e (M ecm™)]
Acetonitrile Methanol Assignment
1 394 [42] 392[30] Sprt - Ni
615 [45] 647 [23] d—d
303 [2550] Spo = Ni
2 359 [317] 365790[[2206(;] Sprt = Ni
635 [14] d-d
3 395 [36] 397 [42] Sprt = Ni
636 [32] 652 [29] d—d
4 304 [4679] Sepo - Ni
414 [62] 404 [53] Seprt & Ni
651 [19] 693 [31] d-d
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3.4.  Electrochemical Studies
Characterization of the ligands by cyclic voltammetry at a concentration of 1 mm in

acetonitrile solution, and a scan rate of 0.100 V s* revealed that for all L1Me-L4Me,

no
processes are observed between -2.5 and 0.0 V. In the range of 0.3 to 1.2 V several
oxidation processes are presented, which are distinct from those of the metal-centered
redox process (Figure S14 in the Supporting Information). Cyclic voltammograms of the
Ni(ll) complexes are shown in Figure 8. The redox potentials were calibrated relative to

that of the ferrocene/ferrocenium (Fc/Fc’) redox couple in MeCN, and the

corresponding potential peaks for the complexes are presented in Table 5.

When the potential scan was started from open circuit potential in the cathodic
direction, one reduction process labeled I. was recorded for all complexes between -
1.4 and -1.7 V, assigned to the Ni(ll)/Ni(l) couple. Scans in the anodic direction reveal
one oxidation process |, for 2 and 4 (Figure 8 A), which is not present for 1 and 3
(Figure 8 B). The redox wave (I/l,) for 2 exhibited a quasi-reversible (E;/; = -1.39 V)
feature with a peak separation of 140 mV (larger than the value of 57 mV accepted for
a reversible system). A second oxidation wave (ll,) is observed for 1, 3, and 4 that can
be assigned to the a Ni(l)/Ni(ll) oxidation process associated with large structural

changes, or to the anodic desorption of Ni(0) deposited in the electrode surface [43].

It is important to emphasize that in most reports regarding related dimeric Ni(ll)
complexes, electrochemical reduction to the corresponding Ni(l) species was not

observed, and only in a few instances has this been reported as an irreversible process
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at more negative potentials [39]. This supports the notion that the complexes are

monomeric in acetonitrile solution.

Table 5. Redox potentials (V vs Fc/Fc’) for Ni(ll) complexes [1 mM] in MeCN.

Compound
Assignment
1 2 3 4
Ic -1.680 -1.458 -1.603 -1.532 Ni(ll) — Ni(l)
A - -1.315 - -1.413 Ni(l) — Ni(ll)
1 -0.267 -- -0.508 -0.443 Ni(l) — Ni(ll) or Ni(0) — Ni(ll)
1§00N 0.799 0.837 0.813 0.684 Ligand oxidation

1 (mA)

0,06

0,04

0,02

0,00 +

-0,02

-0,04

-0,06

1 (mA)

0,06 —

0,04 +

0,02

0,00 +

-0,02

-0,04

-0,06

1,

-2,0

E (V) vs F¢'/ Fc

-2,0

-15

-1,0 0,5 0,0
E (V) vs Fc'/ Fc

Figure 8. Cathodic CV of 1-4 (1 mM in 0.1 M NBu4PFs-MeCN, glassy carbon electrode) at

ascan rate of 0.1V s™.
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3.5.  Cytotoxicity studies

The stability of complexes in aqueous solution was monitored for 72 h (Figure S15,
Supporting Information) by UV-vis spectroscopy, and the unchanged pattern of the
spectra indicates that the compounds are stable for this period of time, which is the
duration of the biological assays. The cytotoxicity of the ligands tends to be negligible

towards cancer cell lines, based on previous reports [18,44].

The cytotoxicity of 1-4 complexes was screened against SK-LU-1 (human lung
adenocarcinoma), Hela (human cervical carcinoma) and HEK-293 (non-tumoral human
embryonic kidney) cell lines using an MTT assay, which measures mitochondrial
succinate dehydrogenase activity as an indicator of cell viability against human-derived
cell lines. The cytotoxicity of these cell lines when exposed to increasing concentrations
of the complexes for 72 hours was expressed as percentage cell viability relative to a
control group, and then transformed to the corresponding 50% inhibitory
concentration (ICsg) value. These data are summarized in Table 6, and were compared
with cisplatin as reference. The nickel salt NiCl, and an analogous copper complex
[Cu(L3Me)(cI)]Cl (CuL3™Me), synthesized from copper chloride and L3V are also presented
to get a sense of the relative cytotoxicities for different metal ions with this class of

ligands.

As shown in Table 6, 1 and 4, as well as the nickel salt NiCl, are inactive against all
tested cell lines with ICso values > 100 uM. In contrast, 2 and 3, and the cupric analogue
cuL3™® present moderate cytotoxicity in the tested cell lines. As for the two kinds of

cancer cells, the cytotoxic effect of the copper complex is lower than that of cisplatin
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but is still higher than that of the nickel complexes 2 and 3. An analysis of the
substituents on the amine group in the ligand for complexes 1-4 indicates that
apparently the presence of an aromatic ring (in 2 and 3), increases the cytotoxicity
against the tested cell lines. The opposite effect was observed for the methyl group of

1, or the change from S to Se in 4.

Selectivity toward the SK-LU-1 and Hela cell lines are observed compared to the non-
tumoral HEK-293 cell line for all complexes, expressed as index values in Table 6.
Specifically, complex 3 reduces more the viability of cancer cells compared with non-
tumoral cells, exhibiting a nearly threefold selectivity, in contrast with its copper
analogue. Considering the different cytotoxic activities and selectivities determined for
the nickel and copper complexes, the identity of the metal is critical in the efficacy of

anticancer metallodrugs as already reported [17].

Table 6. I1Cso values [uM] for compounds on lung (SK-LU-1) and cervical (Hela) cancer
cell lines and non-tumoral (HEK-293) cell line at 72 h.

Compound ICso (M)

HEK-293 SK-LU-1 S.l. Hela S.L.
1 > 100 > 100 - > 100 --
2 37+0.1 25+0.1 1.5 37+0.1 1
3 48+0.1 18 £0.2 2.7 19+0.2 2.5
4 > 100 > 100 -- > 100 --
NiCl, > 100 > 100 -- > 100 --
cuLsVe 10+0.3 6+0.1 1.6 11+0.1 0.9
Cisplatin 10+ 0.7 [45] 3.4 +0.5% [46] 29 49+0.3[47] 2.0

%1Cso at 48h. Values are given as the mean £SD. Selectivity indexes (S.1.) calculated as ratio between 1Co
values related to HEK-293 and cancer cell lines.
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4. Conclusions

We have synthesized and characterized nickel complexes with bis(benzimidazole)thio-
and selenoether-based ligands. In the solid state 2, 3 and 4 are bimetallic complexes,
but the spectroscopic characterization of the all complexes is consistent with a
monometallic formulation in solution. The four complexes differ in the substituent of
the thioether arm in 1-3, and selenoether in the case of 4. These modifications allowed
us to investigate the role of the aromatic or methyl group as well as the role of the
change from S to Se, in the electronic and redox properties, and in the biological
activity of these complexes. 1 and 4, as well as the nickel salt NiCl, are inactive against
all tested cell lines. Based on the cytotoxic effect of the complexes, it is noteworthy
that complexes 2 and 3 have an efficiency that, although lower than that of cisplatin
against the human cancer cell lines (Hela, SK-LU-1 ), is promising due to the relatively

selectivity against healthy cells (HEK-293) in contrast with the copper analogue cuL3Ve.
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Graphical abstract

Bis(benzimidazole)thio- and selenoether ligands afford mono- and bimetallic Ni(ll)
complexes in the solid state, with monometallic behavior in solution. They show
moderate cytotoxic activity towards cancer cell lines, in some cases with better

selectivity than a Cu(ll) analog.
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Highlights

Synthesis of 4 Ni(ll) complexes with bis(benzimidazole)thio/selenoether ligands.

All Ni(ll) complexes were characterized by X-ray crystallography.
Mass spectrometry confirms in all cases monomeric species in solution.
In vitro cytotoxicity of the complexes against cancer cell lines was studied.

One Ni(ll) complex exhibits greater selectivity than its Cu(ll)-based analog.
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