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Abstract A new series of six bioactive mononuclear transition metal
complexes was prepared by reacting two V-shaped Schiff base ligands,
namely, L 1-(4-((4-(dimethylamino)benzylidene)amino)phenyl)ethan-
1-one and L2: 1-(4-((3,4-dimethoxybenzylidene)amino)phenyl)ethan-
1-one, with a stochiometric ratio of 1:1 metal to ligand. Analytical
measurements and spectroscopic analyses were used to characterize
the complexes. The calf thymus-DNA (CT-DNA) binding character-
istics of the free ligands and their complexes have been examined by
electronic absorption titration, ethidium bromide-DNA displacement
experiments and viscosity measurements. The results support that the
ligands and their complexes bind to DNA via an intercalative bind-
ing mode, and the affinity for DNA is more strongly in the case of
complexes when compared with ligands. Moreover, in vitro antioxidant
scavenging studies have shown that the complexes exhibited potential
antioxidant properties.

Keywords mononuclear complexes; V-shaped ligands; spectra; CT-
DNA-binding; antioxidant activities

1. Introduction

Interest in synthesis new bioactive Schiff bases as well
as their metal complexes was accompanied with the
development of the fields of bioinorganic and medicinal
chemistry because of their versatile applications across
many biological fields [1]. Many Schiff bases and their
corresponding transition metal complexes were found
to be considered as antimicrobial [2], antibacterial [3],
antitubercular [4], antitumor [5], anticancer [6], antiviral [7],
anti-inflammatory [8], antioxidant [9], cytotoxic [10], DNA
binding and DNA cleavage [11] and antidiabetic activi-
ties [12]. Among those metal complexes, the derivatives
built from the coordination of V-shaped Schiff base ligands
showed interesting potential applications according to their
pharmacological activity, mechanism of transformation,
inhibitory properties and tautomerization reactions in
biological systems [13,14,15,16]. Hazardous chemicals
and carcinogens have the capacity to adhere to DNA
strands, potentially disrupting their function as receptors
within cells. This interference can result in defects during

DNA replication, consequently fostering the growth of
tumors. Consequently, DNA damage manifests within
cancerous and tumor cells, leading to a cessation in cellular
proliferation, which marks a successful phase in cancer
recovery [17]. The study of interaction of metal complexes
with nucleic acid has gained prominent research in the
bioinorganic chemistry field [18,19]. From this point of
view, it is especially essential to molecularly designing
new complexes, which could be applied to the medicinal
field. Particularly, the appropriateness and importance of
inorganic molecules [20] intensified extensive research in
drug discovery especially those for cancer chemotherapy
treatments.

In continuation to our previous work [21,22,23,24],
here, we describe the synthesis and characterization of six
new Cu?*, Fe** and Ni** metal complexes incorporated
with two V-shaped Schiff base ligands, L! and L?. The
effects of substituents in the Schiff base ligands on their
DNA interactions and antioxidant activities were also
investigated.

2. Experimental

2.1. Materials and reagents

Chemicals and solvents used in this study were of reagent
grade type and were used without further purification. 3'-
aminoacetophenone, 4-(dimethylamino)benzaldehyde, 3,4-
dimethoxybenzaldehyde, CuCl,-2H,0, FeCl;, NiCl,-6H,0,
absolute ethanol, calf thymus-DNA (CT-DNA) and ethidium
bromide (EtBr) were obtained from Sigma-Aldrich.
Experiments involving the interaction of complexes with the
CT-DNA were conducted using a buffer of doubly distilled
water containing 5mM Tris and 50 mM NaCl, adjusted to
a pH of 7.2 with HCl. A UV absorbance at 260nm and
280 nm for a CT-DNA solution having a ratio around 1.8-
1.9:1 indicated the significant absence of protein [25]. The
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concentration per nucleotide of CT-DNA was spectrophoto-
metrically estimated by utilizing an extinction coefficient of
6600M ' cm~! at 260 nm [26]. EtBr, EDTA and safranin
were obtained from Sigma-Aldrich. Stock solutions of the
complexes with concentration 2 x 1073 M 5% DMSO were
freshly prepared.

2.2. Physical measurements

Micro analyses (C, H, N) were carried out by using Vario
EL M Germany. Chloride contents in the complexes were
estimated using the conventional gravimetric technique [27].
The progress of reactions was monitored using thin-layer
chromatography sheets packed by silica gel of the type
Merck60F254 and screened by a UV lamp. Fourier
transform-infrared (KBr pellets) measurements were
registered on a Unicam-Mattson 1000 FT-IR covering
the range of 4000-400cm'. Mass spectra were conducted
on a VG ZAB-HS (FAB) instrument and electrospray
mass spectra (ESI-MS) were measured on a LQC system
(Finnigan MAT, USA) using the CH;OH mobile phase.
Magnetic susceptibilities of the reported solid complexes
(Gouy’s method) were evaluated at room temperature using
Sherwood Scientific Magnetic Balance. 1,1-Diphenyl-
2-picrylhydrazyl  (DPPH)-2,2-diphenyl-1-picrylhydrazyl
(DPPH) was used as a calibrant. The magnetic moments
were then estimated by using the relation

fefr = 2.841/ T - X 2.

Electron spin resonance (ESR) data of the powdered copper
complexes were executed at room temperature using an X-
band EMX spectrometer (Bruker, Germany) and the DPPH
acted as a reference. Molar conductivity measurements were
done in DMSO solutions of 1 x 1073 M (25 °C) using YSE
conductance meter model 32. Emission measurements were
achieved on a Jenway 6270 Fluorimeter; a Pulsed Xenon
Lamp was operated as an excitation source. The biological
activities findings (DNA binding interactions and antioxXi-
dant activities) were carried out using UV-Vis spectroscopy
(25 °C in a DMSO and concentration of 1 x 107 M) utilized
by Shimadzu UV-Vis 1800 spectrophotometer.

2.3. Syntheses
2.3.1. Synthesis of the Schiff base ligands

The Schiff base ligands (L' and L?) were synthesized fol-
lowing the previously reported procedures (Scheme 1) [28].
A (1:1) mixture of 4’-aminoacetophenone and benzalde-
hydes derivatives (4-(dimethylamino)benzaldehyde and
3,4-dimethoxybenzaldehyde) was refluxed at 80°C with
stirring in ethanol for 30 min. The insoluble yellow crude
was filtered and washed several times by warm ethanol. The
obtained product was dried under vacuum.

H
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Scheme 1: Synthetic routes of the L' and L? Schiff bases.

2.3.2. Syntheses of complexes

A general procedure was employed for the synthesis of
the complexes as follows: A 0.02 mol of the ligand in hot
EtOH solution (20mL) was added to 20 mL ethanol-water
(1:1) solution (0.01 mol) of the appropriate metal chloride
Ni(II), Cu(I) and Fe(III). The mixture was stirred under
reflux for 2 h. The complexes were rapidly precipitated on
cooling whereas the Ni(IT) complex of L? was prelimited by
heating to reduce the volume of solution to about one-third
the volume and leaving to precipitate. The obtained crude
was filtered, washed several times by aqueous ethanol and
then recrystallized from hot EtOH. The obtained product
was left to dry in vacuo.

2.4. Biochemical analysis
2.4.1. DNA-binding measurements

All the measurements including the interactions of the com-
plexes with the CT-DNA were performed in DMSO solu-
tions containing 7ris-HCI buffer (20 mM HCI and 20 mM
NaCl at pH 7.2). Stock solutions of CT-DNA (4 mg/mL)
were prepared prior to the measurements using 7ris-HCl
buffer with gentle stirring until homogenous and then stored
at —4°C. Also, stock solutions of the complexes (1 X
1072 M) were prepared using the same buffer. The purities
of CT-DNA solutions were assured for the absence of the
free of protein [29]. The DNA concentration per nucleotide
(NP) was measured at 260 nm using the reported molar
extinction coefficient (6,600 L.mol~!.cm™1) of DNA [30].

2.4.1.1. The electronic absorption titrations

Electronic absorption titrations were done to determine
the binding affinities between the DNA and the reported
compounds. In the experiments, a fixed amount of the
compound (5.0 uM) was titrated by raising the concentration
of the CT-DNA from 0.0mM to 90.0mM. In addition,
3.0 mL solutions of the blank buffer and the complex sample
(5.0 uM) were placed into two one cm cells, respectively.
An aliquot (2.0mL) of CT-DNA solution was then added
to both the compound and blank solutions. The tested
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compound-DNA solutions were allowed to be incubated
for 5min. Each sample was scanned in the range of 200—
500nm to get the absorption spectrum. The quantitative
DNA-binding affinity of the tested compound was estimated
by computing the intrinsic binding constants (K}) using the
following modified Wolfe—Shimmer relation [31]:

[compound] 1
(Ea—ef)  Kplep—ey)

[compound)]
(eb—ep)

where [compound] is the concentration of the tested sample;
€q and €7 were the molar extinction coefficient for the free
CT-DNA and each addition of the compound to the CT-
DNA, respectively. €;, was the molar extinction coefficient of
the CT-DNA when fully bound to the complex. The graph of
[compound]/(e, — e) versus [compound] afforded a slope
of 1/(ep —ey) and an intercept ¥ = 1/K; (e —ey). The
constant K, was the proportion of the slope to intercept.

2.4.1.2. Competitive binding studies with EtBr

Interactions of the ligands and their related metal derivatives
with the CT-DNA were further explored using EtBr, a spe-
cific marker, and monitored by fluorescence spectroscopy
as reported in the literature [32]. The competitive binding
measurements were performed in buffer keeping the ratio
[DNAJ/[EtBr] = 1.1 with the variation of concentrations
of complexes. In the fluorescence cell charged by 2.0 mL
Tris-HCI buffer, 50.0 uL. of 5.0 uM of the CT-DNA and
50.0 uL of 5.0 uM aqueous EtBr were added and permitted
to equilibrate for 15 min. The fluorescence spectra of EtBr-
DNA solutions were measured at 596 nm using an excitation
wavelength of 510 nm where maximum quantum yield for
EtBr was fulfilled. The effect of each complex on the
emission intensity of the interacted EtBr-DNA adduct was
then studied by increasing the concentrations of ingredients
(0.0-50.0 uM). The spectra were analyzed to evaluate the
Ky (Stern—Volmer quenching constant). This constant is a
measure for the effectiveness of the complex as a quencher
reagent. The quenching constant was estimated by using the
classical Stern—Volmer equation [33]:

fo_ 1+ Kgy[complex].

F

F and Fy were the fluorescence intensities at 596 nm in the
presence and absence of the tested complex.

2.4.1.3. Viscosity measurements

Viscosity measurements were executed on an Ubbelodhe
viscometer in a water-bath maintained at 25.00 £0.01 °C.
They were performed for a tested compound by introducing
it into the DNA solution (50mM, bps) present in the
viscometer. Results were demonstrated as (1/70)3 versus
the compound/DNA ratio. 1 and 7y were the viscosity of
DNA in the presence of the compound corrected from the
solvent effect and the viscosity of DNA alone, respectively.

Relative viscosity for DNA in either the absence or presence
of the compound was computed using the following relation:
t—1o
to

t and t( were the observed flow time of the DNA containing
solution and the flow time of buffer, respectively [34].

2.4.2. Scavenging of hydroxyl radical

Free radical scavenging activities of the reported derivatives
were investigated in vitro by examining the capability of
tested compounds to undergo scavenging of generated
hydroxyl radicals in aqueous media via a Fenton type
reaction [35]. Three mL portions of reaction mixture
included 1.0 mL (100 mmol, pH = 7.4) of phosphate buffer,
1.0mL (0.1 mmol) of aqueous safranin, 1.0 mL of aqueous
EDTA-Fe(II) mmol, 1 mL (3%) of aqueous H,0, and a set
of quantitative micro additives of solutions of the tested
compound. The reaction mixture was incubated at 37 °C in
a water-bath for half an hour. Absorbance was measured
at 520 nm during which the solvent effect was corrected
throughout. The strong antioxidant ascorbic acid was used
as a positive control. All tests were performed in triplicate
and expressed as a mean and a standard deviation (SD) [36].
The percentage of OH scavenging was estimated using the
following equation [37]:

As—Ap

—2 % 100.
AC'_ABX 00

% OH* scavenging =
Ag, Ap and Ac were the absorbance of the sample
in presence of the tested compound, the absorbance
of blank in absence of the tested compound and the
absorbance in absence of the tested compound and EDTA-
Fe(Il), respectively. The molar concentration of the tested
compound which caused a 50% inhibition or scavenging
effect on OH* radicals was denoted as ICs, value.

2.5. Stereochemistry studies

The energetically optimized structures of the two reported
V-shaped Schiff bases were performed using density
function theory as implemented in Gaussian 09w software.
The DFT (B3LYP) method with the basis set 6-31G (d,p)
and double zeta plus polarization for the ligand atoms was
adopted.

3. Results and discussion

All the reported Schiff base ligands and their complexes
(1)—(6) are found to be air stable for extended periods. The
analytical analyses and some physical characteristics of the
reported compounds are tabulated in Tables 1 and 2. The
complexes are soluble in hot ethanol and conventional polar
organic solvents. The microanalytical analysis data showed
that the monodentate Schiff base ligands L! and L? form 1:2
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Table 1: Some physical parameters of the ligands L!, L? and their complexes.

Compound Molecular formula M.wt. (g/mol) Color m.p. (°C)
L! C;H3N,0 266.34 yellow 135
[Fe(Ll)ZCls]ZHZO 1) C34H,CI3N,O Fe 730.91 orange > 300
[Ni(L"),Cl,1,H,0 (2) C5,H,,C,N,O,Ni 698.30 orange > 300
[Cu(Ll)zClz] A3 C;4H;,Cl,N,0,Cu 667.13 brown > 300
L2 C,;H,,NO; 283.33 yellow 122
[Fe(L?),Cl,] (4) C;4H;,CI3N,O4Fe 728.85 brown > 300
[Ni(Lz)ZClz] 5) C3,H,,CI,N,O¢Ni 696.24 yellow > 300
[Cu(LZ)ZClz] (6) C3,H;,CI,N,0,Cu 701.09 green > 300

Table 2: Elemental analysis and magnetic moment of the
ligands L', L? and their complexes.
Cal. (found) %

Compound BM
p C i N a et (BM)
L 76.66 681 1052 B
(76.16) (6.74) (10.48)
5587 552 7.67 14.55
Fe(L!),Cl;],H,0 (1 4.98
[Fe@,CL1,H,0 () (55.33) (5.44) (7.44) (14.37)
5848 577 8.02 10.15
Ni(L"),CL,1,H,0 (2 —
[Ni(L5),Cl 1, H,0 ) (58.69) (7.27) (8.17) (10.41)
(CuLH,Cl1 3) 6121 544 840 10.63 101
(61.23) (5.93) (8.22) (10.98)
L2 7207 605 494 -
(71.91) (5.01) (4.81)
(Fe(12),C1,] () 56.03 4.70 3.84 14.59 o1
(55.98) (4.37) (3.81) (14.68)
. 58.65 492 402 1018
[Ni(L2),Cl,] (5) _
(68.59) (4.49) (4.01) (9.99)
(Cull?),Cl,1 6) 5825 4.89 4.00 10.11 L84
(59.61) (4.64) (4.07) (10.17)

(M: L'-2) stoichiometric complexes with the Fe(III), Ni(II)
and Cu(Il) metal ions. The synthesized complexes were
found to have a general formula [M(L]’2)2C1x]~yH20,
x = 2-3 and y = 0-2. The involvement of the chloride ions
in coordination to metal ions was further concluded from
the conductivity measurements. The molar conductivities
of complexes in DMSO solution (1 x 1073 M) were within
the range of 5.8-13.3, which reflected the non-electrolyte
characteristics [38]. Figures 1 and 2 depict the geometry
optimization process for the synthesized ligands, which
confirmed their V-shaped structure arrangements. The
Schiff base ligands adopted a S, point group symmetry as
indicated from the final molecular structure optimization.

3.1. Characterization
3.1.1. Infrared spectra

The IR spectra of the mononuclear complexes (Figures S1-
S8) were compared with their parent ligands (L! and L?).
The most characteristic bands detected in the infrared spec-
tra and their assignments are depicted in Table 3, showing
that the vibrations of the vc—n) groups were shifted to

— -45eV

| -55ev LUMO E o = - 4.826 eV

-6.5eV

— -7.5eV

L— -85eV

Optimized geometry of L*
E = 39.4672 kcal/mol

HOMO Eyjopo = - 8.195 eV

Figure 1: The geometry optimization, LOMO and HUMO
orbitals for L',

e

— -45eV

-5.5eV
LUMO Eyypo= - 4.770 eV

-6.5eV

— -75eV

L -85eV

Optimized geometry of L2
E = 41.5927 kcal/mol

HOMO Eyopo = - 8:286 eV

Figure 2: The geometry optimization, LOMO and HUMO
orbitals for L2,

higher frequencies due to the coordination of the nitrogen
atom of the azomethine group [39]. The IR spectra of the lig-
ands L! and L? showed that no peak was found for aldehyde
carbonyl group stretching, with the appearance of a strong
vibration band at 1,680 cm~! and 1,673 cm™!, respectively,
which are characteristic of the stretching vibration of the
vc=N) azomethine group [40]. Upon coordination of the
Schiff bases with metal ions, the azomethine, v(c—n), vibra-
tion was shifted to the range of 1,677-1,686 cm~ !, indicat-
ing the participation of the nitrogen atom of the Schiff base
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Table 3: IR spectra data of the Schiff bases ligands and their
metal complexes (1)—(6).

IR data (cm™!)

Table 4: The UV-Vis data and their assignments for L!, L.
and their complexes.

UV-Vis data (nm)

Compound Compound Assignment
V(OH) V(CH=N)SB V(M—N) T n—m* d—d/CT

L — 1680 (S) — L 258 325 — _
[Fe(L)),Cl,LH,0 (1) 3343 (W)  1686(S)  415(W) Fe (1) 269 349 — —
NI(L'),CL1,H,0 (2) 3344 (W)  1686(S) 419 (W) Ni (2) 260 333 — —
[Cu(LH),Cl,] (3) 1679(S) 417 (W) Cu3) 264 314 368 CT

L? — 1673 (S) — L? 275 365 — _
[Fe2),CL,] &) - 1679(S) 429 (W) Fe (4) 258 348 439 CT
[Ni(L2),CL] (5) _ 1681 (S) 419 (W) Ni (5) 259 339 431 Ay A,
[Cu(L?),CL,] (6) - 1677(S) 411 (W) Cu (6) 285 334 441 ’B,, < ’By,

to the metal ion [41]. Moreover, the IR spectra of the com-
plexes demonstrated new weak bands in the range of 411—
429 cm~! that can be due to the formation of M—N bonds.
Also, the IR spectra of (4) and (6) showed broad bands at
3,444cm~! and 3,443 cm™!, respectively, corresponding to
the OH groups of the coordinated water molecules [42].

3.1.2. ESI mass spectroscopy

The complex behavior of transition metal complexes of
the V-shaped Schiff bases was studied by electrospray
ionization (ESI) mass spectrometry. The ES mass spectra
of complexes are depicted in Figures S9-S14. The mass
spectra of the compounds were in good agreement with
the proposed structures. Positive ion electrospray (ES)
mass spectra for the mononuclear complexes showed
peaks related to fragments at m/z = 623.9 (77%; Fe
complex (1)), 662.3 (41%; Ni complex (2)), 596.2 (79%; Cu
complex (3)), 729.4 (80%; Fe complex (4)), 696.3 (52%; Ni
complex (5)) and 702.1 (83%; Cu complex (6)), which were
corresponding to [P—2C1-2H,0]*, [P—2H,O]*, [P—2CI]*,
[P1*, [P]* and [P—1]*, respectively. The occurrence of these
fragments concluded that the ligand coordinated to the
metal center.

3.1.3. Magnetic susceptibility measurements

Ni(I) complexes of the two Schiff bases, (2) and (5), were
diamagnetic due to the square planar geometry adopted by
the Ni(Il) center [43]. The Cu(Il) complexes showed mag-
netic susceptibility values as expected for a d” transition
metal center. The effective magnetic moment () values of
the Cu(Il) ions in the complexes (3) and (6) were found to be
1.84 BM and 1.91 BM, respectively, which was consistent
with the expected spin-only magnetic moment of S = %,
d® copper(II) system and characteristic for the square planar
geometry of the Cu(Il) complexes [44]. These values were
slightly higher than the spin only value of 1.73 BM due to
the presence of a low-lying excited term, which was able
to mix some of its orbital angular momentum with the spin
angular momentum of the ground state [45,46]. The room
temperature magnetic moment of the Fe(III) complexes is of

5.21 BM for complex L' —Fe (1) and 4.98 BM for L>—Fe (3)
characteristic of five unpaired electrons. The measured mag-
netic moment values of the complexes were observed to be
specific for trigonal bipyramid geometry according to the
literature [47,48].

3.1.4. Electronic absorption spectra

The UV-Vis spectra of the V-shaped ligands (L'~?) and their
metal derivatives (1)-(6) in DMSO solutions (1 x 107> M)
were recorded (Table 4). The spectra of the Schiff bases
showed two bands in the UV region ascertained to the m—
7* transitions of the aromatic rings along with bands in the
visible range corresponding to the n—7* intra-ligand tran-
sitions with the involvement of C=N group [49]. The elec-
tronic spectra of the complexes displayed shifts in the ligand
bands accompanied by additional bands in the higher wave-
length region signifying metal-ligand coordination and com-
plex formation. The Ni(Il) complex (5) exhibited an absorp-
tion band in the visible region at 431 nm. The d—d band
in Ni(II) complex was assigned to 'A,, < 'A, transition,
which is characteristic of the Ni(Il) ion in a square planar
environment [50]. In case of Cu(Il) complex (6), the visi-
ble spectra contained d—d broad and unsymmetrical band,
assigned to a 2Bzg — 2Blg transition, that a characteristic
of the Cu(Il) square planar complexes [50]. Interestingly,
the other Cu(Il) complex (3) did not show such transition;
instead it exhibited a non-ligand band at 368 nm, and in view
of its very high intensity, it was assigned to charge transfer
arising from the transfer of charge from the ligand to the
metal center, most probably, from the azomethine nitrogen
atoms [51]. In the case of the Fe(Ill) complex (4), the lowest
energy absorption band at 439 nm was assigned as ligand-
to-metal charge transfer bands (LMCT) [52].

3.1.5. EPR spectra of the copper complexes

EPR spectra studies of Cu(Il) complexes gave important
information about the allocation of the unpaired electron
and hence on the nature of bonding between metal ion
and ligands. The EPR spectra of the copper complexes
(Figures S15 and S16) provided valuable data for studying
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the Cu(Il) ion environmental arrangements. The trend in
the observed g values of complex (3) at room temperature
was g|| (2.19263) > g, (2.07865) > (2.0023). On the other
hand, the EPR spectrum of the copper(Il) complex (6)
exhibited an anisotropic spectrum with g = 2.11933,
g1 = 2.04922 and gjs, = 2.0726 computed from the
expression giso = (g) + 291)/3. This trend in both
complexes provided evidence about the localization of
the unpaired electron in the d,»_,» orbital. Additionally,
the g value < 2.3 indicated the covalent characteristics of
the Cu(Il)-L bond in complex [53]. The axial symmetry
parameter G is defined as

(9w —2.0023)

¢ = —2.0023)

= 2.492862.
It is well known [54] that if G < 4, a significant exchange
coupling is present between Cu(Il) ions and causes
broadening the g component, with splitting the g component
and reflecting the coupling with Cu. However, the ESR
spectra of the present Cu(Il) complexes are similar in nature
to those of the mononuclear complexes [55]. This indicated
that the two paramagnetic centers of the complexes were
equivalent and there was no super exchange interaction
between the two metal centers [56]. Therefore, the q| and
g values for both complexes were in good harmony with a
dy2_ o Cu?* ground state and the d° configuration would be
(eg)* (b2g)? (a14)* (big)" [57]. The greater value of g than
g, in complex (6) indicated a tetragonal distortion with
an inverse axial symmetry [58]. In addition, the g; amount
in the copper(Il) complexes is a parameter sensitive to the
covalent property of the metal-ligand bond. For a covalent
character, g < 2.3 [59]. The g value for the present Cu(II)
complex (6) showed considerable mixed ionic-covalent
bonding characteristics. The G factor suggested that the
local tetragonal axes were only slightly misaligned and the
exchange interactions between copper(Il) centers in the
solid state were negligible [60].

Based on the spectroscopic and physicochemical data,
proposed structures for the reported complexes are repre-
sented in Figure 3.

3.2. The DNA binding studies

Since the Human Genome Project announced the decoding
of the human genome map, a large number of new
specific therapeutic targets were provided [61]. Moreover,
chemotherapy is one of the important treatments for cancer
medication. Many compounds were invented as potential
anticancer reagents, but only few of them have been
used and registered as effective clinical drugs [62]. The
mechanism of interaction of the anticancer drugs with DNA
was endorseed as the most acceptable pathway. Thus, the
DNA-interacting drugs could be categorized as (i) drugs
that can form conventional covalent bond with DNA;

(ii) drugs that execute non-covalent derivatives with DNA
by either intercalation or groove-interaction; and (iii) drugs
that have cleavage property of the DNA backbone [63].
Moreover, understanding the interactions of tiny molecules
with specific sequences of DNA is a principal in any trial to
control gene expression. In order to design new chemother-
apeutic reagents, a major strategy is to evolve DNA binding
substrates that can influence the crucial cellular processes
like nucleic acid topology, replication, transcription and
DNA repairing [64]. The knowledge about the affinity
and binding modes of biologically active substrates versus
the DNA helical may give some ideas about the ability
to DNA damage, and consequently inhibiting the growth
of the tumor cell [65]. Metal complex-DNA interactions
display the influence, which the coordination geometry
of the metal and the disposition of the ligands have on the
binding activities. For instance, the square planar complexes
allow deep insertion of the intercalator compared to those
of octahedral or tetrahedral geometries [66]. In the present
study, the evaluations of the electronic effect of phenyl ring
substituents in the complexes of Schiff bases on the DNA
binding behaviors were studied to provide rationalization
for the difference in the binding properties of Schiff bases
analogues having different substitution on the phenyl ring.
In addition, hydrogen bonding formation between oxygen,
fluorine and nitrogen is mostly known as proton acceptors
in the biological systems [67].

3.2.1. Electronic absorption titration

Utilizing electronic absorption titration in DNA-binding
studies stands as one of the most valuable methods for
exploring both the potential binding mode and the binding
affinity of compounds towards DNA. Electronic absorption
spectroscopy serves as the predominant approach for
investigating compound interactions with DNA. When a
compound binds to DNA through intercalation interactions,
it typically induces hypochromic and bathochromic effects.
These effects are characterized by a robust m—m stacking
interactions between the aromatic chromophore and
the DNA base pairs [68]. Furthermore, the degree of
hypochromism within the UV-Vis band aligns with the
strength of the intercalative interaction.

The absorption spectra of the reported complexes in
the absence and presence of the constant concentration of
CT-DNA are given in Figures 4 and 5. The addition of
increasing quantity of the metal complexes (1)—(6) to the
CT-DNA solutions resulted in hypochromic shift in the
UV-Vis spectra. These features are characteristic to the
DNA intercalation binding and reflect involving a strong 7—
m* stacking interaction between the aromatic intercalative
compound and the CT-DNA base pairs [69]. Furthermore,
the substantial decreasing in the absorption intensity within
the bands of the tested complexes in the presence of the
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Figure 3: The proposed structures of the reported complexes.

double helical DNA commonly indicates the intercalation
of molecules within DNA base pairs. This outcome arises
from the potent stacking interaction between the aromatic
chromophore and the DNA base pairs [69].

From the electronic absorption spectroscopy experi-
mental data (Figure 6), the intrinsic binding constants K
of the complexes (1)—(6) were found as 1.3404 x 10°M~!
(R* =0.9909), 2.2088 x 105 M~ ! (R? = 0.9993), 2.8670 x
10° M~ (R? =0.09962), 1.4127 x 10° M~! (R? = 0.9951),
2.4097 x 10° M~ (R? = 0.9959) and 3.3390 x 10°M~!
(R?* = 0.9860), respectively. Comparing with the previously
reported DNA intercalative complexes [70], our complexes

can also bind to DNA via an intercalation mode. Thus,
the order of binding affinities was Cu-complex (6) >
Cu-complex (3) > Ni-complex (5) > Ni-complex (2) >
Fe-complex (4) > Fe-complex (1). This order might be
attributed to the fact that Cu(Il) and Ni(Il) complexes
with large coplanar aromatic rings result in relatively
close stacking between ligands and the DNA pairs [71].
Additionally, the above values of the intrinsic binding
constant indicated that the binding affinities of the
complexes having Schiff bases with methoxy substituents
are stronger than those of the ligand bearing N-dimethyl
substituents.
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Figure 4: The absorption spectra of CT DNA (5 uM) in the
absence (dashed line) and presence of 0.0-90.0 uM (solid
line) of (a) Fe(IIl) complex (1), (b) Ni(II) complex (2) and
(c) Cu(I) complex (3).

3.2.2. Fluorescence competition measurements

The binding affinity of the complexes towards DNA is
indirectly inferred from their strength to reduce fluorescence
intensity in EtBr-DNA complexes, regardless of the specific
binding mode. The planar cationic dye EtBr has the
power to non-specifically intercalate into DNA to form
soluble and intense fluorescent complexes and leads to
strong fluorescence emission. This emission intensity
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Figure 5: The absorption spectra of CT DNA (5 uM) in the
absence (dashed line) and presence of 0.0-90.0 uM (solid
line) of (d) Fe(Ill) complex (4), (e) Ni(Il) complex (5) and
(f) Cu(Il) complex (6).

is heightened due to the planar phenanthridinium ring
stacking interactions between adjacent DNA base pairs.
Upon the addition of CT-DNA to EtBr solution, the
fluorescence intensity significantly increases. On the other
hand, when the metal complex (quencher) is introduced to
a treated DNA with EtBr, the fluorescence diminishes due
to competition between the tested complex and EtBr for
intercalating sites [72].
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The reported complexes

generally displayed no

fluorescence intensity. This decrease in the fluorescence

luminescence at room temperature either in organic solvents
or in the presence of CT-DNA. The emission spectra
of EtBr-CT-DNA adduct during titration with different
concentration of metal complexes were monitored in the
range of 525nm to 725 nm (Figures 7 and 8). The spectra
showed that the successive addition of the metal complex
to EtBr-DNA adduct caused a gradual decrease of the

intensity reflected the competition of the complexes
with EtBr for DNA-binding, since EtBr intercalates DNA
through binding interactions with its minor grooves [73].
The Stern—Volmer plots of EtBr-DNA showed that the
quenching of EtBr-DNA adduct by the reported complexes
followed a linear relationship, which is consistent with their
intercalation (Figure 9). The K, values for the complex
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were 2.056 x 10*M~! (R? = 0.965), 3.156 x 10*M~!
(R? = 0.9908), 4.174 x 10* M~ (R? = 0.99034), 2.361 x
10°M~! (R? = 0.9951), 3.642 x 10*M~! (R? = 0.9860)
and 4.566 x 10* =1 (R? = 0.9907), for complexes (1)—(6),
respectively. The data obtained were consistent with those
obtained from the electronic absorption study (vide supra).
The phenomena suggested that the complexes can compete
for DNA-binding sites with EtBr and displace EtBr from the
EtBr-DNA system. This behavior is usually characteristic of
the intercalative interaction of compounds with DNA [74].

3.2.3. Viscosity titration measurements

Viscosity measurements serve as a sensitive gauge for
DNA length alterations and are considered crucial in
determining binding modes. To elucidate the interaction
modes between the studied complexes and CT-DNA,
viscosity titration measurements were conducted. In the
classical intercalative mode, there is a notable rise in DNA
viscosity owing to an expansion in the separation of base
pairs at intercalation sites, consequently increasing the
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Figure 11: Scavenging effects of (a) L! and its complexes
(1)—(3), (b) L? and its complexes (4)—(6) on HO* radical.

overall DNA length. Conversely, complexes that exclusively
bind to DNA grooves through partial and/or non-classical
intercalation generally result in either minimal positive,
negative, or no changes in DNA solution viscosity under
similar conditions [75].

The effects of complexes on the viscosities of CT-DNA
are shown in Figure 10. As the ratios of the investigated
complexes to CT-DNA increase, the relative viscosities
of CT-DNA increase steadily, indicating that there exist
intercalations between the investigated metal complexes
with CT-DNA helix. In addition, the relative viscosities of
DNA increase with the order of Cu(Il) complex > Ni(II)
complexes > Fe(Ill) complexes. These orders suggest the
extents of the unwinding and lengthening of DNA helix
by compounds and the affinities of compounds binding to
DNA, which may be due to the key roles of substituent
effects and the larger coplanar structures of Cu(II) and
Ni(IT) complexes than those of Fe(IIT) complexes.

3.3. Antioxidant activities

Since the tested complexes exhibit reasonable DNA-
binding affinity, it is considered worthwhile to investigate
other potential aspects, such as their antioxidant activity.
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The ability of tested compounds to scavenge hydroxyl
radicals was compared with that of the well-known natural
antioxidant vitamin C. The scavenging activities of the
ligands and their complexes, respectively, with respect
to different concentrations are represented graphically in
Figure 11. The results marked that the HO scavenging
of metal complexes is higher than those of their ligands,
possibly in that the larger conjugated metal complexes
can react with HO to form larger stable macromolecular
radicals than ligands [76]. Moreover, it was found that the
ICs¢ values of the samples ranged from 10.81 ug/mL to
34.13 pg/mL. Based on the comparison of the ICsg values
(Figure 12) of the samples, they ranked in the following
order: L > L' > (5) > (2) > (6) > 3) > (4) > (1).
The lower ICsy values observed in antioxidant assays
demonstrate that the investigated compounds have a strong
potential relative to the natural antioxidant ascorbic acid,
allowing using them as scavengers to eliminate the radicals.

4. Conclusion

In summary, we have successfully synthesized six new
complexes using two ligands. These complexes were
thoroughly characterized, and it was determined that the
iron complexes exhibited a trigonal bipyramidal geometry,
while both the nickel and copper complexes displayed a
square planar geometry. Through DNA binding studies,
we discovered that the strength of interaction depended on
the strength of hydrogen bonding. The order of strength
was found to be Cu-complex (6) > Cu-complex (3) >
Ni-complex (5) > Ni-complex (2) > Fe-complex (4)
> Fe-complex (1). Furthermore, an antioxidant study
was conducted, revealing that the antioxidant activity of

the complexes was influenced by their ability to donate
electrons. The order of electron donation affinity was
observed to be Fe-complex (1) > Fe-complex (4) > Cu-
complex (3) > Cu-complex (6) > Ni-complex (2) >
Ni-complex (5). Based on the data obtained, it is evident
that they hold potential as promising substances for use in
chemotherapy.
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