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Abstract

Antimicrobial resistance (AMR) is a global health emergency requiring innovative discovery strategies. In this work,
combinatorial chemistry was employed to synthesise an asymmetric Schiff base, DVF, from diethylenetriamine, vanillin,
and furfural, followed by the preparation of Mn(II), Fe(III), and Cu(II) complexes. The products were characterized using
conductivity, CHNS analysis, UV-Vis, FTIR, NMR, and XRD spectroscopy. Antimicrobial screening revealed DVF as the
most active antibacterial agent compared to the precursors, while the mixed ligand complex - [Cu(DVF)(S)].NO;
exhibited superior inhibition against Staphylococcus aureus (41 + 1.2 mm at 500 mg/ml), surpassing chloramphenicol.
DVF lacked antifungal activity, but metal coordination enhanced its spectrum. Catalytic studies demonstrated efficient
methylene blue degradation, with Fe(IlI) and Cu(Il) complexes achieving >90% removal within 20 minutes under
pseudo-first-order Kinetics (R? > 0.98). Molecular docking against breast, prostate, and cervical cancer targets revealed
favourable binding interactions, with DVF and its complexes surpassing Tamoxifen and Zometa. The Fe(III) complex (-
6.5 kcal/mol) and binuclear Cu(Il) complex (-7.6 kcal/mol) showed the strongest affinities, involving hydrogen bonding
and m-T stacking, suggesting mechanisms of DNA intercalation, ROS generation, and apoptosis induction. Collectively,
DVF and its metal complexes emerged as multifunctional scaffolds with dual biomedical and environmental
applications.
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1. Introduction

Antimicrobial resistance (AMR) threatens modern medicine by undermining the efficacy of common antibiotics thereby
contributing to high morbidity and mortality worldwide. Global analyses estimated that AMR was associated with
nearly 5Smillion deaths in 2019 alone, with approximately 1.27 million deaths directly attributable to resistant microbial
infections [1, 2]. Although several mechanisms have been proposed for increased AMR prevalence amongst which are;
enzymatic drug degradation (example B-lactamases), active efflux, target modification, reduced permeability, and
biofilm formation [3]. Mimicking drugs mechanism and genetic mutation are also some of the easiest strategies adopted
by these organisms in making potent drugs ineffective within few years of application. Drug classes most affected are
B-lactams, fluoroquinolones, aminoglycosides, and macrolides [4]. The WHO priority pathogen list highlights
Carbapenem-resistant Acinetobacter baumannii, Pseudomonas aeruginosa, and Enterobacteriaceae (including Klebsiella
pneumonia and Escherichia coli), as well as Methicillin-resistant Staphylococcus aureus (MRSA) and
Vancomycin-resistant Enterococcus faecium [5]. In addition, cancer is now a major public health concern especially in
sub-Saharan Africa, being among the three leading causes of premature death in almost all the countries in the region
[6]. Among the various types of cancer, prostate, cervical and breast cancer are the most common. Metal complexes of
Schiff bases have been reported to exhibit strong catalytic activity, particularly in organic transformations and green
chemistry applications [7, 8].
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In our earlier studies, we had reported the derivatisation of drugs compounds as one of the strategies in combating this
menace [9]. However, the combination of several smaller active organic compounds into a single molecule using
condensation reactions as applied in Schiff base formation is a promising methodology.

Combinational chemistry also referred to as combinatorial chemistry is a powerful synthetic approach that enables the
rapid generation of diverse chemical libraries by systematically combining multiple building blocks [10]. It accelerates
the discovery of new chemical entities by producing diverse libraries of related compounds for high-throughput
screening [11]. Schiff bases are compounds formed by condensation of primary amines with aldehydes to give
azomethine (-C=N-) linkages. There are particularly amenable to combinational approaches because of facile synthesis
and broad structural tunability [12]. Diethylenetriamine like other polyamine offers these characteristics which enables
many different aldehydes to be coupled at the different ends of the amine group on its structure [10]. It is a flexible
tridentate ligand with two primary amine functionalities that readily condense with aldehydes to form mono-, di-, or
tri-Schiff base derivatives depending on stoichiometry and reaction conditions. The resulting azomethine linkages
confer planarity and electron delocalization, and the remaining amine or donor sites permit metal coordination—
features that influence biological activity and target binding [13]. The aldehydes employed in this work are
salicylaldehyde (S) - an ortho-hydroxybenzaldehyde which forms chelating Schiff bases with enhanced stability and
potential antioxidant/antimicrobial activity [14], vanillin (V) - a 4-hydroxy-3-methoxybenzaldehyde which can
contributes phenolic character and lipophilicity, with reported antimicrobial and anti-inflammatory effects [15], and
furfural (F) - a furan-based aldehyde derived from biomass; which introduces heteroaromatic character and has been
used in bioactive Schiff base synthesis [16]. Combining these aldehydes with DETA yields asymmetric Schiff base that
possess mixed aromatic/heteroaromatic substituents, enabling fine-tuning of lipophilicity, hydrogen-bonding capacity,
and electronic distribution parameters that influence membrane permeability and enzyme binding [17, 18].

Hence, in this work, we report asymmetric Schiff base and metal complexes derived from DETA in combination with
vanillin and furfural as promising leads in the search for agents that can circumvent AMR, cancer, and as well serve as
catalysts.

2. Materials and Methods

All the chemicals were of analytical grades and we used without further purification. The FTIR spectra were recorded
on a Shimadzu instrument in anhydrous KBr pellets in the range of 4000-400 cm. A Uv-Vis 2500 spectrometer was
used to obtain electronic spectra in DMF solutions. The molar conductivities were measured using Hanna conductivity
meter. Analysis of elements (CHNS) was carried out using elemental analyser Perkin Elmer series 11 CHNS/O Analyser
2400. The 'H and 13C NMR analyses of the compounds will measured in DMSO solvent using Burker DPX-200 equipment.
Powdered XRD analysis was conducted on a Goniometer MiniFlex 300/600 equipment.

2.1. Synthesis of asymmetric Schiff base- DVF

The synthesis of the asymmetric Schiff base of DETA involving vanillin (V) and furfural (F) followed a two steps one-pot
method reported in literature [18] and is presented in Figure 1. Some modifications such as adjustment of temperature
and pH were adopted where necessary. In the first step, 0.53 cm3 (5 mmol) of DETA was mixed in 10 cm3 ethanol in a
round bottom flask and stirred at 30 °C. Then 0.405 cm3 (5 mmol) furfural (F) mixed in 10 cm3 of ethanol in a beaker,
was added to the round bottom flask and stirred for 30 min to afford a mono-substituted Schiff base. In the second step,
0.753 g (5 mmol) of vanillin (V) dissolved in a 10 cm3 ethanol was added drop-wise to the mixture of the mono-
substituted Schiff base and stirred, 3 some drops of acetic acid was added to maintain the pH between 7 and 8. The
reaction mixture was stirred for 2.30 h. The resultant solution was allowed to cooled and evaporate for some days. The
resultant black coloured powdered asymmetric Schiff base product was washed with acetone and dried in a desiccator
for 48 h. Yield: 78%, MP: >120 °C, Uv-Vis: Amax, 250 nm, 267 nm (n-n*). FTIR (KBr): cm, 3422 (vO-H, vN-H), 2944 (vC-
H), 1651 (vC=N), 'H-NMR (DMSO0d6) 6: 8.46 (d, ] = 8.0Hz, 1H), 8.17 -7.03(mm, 2H), 6.54 (d,] = 4.4Hz,1H), 3.43(s,7H). 13C
NMR (DMSO0-d6) &: 169.54(VC=N, 1C, s), 140.56(FC=N, 1C, s), 42.78, 43.23, 42.34 (DETA carbons, 4C, m), Elemental
calculated (found) %: C; 64.29(64.74), H; 6. 32(6.71), N; 13.28(13.32).
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1 =DETA, 2 = Furfural, 3 = Mono condensed Schiff Base, 4 = Vanillin, 5 = 4-[(Z)-({2-[(2-{[(E)-furan-2-
ylmethylidene]amino}ethyl)amino]ethyl}imino)methyl]-2-methoxyphenol (DVF).

Figure 1 Schematic representation of the synthesis of asymmetric Schiff bases of DETA

2.2. Synthesis of Cu complex of DVF and Salicylaldehyde (S)

The same procedure was employed for the synthesis of the asymmetric Schiff base as described in Figure 1. However,
the metal salts [5 mmol, 1.21 g Cu(NO3)2.3H20)] dissolved in 20 cm? of ethanol was added in situ, after stirring for 10
min under reflux in a two necked round bottom flask, 0.525 cm?3 (5 mmol) of S dissolved in 10 cm?3 ethanol was added
and reflux for 3 h. The resultant dark brown precipitate was allowed to cooled, then filtered and washed several times
in appropriate solvent and dried in a desiccator for further investigation as shown in Figure 2. Yield: 83%, MP: >200 °C,
Molar Conductivity (uSm-1cm1): 92.60, BM: 1.8, Uv-Vis: Amax, 250, 286 (n-n*), 317 (LMCT). FTIR (KBr): cm, 3433 (vO-
H, vN-H), 2944 vC-H), 1732 (vC=0) 1632, 1601 (vC=N), 671,617 (vM-0), 513 (vM-N). 1H-NMR (DMS0d6) &: 8.54 (s, 1H),
7.58 - 7.52 (m, 1H), 7.50 - 7.46 (m, 1H), 7.35 - 7.25 (m, 2H), 7.06 (d, ] = 2.4 Hz, 1H), 6.93 (s, 1H), 6.86 - 6.74 (m, 4H),
3.85 (s, 4H), 13C NMR (DMSO0-d6) &: 162.78, 152.66, 151.56, 148.18, 145.63, 140.30, 137.57, 132.63, 130.79, 127.24,
125.28, 125.19, 122.47, 121.91, 117.10, 113.80, 112.97, 112.03, 110.97, 58.28, 58.05, 56.26, 49.91, 49.86. (DETA
carbons, 4C, m), Elemental calculated (found) %: C; 47.56(47.06), H; 4.95(4.42), N; 9.86(10.98), Cu: 10.26(9.96).

2.3. Synthesis of Binuclear Fe (III) Complexes of DVF

The same procedure was employed for the synthesis of the asymmetric Schiff base as described in Figure 1. However,
due to difficulty in isolation of the product, 10 mmol (2.70 g) FeCl3.6H20 dissolved in 20 cm3 of ethanol was added in
situ, after stirring for 10 min under reflux in a two necked round bottom flask, and reflux for 3 h. Stoichiometry was 2:2.
The resultant black paste was allowed to cooled, then filtered and washed several times in diethyl ether and left several
days for the solvents to evaporate before being used for further investigation as shown in Figure 2. MP: >150 °C, Molar
Conductivity (uSm-lcm1): 39.76, BM: 5.2, Uv-Vis: Amax, 271 (n-n*), 394 (LCMT). FTIR (KBr): cm, 3395 (vO-H, vN-H),
2943 vC-H), 1624, 1589 (vC=N), 687, 637 (vM-0), 484, 455 (vM-N). 'H-NMR (DMS0d6) &: 10.41 (d, ] = 4.4 Hz, 1H), 9.68
(d,J=1.4Hz 1H), 7.29 (d,] = 1.4 Hz, 1H), 5.16 (d, ] = 4.4 Hz, 1H), 4.85 (s, 1H), 4.66 (s, 1H), 3.30 (s, 5H), 2.39 (s, 27H). 13C
NMR (DMSO-d6) &6: 152.26, 152.23, 151.65, 151.56, 148.23, 148.18, 145.66, 145.63, 140.76, 129.62, 129.59, 124.96,
113.82,113.80, 113.05,113.03, 112.04, 112.03, 111.25, 111.24, 56.29, 56.26, 51.79. (DETA carbons, 4C, m), Elemental
calculated (found) %: C; 47.47(47.97), H; 5.47(5.08), N; 11.26(11.76), Cu: 13.36(13.61).

2.4. Synthesis of Mn complex of DVF and citric acid (CA)

The same procedure was employed for the synthesis of the asymmetric Schiff base as described in earlier. Then, 5 mmol
of the metal salts [1.49 g MnCl2.2H20] dissolved in 20 cm3 of ethanol was added in situ, after stirring for 10 min under
reflux in a two necked round bottom flask, 5 mmol of CA (0.0961 g) dissolved in 10 cm3 ethanol and deprotonated with
3 M NaOH was added in drops slowly. The mixture was refluxed for 3 h. The resultant precipitate was allowed to cooled,
then filtered and washed several times in diethyl ether, rinsed with cold ethanol and dried in a desiccator for further
investigation as shown. The reaction is simplified in Figure 2. Yield: 63%, MP: >190 °C, Molar Conductivity (uSm-lcm-1):
97.90, BM: 5.7, Uv-Vis: Amax, 250 (n-n*), 366 (LMCT), 479 (d-d). FTIR (KBr): cm, 3295 (vO-H, vN-H), 2847 vC-H), 1636,
1582 (vC=N), 1366 v(NOs7), 679, 629 (vM-0), 579, 544, 471 (vM-N). 'H-NMR (DMS0d6) 8&: 8.09 - 8.05 (m, 2H), 7.71 -
7.63 (m, 3H), 7.36 - 7.32 (m, 2H), 7.18 (dd, ] = 8.6, 2.3 Hz, 1H), 7.12 (d, ] = 2.4 Hz, 1H), 6.87 - 6.79 (m, 2H), 6.77 - 6.72
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(m, 1H), 3.86 (s, 4H), 3.34 - 3.25 (m, 7H), 3.21 (s, 1H), 3.19 - 3.12 (m, 4H), 3.05 (dd, ] = 8.5, 6.7 Hz, 2H), 3.00 - 2.93 (m,
4H), 2.92 (s, 1H). 13C NMR (DMS0-d6) 8: 175.33, 169.36, 152.27, 151.56, 148.18, 145.63, 141.62, 130.40, 125.62, 122.61,
113.80,112.94, 112.03,111.16, 75.08, 58.11, 56.26, 49.17, 49.09, 49.02, 46.37, 41.27, 41.20, 41.12. Elemental calculated
(found) %: C; 43.90(43.48), H; 4.00(3.69), N; 6.68(6.66), Mn: 8.73(8.65).

2.5. Synthesis of Binuclear Cu (II) Complex of DVF

The same procedure was employed for the synthesis of the asymmetric Schiff base as described earlier. A 2:2
stoichiometry was adopted. The metal salts [10 mmol, 2.42 g Cu(NO3)2.3H20] dissolved in 20 cm?3 of ethanol was added
in situ, it was stirred under reflux in a two necked round bottom flask for 3 h. The resultant precipitate was allowed to
cooled, then filtered and washed several times in methanol and rinse with ether and dried in a desiccator for further
investigation [19]. The mechanism of this reaction is illustrated in Figure 2. Yield: 80%, MP: >199 °C, Molar Conductivity
(uSm-tcm-1): 18.08, BM: 1.98, Uv-Vis: Amax, 250 (n-n*), 596.2 (d-d). FTIR (KBr): cm1, 3433 (vO-H, vN-H), 2248 vC-H),
1636, 1601 (vC=N), 1385 (vNOs7), 671, 590, 625 (vM-0), 459 (vM-N). 1H-NMR (DMS0d6) &: 6 8.09 (d, ] = 25.5 Hz, 1H),
7.67 (d, ] = 18.3 Hz, 1H), 7.21 - 7.06 (m, 1H), 6.80 (dd, ] = 51.6, 7.5 Hz, 1H), 3.96 (s, 2H), 3.27 - 2.86 (m, 1H)., 13C NMR
(DMSO0-d6) &: 152.76,152.71, 151.56, 148.18, 145.62, 140.82, 130.13, 125.48, 122.46, 113.83, 113.01, 111.38, 110.96,
56.29, 53.64, 49.33. Elemental calculated (found) %: C; 43.47(43.73), H; 4.89(4.91), N; 11.94(12.00), Cu: 13.56(13.61).
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5 = DVF, 6 = Citric acid, 7 = Salicylaldehyde, 8 = [Mn(DVF)(CA)]Cl5, 9 = [Cu(DVF)(S)]2NOs, 10 = [Fez(DVF)2(Cl)4]Cls, 11 = [Cuz(DVF)2(NOs)2]3H20

Figure 2 Schematic representation of the synthesis of metal complexes of DVF Schiff base showing their proposed
structures

3. Antimicrobial Studies

The antimicrobial studies conducted involved selected bacteria and fungi. The activities of the synthesised Schiff bases
were determined using the method reported in the literatures [20, 21]. A seeded nutrient agar on which 0.5-mm-
diameter wells were punched was used. Different concentrations 100 mg/cm3 to 500 mg/cm3 of sterile filtered solutions
of the compounds were made using DMSO as solvent, Chloramphenicol and Nystatin as control for bacteria and fungi
respectively. 0.1 cm3 of each concentration was applied to the wells and incubated at 37 °C for two days for bacteria,
and 28 °C for 72 h for fungal isolates. The antimicrobial activity of the compounds was estimated on the basis of the size
of the zone of inhibition around the wells on the seeded nutrient agar. The bacteria species used were Staphylococcus
aureus, Escherichia coli, Streptococcus pneumonia and Pseudomonas aeruginosa while the fungi species included
Aspergillus niger and Candida albicans. The percentage inhibition was calculated using the formula:

% Inhibition=[(A-B)/A] x100- - - -(1)
where A = diameter of the organism growth in the control

B = diameter of the organism growth in the test plate.
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4. Catalytic Studies

The catalytic evaluations of the tested compounds were based on the method reported by Zhang et al. (2019) [22] and
Fasna et al. (2022) [23] with some modifications. The method evaluated the ability of the compounds to degrade
methylene blue (MB) in the presence of hydrogen peroxide (H202). In the first step, 0.0159 g of MB was completely
dissolved in 50 cm? deionized water in the dark. In another 200 cm3 beaker, 2 % H202 was prepared under the same
condition. Then, the various compounds to be tested were prepared by dissolving 1 mg each in 10 cm3 DMSO in separate
beakers. In the second step, to a calibrated Uv-Vis spectrophotometer, with wavelength set at 652 nm and 4 min reading
interval for 20 mins duration, 6 cm3 of the prepared MB was mixed properly with 4 cm3 of the H202 and quickly turn
into the cuvette for readings at every 4 min interval,

Lastly, 6 cm3 MB (prepared) plus 4 cm3 H202 was added quickly to 2 cm3 DMSO and mixed properly. Then readings
were taken as before. After that, 6 cm3 of the prepared MB plus 4 cm3 H202 was mixed quickly to 2 cm3 of the dissolved
samples and absorbance recorded. Degradation Efficiency (D %) was calculated using equation 2 at time t with various
samples in the presence of H202 (10-2 M). CO and Ct are the MB concentrations at time 0 and t respectively. The rate
equation fitted equation 3.

D% = [(CO — Ct)/C0] x 100 - - - - (2)
In [%] =kt - - - - - - (3)

where k = the rate constant, t = time

5. Insilico Evaluation of Interactions of the Asymmetric Schiff Base and the Metal Complexes in
Cancer Cells Using Molecular Docking

5.1. Ligands and Target Macromolecules Preparation

In this study, the Pyrx software (version 0.9.8), embedded with Autodock Vina tools was used for the docking process
because of its simplicity and accuracy [24]. The ligands (Schiff bases) were drawn using Chemsketch (Freeware
2023.1.1) and converted to the desired structure data format (sdf) using of Open babel program. The target protein
molecules were downloaded as 3D structures from Protein Data Bank (PDB) website [25] and saved in PDB format.
Discovery studio was used to visualise and prepare the target proteins by deleting water molecules, ligands present and
all other chains except one to avoid complexity in the process [26]. After these, polar hydrogen was introduced to the
target molecule before being saved in PDB format.

5.2. Docking Protocols

In the docking procedures, the target protein was opened in the PyRx and converted to pdbqt format. Then, the ligands
were loaded using the open babel program embedded in PyRx, their energy minimised based on the default Autodock
Vina force field, and then, were converted to pdbqt format before running the Autodock Vina program embedded in the
PyRx software. The grid box centers and dimensions were set at maximum and hence generated automatically by the
program to cover the entire surface of the target protein [27].

The investigated macromolecule were cervical cancer -1A7G (transcription regulatory protein E2)[28], breast cancer -
1WYX (cell adhesion protein) [29] and prostate cancer - 20Z7 (hormone receptor protein) [30].

6. Results and Discussion

6.1. Physical Properties of the Ligand and Complexes

The asymmetric Schiff base (DVF) and its metal complexes exhibited distinct physical properties which indicate
successful synthesis. DVF appeared as a black powdered solid which is soluble in DMSO and DMF, and slightly soluble
in alcohols. Hence, the metal complexes were synthesised insitu after each round of preparation. It shows a melting
point above 120 °C, while its metal complexes showed higher decomposition points (>190-200 °C), reflecting enhanced
thermal stability due to strong metal-ligand interactions. Also, among the complexes, [Cuz(DVF)2(NO3)2]3Hz20 is
insoluble in alcohol while the rest are slightly soluble. Molar conductivity values ranged from 18.08 to 97.90 pSm-lcm™,

indicating both electrolytic and non-electrolytic behavior of the complexes [31]. Magnetic susceptibility measurements
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revealed paramagnetism in Fe(lll) (BM ~5.2) and Mn(ll) (BM ~5.7) complexes, consistent with high-spin
configurations, while Cu(II) complexes showed lower magnetic moments (~1.8-1.98 BM), typical of d° systems [32].
Both Cu complexes are paramagnetic because Cu(Il) in a d° system has one unpaired electron. The mononuclear Cu
complex value of 1.8 BM corresponds with the spin-only expected value, while the binuclear Cu complex value of 1.98
BM is slightly higher due to weak ferromagnetic exchange interactions between the two Cu centers (Figure 2). The
calculated elemental composition is in good agreement with the found.

6.2. Electronic Spectral Studies

Electronic spectra provided evidence of coordination and electronic transitions. DVF displayed absorption maxima at
250 and 267 nm, attributed to n-m* transitions of the azomethine group. The UV-Vis spectra of the individual reactants
(DETA, furfural, and vanillin) compared with the asymmetric Schiff base DVF provide clear evidence of structural
transformation and extended conjugation (Figure 3). DETA exhibited a sharp, intense absorption band near 250 nm,
characteristic of n- o* transitions from the lone pair electrons on aliphatic amine nitrogen atoms. This strong peak
reflects its simple electronic structure without aromatic conjugation [33]. The observed transitions occurs when
electrons absorb energy and move to the higher - energy levels. In this case, it occurred between the nonbonding (n)
electrons on the nitrogen atoms moving to the anti-bonding orbitals (0*). Upon successful condensation, the peak is
drastically reduced and shifted due to conjugations from the azomethine couplings and the aromatic systems from the
aldehydes (13, 14). Furfural showed smoother absorbance features with moderate intensity, arising from m-m*
transitions within the furan ring. Its conjugation is limited, resulting in absorption at slightly longer wavelengths than
DETA but with lower overall intensity [34]. Vanillin, in contrast, displayed distinct peaks in the 300-350 nm regions.
The phenolic -OH and methoxy substituents extended conjugation and introduced charge-transfer transitions,
explaining its stronger absorbance in the near-UV region [35].

Upon Schiff base formation (DVF), the spectrum retains the 250 nm bands and introduces a new absorption at 335 nm,
indicative of extended conjugation and azomethine formation ( — m) [36]. The imine (-C=N-) linkage introduced new
n-m* transitions, while conjugation between vanillin’s aromatic ring and furfural’s heteroaromatic system extended
electron delocalization. As a result, DVF absorbed over a wider range, with smoother intensity compared to the sharp
DETA peak, and showed bathochromic (red-shifted) behavior relative to the reactants. This spectral feature confirms
successful condensation [37]. Schiff bases are known to exhibit broader, shifted absorption compared to their parent
amines and aldehydes, due to the formation of azomethine linkages and increased planarity [38, 39]. The observed
changes confirms DVF as an asymmetric Schiff base with conjugated aromatic rings and imine groups. The extended
m-electron delocalization broadens the absorption bands, producing overlapping n — n* and ™ — m* transitions. This
results in smoother, wider absorption bands compared to the sharp localized transition in the starting materials. Thus,
the UV-Vis analysis not only validates the structural transformation but also explains the functional improvements in
DVF relative to its precursors [40].

The metal complexes exhibited additional ligand-to-metal charge transfer (LMCT) and d-d transitions. For example,
Mn(II) complexes showed LMCT absorptions at 366 and 479 nm. While the binuclear Cu(Il) complex displayed a
prominent d-d band at 596 nm, the mononuclear complex showed a band at 317 nm attributed to LMCT. The d-d
transitions in the binuclear complex could be attributed to the effects of the bridging ligands and metal - metal
interactions which enhanced ligand field stabilization and reduction of the energy required for a d-d transitions to occur
[36]. The binuclear Fe(III) complex displayed a similar ligand -centered transition around 253 and 288 nm, along with
a weak band at 394 nm, which is characteristic of a d-d transitions and LMCT in Fe(IlI) bridged systems [41]. These
spectral features confirmed coordination, and an altered electronic environments, enabling redox activity [42].
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6.3. FTIR Analysis
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Figure 3 Stacked UV-Vis Spectra of DETA, Furfural (F), Vanillin (V) and DVF

FTIR spectra revealed characteristic shifts upon complexation (Figure 4). DVF spectrum does not show a band
attributable to C=0 vibrations in the aldehydes (1680 -1720 cm-1). Rather, it exhibited a strong azomethine (C=N)
stretch at ~1651 cm™, which shifted to lower frequencies (1601-1624 cm™) in the complexes, indicating condensation
and coordination of the imine nitrogen to the metal center [40, 43]. Since, the aldehydes are different, it would be
expected to have two distinct azomethine signals as seen in [Cu(DVF)(S)]2NOs3, and [Fez2(DVF)2(Cl)4]Clz, however, due
to conjugations that results in extensive peak broadening, these signals are not properly resolved in DVF (Figure 4) and
the other complexes. The retention of C-N bands suggests that the secondary DETA nitrogen atoms remained available
for coordination, indicating potential donor sites in the ligand [44]. In addition, the appearance of bands between 617-
687 cm™ and 459-513 cm™* which correspond to M-0 and M-N vibrations, respectively confirms the coordination
through DVF nitrogen and oxygen [45]. The presence of hydroxyl and amine stretches around 3400 cm™" indicates
residual donor sites available for water coordination and hydrogen bonding [14, 46].
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Figure 4 FTIR Spectrum of DVF
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6.4. 'H and 13C spectroscopic analysis

'H and *3C NMR spectra of DVF are presented in Figure 5 and 6. This asymmetric Schiff base showed signal for DETA
protons (around 6 2.2 -3.43 ppm) as overlapping multiplets reflecting the conformational flexibility of the triamine
framework [47], and imine protons from furfural (8§ 7.83 ppm) and vanillin (8 8.52 ppm) in DMSO-d6. The methoxy
singlet at 6 3.7-3.9 ppm confirms the presence of vanillin condensed portion [48]. As observed in Figure 5, the imine
proton appeared downfield at 6 8.46 ppm, while aromatic protons resonated between § 7.03-8.17 ppm. The azomethine
carbon resonance at § 150 - 165 ppm is consistent with the reported Schiff base spectroscopic signatures [49]. In
complexes, slight shifts in imine and aromatic signals were observed, reflecting deshielding due to coordination. Thus,
Cu(II), Mn(II), and Fe(1II), complexes showed significant spectral perturbations that confirmed metal binding through
the N0, donor set. The imine proton and carbon signals underwent downfield shifts of A§ 0.2-0.5 ppm and A8 5-15
ppm, respectively, indicating direct coordination of the azomethine nitrogen to the metal center, while the
disappearance or dramatic shift of the phenolic -OH signal confirms deprotonations and phenolate oxygen binding [50].
The paramagnetic complexes exhibited characteristic features including extreme chemical shift ranges (6 -50 to +100
ppm for Fe(Ill)) and severe line broadening, observed with the binuclear Cu(Il) and Fe(IlI) assemblies displaying
doubled carbon signals that confirm magnetically inequivalent ligand environments in the dimeric structures [51].

In [Cu(DVF)(S)].NOs, the imine proton signal disappears in the *H NMR spectrum, because the imine nitrogen has
coordinated to the metal center. Aromatic signals broaden slightly, reflecting electronic perturbations [52]. In the *3C
NMR spectrum, the imine carbon shifted upfield to ~158 ppm as a result of electron donation to the Cu(II) center [53].
For [Mn(DVF)(CA)]Cl,, the imine proton is retained but shifted downfield (~8.6 ppm), which shows a weaker
coordination compared to Cu(Il). The imine carbon resonates around & 160 ppm, with additional deshielding of
aromatic carbons. This observation supports similar scenario reported by Nakamoto [54]. In [Cu,(DVF),(NO3).]-3H,0,
both imine protons disappeared, and the aromatic region showed pronounced broadening, consistent with multinuclear
coordination. The imine carbon shifted further upfield (6 157 ppm), while quaternary carbons adjacent to donor atoms
are deshielded, supporting bidentate coordination through imine nitrogen and phenolic oxygen. Lastly, in
[Fe,(DVF),Cl4]Cl;, the imine proton disappeared completely, and aromatic protons are significantly broadened, due to
strong paramagnetic effects of Fe(IlI). The imine carbon resonance shifted to ~155 ppm, and phenolic carbons are
deshielded, suggesting tridentate coordination involving imine nitrogen, phenolic oxygen, and possibly furan oxygen
[55].

Figure 5 'H NMR Spectrum of DVF
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Figure 6 13C NMR Spectrum of DVF

6.5. XRD Analysis of DVF

The powder XRD patterns of DVF shown in Figure 7 exhibits characteristic features which support successful synthesis
of DETA-derived asymmetric Schiff bases as reported in literature [56]. This includes broad amorphous halos (diffuse
scattering rings) centered in the 15-25° 20 range with no sharp diffraction peaks (Figure 7), which is peculiar to
polyamine Schiff base materials where condensation between the primary and secondary amine groups of DETA and
the carbonyl functionalities of the respective aldehydes generates highly branched, cross-linked imine networks that
inherently suppress long-range crystalline order [49, 57]. The broad diffraction halo observed across the compound
arises from short-range ordering within the amorphous Schiff base matrix. This pattern also showed an amorphous halo
centered near 22°, specifically considering the peaks at 15.5°, 17.3°, and 22.75° (d-spacing 5.72 A, 5.13 A, 3.91 A),
corresponding to crystallite sizes of ~3.3-4.1 nm which is a sign of consistent formation of the imine-linked network
[58, 59]. The absence of sharp crystalline peaks in the spectrum (Figure 7) further proved that neither unreacted DETA
nor free aldehyde precursors remained in the final products. Ordinarily, free ligands such as DETA and aldehydes used
in this work are small rigid molecules which should give sharp and well-defined crystalline reflections [59].

Intansity, cps

28, *

Figure 7 XRD Spectrum of DVF

The amorphous nature of these materials is structurally inherent to DETA-based Schiff bases, as the tridentate amine
backbone with three reactive nitrogen centers. This creates a hyper branched polymeric architecture that cannot readily
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pack into ordered crystalline lattices [60]. This structural characteristic distinguishes DETA Schiff bases from simpler
diamine-derived analogues, which may exhibit greater crystallinity due to their more linear, symmetric structures [50,
61]. Therefore, this XRD data further confirms the successful formation of DVF as DETA-derived asymmetric Schiff base.

6.6. Antibacterial analysis

Antibacterial assays demonstrated broad spectrum activity. DVF and the complexes showed significant antibacterial
effects, particularly against Staphylococcus aureus and Streptococcus pneumonia (Table 1). The mixed ligands Cu(II)
complex -[Cu(DVF)(S)].NOs, exhibited the highest inhibition against Staphylococcus aureus (41 + 1.2 mm), surpassing
chloramphenicol (35 # 1.2 mm). The Fe(IlI) complex also showed strong inhibition (38 + 1.2 mm). These results
highlight the role of metal coordination in enhancing activity by increasing lipophilicity and facilitating penetration
through bacterial membranes. This observation is consistent with previous findings that metal chelation enhances
antimicrobial efficacy [63]. The paramagnetic nature of Fe(IlI) and Cu(II) complexes supports ROS generation, which
damages bacterial proteins and DNA [3]. Gram negative bacteria (E. coli, P. aeruginosa) were less susceptible, due to
their protective outer membranes [15].

6.7. Antifungal analysis

Antifungal screening revealed moderate inhibition against Candida albicans, with [Fe,(DVF),(Cl)4]Cl; (24 + 1.1 mm)
and [Cu(DVF)(S)].NOz (18 + 1.2 mm) outperforming other compounds. Activity against Aspergillus niger was weaker
(<13 mm), reflecting the resilience of filamentous fungi. Schiff bases containing aromatic substituents and hydroxyl
groups enhanced antifungal activity due to improved lipophilicity and hydrogen bonding [39]. Also, as reported by Ali
et al. 2019 [64], Schiff bases containing imine groups (-C=N-) and aromatic substituents enhance binding to fungal
enzymes, disrupting ergostrol biosynthesis in fungal membranes. Transition metals further amplify antifungal activity
by facilitating electron transfer reactions that destabilize fungal cell walls, therefore have more activity than the free
ligands [32].

6.8. Evaluations of the Binding Affinity and Interactions of the Studied Compounds against Cancer cells

The binding interactions and binding affinities of DVF, its precursors and the metal complexes are presented in Table 2
and in Figure 8 - 10. The docking studies revealed favourable binding affinities for DVF and its complexes against breast
(1WYX), cervical (1A7G), and prostate (20Z7) cancer targets. The parentligands (DETA, furfural, and vanillin) exhibited
relatively weak binding affinities, ranging between -2.7 and -4.2 kcal/mol across breast (1A7G), prostate (20Z2), and
cervical (1WYX) cancer targets. These values are lower than those of standard drugs such as Tamoxifen (-5.0 kcal/mol)
and Zometa (-5.2 kcal/mol), indicating that the simple precursors lack strong interactions with cancer cell proteins.
This observation is consistent with reports that free aldehydes and amines generally show limited anticancer activity
due to insufficient conjugation and weak hydrogen bonding capacity [65]. In contrast, the asymmetric Schiff base DVF
demonstrated significantly stronger binding affinities, with values of -5.6, -7.0, and -5.5 kcal/mol across the three
cancer targets. The results surpassed that of the control drugs confirming that the combination is a better approach.
The effectiveness of DVF could be related to the imine (-C=N-) linkage and extended conjugation which facilitate m-m
stacking and hydrogen bonding with active site residues, thereby improving stability within the binding pockets of the
macromolecules [25, 66]. The metal complexes showed stronger interactions suggesting potential anticancer activity
through apoptosis induction and ROS mediated pathways [27].

The Mn(II) complex [Mn(DVF)(CA)]Cl, showed moderate binding (-5.1 to -6.4 kcal/mol), while the Cu(II) complex
[Cu(DVF)(S)].NO; displayed affinities up to -5.5 kcal/mol, comparable to DVF itself. These results align with findings
showing that copper complexes enhance anticancer activity by generating reactive oxygen species (ROS) and promoting
apoptosis [67]. The Fe(Ill) complex [Fe,(DVF),(Cl)4]Cl, demonstrated a stronger binding affinity (-6.0 to -6.5
kcal/mol), surpassing Zometa, consistent with reports that Fe(Ill) complexes stabilised radical intermediates and
interacted with DNA grooves [68]. Most notably, the binuclear Cu(II) complex [Cu,(DVF),(NO3),]-3H,0 exhibited the
highest binding affinities (-7.3, -7.6, -5.5 kcal/mol), outperforming all controls. Literature confirms that binuclear
copper Schiff bases exhibit superior anticancer activity due to synergistic redox cycling and enhanced DNA intercalation
[64]. Additionally, the docking interactions indicate potential binding to kinases and hormone receptors, aligning with
reported anticancer pathways in literature [37]
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Table 1 Results of Antibacterial and Antifungal analysis

Zones of Inhibition Diameter (mm)/ Concentration (500 mg/mL)

Compounds Staph A | S. pneumonia | P. aeruginosa | E. coli Candida | A. niger
albicans

1 24+1.1 | 17+1.0 NA 8+1.0 | 17#1.1 | NA
2 NA NA 13+1.1 15+1.1 | NA NA
4 7+1.0 NA NA NA 10+1.0 | NA
5 21+13 | 25+1.1 1711 15+1.4 | 10+1.0 | NA
6 29+15 | 25+1.2 19+1.2 15+1.2 | 10+1.1 | NA
7 15£1.2 | 19+1.1 10+£1.0 15+#11 | 14+1.2 | 10+1.1
8 20+1.0 | 23+1.1 19+1.2 15+#1.2 | 12+1.0 | 8+1.0
9 41+12 | 32+1.2 29+1.1 24+12 | 18+1.2 | 13+1.2
10 38+1.2 | 32+1.1 32+1.1 30£1.1 | 24+1.1 | 13£1.2
11 30+£1.1 | 22+1.1 28+1.2 23+£1.0 | 15+2.1 | 11£13
12 (20 mg/mL) | 35+1.2 | 28+1.0 20+1.3 26+1.1 | - -
13 (30 mg/mlL) | - - - - 33£1.0 | 16+1.2

1 =DETA, 2 = Furfural, 4 = Vanillin, 5 = DVF, 6 = Citric acid, 7 = Salicylaldehyde, 8 = [Mn(DVF)(CA)]Clz, 9 = [Cu(DVF)(S)]2NOs, 10 =
[Fe2(DVF)2(Cl)4]Clz, 11 = [Cuz2(DVF)2(NO03)2]3H20., 12 = Chloramphenicol(Antibacterial control), 13 = Nystatin (Antifungal control), NA = No activity,
(-) = Not applicable

Table 2 Molecular Docking Results of the studied compounds on Cancer cells

Compounds Binding Affinity (kcal/mol)
1A7G 2072 1WYX

1 -3.2 -3.1 -3.5

2 -3.8 -4.1 -2.7

4 -4.2 -5.7 -3.7

5 -5.6 -7.0 -5.5

6 -4.2 -5.6 -4.5

7 -4.8 -5.3 -3.5

8 -5.1 -6.4 -4.7

9 -4.9 -5.5 -3.6
10 -6.0 -6.5 -5.1
11 -7.3 -7.6 -5.5
Avastin (control) -5.6 - -
Tamoxifen(control) | - - -5.0
Zometa (control) - -5.2 -

1 =DETA, 2 = Furfural, 4 = Vanillin, 5 = DVF, 6 = Citric acid, 7 = Salicylaldehyde, 8 = [Mn(DVF)(CA)]Clz, 9 = [Cu(DVF)(S)]2NOs, 10 =
[Fez(DVF)2(C1)4]Clz, 11 = [Cuz(DVF)2(NO3)2]3H20. 12 = Nystatin, (-) = No applicable
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Figure 9 2D and 3D representation of DVF interactions with 1A7G
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Figure 10 2D and 3D representation of DVF interactions with 1WYZ

6.9. Catalytic Studies

Catalytic degradation of methylene blue followed pseudo-first-order kinetics (R* > 0.98). The Fe(Ill) complex
[Fe,(DVF),(CI)4]Cl, (k = 0.115 min™*) and Cu(Il) complexes showed the highest catalytic efficiency. The mechanism
involves MLCT under visible light, generating ROS such as hydroxyl radicals that oxidized MB [41]. These results are in
line with previous studies on Schiff base complexes as catalysts for dye degradation [69]. The effectiveness of these
complexes can be explained in terms of their structural robustness which is confirmed by their high decomposition
point (>200 °C) and paramagnetism (BM = 5.2 for Fe complexes), which supports their redox activity and catalytic
efficiency. As reported by Fasna et al. [23], these complexes can recycle their oxidation states facilitating continuous
ROS generation. The catalytic degradation of methylene blue by these compounds highlights their environmental
remediation potentials. The high rate constants and good degradation efficiency within 20 minutes (>90%)
demonstrates their suitability for application in wastewater treatment. Hence DETA asymmetric Schiff base complexes
offer advantages of stability, visible light absorption, and redox activity, making them promising photo catalysts for dye
and pollutant removal [70, 71].

Table 3 Results of Catalytic Degradation of Methylene Blue (MB)

Compds | 0 min | 4 mins | 8 mins | 12mins | 16 mins | 20 mins | R? K (min1)
CT 1.242 | 1.165 1.082 | 0.998 0.914 0.836 0.9998 | 0.019
1 1.242 | 1.081 | 0.969 | 0.845 0.733 0.621 0.9961 | 0.035
5 1.240 | 1.068 | 0919 | 0.758 0.596 0.460 0.9992 | 0.049
8 1.241 | 1.005 | 0.780 | 0.563 0.410 0.295 0.9846 | 0.072
9 1.243 | 0910 | 0.635 | 0.410 0.270 0.155 0.9627 | 0.104
10 1.245 | 0.865 | 0.575 | 0.340 0.205 0.110 0.9468 | 0.115
11 1.244 | 0.875 | 0.590 | 0.355 0.215 0.120 0.9508 | 0.111

1 =DETA, 2 = Furfural, 4 = Vanillin, 5 = DVF, 6 = Citric acid, 7 = Salicylaldehyde, 8 = [Mn(DVF)(CA)]Clz, 9 = [Cu(DVF)(S)]2NO0s, 10 =
[Fe2(DVF)2(C1)4]Clz, 11 = [Cuz(DVF)2(N03)2]3H20. 12 = Nystatin, CT = MB+H202+DMSO

7. Conclusion

The asymmetric Schiff base - DVF and its metal complexes were successfully synthesised and characterised, with
spectroscopic and physical data confirming their formation. The Geometry of the compounds could not be determined
due to their hygroscopic nature. Biological assays demonstrated strong antibacterial and moderate antifungal activity,
with Cu(II) and Fe(III) complexes outperforming controls. Catalytic evaluations confirmed efficient dye degradation via
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MLCT and ROS generation. The molecular docking studies highlighted anticancer potentials of the compounds aligning
with experimental findings. Collectively, these results position DVF-derived Schiff bases and complexes as
multifunctional candidates for AMR drug discovery and environmental remediation, bridging biomedical and industrial
applications.
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