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Advanced synthesis,
comprehensive characterization,
and potent cytotoxicity of
2,6-Bis(2-aminophenylimino)
methyl)-4-methoxyphenol and its
binuclear copper(ll) complex

S. Praveen?, R. Prabakarakrishnan?, G. Parinamachivayam?, A. Natarajan®,
Elumalai Perumal Venkatesan®29, K. Geetha'™’, Arunachalam Chinnathambi®,
Sulaiman Ali Alharbi®, Arivalagan Pugazhendhi®, Sabariswaran Kandasamy’ &
Nasim Hasan®**

The imine base and Cu?* precursors were combined using magnetic stirring to formulate the Cu?*
complexes. The formation of the imine base was confirmed by electronic and vibrational spectra,
proton NMR, LC-mass spectrometry, and computational studies, which also optimized the final
structure. The Cu?* complexes were characterized using electronic and vibrational spectra, magnetic
susceptibility, molar conductivity, a variable temperature magnetometer, and ESR spectroscopy.
Cyclic voltammetry revealed electron transfer from Cu?* to Cu* within the complex. The in vitro tumour
activity of the Cu?* complexes and imine base were evaluated on the A431 cell line using the MTT
assay. DFT studies validated the structural stability of the imine base. The antiferromagnetic behaviour
observed at low temperatures suggests that these Cu?* complexes could be useful in heavy magnetic
materials. Due to their electron transfer properties, Cu?* complexes also hold potential for use in
electroplating systems and sensors. The complexes exhibited high efficacy on the cell line, aligning
with clinical objectives. The Cu?* complexes are represented as [MLR], where M is the metal, L is the
imine base, and R=[C¢H5COO0] or R=[CsH,COO(NH,)].
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Complexes obtained from Schiff bases have provided insights for scientists into their flexibility in undergoing
changes via reductions, eliminations, and additions!. These changes have led to the creation of numerous
pharmacological’>** and bio-transition compounds®. According to recent studies, these complexes exhibit
potential antimicrobial®’, antiviral®’, and photocatalytic!® properties, and could potentially act as mimetic
structures for enzyme models. Only limited synthetic practices have been described so far, including the
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combination of amines and alcohols, dehydrogenation of primary amines, dimerization, and others. Due to
the widespread availability of primary amines, the most common and efficient imines!! have traditionally been
obtained through the condensation of aldehydes and diamines. Our interest in the chelation process of imine
ligands stems from the fact that the chelating moiety provides a unique labile complex that explains bonding
behaviour!!%. The chelating sites in the imine base contribute to the geometrical stability of the complexes. The
imine base has extensive applications in the pharmacological, clinical'*!?, and industrial fields. In bioinorganic
chemistry, copper plays a significant role as a nutrient in respiration. Copper acts as a blood pigment in aquatic
vertebrates, while in humans, it is found in bone marrow and the liver. Metalloenzymes containing Cu exhibit
a variety of redox behaviors due to the presence of both lower and higher oxidation states, depending on ligand
donors in the protein environment. As a result, active Cu ions participate in electron transfer and reversible
oxygen (O) binding. The Cu(II) ion, the most common oxidation state of copper, is the most extensively
studied transition metal. The magnetic properties depend on the species formed, whether mononuclear or
polynuclear'é, and vary significantly from paramagnetic to antiferromagnetic to ferromagnetic behaviour!”. Like
other transition metal ions in the 3d series, Cu?* complexes exhibit various geometries such as square planar's,
trigonal bipyramidal”, and octahedral?®, with secondary valencies of four, five, and six, respectively.

Cancer research is a critical issue, with the development and advancement of effective clinical agents being a
substantial priority. Modern advancements in technology and disease detection have expanded the possibilities
for developing novel therapies, including targeted therapies??2. This manuscript reviews the progress and
challenges in the field and explores potential emerging methodologies. The imine base is a versatile group with
significant pharmacological applications**. N,0O-donor imine base-containing drugs have shown antiviral and
anticancer activities by targeting specific proteins, pathways, or cells. Due to their broad therapeutic potential,
N,O-donor imine base-containing drugs have become a key area of investigation in drug development. Recent
cytotoxic studies focused in breast cancer cell line and lung cancer line. Due to the A431 cell line is widely utilized
in skin cancer research due to its easy accessibility, epithelial shape, and ability to imitate the characteristics of
epidermoid carcinoma?-2°. This makes it a valuable tool for testing possible anti-cancer drugs and skin cancer-
specific treatments and allows researchers to investigate the molecular mechanisms behind the growth, invasion,
and metastasis of skin cancer.

We describe three novel compounds, including the imine base 2,6-bis((E)-(2-aminophenylimino)methyl)-4-
methoxyphenol, in this article and provide molecular modeling studies using the DFT method. The synthesized
Cu?" complexes underwent various spectral analyses. The potential cytotoxic properties of the three compounds
were evaluated.

Materials and methods

Materials and measurements

High-quality chemicals were used for the synthesis of the complexes, and they were used as received.
2,6-Diformyl-4-methoxyphenol was purchased from Sigma Aldrich, while benzoic acid, CuSO,-5H,0, PABA,
TBAB, o-phenylenediamine, perchloric acid, sodium hydroxide, sodium perchlorate, and C,H.OH were
purchased from SD Fine Limited.

A German-made elemental analyzer, Vario EL, was used for the microanalysis of the imine base (HL) and
its complexes. The molar conductivity of Cu?** complexes were noted using an Elico conductometer (EQ-
665, India). The Amax measurement of the imine base (HL) and Cu?* complexes were verified by a UV-VIS
Spectrophotometer-2202 (double beam), Systronics, India, within the range of 200-800 nm. The stretching and
bending modes of the imine base (HL) and Cu?* complexes were obtained using an IR-Affinity-I spectrometer,
Shimadzu, Europe, by the KBr technique. The proton environment of the imine base (HL) was analyzed
using the 'H-NMR spectrum by a Bruker NMR (400 MHz model), Germany. LC-MS spectra of the imine
base (HL) and Cu?* complex was examined using a Waters—Xevo G2-Xs-QTof instrument model, Germany,
which provided valuable data on the imine base (HL) and Cu?* complex. An appropriate combination of basis
sets and theoretical methods can provide a good balance between computational efficiency and accuracy in
the field of computational quantum chemistry?’. All theoretical calculations were performed without any
geometric constraints for 2,6-bis((E)-(2-aminophenylimino)methyl)-4-methoxyphenol using the B3LYP energy
functional?®-! included in the Gaussian 09 W program suite*’. The harmonic vibrational frequencies of the
molecules were calculated through the DFT/B3LYP energy functional with the basis set, 6-311+ +G(d,p).
Cu?* complexes were examined using a VSM Lake Shore-7404 device model, USA, in the range of 10-250 K.
Temperature variations modify and determine the magnetic nature of the material. ESR of Cu** complexes
was recorded using an EMX X-BAND Bruker ESR model, Germany, at room temperature with DPPH as the
internal standard. The CV of Cu?* complexes were performed in dilute DMF solution using an HCH 5.01 600c
electrochemical analyzer, Sinsil International, India, in an inert atmosphere using a three-electrode system: GCE
(glassy carbon) as the working electrode, platinum wire as the auxiliary electrode, and SCE as the reference
electrode. The supporting electrolyte TBAP was prepared and recrystallized using hot alcohol. There are different
assay methodologies that identify the number of viable eukaryotic cells. The tetrazolium reduction method was
used to detect viable cells. Since several tetrazolium reduction methods are available, HL, C-I, and C-II were
tested for in vitro cytotoxicity using the MTT assay.

MTT assay screening method

Human epidermoid carcinoma cell line (A431) was obtained from National Centre for Cell Science (NCCS),
Pune, India. Cancer cells were propagated in ninety-six well plates, approximately 3 x 10° cells per plate, and
subjected to 24 h of incubation in an environment with 5% CO,. After the incubation period in a CO, incubator,
varying concentrations about (0, 10, 20, 30, 40, 50, 60, 70, 80, 90 and 100 pl) of the imine base and Cu?+ complexes
were added to the A431 cell line for 48 h*. MTT reagent (10 pul) was added to each well and incubated for 4 h
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at room temperature. Purple-stained formazan crystals appeared, which were dissolved in dimethyl sulphoxide
(DMSO) (100 pl). The ninety-six well plate was analyzed at 570 nm using an ELISA plate reader, with optical
density (OD) measured to determine cell viability based on the proportion of surviving cells. The percentage of
cell viability was expressed as:

Cell viability (%) = Absorbance of treated cells/Absorbance of control cells x 100

Acridine orange-ethidium bromide dual staining

The IC,, concentration of the imine base (HL) and Cu®* complexes was tested against the control for 24 h by
screening the proliferated A431 epidermal SCC cells in 6-well plates, which produced approximately 1 x 10° cells
per well. Cells were washed with PBS and transferred to glass slides after incubation®*. For 20 min, cells were
treated with acridine orange-ethidium bromide (AOEB) (1 pl). The morphology of apoptotic cells was examined
using a fluorescent microscope.

Synthesis of 2,6-bis((E)-(2-aminophenylimino)methyl)-4-methoxyphenol
The process of preparing 2,6-bis((E)-(2-aminophenylimino)methyl)-4-methoxyphenol (HL) involved the
utilization of 2,6-diformyl-4-methoxyphenol and o-aminoaniline stoichiometrically, the ratio was 1:0.5 and
magnetic stirrer was utilized to stir the components for three hours in ethanol, was portrayed in Fig. 1. TLC was
used to monitor the progress of the reaction by using the eluent (hexane) and the transformation of color was
spotted.

The carbonyl (R-CHO) compound (dial) treated with 1° amine (a diamine) engenders azomethine base
(2,6-bis((E)-(2-aminophenylimino)methyl)-4-methoxyphenol) by dismissal of water molecule.

Preparation of Cu?** carboxylates

Benzoic acid and PABA were used as primary source to create copper (II) carboxylates with sodium hydroxide
and stirred for 30 min using stirrer. After forming composition, copper (II) sulphate pentahydrate was added,
the mix was agitated for 120 min again was shown in Fig. 2. The stoichiometric ratio of sodiumhydroxide,
primary source and CuSO, was used were in the ration of 2:2:1. Synthesued Cu (II) carboxylates were washed
with water, ethanol and drled after being attained. The binuclear Cu?* precursors obtained were used as primary
source to formulate Cu (II) complexes.

Preparation of Cu**complexes (Cu,C,,H,:N,0,,Cl, and Cu,C,,H,.N.0,,Cl,)
Binuclear Cu?* complexes (C-1 & C-II) were formed by stirring methocf T%le 2,6- b1s((E) (2-aminophenylimino)
methyl)-4-methoxyphenol (HL) was deprotonated, by stirring with NaOH for 30 min in ethanol. The deprotonated
2,6-bis((E)-(2-aminophenylimino)methyl)-4-methoxyphenol (HL) in ethanol were utilized to mix the sodium
perchlorate, copper (II) benzoate, and copper (II) PAB for 3 h was displayed in Fig. 3. The binuclear Cu?*
complexes were synthesized by combining the following constituents NaOH, 2,6-bis((E)-(2-aminophenylimino)
methyl)-4-methoxyphenol (HL), Cu?* carboxylates and sodium perchlorate in stoichiometric quantity 1:1:1:2.
C-I: R=C.H,, C-Il: R=C.H,(NH,).
2,6- bls((E) (2 ammophenyhmmo)methyl) -4-methoxyphenol with NaOH, Cu?* carboxylates and NaClO,
were utilized to achieve the Cu?* complexes.

OCH;
OCH;

NH,

NH,
—_— N OH N

Ethanol
0 OH 0

NH, H,N

2,6-diformyl-4-methoxyphenol

2,6-bis((E)-(2-aminophenylimino)methyl)
-4-methoxyphenol (HL)

Fig. 1. Synthesis of 2,6-bis((E)-(2-aminophenylimino)methyl)-4-methoxyphenol (HL).
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Fig. 2. Synthesis of Cu?* carboxylates.
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Fig. 3. Synthesis of Copper(II) complexes.

Microstudy perceived (Cal.) (%)
Compound | Empirical formula | Melting point (°C) | Molar conductance (Mho cm? mol™!) | C N H
HL C,,H,)N,0, 107 - 74.69 (74.66) | 14.47 (14.49) | 6.36 (6.39)
c1 Cu,C,H,.N, 0,,CL, | >360 135 41.68 (41.65) | 6.89 (6.94) | 3.08 (3.12)
c-II Cu,C,H, N, 0,,CL, | >360 146 40.92 (40.89) | 8.58 (8.51) | 3.14(3.19)

Table 1. Imine base (HL) and its Cu?* complexes.

Results and discussion

Molar conductivity measurements

DMTF was utilized to measure the conductivity studies of Cu?* complexes (C-I & C-II) and was compared to
the reference 130-170 mho cm? mol™!. Cu?* complexes (C-1 & C-II) revealed a 1:2 ionic environment™®, as
demonstrated by conductivity values displayed in Table 1.

Electronic spectra

The 2,6-bis((E)-(2-aminophenylimino)methyl)-4-methoxyphenol (HL) and its Cu?* complexes (C-1 & C-1I) at
107> M in DMF were analysed for electronic transition within A__200-800 nm exhibits various electronic
transition like m—7r*, CT and d-d transitions, as displayed in Fig. 4. The 2,6-bis((E)-(2-aminophenylimino)methyl)-
4-methoxyphenol (HL) showed a modest A___at 226 nm owed to the n—m* transition of an aromatic ring, C-I
& C-ITincreased the A _to 239 nm and 242 nm after experienced a bathochromic shift*® during complexation
correspondingly. The azomethine group of 2,6-bis((E)-(2- ammophenyhmmo)methyl) -4-methoxyphenol (HL)
contributed to the A ___at 357 nm corresponding to the m—n* transition, subsequent complexation resulted in
ared shiftatA_ _of 364 nm & 367 nm for C-1 & C-II, indicating the coordination of ligand with Cu?" ion. The
A ax @round 465 nm was attributed to charge transfer. Both C-I & C-II d-d transition showed weak wavelength
of A .. at 625 & 635 nm, respectively.
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Fig. 4. UV-Visible spectra of HL, C-I and C-IL

Vibrational spectra

The binding mode between the complexes was examined by comparing the vibrational spectra of the complexes
2,6-bis((E)-(2-aminophenylimino)methyl)-4-methoxyphenol (HL) (Fig. 5). The substantial significant peaks
of 2,6-bis((E)-(2-aminophenylimino)methyl)-4-methoxyphenol (HL) and its Cu?* complexes were available
in Table 2. 2,6-bis((E)-(2-aminophenylimino)methyl)-4-methoxyphenol (HL) exhibited an abrupt stretching
frequency observed at 1633 cm™!. The 2,6-bis((E)-(2-aminophenylimino)methyl)-4-methoxyphenol perceived
an elongating frequency at 3255 cm™, consigned to (-C-OH) moiety. The (-C-O) group existence owed to the
moderate peak at 1215 cm™! in 2,6-bis((E)-(2-aminophenylimino)methyl)-4-methoxyphenol. 2,6-bis((E)-(2-
aminophenylimino)methyl)-4-methoxyphenol has a distinct stretching frequency of 3423 cm™! that indicates
the amino group (-C-NH). An appreciable rise in the frequency value at 1265 cm™ of -C-O group in vibrational
spectra of C-I and C-II confirms the binding of Cu?* ion with the oxygen atom of phenyl group through the
proton expulsion. 2,6-bis((E)-(2-aminophenylimino)methyl)-4-methoxyphenol on complexing resulted in a
lesser frequency of 15-20 cm™ in stretching frequency at 1610 cm™ appropriate for ~-HC=N group in the
complexes®”. Formation of the Cu?* complexes was well supported through the peaks attained by resulting
groups (Cu-carboxylate), (Cu-0), (Cu-N) and perchlorate ion in its outer sphere. The mounts attained around
1554 cm™ and 1390 cm™! are associated with asymmetric and symmetric stretching of (Cu-OCO) bond. The
bidenticity of (-OCO) with complexes, was due to the difference between the symmetric and asymmetric carboxyl
binding frequency was in the region of 164 cm™, relatively lower than the free carboxylate anion (195 cm™)3%.

1H-NMR of 2,6-bis((E)-(2-aminophenylimino)methyl)-4-methoxyphenol

'H-NMR spectrum significantly envisaged the accurate environs of the relevant protons in the 2,6-bis((E)-(2-
aminophenylimino)methyl)-4-methoxyphenol. Using TMS as a reference (internal), the "H-NMR spectrum of
the 2,6-bis((E)-(2-aminophenylimino)methyl)-4-methoxyphenol was portrayed in Fig. 6 in DMSO-d (solvent).
The peaks (multiplet) at 6.5-7.78 are attributed to methine protons of the benzenoid ring. The Chemical shift at
13.78 is due to the proton of hydroxyl group (-OH)**. The azomethine group proton at 8.88 exhibits an identical
environment in 2,6-bis((E)-(2-aminophenylimino)methyl)-4-methoxyphenol. The peaks of multiplet at 4.45 are
attributed to the -NH, group protons. The methoxy group (-CH,) protons are deshielded and show a singlet at
3.38.

Mass spectra

The 2,6-bis((E)-(2-aminophenylimino)methyl)-4-methoxyphenol (HL) and Cu?** complex (C-I) mass spectra
were represented in Figs. 7 and 8 respectively. The molecular ion peak assessment of HL and C-I supports the
generation of 2,6-bis((E)-(2-aminophenylimino)methyl)-4-methoxyphenol and complex with dinuclearity*’.
The most intense peak, at 100% intense peak was the molecular ion peak of 2,6-bis((E)-(2-aminophenylimino)
methyl)-4-methoxyphenol and Cu?* complex i.e., m/z=360 and m/z=807, which was associated with the
molecular weight (theoretical) of each, respectively. The value of m/z =330 in 2,6-bis((E)-(2-aminophenylimino)
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Fig. 5. Vibrational spectra of HL, C-I and C-II.

Moieties HL (cm™) | C-I (cm™) | C-II (cm™)
v(C=N) 1633 1614 1610
v(C-0) 1215 1261 1265
v(-OH) 3255 - -

v(-NH) 3412 3423 3427
v(-ClO ) - 1110 1120
v(Cu-N) - 534 532
¥(Cu-0) - 472 461
v(Cu-OCO) | - 1531, 1385 | 1554, 1390

Table 2. Stretching and bending modes of complexes and pentadentate ligand.

methyl)-4-methoxyphenol corresponds to the expulsion of the methoxy group. The removal of -NH, species
from 2,6-bis((E)-(2-aminophenylimino)methyl)-4-methoxyphenol produces a fragment species at m/z=315. A
radical ion at m/z=608 in Cu?* (C-I) complex arises from the expulsion of the perchlorate ion associated with
the outer sphere of the dinuclear complex.

Computational studies

HOMO-LUMO

Frontier molecular orbitals (FMO) were crucial in shaping the compounds optical and electrical properties.
They have two types of energy levels (i) HOMO—molecular orbital that is highly occupied and, (ii) LUMO—
molecular orbital that is lowest unoccupied. If an electron absorbs a photon, it is excited from a lower state energy
to next higher state energy (ground level to excited state) likewise, in FMO, the electron transfers from HOMO
to LUMO. The band energy gap of 2,6-bis((E)-(2-aminophenylimino)methyl)-4-methoxyphenol was calculated
using B3LYP/6-311+ +G (d, p) level (Fig. 9a Frontier). Table 3 presents the energy of HOMO, LUMO and
(HOMO-LUMO). Variation in energy within HOMO (- 5.2072 eV) and LUMO (- 2.0395 eV) was 3.1677 eV.
A high band energy indicates that the amount of energy required to remove or add an electron from HOMO
or LUMO, respectively, is high, making it a stable molecule. In a molecule, the FMO calculations provide the
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Fig. 6. 'H-NMR of imine base (HL).

charges for all atoms, in which blue color represents negative charges and positive charges are given in red color.
The charge distribution is attributed to the length of the bonds in the compound.

The frontier molecular orbital analysis of 2,6-bis((E)-(2-aminophenylimino)methyl)-4-methoxyphenol
shows a high band energy gap indicates the higher stability (Fig. 9a) and this inference is further confirmed by
the values obtained for the global reactivity parameters like (i) Ionization energy (IE) (ii) Electron gain enthalpy
(EA) (iii) Electro inclination (), (iv) Smoothness (S), hardness (1) and potential (i) of the Chemical and (v)
Electrophilicity index (w) depicted in Fig. 9b. The pictorial representation of the relation between the parameters
with the stability of 2,6-bis((E)-(2-aminophenylimino)methyl)-4-methoxyphenol is depicted in Fig. 9c. The
parameters determined using the following relation*"** (i) Gibbs Potential=1/2 (E | ;y;0+E 1oum0)» (i) Electro
inclination=~ 1/2 (E | ;;;0+E yomo)> (ili) Compound hardness=1/2 (E Ejomo)> (iv) Electrophilicity
index=p 2/2n, (v) Chemical Softness=1/n.

LUMO —

Molecular electrostatic potential (MEP) surface

The electrostatic properties in the molecules were extensively studied by the Molecular electrostatic potential
(MEP), which enables the measurement of the whole charge dissemination and correlates it with molecular
properties such as reactivity, dipole moment, partial charge and electro-negativity (molecular properties). It
generates a visual representation of distribution of electron charges that renders to examine the molecules
properties and behaviour. The MEP of the surface depicts the charge, shape, size, and density, which indicates
the reactive sites in the molecules.

The differences in electrostatic potential values in molecules surface were visualized in various color.
Electronegative potential regions were represented in red, while electropositive potential regions were
shown in blue, and green color indicated the zero potential region. The potential followed the trend:
red > orange > yellow > green >blue. Gaussian software (Gauss view) was applied to map the electrostatic
potential of 2,6-bis((E)-(2-aminophenylimino)methyl)-4-methoxyphenol by applying B3LYP/6-311+ +G (d,
p) energy functional (Fig. 10). Charge distribution in the molecule was observed through the generated colors,
which also indicated the molecules active sites and bonding sites*>.

According to MEP map, the region around the hydrogen atoms in the aryl and methyl group shows a high
positive potential (electron poor region) depicted in blue color, which is the reactive moiety. Due to the inductive
effect and the presence of a higher electron cloud, the oxygen (methoxy and phenol group) and nitrogen atoms
(amine group) exhibits vast negative potential shows red color, because of its binding capacity. The existence
of numerous color in MEP map range from — 8.539e-2 and 8.539¢-2 for 2,6-bis((E)-(2-aminophenylimino)
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Fig. 7. Mass spectrum of imine base (HL).

methyl)-4-methoxyphenol, indicates the atoms experiencing strong repulsion are represented in red, while
atoms with strong attraction are shown in blue. Atomic charges affect the electronic assembly, dipole moment,
and polar nature of molecules.

Mulliken population analysis

In quantum chemical computations, the Mulliken nuclear charge distribution is widely utilized to demonstrate
the magnetic, electronic and vibrational properties of molecular assemblies. This is because atomic charges impact
molecular properties such as electronic structure, structural dipole moment and structural polarizability**. In
addition, the atom charge of a molecular system offers a comprehensive depiction of charge transfer, electrophilic
and nucleophilic reactions, atomic charge movement, and electrostatic potential overlays. Table 4 displays the
calculation of the Mulliken charge dissemination of HL via B3LYP/6-311+ + G(d,p). Visualizing it in graphical
form, as shown in Fig. 11, is a better approach.

The atomic charges of carbon, nitrogen and oxygen are given in Table 4. The nitrogen atom (1IN, and 26N) of
the free amino group has maximum negative charge of — 0.4096e, and — 0.4040e, respectively. Likewise, nitrogen
atoms (19N, and 8N) which are attached to carbon atoms have a slight positive charge of 0. 1469 and 0. 1617
respectively.

There are two oxygen atoms present in the molecule, Oxygen of the hydroxyl group (-OH) (270) has low
negative value (-0.0520e) and oxygen of the methoxy group (160) has a low negative value of — 0.1538e, it may
be because the phenyl group bonded through hydroxyl oxygen perform an electron withdrawing and methyl
species attached to 160 act as electron donating group®.
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Fig. 8. Mass spectrum of C-1.

Some of the carbon atoms have negative charges, particularly C14 (- 0.9181e), and C17 (- 0.3619¢) attached
to 160, and 11C (- 0.5371e) attached to 270 has maximum negative charges. This result indicates a strong
correlation with MEP surfaces, as all hydrogen atoms have positive charges.

Magnetic susceptibility

Magnetic susceptibility of Cu?* complexes was attained using Gouy balance at room temperature. The assessment
of Cu** complexes involved evaluating both the magnetic susceptibility and the actual magnetic moments (u ¢).
The assessed magnetic moment () by Gouy method of Cu®* complexes were 1.70 and 1.69 BM and it was
while minimum related to the spin value of Cu** (1.73 BM). p_ values validated that C-I and C-II represent an
unpaired electron.

VSM analysis
According to the basics, magnetic materials exhibit either diamagnetism or paramagnetism when diluted, while
increasing concentrations can show ferro-, antiferro-, or ferrimagnetism. Using Gouy’s method, an unpaired
electron was found in the complexes at ordinary thermal conditions. To ascertain the magnetic properties at
varying temperatures, VSM (Vibrating Sample Magnetometry) proves to be a useful tool. The Cu?* complexes
were examined by VSM in the temperature range of 10-250 K. Magnetism was measured in emu/g. The magnetic
nature of the complexes was determined by plotting xmT against T, and the results are illustrated in Fig. 12.

For the Cu?* complex, the magnetic susceptibility was observed to be 0.0048 cm® Kmol™! and 0.0049 cm?
Kmol™ at 250 K, and the effective magnetic moment was calculated as 1.70 BM and 1.71 BM, respectively. As the
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Fig. 9. (a—c) Frontier molecular orbital of imine base (HL).

temperature decreased, the susceptibility progressively diminished. The susceptibility showed a gradual decrease
at regular intervals down to 25 K, followed by a significant decline at 10 K, suggesting an antiferromagnetic
nature at lower temperatures. The super exchange interaction between the Cu-Cu moieties was facilitated by the
bridged (-COO-) ion, as indicated by the magnetic behavior of the complexes (C-I and C-I1)4¢47.

Scientific Reports |

(2025) 15:6957 | https://doi.org/10.1038/s41598-025-89381-7 nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

Parameters (eV) B3LYP/6 31G (d,p)
HOMO energy —-5.2072eV
LUMO energy —2.0395eV
HOMO-LUMO energy | 3.1677 eV

Table 3. HOMO-LUMO energy and energy gap of 2,6-bis((E) (2aminophenylimino) methyl)-4-
methoxyphenol.

-8.539%¢-2 NN - e DI 8.539e-2

Fig. 10. MEP of imine base (HL).

Atoms | Charges | Atoms | Charges | Atoms | Charges
1IN -0.4096 | 17C -0.3619 | 33H 0.1388
2C 0.1572 18C 0.0901 34H 0.1316
3C -0.0810 | 19N 0.1469 35H 0.1865
4C 0.0010 20C -0.2238 |36 H 0.1366
5C -0.2396 | 21 C 0.2350 37H 0.1533
6C -0.3356 | 22C —-0.2136 | 38H 0.1556
7C -0.2020 | 23C -0.3629 |39H 0.1922
8N 0.1617 24C -0.2302 |40 H 0.1321
9C -0.1319 | 25C 0.0035 41H 0.1380
10C 0.8076 26N —-0.4040 | 42H 0.1439
1C -0.5371 | 270 -0.0520 |43 H 0.1609
12C 0.8587 28 H 0.2855 44 H 0.1375
13C -1.3013 | 29H 0.2662 45H 0.3039
14C -0.9181 |30H 0.1352 46 H 0.2636
15C 0.0362 31H 0.1602 47H 0.2960
16 O -0.1538 | 32H 0.1433

Table 4. Atomic charge of imine base (HL).

ESR spectra

An axial symmetry was observed when the Cu** complexes were subjected to ESR at 30 °C. DPPH act as standard
(g,=2.003). Several g factors and G values for the Cu?* complexes were enumerated in Table 5 and displayed
in (Fig. 13) relatively. The innumerable g parameters of the Cu?* complexes reveal the subsequent fashion
gl>g 1 > g, that designated the existence of dx?-y? in the most stable state (ground) and the single electron reside
in it. Hence the Cu?* complexes recommended square planar form*3. The covalent nature of C-I and C-II among
the M-L rendering by the lesser gll value of 2.3, reflecting the metal ligand interaction.
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Fig. 11. Mulliken Charge Plot of HL.

Cyclic voltammetry

To verify the natural redox conditions, we investigated Cu?** complexes (C-I and C-II) in DMF by cyclic
voltammetry scanning (CV). Tetrabutylammoniumperchlorate utilized as supporting electrolyte. To maintain
the inert atmosphere, N, gas was surpassed continually. Table 6 exemplified the redox data attained, and Fig. 14
represents the CV of C-I & C-II. The voltammogram found two electron removal quasireversible peaks for the
Cu?* complexes, respectively. The first quasireversible reduction potential meant for the Cu** complexes was
noticed as — 0.7009 V and - 0.8998 V, correspondingly. Analogously, the second quasireversible reduction was
noted as — 1.1199 V and — 0.5795 V respectively. The electron transport for the first quasireversible peak was
noted to be one? (n = 0.92) accompanied via each quasireversible peak associated to le~ transfer will in the
arrangement of Cu''Cu'’/Cu''Cu! redox couple. Divergent valent Cu'"Cu'//Cu'Cu! species were resembling the
establishment of the second quasireversible wave. The voltammogram displayed, a stepwise redox progression
in the Cu?* complexes which signified as:

11~ 11 I, 10 I 1
Cu Cu =CuCu =CucCu

Anticancer activity

The 2,6-bis((E)-(2-aminophenylimino)methyl)-4-methoxyphenol (HL) and its Cu?* complexes (C-I and
C-II) were screened by A431 cell line for invitro anticancer studies using MTT evaluation approach. The half
disintegration lifeless tumour cells were illustrated as IC.,+S.E.M. The cells’ cytotoxic effects were exposed to
the HL and Cu?* complexes through a concentration-reliant means. Disintegration was not attained in the cells
before exposure to complexes and the ligand. The 2,6-bis((E)-(2-aminophenylimino)methyl)-4-methoxyphenol
and Cu?* complexes with the strength among 0-100 pg/ml was investigated towards A431 cell, the viability of cell
diminished on escalating the strength of the investigating compounds. The 2,6-bis((E)-(2-aminophenylimino)
methyl)-4-methoxyphenol (HL) had the half disintegration cell value at 53 pg/ml, after coordinating with
Cu. The attained Cu?* complexes established higher influence than the non-coordinated 2,6-bis((E)-(2-
aminophenylimino)methyl)-4-methoxyphenol as presented evidently in Fig. 15. The Cu®" complexes exhibit
IC,, for C-Tat 35 pg/ml, and the IC,  for C-II at 24 ug/ml, relatively™’. It was validated that Cu** complex C-II has
a higher potency on A431 cell line because of an electron-liberating group comparable with Cu?* complex C-I°!.
Independent 2,6-bis((E)-(2-aminophenylimino)methyl)-4-methoxyphenol (HL), the IC,; was greater than the
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Fig. 12. The plot of x T vs T for complex C-I and C-IL.

Compound | gl g 8w |G
C-1 2.0807 | 2.0299 | - 2.6858
C-1I 2.0930 | 2.0303 | - 3.1049

Table 5. g parameters and G-value of C-I and C-II.
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Complex

Elpc (V)

El,, (V)

E%e (V)

E%,, (V)

C-1

-0.7009

- 0.8268

-1.1199

0.8478

C-1I

—0.8998

-0.7176

-0.5795

0.9124

Table 6. Electrochemical data of Cu?* complexes.
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Fig. 14. Cyclic voltammogram of C-I and C-II.

complexes, represents that the independent 2,6-bis((E)-(2-aminophenylimino)methyl)-4-methoxyphenol (HL)

has reduced potency on the cell line than complexes.

Staining by acridine orange-ethidium bromide

2,6-bis((E)-(2-aminophenylimino)methyl)-4-methoxyphenol (HL) and Cu?* complexes were analysed with the
help of fluorescence microscopy. Green, yellow, and reddish or orange staining were used to represent sustainable
cells, initial affected cells, and deceased cells®%. The control consisted of green stained cells that consistently had
a bulky nucleus. Based on the available data, it was concluded that the compounds produced caused significant
apoptosis in cancer cells, which demonstrated membrane blebbing and chromatin compression. Acridine orange/
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Fig. 15. Cytotoxic fluorescence image of imine base (HL) and complexes C-I and C-II.

ethidium bromide, which is capable of penetrating into apoptotic cells, was used to verify the effectiveness of
2,6-bis((E)-(2-aminophenylimino)methyl)-4-methoxyphenol, C-I and C-II in inducing apoptosis in A431 cells,
which resist chemotherapy in A431 cells. The fluorescence picture and graphical illustration of cytotoxicity of
2,6-bis((E)-(2-aminophenylimino)methyl)-4-methoxyphenol and (C-I and C-II) were provided in Figs. 15 and
16, correspondingly™>.

Conclusion

2,6-bis((E)-(2-aminophenylimino)methyl)-4-methoxyphenol (HL) and its Cu?** complexes (C-I and C-II)
were prepared successfully. From the basic examination and mass data the formula of 2,6-bis((E)-(2-
aminophenylimino)methyl)-4-methoxyphenol (HL) and Cu?* complexes was determined, and the formation of
2,6-bis((E)-(2-aminophenylimino)methyl)-4-methoxyphenol was evidently proved by proton-NMR spectrum.
By obtaining the optimized structure from theoretical studies, we can gain more insight into the arrangement of
2,6,-bis((E)-(2-aminophenylimino)methyl)-4-methoxyphenol (HL). The molar conductivity of Cu?* complexes
obtained confirms 1:2 ionic nature. The UV-VIS and vibrational spectra depicted the functional moieties of
2,6-bis((E)-(2-aminophenylimino)methyl)-4-methoxyphenol and Cu?* complexes. Specifically, the vibrational
data explained the binding mode of the 2,6-bis((E)-(2-aminophenylimino)methyl)-4-methoxyphenol and the
linking of the carboxylate group in complexes. Different g parameters, symmetry belongings and nature of
environs were predicted from ESR of Cu?* complexes. gll and g*, were used to calculate G. The dx>-y? orbital
is where the single electron is located, and the Cu?* complexes have a square planar shape. Cu** complexes
display an antiferromagnetic environment during their magnetic behavior. The carboxyl moiety linking the
Cu?" ions in the Cu?* complexes led to a strong exchange interaction between them, which caused changes
in their shape. Cytotoxicity of Cu** complexes induced to be further potent compare with free 2,6-bis((E)-(2-
aminophenylimino)methyl)-4-methoxyphenol. The Cu?* complex (C-II) was highly effective than (C-I) due to
the reason of electron liberating group. From an application perspective, the comparison appears to be highly
effective. The structures can be determined using available data for 2,6-bis((E)-(2-aminophenylimino)methyl)-
4-methoxyphenol and Cu?* complexes C-I and C-1I were recommended as follows in Fig. 17.
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