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Abstract

The present work describes coordination chemistry and biological evaluation of two novel
dinuclear complexes [Coy(HL"),(H,0),]-8H,0 (1) and [Cu,(L?);] (2) obtained from the Schiff
base ligands, H;L!' and H,L? (formed in situ). The two complexes are characterized by single
crystal X-ray, spectral and variable temperature magnetic and theoretical (DFT/TDDFT)
analysis. X-ray analysis confirms both the complexes to be dinuclear with distorted octahedral
and square pyramidal geometry around Co(II) and Cu(II) ions, respectively. Magnetic studies
reveal presence of moderate antiferromagnetic interactions in both the complexes with J=98
(1) and 32 (2) cm™!. The magnetic interactions are further cooroboratedby DFT studies. Co(II)
complex (1) exhibited enhanced catecholase activity with K = 213.48 h'!, which is attributed
to the greater extent of charge contribution on Co?*as compared to Cu?* as determined by DFT
calculations. Furthermore, both the complexes show potent anticancer activity toward HeLa
(cervical) and A549 (lung) cancer cell lineswith ICsy = 6-7 uM at 48 h, which ascertain both
the complexes as better anticancer drugs than cisplatin. Furthermore, 1 and 2 exhibit apoptosis
of Hela cells by demonstrating nuclear blebbingswith shrinking morphology. Hence, the
present complexes could be employed as a model for metalloenzymes as well as potential

anticancer substituents of cisplatin in future course.
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1. Introduction

Chemistry of dinuclear metal complexes has been a promising research area which emphases
on strong interaction of experimental and computational and theoretical studies.!** From the
very preparatory point of the chemistry of ligands and the metals, polymetallic complexes of
Schiff bases are playing noteworthy role in the progress of coordination chemistry.> As evident
from literature of such chemistry, the design, characterization and construction of binuclear
transition metal complexes become important owing to the intriguing structures and fascinating
applications in magnetism, optics, electronics, catalysis and fluorescence.®'* Combination of
transition metals with multidentate Schiff base ligands which are mainly derived from o-
vaniline or salicylaldehyde with aminoalcohols, provides a useful route for designing such
complexes as these ligand systems facilitate terminal oxygen atoms to coordinate in bridging
as well as chelating modes.'>"! The Schiff base ligands containing flexible multidentate
polyalcoholic groups facilitate the formation of clusters due to the presence of hydroxyl group
which is a versatile O-donor.2 Molecules with polyalcoholic groups are interesting moeities
to construct functional chelating Schiff base ligands which with metal ions consequently yield
different types of multinuclear complexes.?! Polyalcoholic Schiff bases can coordinate to the
metal either as neutral or mononegative terminal ligands forming a bridge between two or three
metallic ions generating multinuclear complexes.?>?3 In this study, we report the design and
synthesis of dinuclear Co'-Co™! and Cu-Cu'! complexes by using two reduced Schiff base
ligands with N,0,0,0 or N,N,0,O donor sets alongwith a phenol group. Though some mono
and polynuclear metal(Il) complexes are reported to serve as active catalysts, reports on
dinuclear systems as catecholase active agents are scarce.’*?° Thereby we deduce that the
catecholase activity can be tuned by various factors such as metal ion, metal ion combination,
ligand environment, oxidation states of the metal ions and nuclearity of the complexes.

Literature reveals that the catecholase activity revolves specifically around the complexes of



copper(Il) ions and thus the assurance of the structure-action relationship has not been
plausible.?’ Once again, regardless of the fact that a couple of dinuclear or oligonuclear mixes
containing both Co! and Co!" are known,?3?° the likelihood of catecholase activity of dinuclear

frameworks has not much been emphasised to the best of our knowledge.

Moreover, requirement of anticancer agents has increased during the last few decades due to
increased cases of cancer.® There are many drugs available to treat cancer, however, with low
selectivity®! and much side effects.’> These issues are needed to overcome and a proper drug
with high efficacy and low side effects are a challenge now a days. Coordination chemistry has
evoluted as a promising contributor towards cancer chemotherapy where different complexes
with varying metal and ligand combination can tune the antiproliferative activity.>3 In this
context combination of copper(Il) metal ion with a Schiff base has been proven ultimate to
exhibit anticancer properties. Specially, when the system is dinuclear, the effectiveness of the
drug molecules has been observed to be much enhanced.?* These factors led us design the two
dinucear Schiff base systems screen for the anticancer activities towards the available HeLa
and A549 cell line and the highest activity has been observed for Cu(Il) complex toward both

the cell lines even higher than cisplatin.

In the present study, two dinuclear complexes are designed and assessed for the catecholase
activities and eventual catecholase activity has been examined only in dinuclear Co!' system.3’
The activity is either lesser, comparative or higher than those dinuclear cobalt systems reported
in literature.3%** Our attempt was to synthesize dinuclear Co' or Cu' model complex with an
oxygen donor rich ligand and to assess its catechol oxidase activity ans so we synthesized one
cobalt and one copper complex with ligand H;L'! and H,L? rich in O-donor sites, respectively.
Different kinds of Schiff base ligands which form binuclear complexes are summarized in
Scheme 1. The study of catecholase activity of 1 and 2 shows that only 1 which is Co!! dimer

is active towards the catechol oxidation with K.,=231.48 h~!. The reaction is first order with



respect to substrate and follows the Michaelis-Menten kinetics. Moreover, the complexes are
found to be potent toward the cervical (HeLa) and lung (A549) cancer cell lines to show

apoptosis and these could be employed as anticancer drugs in future endeavors.

2. EXPERIMENTAL SECTION

2.1 Materials and method

CoCl, 6H,0, Cu(CH;CO00); H,0, 2-amino-2-methyl-1,3-propanediol, o-vaniline,
benzaldehyde, ethylenediamine, sodium hydroxide, triethylamine and methanol were
purchased from the Sigma- Aldrich Chemical Co. India. All reagents of analytical grade were

also purchased from commercial sources and used without further purification.
2.2 Physical methods

The FTIR spectra is recorded in the range 4000— 400 cm™! from KBr pellets by using a Perkin
Elmer Model range GX spectrophotometer. Melting points were controlled by the open
capillary method and are uncorrected. The elemental C, H and N investigations has been
performed from Micro-Analytical Laboratory of Central Medication Research Institute
(CDRI), Lucknow, India. Perkin Elmer A-45 UV visible spectrophotometer with cuvettes of 1

cm path length has been utilized to record the electronic spectra of 10> M solution in methanol.

2.3 X-ray crystal structure determination and refinements

Single crystal X-ray diffraction of 1 and 2 were performed at 296 K on a Bruker SMART
APEX CCD diffractometer. X-ray data were collected using graphite monochromated Mo-Ka
radiation (A= 0.71073 A). The International Tables for X-ray Crystallography were used to
determine the scattering factors for the atoms, the anomalous dispersion corrections and the
linear absorption coefficients.*> SAINT Software has been used to process the data integration

and reduction.*® An empirical absorption correction has been applied to the collected



reflections using SADABS*” and the space group is determined using XPREP.*® The structures
were solved by direct methods using SIR-974 and refined on F? by full matrix least squares
using the SHELXL-2016/6 program package.’® Solvent masking of the highly disordered
molecules was done using SQUEEZE command. The void electron count and void volume
pertaining to which were squeezed. Anisotropic displacement parameters have been used to
refine all non-hydrogen atoms. A summary of the crystallographic data and the structure
refinement for the complexes has been mentioned in Table 1. Selected bond lengths and angles

have been summarized in Tables S1 and S2 (ESI).

2.4. Synthesis

24.1. SyntheSiS of [COz(HLl)z(H20)2]8H20 (1)

1 has been synthesized using mechanism depicted in Scheme 2 where the ligands are formed
first in situ and then complexation with metal salt occurs. The Schiff base ligand (H;L') has
been prepared by reacting o-vaniline (0.3 mmol, 0.045 g) and 2-amino-2-methyl-1,3-
propanediol (ampdH,) (0.3 mmol, 0.031 g) in mix solvent (15 mL methanol and 15 mL
dichloromethane) at room temperature. The solution has been stirred for 12 h, and the resulting
yellow color solution formed was treated with CoCl, (0.3 mmol, 0.071 g) which follows the
addition of two drops of triethylamine. The color of solution turns wine red upon overnight
stirring at room temperature. The resulting solution is filtered to obtain dark red block shaped
crystals of 1 suitable for X-ray analysis within a period of one week. The solubility of
synthesized complex has been found in methanol, ethanol, acetone, and water. The complex
decomposes at 260 °C. Yield: 52%, Elemental Analysis (%): C =37.31, H = 6.52,N = 3.63;
Calc. for C4Hs0C0,N,015: C =37.15, H = 6.04, N = 3.47. FTIR spectra (KBr pellets, cm™!):
v(C=N), 1633 cm!;v(C-H), 1444 cm!;v(Co-O-Co), 1177 cm';v(Co-0O), 743

cm™'; v(Co—N), 628 cm !,



2.4.2. Synthesis of [Cuy(L?),] (2)

2 has also been synthesized according to the procedure adopted for 1 (Scheme 3). The Schiff
base ligand (H,L?) are generated in situ by the combination of benzaldehyde and
ethylenediamine in 2:1 molar ratio with mix solvent (15 ml methanol and 15 ml
dichloromethane). The solution is then set to reflux with continuous stirring for 3 h at 60 °C
and is allowed to stand for cooling at room temperature. This cooling is followed by the
dropwise addition of Cu(OAc), H,0 (1 mmol, 0.199 g) and then 1 mmol NaOH to the Schiff
base ligand (H,L?) that turns the solution into green. The solution is stirred overnight at ambient
temperature. The resulting solution is filtered. Dark blue block shaped crystals of 2 suitable for
X-ray analysis have been obtained within a period of two weeks. The solubility of synthesized
complex has been found in acetonitrile, acetone and water. The complex decomposes at 240
°C. Yield: 48%. Elemental Analysis (%): C = 58.29, H = 4.21,N = 8.43; Calc. for
C3,HpgCusN,O4: C = 58.26, H = 428N = 8.49. FTIR spectra (KBr pellets, cm™): v(C=N),
1630 cm™'; v(C-H), 1449 cm!; v(Cu—O—-Cu),853 cm™!; v(Cu-0), 734 cm™!; v(Cu-N), 572

cm L.

2.5. Catecholase activity

To a solution of 10°* M of 1 in methanol, 100 equivalents of 3,5-di-tert-butylcatechol (3,5-
DTBC) in methanol have been added under aerobic condition at room temperature.
Spectrophotometric data have been reported by generating absorbance versus wavelength
(wavelength scan) plots at a regular time intervals of 10 min in the range 200—700 nm. 1074 M
solution of the complex has been treated with 10, 30, 50, 70, and 100 equivalents of a substrate
to determine the substrate concentration dependence of the rate and to determine various kinetic

parameters. The reactions are followed spectrophotometrically by monitoring the increase in



absorbance at 401 nm (corresponding to the quinone band maxima) as a function of time (time
scan).

2.6. Anticancer activity

2.6.1.Cytotoxic assay

HeLa cells have been picked from maintenance cultures in the logarithmic phase, after counting
in a hemocytometer using a trypan blue solution. The cell concentration is adjusted to 5 x 10*
cells ml™! and the cells are plated in 96 well flat bottom culture plates and incubated for 24 or
48 h with various concentrations of the test compounds. MTT dye reduction assay is used to
determine the effect of the drugs on cancer cell viability by measuring the optical density at

590 nm using a micro-plate reader spectrophotometer (Perkin- Elmer 2030).%!

2.6.2. Nuclear staining

Nuclear staining using the DAPI stain has been performed according to the method previously
described.’> Concisely, HeLa cells either treated or untreated with test compounds are smeared
on a clean glass slide, cells have been fixed with 3.7% formaldehyde for 15 minutes,
permeabilized with 0.1% Triton X-100 and stained with 1 pg mL~! DAPI for 5 min at 37 °C.
The cells are then washed with PBS and examined by fluorescence microscopy (Olympus IX
71) to confirm any condensation or fragmentation of the nuclei indicating cells undergoing

apoptosis.

2.7. Computational details

Gaussian09 program package has been used to perform all the DFT computations.’* B3LYP—
D2 functional have been employed for the optimizations of structures.’*>¢ This functional is
reknowned for the predictions of correct spin state structures and energies of molecular

complexes.’” The LanL.2DZ>%-¢! and 6-31G®? basis sets have been used for the Co/Cu centers



and other organic elements (C, H, O and N), respectively. Single point energy calculations are
also performed to compute through Polarized Continuum Model (PCM)® using TZVP64-63
basis set where methanol is used as solvent. All positive values of vibrational frequencies of
optimized geometries are ensured the local minima. The time dependent density functional
theory (TD—DFT) calculations have also been done for understanding the insight of electronic
transitions with the help of ORCA 4.0.1 software.®® The calculations of charge distribution
among molecular orbitals of the Co/Cu complexes have been performed by Chemmisian

software®’. Hydrogen atoms are omitted for the clarity of the presented structures.

3. Results and discussion

3.1. Synthesis

Both the Schiff base ligands have been synthesized in-situ. H;L! is synthesized by the reaction
of 2-amino-2-methyl-1,3-propanediol and o-vaniline in methanol and dichloromethane
medium (Scheme 2) while H,L? has been derived by the mixture of ethylenediamine and
benzaldehyde also in mixed solvent (methanol and dichloromethane) (Scheme 3). Both the in
situ formed Schiff base ligands (H;L' and H,L?) upon treatment with cobalt chloride and

copper acetate yielded 1 and 2, respectively.

3.2. Single crystal X-ray studies

3.2.1. Structural Description of [Co,(HL'),(H,0),]-8H,0 (1)

1 crystallizes in the monoclinic system with space group P2,/c (Fig. 1 and Table 1) containing
two cobalt centers. Selected bond angles and bond angles have been mentioned in Table S1
and S2. These two cobalt ions are present in octahedral environment having different
arrangement of ligands. A partially labelled plot of the complex shows the dinuclear cation is

resulted through two bridging alkoxo oxygen from Schiff base (H;L') ligands. Both the cobalt



ions are present in +2 oxidation state as confirmed by the crystal structure and the bond valence
summation (BVS) calculations (Table S3). One Col center is ligated by two Schiff base
nitrogen (N1 and N2) coordinating trans to each other, and other four coordination sites, which
are in plane and ligated by four oxygens. Out of four oxygens, the two oxygens form bridges
between the Col and Co2 centers and rest of two oxygens belong to phenolic group of Schiff
base ligand. Co2 center has two oxygens of water molecule coordinating cis to each other on
terminal position, two of four oxygens are bridged with Col center and rest of two oxygens of
alcohols from Schiff base (H;L') are coordinating trans to each other. The bond angles
Co02-04—Col and Co02-08-Col, are 95.68° and 98.60°, respectively. The bond lengths,
Col1-04 (1.915 A) and Co1-O8 (1.888 A) are shorter than the Co2—04 and Co2—O8 having
values 2.078 A and 2.018 A, respectively. Due to these variations of angle and bond length,
both cobalt centers are showing slightly distorted octahedral geometry. The Schiff base ligand
behaves as a tetradentate negative O;N-donor ligand with both chelating and bridging modes
when coordinate to the cobalt centers. Each Schiff base (Hs;L!) ligand adopts two five
membered rings and two six membered ring. The crystal structure of 1 is stabilized by non-
covalent O-HO OO, C-HOOOO and O-HOOOCo interactions. Formation of a 1 D
polymeric chain has been observed due to the presence of strong O-H[1[171O and C-H[/[1[10
hydrogen bonding interactions as shown in Fig. 2. Each cluster forms ten hydrogen bonds with
neighboring moieties, resulting in “Zig-Zag” 1 D polymer chain. In crystal lattice, there are

four water molecules, which also consolidate the structures.

3.2.2. Crystal structure of [Cu,(L),] (2)

The molecular structure of 2 is illustrated in Fig. 3. Selected bond lengths and bond angles have
been given in Tables S1 and S2. 2 crystallizes in monoclinic system with C 2/c space group
(Table 1) containing two copper centres. Two Cu(Il) ions and two dianionic Schiff bases result

in the formation of neutral dimeric Cuy(L?), moiety. Both the Cu(II) ions in the 2 adopt penta-



coordinate environment having square pyramidal geometry. The oxidation state of both each
copper ion is +2 which is ascertained by the crystal structure and the bond valence summation
(BVS) calculations (Table S3). Each Schiff base has two nitrogen atoms (N1 and N2) and two
oxygen atoms (O1 and O2) coordinated to Cu(II) ion in square pyramidal manner. Both Cu(Il)
centers are linked via p,-bridged provided by oxygen (O1) of each Schiff base ligand (H,L?).
The Schiff base acts as tetradentate dinegative (O,N;) donor ligand, which adopts both
chelating and bridging modes when coordinate to the Cu(Il) centers. Each Cu(Il) center forms
two six-membered and one five-membered ring. Asymmetric unit of 2 contains one Cu(II) ion
having square planar geometry. Each Cu(Il) ion possesses three phenoxide oxygen atoms in
which two oxygens are p,-bridged and one oxygen is on terminal position. Axial bond length
of both Cu(II) ions is longer than equatorial bond length. Due to axial bond elongation, 2 has
slightly distorted square pyramidal geometry. The structure of 2 is stabilized by C-H[1[1[1O,
C-H[I[J[JM and C-H[J[][IC interactions. There are two types of polymeric chains i.e. 1 D
and 2 D. Both intermolecular as well as intramolecular H-bonding has been noticed in the
crystal lattice. 1 D polymer chain is generated as a result of intermolecular H-bonding while 2

D polymeric sheet is generated due to the occurance of both intra and intermolecular H-bonding

(Fig. 4).
3.3 FTIR, UV-visible and PXRD

The presence of imine, metal nitrogen bonding, metal oxygen bonding of water and alcohols
and aryl-alkyl ether of Schiff base ligand have been characterized by FTIR spectra of 1 and 2
that give rise to a number of characteristic vibrations (Fig. S1, ESI). The spectra give sufficient
information about the nature of Schiff base ligand and their coordination modes with different
metal ions. The spectrum of 1 shows a broad peak in the range of 3400-3200 cm™! which can
be assigned to the free water molecule in the moiety.%® Both 1 and 2 show strong peaks due to

imine characteristic (C=N) function at 1633 and 1630 cm’!, respectively. Only 1 having phenyl-



methyl ether group on the Schiff base ligand exhibits a characteristic band at 1249 cm!.
Bending vibrations of methylene and methyl groups, v(C-H) appear in the range 1470-1444
cm!. Further, the bridging M—O-M bonding gives a peak at 1177 and 853 cm! in 1 and 2,
respectively. Bands due to M—Oand M—-N bonds appear in the region 400-450 cm'!. The
electronic spectra of the aqueous solutions (10> M) of the complexes exhibit number of bands
corresponding to ligand-to-metal charge transfer (LMCT) and n—n* transitions besides those
attributed to the ligand field (d-d) transitions arising from the crystal field splitting (Fig. S2,
ESI). 1 and 2 show highest energy vibrational bands at 256, 365, 390 and 220, 240, 255 nm,
respectively, assignable to charge transfer (L—M).%° The relatively weak intensity broad bands
at 525, 700 nm (1) or 558 nm (2), characteristic of ligand field d-d transitions of the metal ions
have been observed in visible region of the spectra. The phase purity of the complexes was
ascertained by powder X-ray diffraction (PXRD) analysis. The as-synthesized and simulated

PXRD patterns were identical confirming the bulk purity of 1 and 2 (Fig. S3, ESI).

3.4. Magnetic studies

A dinuclear core is formed as a result of bridging of two metal centers via two doubly bridged
alkoxides. Fig. 5 illustrates that there are two types of Co—O(R)—Co bond angles (95.68 and
98.60°). The ), T product at 300 K has been found to be 5.7 cm® K mol-! for 1 which is higher
than the spin-only value of 3.75 cm?*Kmol'! for two non-interacting co(Il) centers (S = 3/2,
g =2 leads to C =15/8 cm? mol! per Co" ion) (Fig. 5). We evaluate C = 2.84 ¢m? mol-! per
ion leading to g = 2.44 from this y,,T product at room temperature. Similar trends have been
found in common for clusters containing Co'! ions and shows the influence of the unquenched
orbital angular momentum on the magnetic properties. y,7 is found to be constant on
decreasing the temperature upto 50 K. Further decrease in temperature led to the increament of

xuT product that reaches to a maximum value of 6.0 cm? K mol! around 20 K. At lowest



measured temperatures the y,,7 product is decreased again. The moderate ferromagnetic
interactions alongwith magnetic anisotropy are responsible for such trend of the y,7 product.
However, highly anisotropic systems like Co!! contradict such conclusions. The M vs H plots
of 1, at low fields, increases rapidly while much slowly at higher fields. However, no saturation
has been observed until 7 T that supports the presence of magnetic anisotropy in the system.
The magnetization value at the highest measured field (7 T) and the lowest temperature (2 K)

is found to be 4.21 pg.

Free cobalt ions are seven times degenerate in the orbital angular momentum that pertains to
the “F ground state. It tends to split into the three levels 3A,, 4T, and “T;, with the latter being
lowest in an octahedral ligand field. These levels are separated well by an energy difference in

the order of ten thousand Kelvin. Thus, only the lowest level 4T, has to be regarded.

L=(-3/2i
Where, & being lesser than one.
The state “T consists of three orbital angular momentum states and can, therefore, be modeled

by an effective orbital angular momentum | = 1, whose orbital angular momentum operator is

related to the orbital angular momentum operator Zin T, and P bases (Z(T,)=(3/2)L(P).

Since 4T has the same symmetry as the higher state *P, the symmetry mixing is from a 4T,
term of “P states. This can be represented by introducing an orbital reduction factor k, yielding
an orbital angular momentum operator.

Further splitting of T ground state has been observed under the distortion of the ligand field
and the spin-orbit coupling, yielding a sequence of Kramer’s doublets with splitting on the
order of several 100 K. The ground state Kramer’s doublet is found to be thermally populated

below temperatures of about 50 K only. Hence, the magnetic behaviour can be described by an



effective spin Hamiltonian with an effective spin T = 1/2 for each Co'! center.”®’! The advantage
of this model is the dramatic reduction of the dimension of the Hilbert space. In this effective
description, the magnetic couplings and g factors are anisotropic. Assumption of uniaxial
anisotropy has been made to reduce the number of magnetic parameters. All M vs. H (Fig. 5,
inset) and the y7 curve at temperatures below 50 K have been fitted simultaneously to the

following Hamiltonian to avoid over parameterization:

A

H = —(J+AJ T Toy T T1,y72,y)_J71,sz,z

+ Uy Z(gi,xy (fi,xBx + fi,yBy )+ gi,zfi,sz )
i={1,2} (1)

Here, J is the coupling constant and AJ is the energy gaps between the ground and excited
eigenvalues. The magnetic data of 1 are fitted and the magnetic parameters obtained are,
J=98(5) K, AJ=-49.0 (1.3) K, g\, =2.967(21), and g, = 7.001(6). The data are indicative of
the moderate ferromagnetic interactions between Co(Il) centers.

The temperature dependence of the magnetic susceptibility for 2 has also been measured under
an applied dc field of 0.1 T in the temperature range 2—-300 K. Plot of y\T versus T (ym is the
molar magnetic susceptibility per two Cu(Il) ions) shows moderate ferromagnetic behavior for
2 (Fig. 6). The experimental yuT value at room temperature (1.01 cm3*Kmol™) is higher than
the theoretical one expected for the two isolated copper(Il) ions [ymT = 2(NB?g?/3k)S(S + 1) =
0.749 cm? K mol™!, wherein g = 2.00 is the spectroscopic splitting factor, N = Avogadro’s
number, 8 = the Bohr magneton, k = Boltzman’s constant, and S = %:].7> The plot exhibits the
behavior of a weak ferromagnetically coupled dinuclear molecule with a continuous increase
of the y\T value on lowering the temperature. This attains a maximum value of T i.e, 1.18
cm?Kmol™! at 28 K after which it starts to decrease slightly upto the yuT value of 1.12
cm?*Kmol ! at 2 K. The M vs H curves of 1 increased rapidly at low fields in linear fashion and

more slowly at higher fields (Fig. 6, inset). However, no saturation was observed until 7 T at 3



K. At 2 or 3 K, the magnetization value gets nearly saturated. The magnetization value at the

highest measured field (7 T) and the lowest temperature (2 K) was 2.20 pg.

The magnetic behaviour has been modeled using a Heisenberg spin Hamiltonian for a dinuclear
model (Eqn 2) and a fit of y,,T vs. T to the Bleaney—Bowers expression (S = %2 ) (Eqn 3) using
g=2.20

H= _ZJ[Slgﬂ (2)

2NB2g? 1

KT 3+ exp( _]/KBT)

Xm(T) = (3)

Best-fit parameters were obtained by minimization of the agreement factor R (Eqn 4):

ZOA'T — X°T)?
= " sy P
The temperature independent paramagnetic (TIP) contribution [49] is at first added in the
calculation. The fitting gives J = 32(2) cm™! with R =1.23 x 10* (g = 2.0 is adopted for fittings)
showing presence of moderate ferromagnetic interactions between the two Cu(II) nuclei. The
magnetic interactions in both the complexes have further been cooroborated by theoretical

(DFT) studies (vide infra).
3.5 Catecholase activity

Dinuclear complexes derived from Schiff base ligands have been proven to show an efficent
catecholase activity towards 3,5-di-tert-butylcatechol (3,5-DTBC). 3,5-DTBC has low
quinone-catecholase reduction potential due to the presence of bulky tertiarybutyl substituents
on its ring and tends to get easily oxidized to the corresponding quinone. The course of the
reaction is followed by UV-Vis spectroscopy. The time dependent UV-Vis spectral scan is

performed in pure methanol. 3,5-DTBC shows maximum absorption at 401 nm in methanolic



solution. Before implimenting the kinetics of the reaction in detail, we first need to check
whether the dinuclear complex can oxidize the 3,5-DTBC. As a result of which 1 x107* mol
dm0of 1 and 2 under aerobic condition have been treated with the methanolic solution of 3,5-
DTBC. After the addition of 3,5-DTBC to the methanolic solution of 1 and 2, the reaction is
examined for 2 hours. Upon addition of 3,5-DTBC the spectral run done immediately exhibits
increment of the absorbance nearly above that band (Fig. 7) in case of 1. 2 does not exhibit any
noticeable change in spectral pattern after addition of 3,5-DTBC thus indicating its catechol
oxidase inactivity. Kinetic study of the oxidation of 3,5-DTBC to 3,5-DTBQ facilitated by 1 is
carried out by the method of initial rates, following the absorption increase at 401 nm. The
experiment is performed with the complex (at constant concentration of 1 x10™*mol dm3) and
3,5-DTBC (varying the concentration from 1 x10mol dm3to 1 x102mol dm3) in methanol
using a UV-Vis spectrophotometer. The experimental procedure includes the preparation of
the substrate 3,5-DTBC and the stock solutions of the complex at higher concentration in pure
methanol medium. Moreover, 2 ml of 3,5-DTBC at a proper concentration obtained by perfect
dilution from the stock arrangement was taken into a UV-Vis quartz cell and kept for some
time inside the cell holder, which was associated to a thermostat to keep the temperature 25
°C. Furthermore, 0.04 ml of the stock solution of the complex was added to it to accomplish a
definitive concentration of the complex as 104 mol dm3. The formation of 3,5-DTBQ was
examined with time. Applying the initial rate method to determine the value of the rate constant
for each concentration of the substrate and each experiment was repeated three times. For the
complex, the average rate constant value shows that the rate is first order at low concentration
of the 3,5-DTBC substrate but zero order at high concentration of substrate. Figure 8 indicates
the dependency of initial rates on substrate concentration for the oxidation of 3,5-DTBC to 3,5-
DTBQ catalyzed by 1 in methanol. The rate dependency on the concentration of the substrate

may be examined by the saturation kinetics and a treatment based on the Michaelis—Menten



model seemed to be appropriate. We consider the mechanism of formation of the catalyst-
substrate complex (CS), which subsequently breaks down in the second step to form the free

catalyst (C) and the product (P) as shown below:

The above equation prompts to the well-known Michaelis—Menten equation:

Viax [S]
Ky +[S]

Where [S] = concentration of the substrate (3,5-DTBC); V = initial rate; Ky = (ko + k3 )/k; ,
Michaelis—Menten constant for the metal complex and V,,,x = maximum initial rate attained
for a specific concentration of the metal complex in the presence of a large excess of the 3,5-
DTBC. The Michaelis—Menten equation can be changed algebraically into other arrangements
that are more useful in calculating and plotting the data. Mostly used transformations is derived
simply by taking the reciprocal of both sides of Michaelis-Menten equation which reduces to

the well known Lineweaver— Burk Equation as follows:7374
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The binding constant (Ky;), maximum velocity (V.x), and rate constant for dissociation of
substrates (i.e., turnover number, K,,) were calculated for 1 using the Lineweaver—Burk graph
of 1/V vs. 1/[S] (Fig. 6), using the above equation and the kinetic parameters are presented in
Table 2. From the data, it is evident that the catecholase activity of the present complex is either
lesser, comparative or higher than those similar dinuclear systems3¢-3® obtained from the Schiff

base ligands (Scheme 1).



3.6. Anticancer activity

3.6.1.Inhibition of cancer cell viability

We study the viability of A549 and HeLa cells using the MTT assay to assess the
antiproliferative efficacy of 1 and 2. A highly proliferative human cancer model is supported
by A549 and HeLa cells. The complexes show a reduction in the viability of both A549 and
HeLa cells in a dose-dependent manner. 1 and 2 gave the ICs, values in the range 7-30 and 6-
19 uM for A549 and HeLa cell lines, respectively. At 24 h, A549 cell shows maximum ICs,
value, i.e., 30.88 uM (1) and 17.74 uM (2), whereas at 48 h, these cell lines shows ICsy = 20.29
and 14.25 uM respectively, by 1 and 2. Similarly, in HeLa cell, 1 and 2 shows the maximum
value of 1Cs, i.e., 30.20 and 19.89 uM at 24 h, whereas 7.339 and 6.722 uM at 48 h,
respectively. Cytotoxic activity of 2 is found to be higher than 1 in both A549 and HeLa cells,
which is directed by the ICsy values with the dose dependence listed in Table 3 and Fig 9.
Overall impression supports that 1 and 2 show highest anticancer activity against HeLa cell
lines at 48 h (with lowest ICsy values). These activities are even higher than those shown by

well known drug cisplatin.

A conceivable single shot medication to check cancer growth has been unambigious until this
point, because of their various events over a hundred structures, and a few instances of a repeat
of disease post chemotherapy and medical procedure are outstanding. Interestingly, equating
the efficacy of our synthesized novel copper and cobalt compounds against the presently
available common chemo drugs sold to patients, we found that Cisplatin, Gefitinib,
Gemcitabine, 5-Fluorouracil, and Vinorelbine had an ICsy of 13 uM, 20 uM, 35 uM, 40 uM
and 48 uM, respectively, on HeLa cells under conditions similar to our experiment.”> These
findings would be proven to introduce our compounds (1 and 2) as future drug candidates with

improved efficacy.



3.6.2. Nuclear staining assay

DAPI staining has been performed to investigate the apoptotic potential of test compounds (1
and 2) in HeLa cells. Chromatin condensation during the process of apoptosis (type I
programmed cell death) is a characterizing marker of nuclear alteration. HeLa cells are treated
with 25 uM and 15 puM of 1 and 2, respectively. All the doses were given below the calculated
ICs and the cells are incubated for 24 h before the DAPI nuclear staining assay. When the cells
are examined under a fluorescent microscope with a DAPI filter, it is found that the control
cells are hardly accompnied by any sort of condensation in comparison to the activity of the
test compound (as shown in Fig. 10). All images clearly demonstrate the brightly condensed
chromatin bodies and the nuclear blebbings, marked by arrows in the figure. Besides nuclear
changes, the drug treated groups have also revealed a shrinking morphology, which is another

important hallmark of apoptosis.

3.6. DFT and TD DFT studies

We have employed the density functional theory calculations on both the complexes (1 and 2)
to aid our interest to correlate the structure-activity relationship of coordination compounds’®.
Four possible spin interactions between unpaired electrons of both the cobalt centers have been
found in 1. The two Co(Il) nuclei can be coupled either ferromagnetically or
antiferromagnetically through high-high spin or low-low spin surfaces (Table 4). We have
optimized all possible interactions and our computations predicted that ferromagnetic
interaction (St=3) on high spin is found to be the ground state while other interactions are
higher in energy (Table 4). The optimized structure and its corresponding spin density plot of
the ground state of 1 are shown in Fig 11 (a) and rest of the possible interactions are shown in
Fig 12. The presence of three unpaired electrons on each metal centre of 1 has been confirmed

by the spin density values (p=2.662 on Col and p=2.698 on Co2) (Fig 11 (a)). Similarly, we



have also optimized 2, which has two possible spin interactions i.e. ferromagnetic (St=1) or
antiferromagnetic (St=0). We have also optimized both of these and our calculations show that
ferromagnetic interaction is computed to be the ground state which is also observed in earlier
studies.””-”® The optimized structure and its corresponding spin density plot are shown in Fig
11b (for ferromagnetic) and Fig 13 (for antiferromagnetic). The spin density value (p=0.557)
on both the Cu is same confirming the presence of one unpaired electron on each copper centre

(Fig 11b). The X-ray data favor the authentication of our computed structural parameters.

The Mulliken frontier molecular orbital (FMO) composition in the ground state (St=3) of the
1 shows that HOMO has 22% and 44% charge contributions on the Col and Co2 centers,
respectively and a sum of 6% on both the Schiff bases (L1 and L2) while 25% on H,O (1) and
3% on H,O (2) (Table 5). Next, in (H-1) and (H-2) orbitals both the metal centers have similar
charge contributions; 2% on each metal atom. Whereas L1 shows 24% in (H-1) & 71% in (H-
2) orbital and L2 bearing 72% in (H-1) & 24% in (H-2) orbital. Both the water molecules have
no charge contribution (0%) in (H-1) orbital while H,O (1) has 1% of charge contribution in
(H-2). In (H-3) orbital, Col has 9% and Co2 has 68% of charge contribution and L1 & L2 have
a sum of 8% of charge contribution (4% on each) whereas both the water molecules have 3%

(H,0 (1)) and 12% (H,0 (2)).

Next, in (H-4) orbital Col has 1%, Co2 has 78%, L1 & L2 have 20% (10% on each) and H,O
(1) has 1% while H,O (2) has no charge contribution (Table 5). In the LUMO, most of the
charge is accumulated on both the L1 (69%) and L2 (28%) ligands while Co2 and both H,O
show no charge contributions. In (L+1) orbital, mostly charge is concentrate on both L1 (27%)
and L2 (68%) ligands whereas Col has 4% and Co2 has 1% of charge contribution. Next, in
(L+2) orbital, charge contribution on Col has increased quite high (28%) compared to (L+1)
orbital. In (L+2) orbital there is no charge contribution on Co2, H,O (1) and H,O (2) while L1

shows 39% and L2 shows 33% charge contribution. In (L+3) orbital, Col shows 19%, Co2 &



H,0 (2) shows 1% on each and both L1 and L2 show 36% and 43% charge contribution,
respectively. Next, in (L+4) orbital a noticeable amount of total charge (89%) is accumulated
on L1, whereas L2 has 9%, Col and Co2 have 1% on each while both the water ligands have
no charge contribution. 1 shows more charge contribution between molecular orbitals as
compared to 2. More charge contributions in metal orbitals are responsible for the enhanced
catecholase activity of the complex 174,

Furthermore, the metal charge contributions of the ground state (St=1) of 2 shows that HOMO
has 2% charge contribution from each of the metal atoms and overall 4% on both metal centers
while 48% from each of the ligands (L1 and L2), and overall 96% on both the ligands. In (H-
1) orbital, 8% charge is present on metals (4% on each) while 92% charge is present on ligands
(46% on each). In next (H-2) orbital, it is decreased with one unit (3%) on each metal center
and increased one unit on each ligand with 47%. In (H-3) orbital, charge on metals increases
with two units (5%) on each metal atom with total 10% on both and decreases by two units on
each ligands (L1 & L2) with 45% with total 90%. Next, in (H-4) orbital, charge accumulation
also increases on metal by three units (8%), aggregated with 16% on both the metals while on
ligands aggregated charge accumulation is 84%. LUMO and (L+1) show same charge
contribution, 1% from each metal center and overall 2% on both metals and 49% from each
ligand and overall 98% on both ligands (Table 5). In (L+2) orbital, the charge contribution
results are similar to HOMO i.e. 4% on both the metal centers (2% on each metal) and 96% on
both the ligands. Next, in (L+3) orbital, the charge is totally accumulated on the ligands
whereas there is no charge availability on both metals. While in next orbital (L+4) remarkable
charge is concentrated with 84% (42% each) on metals and 16% on both the ligands. Low
charge contribution in molecular orbitals of the complex demonstrates its negligible
catecholase activity. Our computed charge distributions unfold more catecholase activity of 1

than 2.



TD-DFT calculations have also been performed on the ground state to understand and explore
the absorption spectra of 1. Five peaks at 319, 348, 415, 571 and 812 nm have been observed
(shown in Fig 14). The first peak observed at 319 nm pertaining to the metal to ligand charge
transfer (MLCT) transition. The peaks at 348 and 415 nm also pertaining to the MLCT
transition. The next two peaks at 571 and 812 nm indicate the d—d transition such as o—(Col 4x,)
—a—(Colygy,) and a—(Co24x,) >a—Co024,%), respectively. TD-DFT has also been done for the
computations on the ground state of 2 to understand its electronic nature. We have got four
peaks at 328, 383, 425 and 519 nm (Fig 15). The first two peaks at 328 and 383 nm show same
kind of charge transfer transition i.e. metal to ligand charge transfer transitions whereas peak
at 425 nm corresponds to ligand to metal charge transfer transition. The next peak computed at
519 nm shows d—d charge transfer transition i.e. S~(Cugyy) —S~(Cugy’?). These transitions are

also in correlation with experimental observations.

4. Conclusion

We have designed two dinuclear (Co'(1) and Cu''(2)) complexes derived from Schiff base
ligands to explore their coordination chemistry for biological activities. The bonding
characteristics of the ligands, and distorted octahedral and square pyramidal geometry around
Co'l and Cu centres, respectively have been confirmed by the characterization data including
X-ray studies. The moderate ferromagnetic exchange between the metal centres in molecules
has been ascertained by variable temperature magnetic measurements. Theoretical calculations
(DFT) also support these magnetic interactions. 1 exhibits potential activity towards the
oxidation of the 3,5-DTBC to 3,5-DTBQ and could be employed as model metalloenzyme
(catechol oxidase). This activity has been authenticated by DFT and is attributed to the higher

charge contribution on metal in case of 1 as compared to 2. Moreover, the present complexes



(1 and 2) screened for HeLLa and A549 cells lines have been proven to show better anticancer
activity than cisplatin with ICsy = 7.0 at 48 h. The fluorescence microscopy reveals the
apoptosis with blebbing and striking morphology as has been observed for HeLa. Thus, the
results show that the present complexes seem to be promising model metalloenzymes as well
as anti cancer angents and the activity can be further tuned by structural modifications. This
work provides an insight to the designing and development of new dinuclear Schiff base

complexes for desired biological activities.
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Graphical Abstract

Two Schiff base dinuclear Co, and Cu, complexes are designed, characterized and evaluated
for catecholase and anticancer activities. The magnetic and biological properties are
beautifully corroborated by theoretical (DFT/TD-DFT) calculations. Insights into the structure-
activity relationship would lead tune the properties for future endeavours.
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Highlights

Two new Schiff base complexes are designed and characterised.

The complexes exhibit potent anticancer activity toward HeLa (cervical) and A549
(lung) cancer cell lines with ICsy = 6-7 uM at 48 h.

The complexes exhibit apoptosis of Hela cells by demonstrating nuclear blebbings with
shrinking morphology.

Co(II) complex (1) exhibited enhanced catecholase like activity (for oxidation of 3,5-
di-tert-butylcatechol to corresponding quinone) with K.,= 213.48 h'!.

This catecholase like activity is attributed to the greater extent of charge contribution
on Co?" as compared to Cu®" as determined by DFT calculations.

Experimental results are corroborated well by theoretical calculations.
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Scheme 1. Structures of some Schiff base ligands used to prepare dinuclear complexes.36-44
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Scheme 2. Synthetic procedure for 1.
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Scheme 3. Synthetic procedure for 2.

Fig. 1. (a) Perspective view of 1 (lattice species omitted for clarity). (b) Packing of diagram
of 1.



Fig. 2. (a) 1D chain generated as a result of C-H---O interactions. (b) 1D chain generated as
a result of O—H---O interactions.
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Fig. 3. (a) ORTEP view of 2. (b) asymmetrical structural unit of 2. (¢) Packing diagram of 2.



Fig. 4. (a) 1D polymer of 2 due to C—H---O interactions. (b)1D polymer of 2 due to C-H----
M interactions.(¢)2D sheet formed by various H-bonding interactions.
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Fig.5. T vs. T plot of magnetic susceptibility for 1. The solid line in the main plot represents

the best-fit with the L-S model to the magnetic data of 1. Inset: Magnetization as M vs. H for

1. The dots represent the measured data, while the solid lines represent the best fits using the
effective model.
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Fig.6. yT vs. T plot of magnetic susceptibility for 2. The solid line in the main plot represents
the best-fit with the L-S model to the magnetic data of 2. Inset: Magnetization as M vs. B for
2. The dots represent the measured data, while the solid lines represent the best fits using the

effective model.



0.8

3,5-DTBQ

e
o

Absorbance
o
F-9

0.04

350 400 450 500
Wavelength

Fig. 7. UV- Visible spectrum of 1 and 3,5-DTBC and changes in UV-visible spectrum of 1
upon addition of 3,5-DTBC.
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Fig. 8. (a) Initial rates versus substrate concentration for the 3,5-DTBC—3,5- DTBQ
oxidation reaction catalyzed by 1 in methanol. (b) The Lineweaver—Burk plot (Symbols and
solid lines represent the observed and simulated profiles, respectively).
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Fig. 9. Plots representing the effect of 1 and 2 on cancer cell viability and growth: A549 (a)
and HeLa (b) cells upon treatment with different concentrations of the test compounds for 24
h and 48 h and then cell viability is measured by the MTT assay.

DAPI Only

Fig. 10. Representative morphological changes observed in nuclei of HeLa cells: after
treatment, HeLa cells from the control and the treated group were fixed with 3.7%
formaldehyde for 15 min, permeabilized with 0.1% Triton X-100 and stained with 1 pg ml—1
DAPI for 5 min at 37 °C. The cells were then washed with PBS and examined by
fluorescence microscopy (Olympus IX 71) (200x).



Fig. 11. B3LYP-D2 optimized structures and their spin density plots of the ground state of (a)
1 and (b) 2.

Fig. 12. B3LYP-D2 optimized structures of (a) antiferromagnetic (St=0), (b) ferromagnetic
(St=1) and (c) antiferromagnetic (St=0) of the 1 and their corresponding spin density plots.



Fig. 13. B3LYP-D2 optimized structure of antiferromagnetic interaction (St=0) of 2 and its
corresponding spin density plot.
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Fig. 14. B3LYP TD-DFT simulated electronic absorption spectrum of the ground state
(ST=3) of the 1 and its corresponding orbitals involved in the transitions.
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Fig.15. B3LYP TD-DFT simulated electronic absorption spectra of the ground state (St=1)
of 2 and its corresponding orbitals involved in the transitions.



Table 1. Crystal data with refinement parameters for 1 and 2.

1 2
Molecular formula CysH42Co,N,044 Cs,H,5Cu,N,40,
Pearc( g cm3) 1.4716 1.654
;Ft, v L . 1116 1.09526
ComplexT Z@E (uﬁ‘ 273.Q;EL3 (uM) 203&)
@A crom 48HT mort il 48hr . ini
Y onoclinic
U spadlghup 2029 P2, 020 7339 o
2 g A4 14.25 9.73%3 6.722 56 594(2)
cisplatin 5 321.3 40 14 255 (11) 16 6.9048(6)
G A 22.7407(16) 14.5534(11)
A° 90 90
B,° 94.779(2) 97.573(4)
re 90 90
h -12<h<12 -31<h<31
k -19<k<19 -8<k<8
I -30<1<30 -17<I17
v, A3 3161.3(4) 2649.1(4)
z 8 4
Wavelength, A 0.71073 0.71073
Radiation type MoKa MoKa
O min, ° 2.10 3.035
O max, ° 28.29 24.990
Independent Refl. 7822 2324
Reflections collected 5412 2127
wR2 (all data) 0.2413 0.0581
wWR2 0.1986 0.0558
R1 (all data) 0.0294 0.0294
R1 0.0723 0.0254

Table 2. Summary of kinetic parameters for oxidation of DTBC of different dinuclear Co
complexes with ligands given in Scheme 1 and the present complex (1).

Complexes Keatlh] KmIM] Vimax[Mmin-1] Ref.
[Co,L3(N3)s] 482.16 0.003011 2.009x104 36
[Co,L3(N3)3] 45.38 0.001576 1.891x10°5 36
[CoaL*(Ns)s] 114.24 0.001179 4.76x105 37
[Coa(HL5),(H,0)(CH3CH,0H)]* 21408 0.008815 3.56x102 38
[Co"Colly(H,L5),(L4)Cl,] 24353 0.008972 4.05x102 38
1 213.48 0.00584 5.93x102 This work

Table 3. IC5y values of 1 and 2 against cancer cell lines.



Table 4. Various possible spin state configurations of 1 and 2.

Spin States

Spin Interactions

Metall

Metal2

Relative Energy

(kJ/mol)
1
S$1=3 Ferromagnetic T\V’\V’*‘r ‘N-‘N-‘f‘f“f 0
Sr=0 Antiferromagnetic NN NN 393.5
Si=1 Ferromagnetic 'N-TVN-T ‘N-‘N-‘N-‘f 100.2
Sq= Antiferromagnetic N‘N‘N-‘I‘ 'N"f\l"N"l' 337.5
2
Sr=1 Ferromagnetic 1\***1’*1’** 'N-f\l-fwl-f\l-f 0
$1=0 Antiferromagnetic 4N,f¢,1~¢,f¢,f 'N-f\l-fwl-f\l"lv 151.9

Table 5. The Mulliken frontier molecular orbital (FMO) compositions in ground state of 1 and

2.
% Contributions
1
Orbital Energy (in eV) Metall Metal2 L1 L2 H,0 (1) H,0 (2)

H-4 -5.515 1 78 10 10 1 0
H-3 -5.135 9 68 4 4 3 12
H-2 -4.867 2 2 71 24 1 0
H-1 -4.293 2 2 24 72 0 0

H -4.215 22 44 3 3 25 3

L -0.967 3 0 69 28 0 0
L+1 -0.624 4 1 27 68 0 0
L+2 -0.574 28 0 39 33 0 0
L+3 -0.094 19 1 36 43 0 1
L+4 0.435 1 1 89 9 0 0
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H-4 -5.727 8 8 42 42 -
H-3 -5.442 5 5 45 45 -
H-2 -5.209 3 3 47 47 -
H-1 -5.191 4 4 46 46 -

H -5.058 2 2 48 48 -

L -1.397 1 1 49 49 -
L+1 -1.319 1 1 49 49 -
L+2 -1.176 2 2 48 48 -
L+3 -1.144 0 0 50 50 -
L+4 0.532 42 42 8 8 -
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