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The current investigation is focused on the synthesis of indole-3-carboxaldehyde functionalized Schiff base 5,
which was characterized via X-ray crystallographic study, 1H NMR spectroscopy, 13C NMR spectroscopy, FT-IR
spectroscopy, mass spectrometry (LCMS) and thermal gravimetric analysis (TGA). Compound 5 has been iden-
tified as an effective and highly selective Zr(IV) sensor using UV-Visible spectroscopy with a limit of detection
(LOD) 3.7 x 1077 M. Compound 5 exhibited the most significant anticancer activity, reducing cell viability by

upto 67.67 % compared to untreated control cells. Experiments on Cajanus cajan (pigeon pea) seeds revealed its
efficacy as a good plant growth regulator. Molecular docking studies further supported its therapeutic potential
by revealing strong interactions with both an anticancer target protein and a plant gibberellin protein, indicating
its dual role as potential anticancer agent and a plant growth regulator. The findings from the study provides the
foundation for future research into zirconium sensing and anticancer applications, potentially leading to the
development of new sensors and anticancer drugs.

1. Introduction

The ongoing analysis centers on a Schiff base derived from indole-3-
carboxaldehyde, demonstrating its efficacy as a selective chemosensor
for zirconium(IV). Zirconium is a ubiquitous metal which finds wide-
spread applications in different industries [1]. Its unique properties,
such as hardness [2], thermal stability [3], high melting point [4],
abrasiveness and antioxidant characteristics [5] make it valuable in
sectors like paper printing, catalysis, cosmetics, paint industry and also
acts as a catalyst [6-8]. In the nuclear industry, zirconium alloys are
essential components in construction of pressure tubes and fuel channels
[9]. Additionally, it has numerous uses in medical domain which in-
cludes dentures and prosthesis [10-12]. The diverse applications of
zirconium highlight its importance on a variety of scales. But An over-
abundance of this element can have deleterious consequences encom-
passing various disorders including pulmonary pneumoconiosis, skin
irritation, and granulomas which are brought on by excessive zirconium
inhalation and extended exposure to the body [13,14]. Consequently,
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the accurate and timely detection of excess zirconium assumes para-
mount importance. Schiff bases, featuring the characteristic imine
functional group exhibit a diverse array of properties across the board
not only significant biological activities such as anticancer, antioxidants,
antifungal and antimicrobial effects, but also a wide spectrum of other
valuable characteristics [15-18]. Cancer is an ailment characterized by
the uncontrolled accumulation and malignant transformation of cells
[19]. These aberrant cells exhibit genetic mutations, enabling them to
invade and damage surrounding tissues, compromising the integrity of
vital bodily functions [20,21]. The number of cancer patients worldwide
are increasing at a very quick pace, making the treatment of cancer cells
crucial [22-24]. The development of new anticancer agents is vital for
improved cancer treatment outcomes [25]. Schiff bases can also be used
as regulators of plant development and have demonstrated efficacy as
plant growth regulators [26].

Plant growth regulators are a class of organic compound which have
ability to stimulate, impede, or alter a variety of physiological processes
in plants, including stimulation, inhibition and alteration [27]. They
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Scheme 1. Synthesis of 5.

have tendency to increase plant stress tolerance by modulating physio-
logical and biochemical processes and further takes part in stimulation
of plant growth [28-30]. Molecular docking is also utilized in our pre-
sent study to demonstrate binding affinity of the synthesized compounds
with anticancer proteins and the proteins that aid in plant seed germi-
nation [31,32]. Despite extensive research on metal ion sensing, a
dedicated system for the highly selective recognition of zirconium(IV)
ions remains lacking, particularly one that combines this function with
anticancer and antioxidant potential. To address this gap, the present
study reports a Schiff base alkyne with indole derivative , demonstrating
selective zirconium(IV) ion detection along with promising anti-
proliferative and antioxidant activities [33]. Lastly, the study explored
the compound’s ability to promote seed germination.

2. Experimental details
2.1. General information

Indole-3-carboxaldehyde, Propargyl bromide (80 % in toluene)
(Sigma Aldrich), Aniline, Potassium Carbonate (98 %, S.D. fine chem.
Ltd.), are used in the synthesis process. N, N’-dimethylformamide (DMF,
HPLC grade), Methanol, Toluene (Merck) are the organic solvents which
were subjected to purification.

The instruments used for mass analysis, UV-visible spectroscopy,
chemical shift determination, Thermogravimetric analysis and for per-
forming X-Ray Scattering studies were the same as those detailed in our
prior publications [10].

2.2. Synthesis of compound 3

Alkyne was synthesized with the reported procedure from the liter-
ature [26]. Firstly indole-3-carboxaldehyde was mixed with potassium
carbonate and DMF in a flask. The mixture was stirred over a period of
30 min, then propargyl bromide was added. Then the resultant mixture
was stirred again for 18 h at room temperature. After that, the mixture
was poured into ice cold water, which caused cream-colored precipitate
to form. The solid particles were then separated from the liquid by filter
paper and the product 3 was collected. The yield of the reaction was 89
%.

2.3. Synthetic route for Schiff base

For the synthesizing Schiff base, the alkyne 3 and aniline were mixed
in equimolar ratio (1:1) in a round bottomed flask and refluxed for 6 h in
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toluene. Then after the reaction gets over, remaining toluene is evapo-
rated to get crystals of the compound. The synthetic scheme for com-
pound 5 is illustrated in Scheme 1.

2.4. Characterization of Schiff base (E)-N-phenyl-1-(1-(prop-2-yn-1-yl)-
1H-indol-3-y)methanimine (5)

Colour: brown, yield, 89 %, Melting Point: 90-93 °C. H NMR (500
MHz, CDCl3) & 8.63 (s, 1H, -CH=N), 8.49 (dd, J = 1.4, 0.7 Hz, 1H,
N—CH), 7.71-7.18 (m, 9H, Ar-H), 4.91 (s, 2H, =C—CHy), 2.48 (d, J =
2.6 Hz, 1H, =C—H). 3C NMR (126 MHz, CDCl3) § 153.05, 152.40,
135.85, 131.56, 128.26, 128.03, 125.32, 123.88, 122.59, 121.55,
121.03, 119.88, 114.86, 114.07, 108.52, 76.20, 75.63, 73.67, 35.25,
1.02. ESI-TOF-MS (ES™) calculated for C;gH;4N5: 258.12 Found: 258.09.
FT-IR (neat, em™): 1616 (v C = N), 2129 (v C=C), 3270 (v =CH).

2.5. UV-Visible spectral studies

UV-visible spectroscopy was utilized to examine the selectivity and
sensitivity of synthesized Schiff base with various metal ions such as
Mn?*, Ni**, Ba®™, Co®*, Cd*', Cu®™, KT, Pb*T, RbT, Sn*, Zn?*, Zr*'.
UV-visible spectra were recorded for 107! M solutions of metal ions in
methanol. For the determination of selectivity of 5 for different metal
ions, 10 pL of each metal stock solution was used. A significant change in
the absorption spectrum was observed for Zr (IV) in comparison with
other metal ions. For the ultraviolent titrations, solution of Zr(IV) (1o
M] was gradually added to a stock solution of compound 5. The k,
(association constant) and LOD were then calculated using Benesi-
Hildebrand (B-H) plot and a linear calibration curve respectively.

2.6. Growth bioassay

2.6.1. Root length

In this experiment, Cajanus Cajan seeds were decontaminated using a
0.1 % sodium hypochlorite solution. Further the seeds were immeresed
in solutions of Schiff base with varying concentrations in milligrams per
litre viz. 2.5, 5, 7.5 and 10. Then three replicates of each concentration
were made, using eight seeds in each patri dish. A Whatman filter paper
and a thin layer of damp cotton were placed in each 14 cm diameter
petri dish. Each petri dish was then filled with 10 mL of a solution that
contained water and DMSO in a ratio of [98:2], with distilled water and
DMSO serving as control. The petri dishes were kept in an undisturbed
chamber at 20/ 25 °C day and night. The seedlings were gathered after
seven days, and a ruler was used to measure the lengths of roots and
shoots. The fresh samples of roots and shoots were subsequently dried
for 72 h at 60 °C in an oven, and the weights of dried samples were
recorded.

2.6.2. Estimation of chlorophyll and protein

Using the technique described by Hiscox and Israesltam (1979), 12
mg of leaves from Cajanus Cajan were extracted for chlorophyll in 2 mL
of DMSO. After one-hour incubation at 70 °C, the concentration of so-
lutions was measured spectrophotometrically. Measurements were
taken at three wavelengths: 645 nm, 663 nm and 470 nm. The Arnon
(1949) equation was used to calculate chlorophyll concentration, which
was then expressed on a dry weight basis following the method of Rani
and Kohli (1991).

2.6.3. Statistical analysis

The statistical assessment was carried out and the treatment means
were compared according to established protocol outlined in relevant
literature [10].
2.7. Anticancer study

To evaluate anticancer potential of compound 5, HeLa cells
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(obtained from NCCS Pune, India) were exposed to it following a pro-
tocol detailed in procedure published in literature [14]. These cells were
cultured RPMI medium enriched with 10 % fetal bovine serum (FBS) and
1 % penicillin-streptomycin. The culture environment was maintained
at 37 °C under a 5 % CO atmosphere with 95 % humidity. Compound 5
was prepared as 2 mM stock solution in DMSO. For the MTT cell viability
assay, 10,000 cells were seeded into each well of 96-well plates.
Following a 24 h adjustment period, cells were treated for 48 h with 50
Mm of the synthesized compound, with each condition tested in tripli-
cate. Subsequent to compound treatment, each well received 5mg/ml of
MTT solution and was incubated for an additional 3 h at 37 °C. The
purple formazan crystals were then dissolved in 200 pL of DMSO, and
absorbance was measured at 570 nm using a microplate reader. Pacli-
taxel (10 nM) served as the positive control. Each experiment was
conducted twice to assess cell viability relative to untreated controls
[34].

2.8. Antioxidant assay

The DPPH radical scavenging assay was employed to determine the
antioxidant activity of compound5. This method is widely accepted for
screening the antioxidant potential of chemical compounds due to its
rapid execution and reliable accuracy. The assay is based on the
hydrogen-donating ability of the antioxidant, wherein the chromogenic
radical (DPPH) directly reacts with the compound 5. The change in color
intensity was measured spectrophotometrically using UV-Vis spectros-
copy, as the absorbance is easily recorded at 517 nm. Different con-
centrations of the compound 5 and ascorbic acid (12.5, 25, 50, 100, and
200 ug/mL) were prepared in ethanol, and an equal volume of ethanolic
DPPH solution was added to each. The mixtures were incubated for 30
min at room temperature in the dark. The decrease in DPPH absorbance
at 517 nm was recorded, indicating the extent of radical scavenging.
Ascorbic acid was used as a reference standard under the same condi-
tions [35].

2.9. X-Ray diffraction studies

Once the reflux was finished, compound 5 crystals were produced by
evaporating the toluene. The crystal was prepared for analysis by being
mounted on a polarizing microscope with the aid of Hampton CryoLoop.
A Super-Nova (Mo) X-ray diffractometer with a microfocus sealed X-ray
tube equipped with Mo-Ka radiation at = 0.71073 A as an X-ray source
and a HyPix3000 (CCD plate) detector that scans at a rate of 5 to 10 s/
frame, with a width that increases by 0.3 per frame was used to gather
the single crystal data. The SHELXL refinement package and Olex2 with
ShelXT structure solution program were used to solve and refine the
structure, respectively. Intrinsic phasing was used for the structure so-
lution, while least squares minimization was used for the refinement.
Mercury 4.0.0 software uses a variety of techniques and parameters to
draw the crystal structure. The CCDC number for the crystal of com-
pound 5 is 2388,270.

2.10. Molecular docking protocols

To gain deeper insights into the interaction mechanisms between the
synthesized ligands and target proteins, molecular docking simulations
were performed using AutoDock 4.2.6 coupled with AutoDock Tools
1.5.7 [36]. The 3D crystal structures of the anticancerous protein and
gibberellin protein with PDB Id: 4xr8 and 4psb respectively were

Table 1
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retrieved from the Protein Data Bank (PDB), while the ligand molecule
IK was designed and energy-minimized prior to docking. The initial 2D
ligand structures were generated using ChemDraw and subsequently
converted into 3D conformers. Geometry optimization was carried out
in Avogadro Molecular Editor using the MMFF94 force field, ensuring
stable, low-energy conformations suitable for docking. The optimized
ligand structures were saved in PDBQT format for compatibility with
AutoDock. Protein structures were preprocessed in AutoDock Tools
1.5.7, which involved removing bound water molecules and
non-essential heteroatoms, addition of polar hydrogens, and assignment
of Kollman charges to improve docking accuracy. The grid dimensions
for 4xr8 were established as x=—26.763, y=—28.107, z=—12.111 and
the same for 4psb were x = 0.181, y= —1.266, z = 17.489. The docking
grid box was defined around the active site with dimensions of 60 x 60
x 60 points and a spacing of 0.375 A, centered on the binding pocket to
maximize the probability of ligand-receptor interactions. Docking sim-
ulations were executed using the Lamarckian Genetic Algorithm (LGA)
with 100 independent runs, a population size of 150, a maximum of 2.5
x 10°6 energy evaluations, and 27,000 generations, ensuring compre-
hensive exploration of potential binding conformations. To validate the
docking protocol, the native co-crystallized ligand of each receptor was
re-docked into its binding site, and the RMSD values between the docked
and crystallographic poses were calculated. RMSD values below 2.0 A
confirmed the reliability and accuracy of the docking setup. The docking
results were evaluated based on the lowest binding energy poses and
corresponding interaction patterns, which revealed the most favourable
binding modes of each ligand with the receptor proteins. Visualization
and interaction analyses were carried out using Accelrys Discovery
Studio Visualizer 4.0, AutoDock Tools, and Protein Plus, providing
detailed insights into hydrogen bonding, hydrophobic interactions, and
n-7 stacking between the ligands and active site residues. This integra-
tive docking workflow, validated and parameterized for reproducibility,
enabled a systematic evaluation of ligand-protein interactions, thereby
complementing the experimental findings and highlighting the potential
of indole-based Schiff base ligands as promising candidates for bioactive
applications.

2.11. Synthesis of metal complex

Equivalent amounts of metal and the ligand were mixed together in a
round bottomed flask taking methanol as the solvent for synthesizing
metal-ligand complex. After stirring the reaction mixture for 4 h, the
solvent was allowed to evaporate. Through the use of DFT, IR spec-
troscopy, NMR spectroscopy and mass spectrometry, a brown metal-
ligand formation was confirmed.

2.12. DFT calculations

DFT calculations using Gaussian 09 software were performed for
structure optimization of 5 and its Zr(IV) complex. To obtain the opti-
mized structure of 5, B3LYP/6-311 G level of theory was used. On
similar basis, LAN2DZ was bought into service for energy minimization
of complex. The HOMO and LUMO energies were computed.

2.13. Pharmakokinetic prediction
Rather than relying on lengthy and uncertain therapeutic testing, the

development of new drugs can be significantly expedited by assessing
their physiochemical properties. Online resources like PreADMET

Predicted physiochemical properties of synthesized compound 5 based on Lipinski’s rule.

Compound M.W. TPSA M; Log P N Rot B n-ON acceptor n-OHNH donar Lipinski violations
Rule <500 <70 <5 <15 <10 <5 <1
5 258.32 17.30 3.85 3 2 0 0
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Table 2
Pharmacokinetic prediction of compound 5.
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Compound BBB Caco-2 cell permeability (nms™)

Plasma Protein Binding ( %)

MDCK (nms™) HIA Skin permeability

(log Kp)

5 1.87027 26.4072

91.480285

13.9942 100 —1.81995

(2)

Stock
0.6 —Ba(ll)
— Cd(Il)
—— Co(ll)
0.5 —K(l)
—— Mn(ll)
——Pb(ll)
5 —— Rb(l)
/ ——2Zn(Il)
0.3 ——Zr(IV)
—Ag(l)
—— Ca(ll)
021 —— Hg(Il)
— Mg(ll)
] —Ni(ll
o 5+ Zrt — =

0.4

Absorbance
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(b)
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Fig. 1. (a) UV-visible absorbance spectra of 5 along with various metal ion. (b) UV-visible Titration plot of 5 with Zr(IV).

(http://preadmet.bmdrc.org) and Molinspiration (http://molinspir
ation.com) provide valuable insights into these crucial characteristics.
For a compound to be considered orally accessible, it must satisfy spe-
cific criteria: a molecular weight of 500 or less, an m; log P of 5 or less, a
topological polar surface area (TPSA) of 70 or less, a maximum of 10
hydrogen bond acceptors, no >5 hydrogen bond donors, and a limit of
15 rotatable bonds. These parameters offer predictive information, with
rotatable bonds indicating adaptability, m; log P reflecting hydrophi-
licity, and TPSA suggesting drug absorption. The physiochemical profile
of compound 5, as determined by these tools, is presented in Table 1.

Online predictive models for ADMET (Absorption, Distribution,
Metabolism, Excretion, and Toxicity) provide crucial pharmacokinetic
data for new compound. These models quantify parameters such as
plasma protein binding (PP Binding), which influences drug disposition
and therapeutic efficacy. Data from the Caco-2 cell line and assessments
of human intestinal absorption (HIA) are directly relevant to evaluating
oral bioavailability and transdermal penetration into the systemic cir-
culation. Furthermore, blood-brain barrier (BBB) penetration assays are
indispensable for determining a drug’s accessibility to the central ner-
vous system. Additional ADMET parameters include Madin-Darby
Canine Kidney (MDCK) assays and skin permeability measurements.
The collective ADMET profiles of the synthesized compound, as pre-
sented in Table 2, provide compelling evidence for their therapeutic
potential [37,38].

3. Results and discussion
3.1. Synthesis and characterization

As depicted in Scheme 1, the synthetic route was followed in order to
synthesize compound 5 commenced by synthesis of alkyne 3. Indole-3-
carboxaldehyde and potassium carbonate (KoCO3) were added to 100
mL round- bottom flask containing DMF solvent, followed by the addi-
tion of propargyl bromide after 30 min of stirring. After 18 h of stirring,
it was added to ice cold water and allowed to work up. The product was
subsequently filtered and collected. Compound 3 was used for further
synthesis of product 5. After reacting with aniline in a toluene solvent, it
was refluxed for 6 h at 110 °C. Then toluene was evaporated yielding
crystals of compound 5. Single crystal XRD, Mass spectrometry and NMR

(*H and '3C) verifies the molecular structure of 5.

3.2. UV-Visible study

3.2.1. UV-Visible spectral analysis

Methanol was used as the base solvent for the metal detecting pro-
cess, and the concentration of the compound was set at 6 x 10° mol .1
A significant change was shown in case of Zirconium after adding 10 pL
of several metal ions including Ba?*, Cd**, Co?*, Cu?*, K*, Mn?", Pb2*,
Ni2+, Rb”, Sn2+, Zn?" and Zr4+, to compound 5 and is shown in Fig. 1

(a).

3.2.2. Titration study

The responsiveness of compound 5 to Zr (IV) was evaluated via
titration. The experiment involved gradual addition of 1074 M solution ¢
Zirconium (IV) to a solution of compound 5 having concentration 6 x
107%M This causes a reduction in the absorption band at 330 nm (hy-
pochromic shift). The limit of detection was determined to be 370 nM
(Fig. 3(a)). This calculation was based on the formula 3/s, where sigma
is standard deviation and s is the slope of calibration curve. The titration
plot is shown in Fig. 1(b).
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Fig. 2. Metal interference study.
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Fig. 4. (a) ORTEP diagram of compound 5. (b) Monoclinic unit cell of compound 5. (c) 2D sheet like structure of compound 5.




G. Singh et al.

N N
N N
Zr(NO
Z Zr(NO3)s W),
Methanol, ‘N
4h stirring

Scheme 2. Synthesis of metal complex.

3.2.3. Metal interference study

The potential for other metal ions to affect the detection of Zr(IV) by
5 was investigated through an interference study. Equivalent concen-
trations of Zn(II), Pb(II), Rb(I), Ni(II), Co(II), Mn(II), Cd(II), Ba(II), Ca(II)
and Mg(II) were individually introduced to a solution of compound 5
pretreated with Zr(IV) in methanol. The resulting solutions were sub-
jected to spectrophotometric analysis and the plot is shown in Fig. 2.

3.2.4. Stoichiometric complexation ratio

Equimolar concentrations of the ligand and metal were used to create
the job’s plot in order to determine the stoichiometric ratio between
them. The job’s plot shows the highest point at 0.5, which confirms that
the ligand and the metal binds together in a ratio of 1:1 as shown in
Fig. 3(c).

3.3. Thermogravimetric analysis

TGA, a useful method for calculating weight loss in relation to
temperature, was used to examine the thermal stabilities of the Schiff
base. Under a nitrogen environment, the analysis was conducted be-
tween 25 °C and 1000 °C in temperature.

Compound 5 exhibits two distinct phases of decomposition. The first
stage involves a weight loss from 70 °C to 150 °C, primarily caused by
moisture. Since no appreciable weight loss was seen until 250 °C,
compound 5 is therefore stable till 250 °C. Since TGA curve for Schiff
base curve shows no distinct weight loss up to 250 °C is one charac-
teristic of thermally stable compounds. (Fig. S7)

3.4. Crystallographic analysis

Using X-ray crystallography, the crystal structure of compound 5
which has the chemical formula Ci1gH14N5, was determined to be
monoclinic in shape in space group P2;/n. The ORTEP diagram for
crystal representation of compound 5 is shown in the Fig. 4(a). Within
the crystal, each unit cell comprises of four molecules. This arrangement
reveals structural features and molecular conformations of compound 5
Fig. 4(b). The unit cell has dimensions of a = 11.5292 (10) 17\, b=8.7066
(7) A, ¢ = 14.2477(10) A, with angles & = y = 90°, § =97.27 (7). The
volume V of unit cell is 1418.7 (2) /0\3, resulting in the calculated density
(pealc) of 1.209 g-cm™. The N1-C7 bond length is 1.271 A, which is
characteristic of (C = N) bond. Molecular visualizations were prepared
using Mercury version 4.0.0. The packing arrangement of 2D crystal
structure, when visualized from a-axis, reveals a chain linked sheets that
unfolds along the b and c-axes Fig. 4(c).

3.5. Mode of binding
Spectroscopic analyses, including IR spectroscopy and ‘H NMR,

confirmed the interaction between Zr(IV) and compound 5. In the
infrared spectra, a notable shift from 1616 cm ! to 1663 cm ™! (Fig. S5)
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Fig. 6. Molecular Electrostatic potential for (a) Compound 5 (b) Compound 5
complex with Zr(IV).

indicated the presence of an imine group. Similarly, the 1H NMR spec-
trum showed a chemical shift from 8.63 ppm to 8.84 ppm (Fig. S6) after
Zr(IV) interacted with the ligand. These changes strongly suggest that
zirconium binds specifically to the imine (C = N) moiety of the ligand.
Scheme 2 illustrates the synthetic route employed for the synthesis of
metal complex.

3.6. DFT investigation

The optimization of structure of 5 was done using gaussian 09 soft-
ware and generated its lowest unoccupied molecular orbital and highest
occupied molecular orbital. Subsequently, the energy difference be-
tween both orbitals was calculated as 0.152 eV. The energy optimization
was obtained using B3LYP/ 6-311 G levels and LAN2DZ basis set.
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Fig. 7. Representation of compound 5 bound at the active site of protein (a)
4xr8 (b) Gibberellin.

Similarly, after optimizing 5 + Zr complex structure, the HOMO-LUMO
energy gap was determined to be 0.056 Ev as shown in Fig. 5.

3.7. Molecular electrostatic potential analysis

Molecular Electrostatic Potential (MEP) analysis was performed to
understand the charge distribution and potential reaction sites of our
molecule. The MEP maps, calculated with Gaussian software, utilize a
color scale where red indicates electron-rich, negative potential; blue
signifies electron-deficient, positive potential; and green represents

Journal of Molecular Structure 1350 (2026) 144049

intermediate potential. For compound 5, the MEP map as depicted in
Fig. 6(a) shows a wide potential range from —4.862 x 1072 to 4.862 x
1072

The presence of intense red regions, particularly around electro-
negative atoms like Nitrogen, confirms their electron-rich nature. This
makes these sites highly favorable for interaction with electrophiles,
such as the Zirconium(IV) used in this study. The Molecular Electrostatic
Potential (MEP) surface of the compound after complexation with Zr(IV)
clearly reflects the redistribution of electron density upon binding with a
new potential range of —0.753 to 0.753 as shown in Fig. 6(b). In the
complex, blue regions appear around the Zr(IV) coordination sites,
highlighting strong electron deficiency resulting from the Lewis acidic
nature of Zr(IV), which withdraws electron density from the donor
atoms of the ligand. This confirms that the nitrogen atoms, which pre-
viously exhibited highly negative potential before complexation, have
now lost electron density upon coordination, shifting from red toward
green or blue zones. Overall, the change in color distribution, especially
the appearance of positive blue patches near the metal center, provides
strong evidence for successful Zr(IV) binding and illustrates the altered
electronic environment of the ligand after complexation [39].

3.8. Molecular docking analysis

The final docked structures, visualized using Discovery Studio 4.0,
revealed minimum binding energies of —6.36 Kcal/mol and —7.20 Kcal/

Interactions
B P-Caton ] Ayt

Pr-Donor Hydrogen Bond

Bl » -+ stces

Fig. 8. 2D diagram for protein ligand interaction of 5 with amino acids of protein (a) 4xr8 (b) Gibberellin.

(2)

Glf336

Pro33s

Tvrld2

Leu3d

Fig. 9. 3D Docking interaction of compound 5 with active site of (a) 4xr8 (b) Gibberellin.
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mol for the two proteins, respectively. Fig. 7 illustrates the binding of
compound 5 at the active site of protein 4xr8 (a) and Gibberellin (b).
Further details on the binding sites and interactions are provided in
Fig. 8 which illustrates 2D diagrams of protein-ligand interactions of
compound 5 with amino acids of docked proteins, while Fig. 9 displays
the 3D docking interactions of compound 5 with the active sites showing
hydrophobic and hydrogen bonding interactions. Quantitative data on
hydrophobic and hydrogen bonding interactions of compound 5 with
the docked proteins are tabulated in Tables S1 and S2.

3.9. Bioassay studies

Compound 5 demonstrably impacts Cajans cajan growth. The most
substantial growth enhancement reflected in increased shoot length,
chlorophyll levels, and protein content, occurred when the plants were
exposed to 10 mg/L. The outcomes are depicted in Fig. 10 and Fig. 11.

3.10. Antioxidant activity

The DPPH radical scavenging assay was employed to evaluate the
antioxidant capacity of the ligand. The results indicated the presence of
donatable hydrogen atoms in the ligand, as evidenced by the color
change of the DPPH methanolic solution from violet to yellow upon
interaction with the antioxidant. Fig. 12(a) depicts the color changein
DPPH solution upon addition of compound 5 and ascorbic acid. The
compound exhibited notable antioxidant activity; however, its activity
was lower compared to that of ascorbic acid. The antioxidant potential
of 5 is enhanced by the presence of functional groups capable of
donating electrons or hydrogen atoms. Thus, this study suggests that
compound 5 hold promising potential as antioxidant agents. The data
further revealed a concentration-dependent increase in the free radical
scavenging activity of the compound, indicating its ability to neutralize
more radicals at higher concentrations. (Fig. 12(b))
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3.11. Anticancer activity

The anticancer properties of compound 5 was explored through a 24
h exposure of HeLa cervical cancer cells. The significant MTT assay
demonstrated that compound 5 significantly decreases Hela cell
viability to 67.67 % which indicates its prominent efficacy. Fig. 13(a)
represents the % cell viability of 5 w.r.t. control cell after the treatment
with cancer cells. Furthermore, dose response curve for compound 5
(Fig. 13(b)) illustrates the relationship between compound

concentration and cell viability. With increase in the concentration of
compound 5, there is a corresponding decrease in the percentage of
viable cells, indicating a dose-dependent cytotoxic effect. At lower
concentrations, the compound shows minimal impact on cell viability,
whereas at higher concentrations, a significant reduction in cell viability
is observed. This pattern suggests that compound 5 exerts its biological
activity in a concentration-dependent manner, with potential implica-
tions for its use as an anticancer or cytotoxic agent.
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4. Conclusion

In this work reported herein, the Schiff base is effectively derived and
thoroughly characterized utilising 'H NMR, 13C NMR, UV spectroscopy,
IR spectroscopy, Mass spectrometry and SCXRD. It validates a strong
potential for detection of Zirconium(IV). Analysis by UV spectropho-
tometry depicted a good detection limit and strong association constant
of 3.7 x 107 M and 13.1 x 10* M respectively. The Job’s plot analysis
depicted a 1:1 binding ratio with Zirconium(IV) and 5. The proposed
binding mode was further supported by DFT calculations and spectro-
scopic characterization of the synthesized zirconium-ligand complex.
Beyond its other application, the synthesized probe 5 has shown promise
as an anticancer agent which was strengthened by molecular docking
studies with the target protein. Moreover, its ability to promote seed
germination opens up possibilities for agricultural application.

Associated content

The supporting information contains H NMR, '3C NMR, FTIR and
Mass Spectrometry data along with TGA Curve and possible interactions
with docked proteins.
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