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Weakly antiferromagnetic vanillin and acetate
bridged dinuclear Ni(in) compound exhibiting
catecholase-like activity and biological
propertiest
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A dinuclear nickel compound that features vanillin (van) and acetate (OAc) bridging ligands, [Ni(u-
van),(pn-OAc)(NCS)3(H20)1-5H,0 1, was synthesized and characterized using various techniques. Crystal
structure analysis revealed a pair of Ni() ions bridged by an acetate anion through a p,-nin!
coordination mode. At the same time, vanillin bridges both nickel(n) centers through phenolic oxygen,
separating the two Ni ions by a distance of 3.001(7) A. The temperature-dependent magnetism indicates
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weak antiferromagnetic behaviour in compound 1, following the Curie—Weiss law with Curie constant
C = 1.0145 cm® K mol™! and Weiss constant § = —4.1 K. Compound 1 was evaluated for its ability to
mimic the catechol oxidase enzyme using 3,5-di-tert-butylcatechol as a model substrate with a K.at
value of 157.1 x 102 h~%. Furthermore, compound 1 was tested for its cytotoxicity against HepG2 cancer
cells and DNA cleavage properties.
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1. Introduction

The nickel(u) ion presents versatile coordination chemistry due
to its inherent ability to adopt various geometries. For many
decades, nickel was not thought to be involved in biological
processes. Later, the discovery of urease by Zermer in 1975, to
possess nickel in its active center, was a game changer and
served as an initial impetus for bioinorganic chemists to
understand significant roles played by Ni(u) in biological meta-
bolism. In many enzymes, such as E. coli glyoxalase-I and
superoxide dismutase, its functional utility is transparently
visible.>” The nickel(m) ion plays a vital role in metalloproteins
like hydrogenases, such as carbon monoxide dehydrogenase
and acetyl-CoA synthase.®” These enzymes have the ability to
activate molecular oxygen at ambient temperatures, and thus
there has been a significant focus on nickel(n) enzymes in the
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past.®° Nickel(n) compounds serving as functional models

have been utilized as competent catalysts for several synthetic
transformations of industrial importance."""** Metalloenzyme
models with oxidase activity have attracted many researchers,
in the pursuit of creating bio-inspired catalysts for organic
oxidation.*?

Nickel(n) has been implicated in the pathogenesis of certain
diseases: for example, nickel(u) ions can interact with proteins
and induce immune responses in individuals who are allergic
to nickel.'* Furthermore, a plethora of nickel(i) compounds
with biological activities, such as anti-tumor antibiotics,'®
anticonvulsants, antiepileptic drugs, or vitamins, have been
reported.’®™® In an attempt to evaluate nickel(n) compounds
biologically, many of them that exhibit noteworthy potential as
antibacterial and anti-fungal agents,">" as well as those that
show anti-inflammatory®* and antioxidant®>* activity, have been
explored and verified. Additionally, various nickel(n) compounds
have been reported to act as DNA intercalators®*®*” and DNA
cleavage agents.”®*® These compounds possess effective anti-
proliferative activity towards diverse cell lines and have been
adequately substantiated in the literature.***

Dinuclear transition metal compounds play prominent roles
in electron transfer processes in metallobiomolecules,*™”
which can be confirmed by citing an example of a unique
representation of a heteroleptic paddlewheel complex of
nickel(n) that has been synthesized and structurally charac-
terized.*® Extensive research has been dedicated to the
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synthesis of dinuclear metal compounds that mimic several
metallobiomolecules like urease®*™*' and catecholase.”>™*
Dinuclear nickel() compounds have been known to catalyze
catechol oxidation.*>*® The ligating groups play indispensable
roles in establishing a linkage between the biological function
and relevance of the compound. A well-known and multifaceted
ligand studied in large applications is p-vanillin (4-hydroxy-
3-methoxybenzaldehyde), which occurs naturally in various
plants. It is synthetically obtained as a by-product of the sulfite
process in the manufacture of wood pulp.*’” p-vanillin is com-
monly used as a flavouring or fragrance agent in food items,
perfumes, beverages, cosmetics, and the pharmaceutical industry.*®
p-Vanillin exhibits non-linear properties with second harmonic
generation efficiency, and thus, it has potential for use in the
fabrication of optical devices.*’

Apart from its industrial and economic value, p-vanillin has
been effectively authenticated as a significant bioactive sub-
stance. It is an effective anti-mutagenic agent and reduces
certain species that induce mutations in bacteria and subse-
quently inhibits spontaneous mutations.>® The bioactivity of
p-vanillin is propagated through the fact that it can significantly
reduce mutations caused by ultraviolet light and X-rays in mam-
malian cells and hamster lung cells (V79).>' The innate ability of
p-vanillin to cause DNA cleavage and its ability to induce the
apoptosis of HepG2 cancer cells were very well supported in our
recent study.”® Our up-to-date search of the CSD provided us with
a few structures of transition metal complexes incorporating
pvanillin®~>® and a single mononuclear compound has been
specifically reported for nickel.>” Considering the importance of
p-vanillin in biology and scarcity of studies on nickel-vanillin
compounds, we herein report the structural, spectroscopic, and
magnetic properties of a new dinuclear nickel(u)-vanillin com-
pound 1 with subordinate acetate and isothiocyanate ligands. The
catecholase-like activity of the dinuclear compound is demon-
strated along with a presentation of the efficacy of compound 1 in
cytotoxicity studies and DNA cleavage.

2. Experimental section
2.1. Materials and methods

The chemicals used in this study were procured from local
chemical vendors and used as received without further purifi-
cation or recrystallization. Infrared spectra of powdered com-
pound 1 and associated ligands were measured on a Shimadzu
FTIR spectrophotometer (IR-Prestige-21) in the region 4000-
400 cm ™' at 4 cm ™! resolution in a KBr matrix. UV-Vis absorp-
tion spectra were recorded on a diode array photocathode
Agilent UV-Vis spectrophotometer (model-8453). Elemental
analyses were achieved using an Elementar Vario MACRO cube
CHNS analyzer. Powder X-ray diffraction (PXRD) data were
collected on a Bruker D8 Advance X-ray diffractometer using
Cu Koy, (X = 1.5406 A) with an Ni filter. Temperature-dependent
magnetic measurements of polycrystalline sample 1 were carried
out using a SQUID-VSM MPMS3 magnetometer in the tempera-
ture range of 60 to 310 K. The temperature-dependent variation of
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field-cooled (FC) and zero-field-cooled (ZFC) magnetization (M)
was measured with a magnetic field of 100 Oe. The 'H NMR
spectra were recorded on a Bruker 500 MHz instrument
with tetramethylsilane (TMS) as an internal standard in CDCly
at IIT Goa.

2.2. Single crystal X-ray diffraction (SCXRD)

The single crystal X-ray structure determination of compound 1
was achieved using a Bruker D8 QUEST ECO X-ray diffract-
ometer equipped with graphite-monochromated MoKo (4 =
0.7107 A) radiation. The collected frames were integrated,
scaled, and merged, and absorption correction was performed
using Bruker’s APEX 4 program package. The structure of 1 was
solved using SHELXS and subsequent refinements were carried
out against F> using SHELXL-2014.>® All non-hydrogen atoms
were refined anisotropically. The H-atoms of water molecules
were located from a difference map, and hydrogens attached to
carbon atoms were refined in calculated positions [C-H = 0.93 A
and O-H = 0.85 A] with Uiso(H) = 1.2 Ueq(C) [1.5 for Ueq(O)] using
a riding model. The technical details of data acquisition and
selected refinement results for 1 are given in Table 1.

2.3. Synthesis of [Ni,(p-van),(n-OAc)(NCS);(H,0)]-5H,0

A methanolic solution (10 mL) of nickel(u) acetate tetrahydrate
(1 mmol, 0.249 g) was added dropwise to a methanolic solution
(10 mL) of vanillin (2 mmol, 0.304 g) and ammonium thiocya-
nate (2 mmol 0.152 g). The reaction mixture was stirred for two

Table 1 Crystal parameters and selected refinement details for com-
pound 1

Empirical formula C,1H;31N3Ni, 04,453
Formula weight (g mole™") 763.09
Temperature (K) 296(2)
Wavelength (A) 0.71073

Crystal system Monoclinic

Space group P24/c

Unit cell dimensions (A/°) a=10.637(14) « = 90
b = 22.981(3) f§ = 106.458(4)
¢ =14.427(17) y = 90

Volume (A% 3382.4(7)
VA 4
Density (calculated) (Mg m?) 1.498
Absorption coefficient (mm’) 1.361
F(000) 1576

0.4 x 0.22 x 0.12

2.184 to 28.364

—14 < h < 14, —30 < k < 30,
-16<1<19

Reflections collected 49980

Independent reflections 8412 [R(int) = 0.0479]
Completeness to theta = 99.3

25.242° (%)
Absorption correction

Crystal size (mm?)
2 theta range for data collection (°)
Index ranges

Semi-empirical from equivalents
Refinement method Full-matrix least-squares on F*
Data/restraints/parameters 8412/2/420

Goodness-of-fit on F 1.031

Final R indices [I > 2sigma(J)] R, = 0.0465, WR, = 0.1295

R indices (all data) R, = 0.0661, WR, = 0.1334
Extinction coefficient n/a

Largest diff. peak 0.82 and —0.74

and hole e (A™?)

CCDC 2285723
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hours, and the green-colored solution was then allowed to
evaporate slowly. After two weeks, the green-colored crystals
were isolated from mother liquor, washed with isopropanol
and ether, and air-dried. Yield of 1 is 0.472 g (55%). Anal. calcd
for 1: C,;H;,0,,N;38;Ni, (M.W. = 763.09 g) C, 33.05; H, 4.10; and
N, 5.51 Found: C, 33.77; H, 4.21; and N, 5.39. IR (KBr, cm™"):
3207 (br), 2833 (br), 2113, 2058, 1870 (sh), 1665 (sh), 1562 (sh),
1487 (sh), 1282 (sh), 1001 (sh), and 815 (sh). UV-Vis (DMSO)
(Amax, NM): 252, 281, 317, 673 and 742.

2.4. Catecholase-like activity

The catecholase-like activity of dinuclear compound 1 was
investigated using 3,5-di-ter¢-butylcatechol (3,5-DTBC) as a
model substrate. 3,5-DTBC is known to offer a low quinone-
catechol reduction potential, making it an ideal substrate for
such studies.*>®° The efficacy of the Ni(n) compound in catalyzing
the oxidation of 3,5-DTBC was studied by adding 100 equivalents
of 3,5-DTBC to a 10~ * M methanolic solution of 1 saturated with
oxygen atmosphere. The reaction proceeds with the formation of a
new absorption band at 405 nm, which is attributed to the
respective quinone with a distinct color change from light green
to yellow for a duration of 30 minutes. A blank experiment was
conducted without a catalyst, which showed no quinone for-
mation in MeOH for up to 2 h. The kinetics of the oxidation of
3,5-DTBC in the presence of the catalyst was measured by the
initial rate method.®" The dependence of the initial rate on
substrate concentration (100-600 eq.) was spectrophotometrically
monitored at 405 nm. Compound 1 showed saturation kinetics;
hence, the data was treated with the Michaelis-Menten model.
The maximum velocity (Vinax), binding constant (Ky;), and rate
constant (K,) were calculated using the Lineweaver-Burk graph.
NMR spectroscopy was used to characterize the isolated product
after the catalytic study of compound 1 which was identified to
be 3,5-DTBQ (Fig. S5, ESIT). "H NMR (400 MHz, CDCl,): d = 6.85
(s, 1H), 6.15 (s, 1H), 1.20 (s, 9H), and 1.16 (s, 9H).

2.5. Detection of H,O, in reaction medium

The generation of hydrogen peroxide during the reaction was
determined by an iodometric method. The catalytic reaction
was carried out as described in the kinetics experiment. After
1 h, to stop further oxidation, the solution was acidified with
H,SO, to pH 2. To the acidified solution, 10% KI solution
(1 mL) was added, followed by the addition of 3% ammonium
molybdate solution to increase the rate of the reaction.®* 3,5-
DTBQ was then extracted twice with CH,Cl, from the reaction
medium. The formation of I~ could then be spectrophotome-
trically monitored using the aqueous layer. In blank experi-
ments under identical conditions, only minor formation of I*~
was observed in the presence of just 3,5-DTBC or the catalyst.

2.6 Cytotoxicity studies

The cytotoxic effect of compound 1 was determined by a
colorimetric assay that measures the reduction of yellow 3-(4,5-
dimethythiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) to an
insoluble and dark purple formazan product by mitochondrial
succinate dehydrogenase of viable cells. HepG2 cell lines were
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used for this study. The cell lines were cultured in Dulbecco’s
modified Eagle medium with low glucose (Gibco, Invitrogen)
supplemented with 10% foetal bovine serum (FBS) (Gibco,
Invitrogen) and antimycotic 100x solution (Thermo Fisher Scien-
tific). The cells were seeded in a 96-well flat-bottom microplate
and maintained at 37 °C in 95% humidity and 5% CO, overnight.
Different concentrations (100, 50, 25, 12.5, 6.25, and 3.125 ug mL ™)
of 1 were treated with cells for a duration of 48 hours. The wells were
washed twice with PBS; 20 uL of the MTT staining solution was
added to each well, and the plate was incubated at 37 °C. After 4 h,
100 puL of DMSO was added to each well to dissolve the formazan
crystals, and the absorbance was recorded using a microplate reader
at 570 nm. Untreated cells with media and cis-platin were main-
tained as negative and positive controls, respectively. The experi-
ments were carried out in triplicates, and the cell viability relative to
untreated cells was determined using eqn (1).

Surviving cells (%) = mean OD of test compound/mean OD of
negative control x 100 (1)

2.7. DNA cleavage activity

The DNA cleavage activity of compound 1 was determined
according to the procedure developed by Banerjee et al. with
a slight modification.®® Briefly, a supercoiled pBR322 (200 pg)
artificial plasmid DNA was treated with prepared compound 1
(10 uM, 20 uM, 40 pM, and 80 uM) in Tris buffer (5 mM Tris-
HCl, 50 mM NaCl, pH ~ 7.2) to yield a total volume of 10 pL
and incubated in the dark for 1 h at 37 °C. The reaction was
quenched by adding 3 pL of loading buffer, and resulting
solutions were loaded on 1% agarose gel. Electrophoresis was
carried out at 80 V for 1 h in Tris-acetate-EDTA (TAE) buffer (pH
~ 8.0). The DNA bands were visualized under UV light and the
band intensities and fragmentation patterns observed in the
absence and presence of the compound. The results were
expressed qualitatively based on the appearance of supercoiled
(SC) (form I), nicked circular (NC) (form II), and linear (L) (form
11I) forms of DNA.

3. Results and discussion
3.1. Synthetic protocol of [Ni,(p-van),(p-OAc)(NCS);(H,0)]- 5H,O

The synthesis of the dinuclear compound 1 was achieved by
reacting 1 mole of nickel(n) acetate tetrahydrate, 2 moles of p-
vanillin, and 2 moles of ammonium thiocyanate in the ratio
1:2:2 by a slow evaporation method at room temperature.
After 2 weeks, the green-colored crystals that had formed were
isolated and washed with isopropanol followed by diethyl ether.
Single crystals of 1 were subjected to various characterization
techniques like spectroscopy, elemental analysis, SCXRD, and
powder diffraction. The synthetic approach for compound 1 is
shown in Scheme 1.

3.2. Infrared and UV-Vis spectroscopic studies

The IR spectrum of 1 is depicted in Fig. S1, ESL.{ A broad band
in the range of 3207 cm ™' has been attributed to the water
molecules in compound 1 and can also be assigned to the
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phenolic -OH group, which is characteristic of a free p-vanillin
moiety and the weak band at 2833 cm ™' is due to C-H
vibrations.**®> The broadening of this band suggests intra-
molecular H-bonding with phenolic oxygen. Vanillin bound
to Ni(u) in a bridged manner exhibited a stretching band at
1665 cm™ " assigned to an aldehydic C=O stretching vibration.
Several sharp-to-medium vibrations between ~1590"' and
1420 cm ™' could be assigned to C-C vibrations, while those
at ~1277 cm™ ' and ~1150 cm™ " could be typical signatures for
C-N and methoxy functionalities, respectively.®**® The char-
acteristic signatures at 1487-1413 cm™ ' may be attributed to
the symmetric stretching of C-O and the methyl group.®” The
presence of a strong absorption band at 2113 cm™' with a
shoulder at 2058 cm ™" indicates coordination of isothiocyanate
(NCS anion) to the two nickel atoms.®® The electronic spectrum
of compound 1 (2 mM) showed a low-intensity broadband in
the region of 600-800 nm when recorded in MeOH solvent.
These bands are attributed to d-d transitions (inset Fig. S2,
ESIt). The molar extinction of bands arising at 673 and 742 nm
is 20.3 and 19 mol " L em ™!, respectively. Upon diluting the
solution to 0.1 mM, we could see bands appearing at 252, 281,
and 317 nm, which can be assigned to intra-ligand n-n* and
n-n* transitions, suggesting the presence of the vanillin moiety
in the compound when compared with the spectrum of free
vanillin (Fig. S2, ESIY).*

3.3. Single crystal structure of 1

The single crystal data of [Ni,(p-van),(u-OAc)(NCS)3;(H,0)]-5H,0
1 reveals that the compound crystallizes in the centrosymmetric
monoclinic crystal system with P2,/c space group. The asym-
metric unit of 1 discloses the presence of two crystallographi-
cally independent nickel(u) ions (Ni1 and Ni2) held together by
a bridging acetate ligand in a p-n":n" (syn-syn) type of coordi-
nation mode and phenolic oxygen (O3 and 06) of p-vanillin
ligands with Ni-Ni separation of 3.001(7) A. Apart from the
bridging ligand, the asymmetric unit also contains three term-
inal isothiocyanate moieties of which two show a linear and one
a bent coordination mode. The asymmetric unit also comprises
one coordinated water molecule attached to the Nil and
five water molecules in the crystal lattice, as shown in Fig. 1.
Both the Ni(u) centers adopt the octahedral geometry; however,
the coordination environments are significantly different. The
octahedron of the Nil centre consists of five oxygen and one
nitrogen atom forming an {NiO5N} coordination environment

OH
Ni(OAc),4H,0 G

(NH,)SCN
O~ H MeOH. RT

p-Vanillin

(€] H o

[Ni(p-van)(u-OAc)(NCS);(H,0)]-5H,0

Scheme 1 Preparation of 1 using the above methodology.
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O1wW

O6W

Fig. 1 Asymmetric unit of 1 with atom labelling scheme. The thermal
ellipsoids are drawn at a 30% probability level for all non-hydrogen atoms.
The hydrogen atoms on the carbon backbone of acetate and p-vanillin apart
from one on phenolic oxygen have been removed for clarity.

(Fig. S3(left) ESIt). The phenolic oxygen atoms (O3 and O6)
occupy two equatorial positions, originating from two-bridging
p-vanillin, with an average Ni-O bond distance of 2.05 A. The
remaining equatorial sites are occupied by one water molecule
(O1W) and one terminal isothiocyanate ligand (N3), adopting
linear coordination mode. The Ni-O1W and Ni-N3 bond dis-
tances are 2.083(3) and 1.994(3) A, respectively, agreeing with
compounds bearing terminal water and isothiocyanates.”® ">
The axial positions are occupied by two oxygen atoms (O1 and
04) from the bridging acetate and methoxy substituent on the
p-vanillin ligand, with Ni-O bond distances of 2.031(2) and
2.148(19) A, respectively, again showing good agreement with
related compounds.”®”* The cis N-Ni1-O bond angles range
from 92.64(12)° to 95.87(10)°, and the trans angle is 171.8°. The
cis O-Ni1-O bond angles range from 77.11(7)° to 92.13(8)°, with
the average trans angle being 17°. The deviation from the
regular octahedron is discernible from bond distances and
bond angles around Nil.

The Ni2 center in the dinuclear compound also adopts an
octahedral coordination, exhibits deviation from a regular
octahedron, and tends to form the {NiO4N2} coordination
environment depicted in Fig. S3 (right), ESL.} Since p-vanillin
is involved in bridging, two equatorial sites are occupied by
oxygen atoms (06 and O3), as at the Nil center. Moreover, the
axial positions here are occupied by two oxygen atoms (02 and
07) from the bridging acetate and methoxy substituent similar
to that in the Ni1 center. The difference lies in the occupancy at
equatorial sites, which are now occupied by two nitrogen atoms
(N1 and N2), forming the coordination of isothiocyanate
ligands. One of the isothiocyanate ligands coordinated through
N1 shows bent-type coordination mode, forming a bond angle

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2024
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of 139.6(3)° for Ni2-N1-C1. Further, the N1 of the isothiocya-
nate ligand with bent mode forms a slightly longer Ni-N bond
2.057(2) A compared to the one coordinating via the linear
isothiocyanate ligand with an average Ni-N bond length of 2 A.
These values are in good agreement with reported compounds
with bent and linear isothiocyanate ligands.””® The cis N-Ni2-
O bond angle ranges from 87.68(11)° to 96.27(10)°, and the
average trans-N-Ni2-O bond angle is 17°. Selected bond dis-
tances and angles are given in Table S1 (ESIt). The bridge
mediated by phenolic oxygens between the two Ni centers is
asymmetric, as can be seen from varying bond distances
between Ni and the phenolic oxygen. The O3 oxygen is attracted
more towards the Nil center with a bond distance of 2.027(19),
whereas the distance from O3 to Ni2 is slightly longer 2.092(2).
A similar observation is made for the O6 atom, which lies more
towards the Ni2 atom with a bond distance of 2.032(19). This
asymmetric type of binding is made possible because of the
presence of a methoxy group adjacent to the phenolic oxygen in
the p-vanillin ligand, which has its oxygen atom coordinating
with metal centers. Thus, it can be said that the variation in
substituents adjacent to the phenolic oxygen will undoubtedly
influence the structural, and therefore, magnetic properties of
the material. Moreover, the bridging of the acetate molecule is
responsible for the non-planarity of the equatorial base at each
Ni(u) site. This results in slight structural folding, with an Ni1-
03-Ni2 bond angle of 93.52(8)° and Ni2-06-Nil of 93.73(8)°.
The geometric parameters of two crystallographically unique
p-vanillin, acetate, and isothiocyanate ligands are in the normal
range as reported in the literature (Table S2, ESIf).””””° The
hydrogens attached to the coordinated aqua ligand bound to
Nil of one dinuclear unit function as hydrogen donors, while
the S atom of the isothiocyanate ligand coordinated to Ni2 via
the N atom of the other unit acts as an acceptor, resulting in
O1W-H1A-: - -S1 intermolecular hydrogen bonding interactions.
The extension of this hydrogen bond along a-axes results in a
1D supramolecular chain structure. These 1D chains are then
extended along b-axes to form a 2D layer structure through
hydrogen bonding interaction with the hydrogen atom bonded
to the terminal carbon of the acetate group (C5) which acts as a
donor atom to the unit in the layer above. The carbonyl oxygen
(08) functions as a hydrogen bond acceptor, thereby inter-
linking the layers in the ab plane, as shown in Fig. 2. These
2D supramolecular layers are further connected through C13-
H13---S1 to a 3D hydrogen-bonded network (Fig. 3). The
hydrogen bonding parameters of 1 are listed in Table S3 (ESIT).

3.4. X-ray powder diffraction

The phase purity of the crystalline powder of 1 was determined
by comparing the experimental X-ray powder pattern of 1 with
its simulated powder pattern obtained using single crystal
structure data (Fig. S4, ESIt). The powder patterns closely
matched, suggesting that compound 1 is in the pure phase.

3.5. Catechol oxidation by 1

The catechol oxidase enzyme catalyzes the oxidation of various
o-diphenols to corresponding o-quinones.®® The active site of
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Fig. 2 Intermolecular hydrogen bond O1W-H1A.--S1"is responsible for
the formation of 1D supramolecular chain assembly along the axes, and
the C5-H5A. --0O8' bond aids in interlinking the chains into 2D layers along
the ab plane.

Fig. 3 Further extension of 2D layers along c-axes through the C13-
H13. - .51 intermolecular hydrogen bond.

the enzyme comprises a hydroxo-bridged Cu(u) core wherein
copper binds to three histidine nitrogens, forming a trigonal
pyramidal structure: a type-3 active site. Due to the advantage of
lower redox potential for the quinone-catechol couple, 3,5-di-
tert-butylcatechol is the most commonly utilized substrate to
determine the catalytic potency of a catalyst.®’ To uncover
the potential of the titled compound in the oxidation of 3,5-
DTBC, we reacted a 1 x 10~* M methanolic solution of 1 with
1 x 1072 M (100 equiv.) of 3,5-DTBC. The solvent was saturated
with O, by bubbling through O, gas for about 2 minutes prior
to analysis. The course of the reaction was then traced as a
function of time with the aid of a UV-Vis spectrophotometer.
The time-dependent spectral scans of 1 in the presence of 100
equiv. of substrate are depicted in Fig. 4. From the figure, it is
clear that a new band appeared at around 405 nm, the intensity
of which increases with time, suggesting the formation of the
product in the reaction mixture. To identify the oxidised
product, the reaction medium was allowed to evaporate at
room temperature, resulting in the formation of dark brown
crystals which were isolated and further purified using column
chromatography and characterized using NMR spectroscopy in
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Fig. 4 Increase in the absorbance band at 405 nm upon the addition of

100 equivalents of 3,5-DTBC to a 10~* M oxygen-saturated methanolic
solution of 1.

CDCl;. The 'H NMR data of the product shown in Fig S5, ESIT is
similar to that reported in the literature for 3,5-DTBQ,** thereby
confirming the formation of the o-quinone derivative in the
reaction medium at 405 nm. The kinetics for the oxidation of
3,5-DTBC to 3,5-DTBQ were determined by the initial rate
method at room temperature. The concentration of the sub-
strate was varied in the range from 0.001 to 0.006 M in
methanolic solution to a total volume of 2 mL. To each of these
substrate solutions, 50 pL from the stock solution of the
complex was added to make the concentration of the catalyst
as 1 x 10°* M. The dependence of the initial rate on the
concentration of the substrate was monitored spectrophotome-
trically at 405 nm. Moreover, the initial rate method exhibited
first-order dependence on the catalyst and exhibited saturation
kinetics at higher substrate concentrations. The Michaelis—
Menten model was thus applied to analyze the observed rate
vs. substrate concentration, while the binding constant (Ky),
maximum velocity (Vi) and turnover number (K.,) were
obtained from the Lineweaver-Burk graph of 1/Vvs. 1/[S] shown
as an inset in Fig. 5. The kinetic parameters (Viax, Km, and Kear)
for compound 1 are presented in Table 2.

The catecholase activity exhibited by compound 1 was
compared with that of compounds reported by various groups,
as summarized in Table S4 (ESIT). The catalytic efficiency of the
present compound was found to be either comparable, higher,
or lower than mono- or dinuclear transition metal compounds
reported in the literature, especially in methanol solvent. Upon
comparing Table 2 with Table S4 (ESIt), it may be stated that
compound 1 belongs to a fairly efficient group of catalysts.

The formation of 3,5-DTBQ is associated with the generation
of water or hydrogen peroxide as the end product during the
oxidation process, as reported for several compounds in the
literature.®* Some reports suggest that the formation of H,0,
largely depends on the metal center involved during the oxidation
process.®” Hence, it was essential to know which species are
formed during the reaction; hence, we utilized the iodometric
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Fig. 5 Plot of initial rates versus substrate concentration from the oxida-
tion of 3,5-DTBC catalyzed by 1. The inset shows the Lineweaver—Burk
plot.

Table 2 Kinetic parameters for the oxidation of 3,5-DTBC

Vinax (M min~") Kear (K1)

157.1 x 10®

Compound K (M)

1 4.364 x 10°* 1.54 x 107°

Note: standard error for Vi (M min~") = 4.839 x 107° and for Ky =
2.622 x 107%,

method. The oxidation of I species to iodine followed by the
generation of I’ species is evident in our case from the absorp-
tion band obtained near 353 nm from the UV-Vis spectral study
(Fig. S6, ESTY).

3.6. Magnetic properties

The temperature (7) dependence of the magnetization (M) in
the presence of an applied magnetic field of H = 100 Oe, was
measured for compound 1. The inverse magnetic susceptibility
[x(T) = M/H] in the temperature range 60-310 K is shown in
Fig. 6. These data show a broad hump-like feature below
~260 K. However, there is no signature for long-range mag-
netic ordering in compound 1. We analyzed the y(7) data
quantitatively. A closer look at the high-temperature data above
260 K shows that the inverse magnetic susceptibility is linear
with temperature. We fitted the data with the Curie-Weiss law,
7(T) = C/(T — 0) in the high-temperature range (260-310 K), and
the fitted line is shown by the solid straight line in Fig. 6a.
Here, C is the Curie constant and 6 is the Curie-Weiss tem-
perature. From the fitting, we get C = 1.0145 cm® K mol ' and
0 = —4.1 K. The low and negative value of 6 indicates weak
antiferromagnetic interaction between Ni(u) spins in com-
pound 1. The effective moment of the compound was calcu-
lated from the Curie constant obtained from the fitting
according to the formula:

Hett = \/(SkBC/NA),

where kg is the Boltzmann constant and N, is the Avogadro
number. We got uee ~ 2.85 ug/Ni>", which is very close to the
expected spin-only moment of Ni** (S = 1), 2.83 ug. Concerning
to the analysis of the T-dependence of susceptibility, the Curie-Weiss
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law works well in the high-temperature range, but fails to reproduce
the hump-like nature below 260 K. This broad hump-like signature
represents the existence of short-range magnetic ordering in the
system. From the crystal structure of compound 1, it is pertinent that
Ni forms the dinuclear part. Hence, a dimer model is one of the
possibilities for modelling the magnetic properties of this com-
pound. We can consider this system as an isolated S = 1 dimer.
Hence, we can write down the Heisenberg interaction as:

H-= —2_15152

where §; and S, are the spins of two Ni** in the Ni-dimer and J
is the exchange interaction between them.®* Now, we can write
down the temperature-dependent magnetic susceptibility as:

E
S(S+1)(28 +1)ex (77)
_ Naglug® 52:20 ( I ) exp kg T

(T) = X0
- 3kgT 2 ( E ) .
285 + exp| ——

g)( Jexp ksT

=)
<>

~
=

=)
>

T=260 K

wn
>

1/x (emu/mol)
LS
(—4

W
=

Expt. data
—— Curie-Weiss fitted line

50 100 150 200 250 300

)

[bl]

x (emu/mol)
S
B

T=260 K
0.02¢
© Expt. Data
Simulated

00K~ T00 150 200 250 300

T (K)

Fig. 6 (a) Temperature-dependent inverse magnetic susceptibility. Scat-
tered points represent the experimental data, while the red solid line is
obtained from Curie-Weiss fitting. (b) The x(T) data along with the
simulated pattern using the isolated dimer model.
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where y, is the Curie contribution, g is the Lande-g factor (we
consider here the standard value of g = 2) and we can write
down the energy. Inserting the value of energy for a spin 1
dimer, we can rewrite the above equation as:

2 2J 6J
6exp| —— | +30exp| ——
_ Naglug’ SX::O{ p( kBT) p( kBT)}

A= 3kpT 1+ 3ex —Z—J + Sex —6—J o
P\ kT P\ 7T

This equation fits the experimental data satisfactorily, as
shown in Fig. 6b. We got 7, =2 x 10> cm® mol " and J/k; =
3.08 + 0.04365 K. Therefore, it is evident that Ni(u) forms a
dinuclear compound because of isolated dimeric interactions
in compound 1. The major contribution controlling the mag-
netic coupling (/ni_ni) in compound 1 is the phenoxide bridge
from p-vanillin, which works as a magnetic exchange pathway
between the Ni(i) centers.®*®> From the theoretical and experi-
mental data, the literature discussed in Table S1 (ESIt) suggests
that the phenoxide-based Ni-O-Ni angle could be one of the
determining factors for the nature of the magnetic interaction
shown by compound 1. It is expected that the phenoxide-
bridged dinuclear Ni(u) will show a more negative Jxi_ni With
larger Ni-O-Ni bond angle than 93-96°. In compound 1, the
average Ni-O-Ni bond angle is 93.5° responsible for feeble
antiferromagnetic interactions between the two nickel centers
and is in good agreement with the well-established magneto-
structural correlation.®¢°

4. Biological evaluation
4.1. Cytotoxicity studies of 1

Compound 1 showed dose-dependent toxicity toward HepG2
cancer cells, as depicted in Fig. 7a. Compared with cis-platin,
only 6.67 = 0.120% cell viability was observed for 1 against
HepG?2 cell lines at 100 pg mL™". The growth inhibition effect
on HepG2 cell lines increased with an increase in concentration
of 1, with 78.9 + 0.11% cell viability at 3.12 pg mL™". Three
dicobalt(u1) complexes of p-cresol-based “end-off” compartmen-
tal ligands 2,6-bis(R-iminomethyl)-4-methyl-phenolate, where
R = N-ethylpiperazine, 2-ethylpyridine or N-ethylpiperidine for
three different compounds inhibited the proliferation of HepG2
by more than 50% at 100 uM mL ™" (~88.86 pug mL~").** However,
in the present study, 33.15 UM concentration (~25 pg mL ")
resulted in >50% cell death. In another study by Biswas et al.,”° a
new azido-bridged dinuclear copper(u) thiosemicarbazide complex
showed cytotoxicity against AGS and A549 cancer cells. The
complex showed concentration-dependent cytotoxic activity with
>50% Kkilling observed for 0.5 ug mL ™" (~0.83 uM mL ") in both
cell lines.

The cytotoxic effect of the synthesized complex on the cancer
cell line was also observed using light microscopy (Fig. 7b). The
untreated HepG2 cells were highly dense, confluent, and abun-
dant, but treatment with different concentrations of 1 inhibited
the proliferation of cells. Additionally, the shrinkage of cells
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was observed after circularization, resulting in a decrease in the
adherence and density of cells. Similar morphological altera-
tions in the HeLa cervical cell line (spherical and granular
changes in shape) have been reported recently in the presence
of nickel with the Schiff base vanillin-4-methyl-4-phenyl-3-
thiosemicarbazone complex.’" It was observed that cis-platin
showed an IC50 value of 2.23 + 0.02 pg mL™" (2.95 uM mL ™)
which is eleven times more effective than 1, ie. 22.82 +
0.09 pg mL ™" (30.26 uM mL '), on HepG2 cancerous cells.
However, an IC50 value of 54.3 & 1.7 ug mL™" was observed
against HeLa cervical cell lines by a complex of nickel with
Schiff base vanillin-4-methyl-4-phenyl-3-thiosemicarbazone.®"
In contrast, IC50 of 4.3 pM and 10 uM were observed for an
azido-bridged dinuclear copper(u) thiosemicarbazide complex
against AGS and A549 cancer cells, respectively.”® Although
compound 1 has a high IC50 value, it is apparent that the
complex can inhibit the proliferation of HepG2 cells in a dose-
dependent manner, indicating that this complex can be used as
an effective agent for antitumor activity. The individual action
of free ligand and Ni(OAc), can be ruled out according to an
earlier report for the [Cu(phen)(van),] complex. The authors
observed individual properties of vanillin, phenanthroline, and
CuCl, above 150 mmol mL™', indicating the non-cytotoxic
effect of these isolated species. The activity of 1 in cancer cells
may be due to the generation of reactive oxygen species (ROS)
through the transfer of electrons from metal ions to oxygen,
resulting in cell death.”® Generally, the metal complexes of
copper, cobalt, zinc, and nickel with various ligands, and
specifically vanillin complexes with these metals have been
reported for their cytotoxicity against various cancer cell lines,
such as B16-F10, HUH-7, 786-0, MCF-7, MDA-MB-231, A375,
LNcaP, HK-2, HepG2 and HeLa.®**°%%2% However, a recent study
has highlighted the applicability of nickel(n) complexes derived
from vanillin with much higher anticancer activities than other
metal complexes, indicating that the anticancer potency is also
metal-dependent.”” In another study, the low cytotoxicity
of ligands (L1, benzyl 2-(cyclobutanylidene)hydrazinecarboxylate;
L2, benzyl 2-(cyclopentanylidene)hydrazinecarboxylate; L3, benzyl

a) 100
90 4
80 B Cisplatin 1 I
— 70 1
£ 60 | *
- I
Z 50 4
T 40
F 50 N
20 o
109
0 +

100 50 25 12.5 62  3.125
Concentrations (ug/mL)

Fig. 7 Cytotoxicity studies of compound 1 against HepG2 cancerous cells
determined using an MTT assay. (a) Percentage cell survival of HepG2
cancerous cells via the dose-dependent anti-proliferative activity of 1. (b)
Microscopic images of HepG2 cells: control cells without 1 (i), cells treated
with 3.25 ug mL~* of 1 (i), and cells treated with 12.5 g mL™ of 1.
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2- (cyclohexanylidene)hydrazinecarboxylate and ammonium thio-
cyanate) and nitrate salts of Co(u) or Ni(u) used to form a series of
mononuclear cobalt and nickel complexes were reported.”® Simi-
larly, Liu et al.”® documented the low cytotoxicity and absence of
DNA cleavage activity for free ligand (H-ClQ) and NiCl, used for the
preparation of a dinuclear Ni(u) complex with 5,7-dichloro-8-
hydroxyl quinolone (H-CIQ).

4.2. DNA cleavage activity

The direct activity of compound 1 on DNA cleavage was
determined by the formation of a relaxed or nicked circular
form (form II) due to a single-strand break or by a linear form
(form III) via a double-strand break from circular supercoiled
plasmid DNA (form I). This study is important since DNA is
reported to be a specific target for metal complexes of transi-
tion elements such as cobalt®® and copper,®® exhibiting
potential antitumor properties. Fig. 8 shows the differential
electrophoreses pattern for DNA cleavage after interacting with
1. From the assay, it is clear that 1 showed a dose-dependent
rise in forms II and IIl. It was observed that, at 80 uM
concentration, DNA cleavage is very prominent with diffused
form I compared to 10, 20, and 40 uM concentrations. However,
decreases in the fluorescence intensity of supercoiled (SC)
(form I), nicked circular (NC) (form II), and linear (L) (form
III) forms were observed for all complex concentrations tested
for DNA cleavage activity, while no DNA cleavage activity was
observed for the control. In the case of the [Cu(phen)(van),]
complex, maximum DNA cleavage activity was observed in the
presence of hydrogen peroxide initiated at 10 pM, resulting in
the formation of relaxed (form II) and linear (form III) DNA
compared to only the relaxed (form II) in the presence of
glutathione.®® The authors also confirmed the improved DNA
cleavage activity due to the vanillin ligand compared to its
precursor complex [Cu(phen)Cl,]. In another study, dicobalt(u)
complexes of p-cresol-based ligands have been reported to
cleave DNA prominently at a concentration above 100 uM,
exhibiting the form II of DNA.** The mechanism of pBR322
cleavage in this study can be explained by hydrolytic cleavage
and the generation of free radicals by compound 1 at various
concentrations, as observed for vanillin or polypyridyl or

~Form II
e Form 111
s b M s Y

Control 10 20 60 80

1 (M)

Fig. 8 DNA cleavage assay employing plasmid DNA pBR322 with 1 at
different concentrations (10, 20, 60, and 80 pM).
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N-ethylpiperazine, 2-ethylpyridine, and N-ethylpiperidine based
metal complexes,®>¢6:100:101

5. Conclusions

A new dinuclear nickel(u) compound 1 bearing vanillin, acetate,
isothiocyanate, and aqua ligands has been synthesized. Acet-
atato ligands act as the capping agent binding the two nickel(r)
ions through syn-syn coordination mode, while the p-vanillin
exhibits bridging through the phenolic oxygen contributing
towards magnetic interactions. Compound 1 showed weak
antiferromagnetic interaction, indicated by the low 6 value
(—4.1 K), obtained by fitting the magnetic data with the
Curie-Weiss law. Compound 1 exhibits catecholase activity in
the oxidation of 3,5-di-tert-butylcatechol to corresponding qui-
none with K., = 157.1 x 10> h™*. Compound 1 also exhibited
potent cytotoxicity and DNA cleavage in biological activity
studies.
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