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Abstract

This report describes the synthesis and characterization of two nickel thiosaccharinate com-
plexes, [Ni(tsac),(PPhs),] (1) and [Ni(tsac),(dppe)]-CHsCN- (2), where tsac = thiosaccharinate
anion, PPh; = triphenylphosphane and dppe = bis(diphenylphosphanyl)ethane. Elemental analy-
sis, FTIR, *H, *C and *'P NMR spectra and single crystal X ray diffraction studies of the com-
plexes are presented. DFT optimizations of the two new compounds were performed in order to
verify the FTIR vibrational assignations. The two nickel(ll) thiosaccharinate complexes consist
of mononuclear units in which the Ni atoms are the centre of square-planar coordination
spheres, surrounded by two sulfur thiosaccharinate atoms and two phosphorous atoms from the
phosphane ligands. In both complexes, the anions are mono-coordinated to the metal. In the
[Ni(tsac),(PPhs),] structure, the phosphane moieties are located in trans position. In the
[Ni(tsac).(dppe)] structure, the dppe ligand chelates to the metal centre, as expected. Addition-
ally, the superoxide dismutase (SOD) mimetic activity of the complexes was measured and it is
reported herein. The effects of the complexes on cell proliferation were also studied and are
described.

Keywords: ‘Nickel, thiones, phosphane, crystalline structure, superoxide dismutase mimetic
activity, cell proliferation inhibition

1. Introduction

Thionate ligands are considered poly-functional due to their ability to coordinate to metal cen-
tres either via a hard nitrogen atom or a soft sulfur atom and can adopt many coordination
modes to form complexes of diverse nuclearity from monomeric to polymeric [1,2]. Thionate
complexes have been used in a wide range of different applications going from the treatment of
rheumatoid arthritis to anti-carcinogenic properties [3]. Coordination chemistry of heterocyclic
thiones, usually in their deprotonated form, remains well studied, particularly for their potential
biological use [4-9]. Some thione-metal complexes present mimetic metalloenzyme active site
properties. Metalloenzymes — the proteins that contain a metal atom or metal clusters in their
structures — are involved in a wide range of important biological processes. One class of metal-
loenzymes is the superoxide dismutases (SOD) which are present in all aerobic organisms.
Their crucial function is devoted to combat oxidative stress. The anionic superoxide radical
(Oy") is formed during aerobic respiration due to reduction of O, in the mitochondrial matrix
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and is responsible in generating oxidative stress, which is implicated in several diseases such as
diabetes, neurological disorders and post ischemic tissue injury [10]. Diverse types of SOD are
known, including Cu/Zn-SOD [11], Mn-SOD [12] and Fe-SOD [13]. A new SOD enzyme has
been discovered recently from Streptomyces soil bacteria which contains a Ni based active site
[14]. The Ni environment appears as essential for catalytic activity because unlike other metals
such as Cu or Zn, the Ni aqueous species does not react with O, . The development of novel
Ni-complexes with SOD activity is a current challenge considering their importance in potential
use as SOD analogues in different pathologies. Reactive oxygen species (ROS) have shown to
play an important role in viral oncogenesis. For instance, ROS-induction by Kaposi’s sarcoma
herpervirus promotes the proliferation and angiogenesis of endothelial cells [15]. Thus, target-
ing ROS production and their molecular sources could be an important therapeutic strategy.

Our recent laboratory research work has been devoted to the study of the thiosaccharine coordi-
nation. We have extensively explored the coordination of this thionate (the thioamide form of
saccharinate) to different metals such as Cu, Ag, Au, Bi, Zn, Cd, T, Pd, Hg, and reported nu-
merous metal-thiosaccharinate complexes so far [16 and references therein]. Currently, we have
started working on the first transition row metal thiosaccharinates and have described interest-
ing biological activity of Zn thiosaccharinates [17]. Ni" complexes with monodentate phos-
phanes are used for different purposes, for example, for nickel-based catalysts. For that reason,
several Ni-phosphane complexes are described in the literature [18-21].

There are, however, no nickel-thiosaccharinate complexes reported in the literature. For that
reason, this work aims to expand the knowledge about thiosaccharinate chemistry, studying the
coordination behaviour of nickel thiosaccharinates, and their response towards different biologi-
cal activities, superoxide dismutase and cell proliferation inhibition. Two new thiosaccharinate
Ni" complexes with phosphane ligands, [Ni(tsac),(PPhs),] (1) and [Ni(tsac).(dppe)]-CHsCN (2),
where tsac = thiosaccharinate . anion, PPh; = triphenylphosphane and dppe =
bis(diphenylphosphanyl)ethane, were synthesized and well characterized, with their crystal
structures determined. The superoxide dismutase mimetic activity for complexes 1 and 2, de-
termined through the XTT method, is presented. Both complexes presented the ability to inhibit
XTT-formazan formation, revealing the capacity to induce superoxide radical dismutation. In
addition, both complexes decreased Kaposi’s sarcoma cell number, evidencing anti-proliferative
properties.

2. Experimental
2.1. General remarks

All reagents were of commercial analytical quality and used without further purification. The
protonated thiosaccharin (Hthiosaccharinate) was obtained as previously reported [22], using
Lawesson’s reagent (3.64 g; Fluka) and acid saccharin (3.00 g; Mallinckrodt) in toluene solution
(25 mL) at 110 °C. The FTIR spectra of the complexes were registered on a Thermo Scientific
Nicolet iS50 FTIR-NIR spectrometer, employing KBr discs. Nuclear magnetic resonance
(NMR) spectra were recorded on a Bruker ARX-300 spectrophotometer using the residual sol-
vent peak or the deuterated solvent peaks as internal references for the *H NMR and **C NMR
spectra, respectively. The *P NMR spectra were referenced to the signal of P of an 85%
HsPO, solution as an external reference. The *H, **C and **P NMR studies were performed in
DMSO-ds solutions. The C, H, and N elemental analyses were performed with a CE440 Ele-
mental Analyzer.



2.2 Crystallography

Single crystal X-ray diffraction Data Collection of 1, 2 and 3 were performed on a Bruker D8
Venture single crystal diffractometer equipped with a Mo anode 50 W tube operating at 50 kV
and 100 pA, Incoatec Montel X-ray focussing optics, Photon 100 CMOS detector and an Ox-
ford Cryosystems Cryostream 800 temperature control system. Crystals were mounted.-on
MiTeGen MicroMounts with polybutenes (M, ~ 920). Data collection: Bruker APEX3/BIS
[23]; cell refinement: Bruker SAINT [24]; data reduction: Bruker SAINT/SADABS [24,25].
Programs used to solve and refine structure: Bruker XT and XL (Bruker SHELXTL) [26,27].
Molecular graphics: Crystal Impact Diamond 3 [28] and Mercury CSD [29,30]. Table S1 sum-
marizes crystal data, data collection procedures, structure determination methods and refinement
results for complexes 1, 2 and 3.

2.3 Synthesis of the complexes
[Ni(tsac)2(PPhs),] (1)

The [Ni(tsac)(PPhs),] complex was prepared by addition of a solution of Ni(NOs),:6H,0 in
acetonitrile (14.6 mg, 0.05 mmol, 2 mL) to an acetonitrile solution of PPh; (39.5 mg, 0.15
mmol, 2 mL) followed by a dropwise addition of a thiosaccharine solution (20 mg, 0.10 mmol,
2 mL in acetonitrile) (molar ratio:1:3:2). A red solid was then formed, filtered, washed with
acetonitrile and collected. Yield: 52% (25.4 mg). Red crystals suitable for X-ray diffraction
studies were produced by slow evaporation of a saturated solution of the compound in acetoni-
trile. When the reaction was held in a different molar ratio (metal:phosphane:thiosaccharine
1:2:2) the same complex was. obtained. Calculated analytical percent composition for
CsoH3gN,04P,SuNi: C = 61.295%; H = 3.909%; N = 2.859%; Found: C = 61.371%; H =
3.738%; N = 3.044%. Slightly soluble in dimethyl sulfoxide (DMSO) and dimethyl formamide
(DMF). Very slightly soluble in acetonitrile. Non-soluble in other solvents (methanol, chloro-
form, dichloromethane, acetone, water).

[Ni(tsac),(PPhs)s]: "H NMR (300 MHz, DMSO) & 7.82-7.96 (m, 1H, H3), 7.53-7.70 (m, 3H,
H4/H5/H6), 7.37.(m, 9H, H10/H11/H12), 7.21 (m, 6H, H9/H13). **C NMR (75 MHz, DMSO) &
191.82/(C1),137.09 (C7), 136.95 (C8), 136.70 (C2), 133.50 (C13 or C9), 133.76 (C13 or C9),
132.41 (C4), 131.16 (C5), 129.37 (C11), 129.20 (C10), 129.12 (C12), 125.73 (C3), 119.52 (C6).
P NMR (121 MHz, DMSO) & —6.90 (free PPh).

[Ni(tsac),(dppe)]-CHsCN (2)

The complex was synthesized by addition of a dppe solution (40 mg, 0.10 mmol, 4 mL of
CH3CN) to a solution of Ni(NQOjz),:6H,0 (14.6 mg, 0.05 mmol, 4 mL of CH;CN) followed by a
thiosaccharine solution (20 mg, 0.10 mmol, 4 mL of CH;CN) (molar ratio:
metal:thiosaccharine:diphosphane: 1:2:2), and kept under mechanical stirring at room tempera-
ture for one hour. The same compound was obtained when the molar ratio
metal:thiosaccharine:diphosphane was changed to 1:2:1. The resulting yellow solid was filtered
off and washed with cold acetonitrile. By slow evaporation of the mother solution orange single
crystals appeared. They were washed with water and analysed using X-ray diffraction. Yield:
40.5%. Analytical percent composition calculated for C;H3sN304S4P,Ni: C = 56.385%; H =
3.943%; N = 4.697%. Found: C = 55.848%; H = 3.713%; N = 4.157%. Very slightly soluble in
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DMSO, acetonitrile and DMF. Non-soluble in other solvents (methanol, chloroform, dichloro-
methane, acetone, water).

[Ni(tsac),(dppe)]-CHsCN: 'H NMR (300 MHz, DMSO) & 7.08-8.18 (m, 14H,
H3/H4/H5/H6/H9/H10/H11/H12/H13), 2.20-2.42 (m, 2H, H14). *C NMR (75 MHz, DMSO) &
192.44 (C1), 137.67 (C8), 136.59 (C7), 135.54 (C2), 133.53 (C9/C13), 132.54 (C4), 132.42
(C5), 130.51 (C9/C13), 131.95 (C10), 131.72 (C12), 128.68 (C11), 124.87 (C3), 119.47 (C6),
26.41 (C14), 118.27 (CHSCN), 1.19 (CH5CN). *P NMR (121 MHz, DMSO) & 61.36 (coordi-
nated dppe); —14.56 (free dppe), 30.28 (oxidized dppe, Phy(O)PCH,CH,P(O)Ph,).

[Ni(tsac),(dppe)]-0.61(CH3),CO (3)

During the crystallization attempts, 10 mg of the [Ni(tsac).(dppe)] compound was dissolved in
acetone.  After slow evaporation of the solvent, - orange crystals of
[Ni(tsac),(dppe)]-0.61(CH3),CO were recovered. The crystals diffracted poorly. Compound 3 is
isostructural to 2, except for the change of the solvate molecule. The occupancy of the acetone
solvate was refined to 61%. Details of the structure are in the Supporting Information.

2.4 Theoretical calculations

The theoretical calculations were performed with Gaussian09 [31]. The initial geometry optimi-
zation of complex 1 and 2 were performed with the semi empirical PM3 method. The geometry
thus obtained was used as starting point for the density functional theory (DFT) calculations
[32], that were performed with the B3LYP functional [33-35], which is known to be an appro-
priate methodology for the study on metal thiosaccharinate complexes with other co-ligands
[16]. The zero-point energy was computed at the 6-31G** level for C, H, S, N and O atoms and
employing the LANL2DZ effective core potential basis set for Ni. The characterization of the
stationary point was done by Hessian matrix calculations of geometries obtained with full opti-
mization for a minimum. The vibrational frequency analysis showed no imaginary frequencies
for both complexes.-All calculations were performed in gas phase. The structure figure (see
Supplementary Info) was built with the VMD program.

2.5 Superoxide dismutase activity assay

The SOD-mimic activity for both coordination complexes was evaluated by an indirect method
adapted from Starha et al. [36]. The method is based on the reaction between XTT dye [2,3-
bis(2-methoxy-4-nitro- 5-sulfofenyl)-2H-tetrazolium-5-carboxanilide natrium salt] (Aldrich)
and superoxide anion (O, ). The interaction of XTT dye with superoxide anion radical leads to
the formation of XTT-formazane, which presents maximum absorbance at 480 nm. The tested
complexes, which would act as the scavengers for superoxide anion radicals, would decrease the
absorbance. From this base, the required amounts of 1.00 x 1072 mol L solutions in N,N’-
dimethylformamide (DMF) of the tested compounds were added to 1.0 x 102 M potassium
phosphate buffer (pH 7.4) to provide 0.125, 0.250, 0.500, 0.750,1.00, 2.50, 5.00, 7.50 and 10.0
x 10°° mol L solutions. Subsequently, 500 pL of XTT dissolved in buffer were added. The
resulting solution was mixed thoroughly. The reaction was started by the addition of 500 pL of
a saturated KO, solution in DMF. Five replicates were tested for each concentration of both the
complexes (n = 5). The absorbance at 480 nm was measured against a blank sample prepared
without the XTT dye after 30 min of incubation at 37°C. The same procedure was used to pre-
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pare the control sample without the complexes and the absorbance was measured against a solu-
tion containing only XTT dye. The percentages of inhibition (% INH) were determined accord-
ing to the formula (1 - Xsample/Xcontrol) x 100 + (stample + Szcontrol)l/2 x 100% where X is the media
of the absorbance and S its standard deviation.

2.6 Cell line culture and proliferation assays

A cellular model of Kaposi’s sarcoma was used. In this model, endothelial cell stably expresses
the viral G Protein-coupled Receptor (VGPCR) transforming the cells to neoplastic. In this re-
gard, VGPCR cells injected into immunosuppressed mice promotes tumour formation; thus,
inducing angiogenic lesions similar to those developed in Kaposi’s sarcoma [37,38]. These
transfected cells were cultured in DMEM 5% foetal bovine serum (FBS) and selected with 500
png/mL G418 (Cellgro, Manassas, VA). For proliferation studies, cells-were seeded in 24-well
plates at a density of 12,000 cells per well. After overnight growth, cells were treated with each
ternary Ni" complexes (1 and 2), vehicle (DMSO, 0.1%) or Htsac in duplicate during 2448 h.
At the end of the treatment, cells were harvested and counted in a Neubauer chamber; prolifera-
tion was quantified as the percentage of living cells [38].

3. Results and Discussion
3.1 Synthesis

The compounds [Ni(tsac),(PPhs),] (1) and [Ni(tsac),(dppe)]-CHsCN (2) were easily synthesized
by the addition of the phosphane ligand PPh; for 1 or dppe for 2 to a nickel(Il) solution followed
by two equivalents of the proligands, thiosaccharine, which readily deprotonated and complexed
to the nickel centre. The initial reaction used an excess of phosphane ligand, 1:3 for 1 and 1:2
for 2. However, after confirmation of the products, the stoichiometric reactions also produced
the products.

3.2 Crystal structures

In Tables'1 and 2, some selected distances and angles of the complexes are highlighted. Com-
plete crystallographic information for the complexes are provided in the crystallographic infor-
mation files, available for download.

[Ni(tsac),(PPhs),] (1)

Compound 1 crystallized as a mononuclear square planar structure, Figure 1, with the nickel
atom positioned over a crystallographic inversion centre. The asymmetric unit contains half of
the complex: a half nickel atom to which are bound a thiosaccharide ligand via its exocyclic
sulfur atom and a triphenylphosphane ligand. The inversion operation generates the other half of
the complex, with the ligands necessarily in trans positions, and the thiosaccharinate ligands in
an anti configuration to each other, by crystallographic symmetry to make a NiS,P, core. The
crystallographic symmetry also makes the core exactly planar. Usually Ni complexes containing
ligands with sulfur atoms tend to form polynuclear S-bridge species [39], but also mononuclear
complexes have been obtained depending on the selected co-ligands [40,41]. The thionate
ligands are monoanionic when bound through their exocyclic sulfur atom to the nickel atom.



There is a minor distortion with one S1-Nil-P1 angle (93.163(13)°) being slightly larger than
the other, S1-Ni1-P1% = 86.837(13)°. The larger angle side features a n-n interaction between a
phenyl ring of the phosphane ligand and the thiosaccharide system. Considering the six atoms
(C11/C12/C13/C14/C15/C16) of the phenyl ring and nine atoms
(N1/C1/C2/C3/C4/C5/C6/C7/S2) of the planar thiosaccharide system, the centroid-centroid
distance is 3.83362(2) A with the angle between the planes being 19.11(3) °. The side with the
smaller angle, S1-Nil-P1% has the thiosaccharide ligand fitting in the ‘V’ slot between two
phenyl rings. The thiosaccharinate ligands bind at an angle to the Ni centre, with the Nil-S1-
Clangle = 110.03(5) °, close to the expected tetrahedral angle for a sp* hybridized S centre, and
the plane of the ligand at an angle of 71.71(2) ° to the plane of the NiS,P, core. The Ni—P bond
distances (2.2474(4) A) are slightly longer than the one reported for [Ni(Ly)(PPhs)] (L1: 5-
bromo-2-hydroxyacetophenone thiosemicarbazone, (2.209(1) A) [42]. The phosphane ligands in
trans positions usually have longer metal-P bond lengths; both are 7 acids receiving electrons
from the same d orbital [43].

The S1-C1 bond length of the exocyclic S atom (1.7164(14) A) is in the middle of the range of
sulfur carbon double bond S=C (1.60 A) vs S—C single bond (1.80 A). It is lengthened due to
the coordination to the metal which is noted when compared to the S-C bond distance in the
free thiosaccharinate (1.622(6) A) [44]. Moreover, the adjacent N1-C1 bond length of
1.3077(19) A is found to be shorter than a C—N single bond (1.41 A) but larger than a C=N
double bond (1.29 A). Compared to the C-N-in the free thiosaccharinate (1.324(3) A) it is
slightly shortened. This value reflects de charge delocalization upon complexation. The gas
phase DFT calculated values are similar to the experimental bond measurements, as can be seen
in Table 1.

Table 1. Selected Bond and angles for complex [Ni(tsac),(PPhs).] (1).

Bond lengths (A) Angles (°)
Atoms Experimental Theoretical Atoms Experimental  Theoretical
Nil-S1 2.2011(3) 2.2847 S1-Nil-P1 93.163(13) 92.44
Nil-P1 2:2474(4) 2.3669 S1-Ni1-S1? 180 180
S1-C1 1.7164(14) 1.7237 S1-Ni1-P1? 86.837(13) 87.56
S2-01 1.4342(11) 1.4668 P1-Ni1-P1? 180 180
S2-02 1.4355(11) 1.4690 Ni1-S1-C1 110.03(5) 106.87
S2-N1 1.6682(12) 1.7052 C24-C25-H25  119.91° 121.16
S2-C7 1.7673(15) 1.7942 C24-C25-C26  120.17(14) 120.16
P1-C11 1.8233(14) 1.8490 H25-C25-C26  119.91 118.90
P1-C21 1.8142(14) 1.8400 C21-C26-C25  120.16(14) 119.99
P1-C31 1.8200(14) 1.8424 C21-C26-H26  119.92° 120.17

N1-C1 1.3077(19) 1.3101
& symmetry operator = 1-x, 2-y, 1-z.
*: The hydrogen atoms are placed geometrically as the bisector of the C~C—C angles.



Figure 1. Molecular diagram of [Ni(tsac),(PPhs),] (1); symmetry operator % 1-x, 2—y, 1-z.

[Ni(tsac),(dppe)]-CHsCN (2)

Compound 2, as 1, crystallizes as a square planar mononuclear Ni"' complex, [Ni(tsac),(dppe)],
in the cis configuration, due to the k*P,P' chelating dppe ligand, with a NiS,P, core. The two
thionate anions are bonded by their exocyclic sulfur atom, mono-coordinated, and in an anti
configuration to each other. They are not chelating as for the thionate in the Ni complex re-
ported by Hamaguchi et al., which contains a k*-N,S from the 2-pyS moiety [45]. The smallest
angle results from the bidentate coordination of the diphosphane molecule (angles varying from
86.258(11) (P1-Nil-P2) to 88.369(11), (S11-Nil1-P2), 89.573(11) (S21-Nil-P1) and
95.803(11) (S11-Nil1-S21)). The geometric parameters 14 and t,' can be used to indicate the
geometry around a four-coordinate metal centre with a value of O indicating square planar and



of 1, tetrahedral geometry [46,47]; the latter is more sensitive to geometric distortion. For 2, the
values of 1, and 14 are 0.068 and 0.064, respectively, signifying a very slight distortion from
square planar geometry. Ni—P bond distances and Ni-S bond distances are in the expected
range. Ni—P bond distances (2.1593(3) and 2.1653(3) A) are shorter than those reported by
Hamaguchi and some other related complexes (Ni—P bond length, 2.21 A in average). In (2), the
phosphane ligand, a « acid, is in the trans position to the sulfur atom, which is a weak © base,
which should strengthen the Ni—P bonds, resulting in the shorter than average Ni—P bond
lengths, as seen [43]. The longer Ni—S bonds, compared to those in 1, are a result of an increase
of the anionic character of the more electronegative exocyclic sulfur atom of the thiosacchari-
nate ligand [48], or an induced metal-ligand repulsion of the thiosaccharinate ligand by the rest

of the molecule [49]. Selected bond distances and angles can be seen in Table 2,

Table 2. Selected Bond and angles for complex [Ni(tsac).(dppe)]-CHsCN(2)
Bond.lengths (A)

Bond lengths (A)

Atoms Experimental Theoretical Atoms Experimental Theoretical
Ni1l-S11 2.2453(3) 2.3158 S22-021 1.4391(11) 1.469
Nil-S21 2.2494(3) 2.3159 S22-022  1.4364(10) 1.470
Nil-P1 2.1593(3) 2.2621 S22-N21  1.6547(10) 1.698
Ni1l-P2 2.1653(3) 2.2622 S22-C27  1.7639(11) 1.796
S11-C11 1.6976(11) 1.7169 P1-C111  1.8083(11) 1.831
S12-011 1.4368(10) 1.469 P1-C121  1.8073(11) 1.833
S12-012 1.4370(10) 1.470 P1-C1 1.8353(10) 1.867
S12-N11 1.6556(10) 1.698 P2-C211  1.8056(11) 1.831
S12-C17 1.7697(11) 1.796 P2-C221  1.8108(11) 1.833
S21-C21 1.6974(11) 1.716 P2-C2 1.8320(10) 1.867
N21-C21 1.3135(14) 1.314 N11-C11  1.3156(14) 1.314
Bond angles (°)

Atoms Experimental Theoretical

S11-Ni1-S21 95.803(11) 89.61

S11-Ni1l-P1 174.611(11) 175.49

S11-Nil1-P2 88.369(11) 91.431

S21-Nil-P1 89.573(11) 91.44

S21-Nil1-P2 175.808(11) 175.50

P1-Nil-P2 86.258(11) 87.53

Ni1-S11-C11 95.08(4) 94.39

Nil-P1-C111 111.77(4) 111.15

Nil-P1-C121 116.44(4) 121.48

Nil-P1-C1 109.87(3) 106.58



Figure 2. Molecular diagram of [Ni(tsac),(dppe)]-CHsCN (2); the solvate molecule has been
omitted for clarity.

3.3 Spectroscopic characterization.

The two complexes were characterized by spectroscopic and analytical methods. Adequate ele-
mental analyses were obtained for both, thus confirming the nickel to ligand ratio and the purity
of the complexes. With the aim to verify the vibrational band assignments in the gas phase,
DFT/B3LYP method was chosen. The experimental spectra of the complexes can be seen in
Figure 3. Table 3 shows some selected experimental and theoretical assignations of some char-
acteristic vibrational bands. FTIR spectra of 1 and 2, recorded on KBr discs, showed the ex-
pected vibrational bands of all the ligands (anions and phosphane moieties), shifted relative to
the free species, and thus confirmed the coordination of the ligand to the metal centre. The spec-
tra obtained for both complexes show the absence of a v(NH) band at 3053 cm * due to loss of
hydrogen from the protonated thione anions. Only signals of one thiosaccharinate were ob-
served in the solid state FTIR of the two complexes, confirming that all anions are coordinated
by the same way (that is mono-coordinated by the sulfur exocyclic atom). The bands due mainly
to the v(CS)8(CNS) vibrational mode (appearing at 994 cm * in complex 1 and 1003 cm ™' in
complex 2) and to the v(NS)3(CCC) vibrational mode (appearing at 785 cm * in complex 1 and
801 cm™ in complex 2) reflects the rearrangement of the charge of the thiocarbonilic moiety
upon complexation.
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Figure 3. Experimental FTIR spectra of complex (a) 1 and (b) 2.

Table 3. Selected vibrational bands for complexes 1 and 2.

1 2
Vibration Experimental  Theoretical Vibration Experimental Theoretical
v(CN) 8(¢S) 1465s 1474 v(CN) 5(¢S) 1461s 1507
v(CC) 1434m 1470 v(CC) 1435m 1474
V(CN) v(¢S) 1426w Not seen V(CN) v(¢S) 1412m 1465
Vas(SO») 1329s 1307 Vas(SO,) 1310s 1297
8(CH) v(CC) 1227m 1245 8(CH) v(CC) 1233m 1255;1253
vs(SO,) V(CC) 1164vs 1158 v(SO,) v(CC) ~ 1154s 1157
V(SO,) 3(9S) 1123w 1131 Vs(SO,) 3(¢SN)  1120m 1127
v(CS) 8(CNS) 994m 1007 v(CS) 3(CNS) 1003m 1014
v(NS) 8(CCC) 785m 768 v(NS) §(CCcC)  801m 771
Y(CH) 766w 760 Y(CH) 766w 778
Y(CH) PPhg 752w 754 v(CH)dppe 752m 768
§(CCC) PPh, 692w 704 §(CCC)dppe 690-718m 756
7(SO3) 3(GCN) 623vw 631 v(SOy) 589m 546
Y(SOy) 584vw 579 8(S0,) 8(CS) 555m 539
3(S0,) 8(CS) 555w 548 8,(S0,) 532m 519
30(SO2) 521m 537 ¥(CCC) dppe 485w 474
Y(CCC) PPhs 439w 465 ¥(CCC) 431w 1507
v(CCC) 428w 434

Codes: v: stretching, &: in plane bending, y: out of plane bending, ¢: benzenic ring, as: asymmetric, s:
symmetric, vs: very strong, s: strong, m: medium, w: weak.

Normal modes wavenumbers calculated with B3LYP/6-31G** and LanL2DZ (Ni). No correction applied
for the calculated values.
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3.4 NMR

The room temperature NMR of both complexes (1 and 2) were recorded in DMSO-dg solutions,
and the results were compared with the free ligands. The numbering scheme of the anions of
complexes 1 and 2 are shown in Scheme 1.

N\ = =
N~ % N/S\\ ©

@/\

@D@D

Scheme 1. NMR numbering of (a) [Ni(tsac)z(PPhg)z] (1) (b) [Ni(tsac),(dppe)]-CH3CN (2)

The *H and *C{*H} NMR data (in DMSO-ds) for complexes 1 and 2 were consistent with the
coordination of the thionate to the nickel centre. The complexes showed the characteristic sig-
nals of the aromatic protons of the ligands (PPhs and dppe) and the CH, signal (dppe) that ap-
peared at 6 2.20-2.42 ppm. Regarding the thiosaccharinate protons, the SH(1) proton signal
commonly appear at 6.42 ppm in the *H NMR spectrum of the free Htsac, although, in the *H
NMR spectra registered of both complexes, there was no SH(1) signal; besides, nor has the
NH(1) proton signal of the free Htsac appeared (commonly appear at around 9 ppm). Accord-
ingly, these observations have been taken as indication that the Htsac molecule has coordinated
to the metal centre as the thiosaccharinate ligand. The *C NMR spectra for complexes showed
the expected chemical shifts of the coordinated thioamidic C1 atom around 190 ppm (C1 (1):
191.82 (2): 192.44). The signals are low-field shifted if compared with the chemical shift ob-
served in the **C NMR spectrum for the free ligand (Htsac, C1 & 161.5[50]). The **P NMR
spectra showed that the complexes have been modified in the DMSO solution. The only signal
in the *P NMR spectrum of (1) is that of the free PPh; molecule at —6.90 ppm. This peak and
the lack of a peak for the complexed PPhs suggests that the ligand completely dissociates from
(1) in DMSO. In the *P NMR of complex (2) there are three sharp resonances, corresponding to
complexed dppe at 61 ppm, the free dppe at —15 ppm and the oxidized dppe at 30 ppm, proba-
bly caused by the DMSO. In order to obtain the complete assignation of the complexes’ struc-
tures, we registered the 2D-HSQC NMR spectrum of complex 1 (which is slightly soluble in
DMSO), but this has not been possible to complex 2, because it is very poorly soluble in that
solvent.

3.5 SOD mimetic activity

The superoxide dismutase mimetic activity for complexes 1 and 2, determined through the XTT
method, is presented in Figure 4. Both complexes presented the ability to inhibit XTT-formazan
formation, revealing the capacity to induce superoxide radical dismutation. Assays were per-
formed in DMF as previously done by our group [51]. The native Ni-SOD enzyme consists in a
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hexameric assembly made of four helix bundles. Each subunit seems to operate independently
of each other, and it is composed of a mononuclear Ni site.

100
mmmm [Ni(tsac)2(PPh3)]

80 | | == [Ni(tsac)2(dppe)]-CH3CN
=S
c 60 T
Q T
5 -
£ 40+ T
= T

20 A

0 '_ill_-l-_| ilm 'l

025 050 075 100 250 500 7.50 10.0

Concentration (umol.L™)

Figure 4. Inhibition of XTT-formazane formation by the coordination complexes under study,
measured by XTT method.

In the case of the complexes in this study, the coordination sphere consists in a S,P, environ-
ment. However, the complexes presented SOD-mimic activity. Ni environment appears as cru-
cial for catalytic activity because unlike other metals such as Cu or Zn, the corresponding aque-
ous species does not react with O,. The presence of S atoms would be responsible for the ac-
tivity observed, since it is known that S environment imparts susceptibility to reactive oxygen
species (ROS) [51] Considering that P atoms can act as donors, their presence would contribute
to the activity of the active site of these complexes.

Even though 1 and 2 revealed SOD-mimetic activity, they behaved differently. Compound 1
showed increasing activity as a function of increasing the concentration. It achieved 77% of
inhibition at the highest concentration tested (10 pM), presenting the best performance. Com-
pound 2 initially showed lower activity compared to 1 and, as its concentration increased, its
activity also increased, even in a greater proportion than 1. In contrast to 1, the activity of 2
decreased significantly for concentrations greater than 2.50 pM. These results can be justified
analysing the correlation with the coordination sphere as catalytic centre of the complexes. Even
both complexes present a catalytic centre based on S,P, coordination sphere in the solid state,
the spatial conformation is not the same, leading to a different behaviour against O, dismuta-
tion.

Considering the properties of the native enzyme, the reduced form of its active site contains a
square planar Ni" coordinating sphere to N,S, environment, where thiolates are placed in cis
conformation. During turnover, superoxide oxides Ni"-N,S, site, forming a five coordinate
square-pyramidal Ni(ll1)-N3S, via coordination with a neighbouring histidine residue (Ns) in
axial position, Scheme 2(a). Complex 1 active site is composed of S, environment, with S atoms
in trans position. Ni-S distance (2.2011(3) A) is similar to the observed in the native enzyme

12



(2.2-2.3 A) meanwhile Ni-P (2.2474(4) A) in solid state distance is longer than Ni-N bond
length in the enzyme (1.9-2.1 A), but in DMF solution the bond is lost [10]. Two N atoms are
located on and under the Ni environment, giving the possibility to form the intermediate coordi-
nated state Ni(l11)-NS,. In Scheme 2(b), the proposed oxidized and reduced forms are described
for complex 1. Scheme 2(c) shows the proposed structures for complex 2. In this case, Ni envi-
ronment presents a NiS,P, structure with S in cis conformation, considering that there still are
some coordinated dppe molecules in solution. This feature may be the responsible for the better
performance than complex 1 in scavenging superoxide radical at intermediate concentrations.
Due to distortion, Ni-S bonds are different in complex 2: 2.2453(3) and 2.2494(3) A but are
similar in comparison to the enzyme. Ni—P distances (2.1593(3) and 2.1653(3) A) are slightly
longer than Ni—N in the native enzyme. In the same way as complex 1, N atoms are available,
but not strictly axially, to allow the five-coordination geometry state for the catalytic activity.
Diverse factors govern the SOD-like activity of metal complexes such as exchange ability of the
axial coordinated ligand, steric hindrance and flexibility on the active site to geometrical
changes [52]. The differences observed in the catalytic activity for both complexes are ascrib-
able to the fact that complex 1 is more flexible (considering that in solution PPh; are lost from
the coordination sphere of the complex), facilitating O, binding. On the other hand, P-P bridg-
ing on complex 2 as exerted by dppe coordination would limit flexibility of the active site and
steric hindrance might decrease the O,  binding at-high concentration thus reducing the cata-
lytic activity.
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(a) NiSOD active site from Streptomyces coelicolor
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Scheme 2. (a) Structural changes in the active site for Ni-SOD during catalytic reaction [10]. (b)
Possible mechanism proposed for 1 during turnover. (c) Structural properties of the active site
proposed for 2. In this case, steric hindrance due to dppe ligands is observable.
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3.6 Cell line culture and proliferation assays

Cells were treated with each ternary Ni" complexes (1 and 2) or Htsac in dose-response studies
(1-3 pM) during 24 or 48 hours (Figure 5). Then, proliferation was measured as was described
in Section 2.6 (Cell line culture and proliferation assays) and results were expressed as percent-
age of cell number of each complex or Htsac versus vehicle condition. As observed in Fig. 5
when Htsac was added, cell proliferation was not statically affected compared to control cellsat
24 nor 48 hours, whereas both complex, 1 and 2, triggered proliferation inhibition in a dose and
time dependent manner. When complex 1 was employed, cell number decrease was signifi-
cantly achieved when cells duplicated in time (20 hours approximately) at 48 hours,-being 3 UM
the more effective concentration. The complex in DMSO solution, as shown by the *'P NMR,
lost the PPh; ligands, so the effect can be attributed to the [Ni(tsac),] complex. In addition,
complex 2 has shown a similar behaviour than complex 1, however, its antiproliferative actions
were significantly achieved earlier at 24 hours.

120 " b 24h mcl 120 48h mcl
100 &= b c2 cc_ c2
< b T b i T Htsac = 100 b _f_)T b b o T Htsac
T 8 & L T = T "
s g a |
g 60 ad £ 60
=1
= 40 E w0
[T] Q
® 20 © 20
0 0
ctrl 1 2 3 ctrl 1 2 3
[um] [uM]

Figure 5. Cells were treated with 1-3.uM of each complex or Htsac or vehicle (DMSO) in
DMEM 2% FBS for 24-48 h. Proliferation was calculated as percentage of leaving cells in
treated conditions versus vehicle (ctrl). Percentage values (mean £ S.D.) were then represented
in bar graphs. Statistical significance of data was first analysed by one way-ANOVA followed
by Tukey test. Different letters for 1 and 2 (italic) indicate statistical differences (*p<0.05).
Htsac ANOVA 24 h (p=0.2773), Htsac ANOVA 48 h (p= 0.1819); n=6.

4. Congclusions

Two new Ni" thiosaccharinates complexes were synthesized and characterized. Their crystal
structures were determined by XRD and the results agree with the spectroscopic and elemental
analysis of the complexes. Moreover, the DFT calculated structure in gas phase also agree with
the experimental structures. Both compounds were monomeric, and the thionate was mono-
coordinated through exocyclic sulfur atom in the two of them.

Complex 1, [Ni(tsac),(PPhs),], showed a moderate SOD activity. The difference between the
SOD activity in complex 1 and 2 was attributed to the different coordination sphere in solution
of both complexes. In addition, both complexes triggered cell proliferation inhibition in a dose
and time dependent manner, whereas Htsac, with no complexation, had no effect. In this regard,
further studies are needed to explore further the potential role of these complexes as anticancer
drugs opening a new area of research.
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Highlights

e Two nickel thiosaccharinate complexes were synthesized.

e Their single crystal X-ray structures are reported.

e The complexes show moderate SOD mimic activity.

e The complexes triggered cell proliferation inhibition for Kaposi’s sarcoma.
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