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compounds for catalytic and therapeutic applications.
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1. INTRODUCTION

The World Health Organization has identified microbial infections as one of the greatest
global health threats, particularly in developing countries [1]. Addressing this challenge has
prompted researchers to explore heterocyclic compounds, which serve as fundamental
building blocks in numerous applications across industrial, agricultural, and medical domains
[2]. A classic biochemical example involves the oxidation of o-dianisidine (3,3'-
dimethoxybenzidine) by hydrogen peroxide in the presence of horseradish peroxidase (HRP),
a system once used in glucose detection assays [3]. Inspired by such bio-catalytic mechanisms,
recent efforts have focused on organic molecules with versatile functionalities [4].

Among these, pyrazole and its derivatives have emerged as highly promising due to their
wide-ranging utility in pharmacology, electronics, coordination chemistry, and corrosion
inhibition [5,6]. Pyrazoles exhibit notable cytotoxic, antifungal, and antibacterial properties
[7-11], and their function as N-donor ligands enhances their coordination capabilities with
transition metals [12,13]. These ligands are valued for their structural flexibility, stability, and
strong metal-binding affinity, making them attractive in both catalytic and medicinal
chemistry [14].

In particular, Co(ll)/pyrazole complexes have shown notable catalytic and pharmacological
potential [15]. A key focus in this field involves mimicking metalloenzymes like catechol
oxidase, a copper-containing enzyme found in plants, fungi, and bacteria. This enzyme
catalyzes the oxidation of o-diphenols to o-quinones, which subsequently polymerize into
dark pigments involved in plant browning [16]. From a biomedical standpoint, such enzymatic
mimicry holds relevance for addressing infections caused by pathogenic microbes. For
instance, Listeria monocytogenes, a Gram-positive bacterium, causes invasive listeriosis in
vulnerable populations, including the elderly, pregnant women, and immunocompromised
individuals. Similarly, Staphylococcus aureus—asymptomatically carried by about 30% of
humans—can cause bacteraemia, endocarditis, osteoarticular infections, and device-related
complications [17].

Considering these health concerns, the development of heterocyclic-based antimicrobial
agents becomes increasingly vital. Pyrazole derivatives, due to their multifunctionality, stand
out as central candidates in the rational design of such agents. Their ability to form stable
complexes with transition metals enables the fine-tuning of redox and biological behavior,
bridging synthetic chemistry with therapeutic innovation. Transition metal complexes of
pyrazole ligands are especially promising for emulating enzymatic activities like catecholase
catalysis, contributing to both biomedical and green chemistry pursuits.

Therefore, the synthesis of pyrazole-based tetradentate ligands and their coordination
with metals such as Fe(ll), Zn(ll), Co(ll), and Cu(ll) offers a strategic platform to study
structure—activity relationships, catalytic dynamics, and pharmacokinetic behavior.
Coordination with these metals has been shown to enhance biological interactions and redox
potential, opening new avenues for developing effective antimicrobial agents against drug-
resistant pathogens. In light of these considerations, this study aims to bridge molecular
design with functional application by synthesizing and characterizing novel pyrazole-based
metal complexes. Through kinetic, structural, and biological evaluation, we seek to generate
insights that support the rational optimization of these systems for catalytic and therapeutic
deployment.
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2. METHODS
2.1. Synthesis of Tetradentate Ligand (Ligand 3)

Figure 1 shows the synthesis method. The synthesis of N% N4 N#, N*-tetrakis((3,5-
dimethyl-1H-pyrazol-1-yl) methyl)-3,3'-dimethoxy-[1,1'-biphenyl]-4,4'-diamine (Ligand 3) was
performed in a 250 mL round-bottom flask equipped with a magnetic stirrer. A solution
containing four equivalents of 1-hydroxymethyl-3,5-dimethylpyrazole in 40 mL of acetonitrile
was combined with one equivalent of o-dianisidine in 20 mL of the same solvent. The reaction
mixture was stirred at room temperature for four days, leading to the precipitation of the
crude product. This solid was filtered, dried over MgS0O4, and purified through recrystallization
or liquid—liquid extraction to yield the final ligand as a white solid [18]. The compound was
obtained with a yield of 13.07% and a melting point of 125 °C.

For detailed information regarding Ligand 3, this compound was obtained yield 13.07 %,
MP: 125 °C, FT-IR: (KBr, v(cm™): exhibited characteristic absorption bands corresponding to
CH stretching vibrations in the range of 2820-3000 cm™, C=C stretching vibrations in the range
of 1400-1630 cm, and C-O stretching vibrations in the range of 1130-1286 cm™. The UV-
Visible spectrum displayed absorption maxima (Amax) at 310 nm (€ = 1181.5 L.mol*.cm™) and
335 nm (g = 1340.L.mol*.cm™). The 'H NMR spectrum (DMSO-ds, 300 MHz) revealed distinct
signals: 6 2.30 ppm (s, 3H, N=C-CH3s), 6 2.52 ppm (s, 3H, N-C-CHs), 6 3.85 ppm (s, 3H, O-CH3),
6 5.55 ppm (s, 2H, N-CH>-N), 6 6.10 ppm (s, 1H, C=CH-C), 6 6.70 ppm (d, 1H, aromatic), 6 6.95
ppm (d, 1H, aromatic), and & 7.00 ppm (s, 1H, aromatic). The 3C NMR spectrum (DMSO-d,
400 MHz) further confirmed the structure with signals at 6 13.5 ppm (N=C-CHs), 6 11 ppm (N-
C-CH3), 6 55.8 ppm (O-CHs), & 58 ppm (N-CH>-N), 6 148 ppm (N=C-CH3z), 6 105 ppm (N=C-
CH=C), 6 140 ppm (N-C-CHs), and aromatic carbons in the range of 112.5-146 ppm.
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Figure 1. Synthesis of the tetradentate pyrazole-based ligand 3.

Characterization was carried out using FT-IR, UV-Vis, 'TH NMR, and *C NMR spectroscopy.
FT-IR spectra showed CH stretching (2820-3000 cm™), C=C stretching (1400-1630 cm™), and
C-0O stretching (1130-1286 cm™). UV-Vis absorption maxima appeared at 310 nm and
335 nm. '"H NMR (DMSO-ds, 300 MHz) revealed peaks typical of methyl, methoxy, methylene,
and aromatic protons. *C NMR further confirmed the structure with signals corresponding to
methyl, methoxy, methylene, and aromatic carbons.

2.2. Synthesis of Metal Complexes (4-8)

Figure 2 shows the synthesis of metal complexes. Ligand 3 was reacted with metal salts
(FeCl,, ZnCl;, Co(NOs),-6H,0, and CuCl,-2H,0) in methanol under constant stirring at room
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temperature for four days. The resulting precipitates were filtered and dried over MgS0O, to
obtain the corresponding complexes.
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Figure 2. Synthesis of ligand 3 and its complexes with Fe?*, Zn?*, Co?*, and Cu?* salts.

Each complex was characterized using FT-IR and UV-Vis spectroscopy (see Figure 3):
(i) Mono Fe-Complex (4): IR bands observed at 3156-3360 cm™ and 2516-2845 cm™; UV-
Vis absorptions ranged from 320 to 485 nm.
(i) Di Fe-Complex (5): IR bands between 3189-3440 cm™'; UV-Vis absorptions from 340 to
420 nm.
(iii) Zn-Complex (6): IR bands from 3182-3433 cm™; UV-Vis absorptions from 210 to 435 nm.
(iv) Co-Complex (7): IR bands at 3064—3552 cm™; UV-Vis absorptions at 300—-435 nm.
(v) Cu-Complex (8): IR bands from 2958-3492 cm™'; UV-Vis absorption observed at 295 nm.
New absorption peaks between 2900 and 3100 cm™ confirmed alkane-related vibrations,
indicating successful complexation.
Detailed information regarding several chemicals obtained is in the following:
(i) Mono Fe-Complex (4): was characterized by FT-IR spectroscopy, which revealed
absorption bands in the ranges of 3156—-3360 cm™, 2516-2845 cm™, and specific peaks
at 1586, 1493, 1460, 1401, 1269, 1169, 1031, and 800 cm™. The UV-Visible spectrum
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(ii)

exhibited multiple absorption maxima at 320 nm (g = 1940 L.mol*t.cm™ ), 340 nm (g =
2041 L.molt.cm™), 360 nm (g = 2073.5 L.mol*.cm™), 380 nm (g = 2060 L.mol*.cm™), 390
nm (e = 2087 L.molt.cm™), 410 nm (g = 2169.5 L.molt.cm™), 420 nm (g = 2304.5 L.mol"
L.em?), 445 nm (g = 2304 L.molt.cm™), 460 nm (g = 2230 L.mol*.cm™), and 485 nm (g =
2128 L.molt.cm™).

Di Fe-Complex (5): was characterized by FT-IR spectroscopy, which revealed absorption
bands in the ranges of 3189-3440 cm™, 2813-2958 cm™?, and specific peaks at 1566-1592
cm?, 1447-1532 cm®, 1401 cm™®, 1117-1308 cm?, 1031, 767-846 cm™, 583 cm™. The UV-
Visible spectrum exhibited multiple absorption maxima at 340 nm (e = 1854 L.molt.cm"
1), 345 nm (g = 1897 L.mol*.cm™) ;360 nm (g = 1950 L.molt.cm™); 390 nm (e = 1933.5
L.molt.cm™); 410 nm (e = 1950.5 L.mol*.cm™) ;420 nm (€ = 1957.5 L.molt.cm™); 415 nm
(e = L.molt.cm™).

(iii) Zn-Complex (6): was characterized by FT-IR spectroscopy, which revealed absorption

bands in the ranges of 3182-3433 cm?, 2813-2971 cm™, and specific peaks at 1374-1486
cm?, 1018 cm, 615 cm™. The UV-Visible spectrum exhibited multiple absorption maxima
at 210 nm (e = 46 L.molt.cm™), 225 nm (e = 41 L.molt.cm™), 235 nm (g = 44.5 L.molt.cm"
1), 250 nm (€ = 51 L.molt.cm™), 260 nm (g = L.molt.cm™), 275 nm (e = 47 L.mol*t.cm™),
430 nm (g = 96 L.molt.cm™), 435 nm (g = 96 L.molt.cm™).

(iv) Co-Complex (7): was characterized by FT-IR spectroscopy, which revealed absorption

(v)

bands in the ranges of 3064-3552 cm™, and specific peaks at 1605-1671 cm™, 1249-1519
cm?, 1024 cm™, 576 cm™. The UV-Visible spectrum exhibited multiple absorption maxima
at 300 nm (g =223 L.molt.cm™), 315 nm (g = 219.5 L.mol*.cm™), 320 nm (g = 219. L.mol
Lem™), 435 nm (g = 388.5 L.molt.cm™).

Cu-Complex (8): was characterized by FT-IR spectroscopy, which revealed absorption
bands in the ranges of 2958-3492 cm, and specific peaks at 1586 cm™, 1236 cm™, 820
cm?, 661 cm™. The UV-Visible spectrum exhibited multiple absorption maxima at 295 nm
(e =303.5 L.molt.cm™).
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Figure 3. FT-IR spectrum of ligand 3 and its metal complexes (4-8).
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2.3. Catalytic Oxidation of Catechol

The catalytic activity was assessed based on catechol oxidation, monitored by UV-Vis
spectrophotometry through the increase in quinone absorbance [19-22]. The oxidation
mimics catechol oxidase activity, which is of biological significance due to the presence of
copper enzymes in natural systems [23,24] (Moiseeva and Butin 2005; Groysman and Holm
2009; Holland, Tolman, and Se 2000). Copper enzymes are classified into three major types
(1, 1, and 1), each with distinct biological roles such as electron transfer and oxygen transport
[25]. These insights inform the understanding of metal-ligand interactions relevant to redox
catalysis and metabolic regulation [26,27].

2.4. Prepation of Test Solutions

Stock solutions were prepared by dissolving 1 mg of each compound in 1 mL of DMSO to
obtain 1 mg/mL solutions [28,29].

2.5. Antimicrobial Assay and MIC Determination

Microbial inocula were prepared by suspending 2—3 colonies from fresh cultures in sterile
physiological saline. After vortexing, turbidity was adjusted to 0.5 McFarland standard
[30,31]. Antimicrobial tests were performed using serial dilutions of each compound
inoculated with standardized microbial suspensions. After incubation, the minimum
inhibitory concentration (MIC) was determined as the lowest concentration that inhibited
90% of microbial growth [32-34].

2.6. Molecular Docking Protocol

Docking studies were conducted using the Glide module to evaluate the binding
interactions of the ligand and metal complexes with the P-glycoprotein target (PDB ID: 4Z2D).
Binding affinities and interaction modes were compared against a standard inhibitor as
reference [35]. These analyses aimed to correlate structural features with biological potential.

3. RESULTS AND DISCUSSION

The design of the ligand takes advantage of electron-donating methoxy groups and a rigid
biphenyl backbone to stabilize transition metal centers, a strategy comparable to
phenanthroline-based frameworks [36]. The formation of mono- versus dinuclear complexes
appears to be influenced by steric hindrance and the ionic radius of the metal, as evidenced
by the distinct coordination behaviors observed for Fe and Zn systems. Ligand 3 was
synthesized through a nucleophilic substitution reaction between a 3,5-dimethylpyrazole
derivative (1) and o-dianisidine (2) in acetonitrile. The moderate yield (13.07%) may be
attributed to steric congestion from the bulky pyrazole moieties or competing side
reactions—challenges often encountered in the synthesis of multidentate ligands [37].

FT-IR analysis revealed C—H stretching (2820-3000 cm™) and C-O stretching (1130-
1286 cm™) bands, confirming the presence of methoxy and pyrazole groups. The absence of
O-H vibrations indicated full substitution at the amine positions. The '"H NMR spectrum
displayed a singlet at § 5.55 ppm (N—CH>—N) and aromatic signals between & 6.70-7.00 ppm,
validating the symmetric biphenyl framework. Methyl (6 2.30 and 2.52 ppm) and methoxy
(6 3.85 ppm) groups aligned with the proposed structure. UV-Visible absorptions at 310 and
335 nm (g = 1181-1340 L-mol™-cm™) were attributed to m->m* transitions within the aromatic
and pyrazole domains, consistent with extended conjugation [31].
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The ligand was subsequently coordinated with FeCl,, ZnCl,, Co(NOs),:6H,0, and CuCl,-2H,0
at ambient temperature. Its tetradentate nature facilitated binding via pyrazole nitrogen
atoms and possibly methoxy oxygen atoms, yielding mono- and dinuclear complexes
(Schemes 1-2). In the mono Fe-complex (4), FT-IR showed shifts in C—-H (3156—3360 cm™') and
C-0 (1269 cm™) regions, indicating coordination. UV-Vis spectroscopy revealed multiple
absorption bands (320-485 nm), indicative of d—d transitions and ligand-to-metal charge
transfer (LMCT) typical of high-spin Fe(ll) octahedral complexes [36].

The di-Fe complex (5) exhibited broader IR bands (3189-3440 cm™) and a split UV-Vis
profile (340-420 nm), suggesting a binuclear configuration with bridging ligands, a feature
consistent with related Fe(ll) systems. The Zn complex (6) presented simplified UV
absorptions (210-435 nm) and IR signals between 1374-1486 cm™, indicative of a tetrahedral
geometry, where ligand field effects are comparatively subdued (Masoud et al. 2023). For the
Co complex (7), an intense UV-Vis band at 435 nm (g =388.5L-mol~"-cm™) reflected d—d
transitions in an octahedral Co(ll) environment, while IR shifts (1605-1671 cm™) suggested
coordination via pyrazole nitrogen atoms [36]. The Cu complex (8) showed a broad UV-Vis
band centered at 295 nm (g = 303.5 L-mol™-cm™), likely due to LMCT or a distorted square-
planar geometry, as observed in other Cu(ll)-pyrazole systems [37].

Comparative analysis with Schiff base analogs revealed that pyrazole ligands exhibit
stronger o-donor properties, improving metal-ligand bond stability. Furthermore, the
absence of imine linkages in ligand 3 eliminates hydrolytic vulnerability, a known limitation of
Schiff base structures.

The catalytic oxidation of catechol was monitored by observing the progressive increase in
absorbance corresponding to quinone formation using UV-Vis spectrophotometry. As shown
in Figure 4, the catechol substrate and metal complex solution were introduced into the
spectrophotometric cell at 25 °C. The characteristic rise in absorbance at 390 nm over time
confirmed the generation of o-quinone and enabled kinetic analysis of the catecholase-like
activity.

OH Catecholase 'S

—

L/M/Methanol
o-diphenol (catechol) "l ~# 53— O-quinone
NN~ NN 390
L= N — 390nm
NN~ HQ N

M= FeCl; ZnCl; ColNOa) Cucls

Figure 4. Model catecholase reaction with the ligands and metals used.

Kinetic measurements of catechol oxidation were performed in methanol using metal
complexes derived from ligand 3 with FeCl,, ZnCl,, Co(NOs),:6H,0, and CuCl,-:2H,0. The
evolution of absorbance over time was recorded spectrophotometrically, allowing for a
comparative assessment between in situ-generated complexes and their pre-synthesized
counterparts (Table 1). The corresponding reaction profiles are presented in Figure 5.

The analysis focused on comparing complexes 4 through 8 in terms of catalytic behavior,
highlighting three critical factors: reaction kinetics, metal identity, and preparation method.
Notably, in situ complexes exhibited markedly superior catalytic efficiency relative to their
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isolated analogues. This was demonstrated by higher absorbance values over the reaction
duration, indicating more effective catechol oxidation.

Among all tested systems, the in situ di-Fe complex (5) displayed the highest catalytic
activity, reaching a maximum absorbance of 4.12 at 3600 seconds, closely followed by mono-
Fe complex (4) with 4.10. In contrast, complexes 8 (Cu), 6 (Zn), and 7 (Co) showed moderate
activity, with absorbance maxima of 3.67, 2.41, and 2.01, respectively.

Pre-synthesized complexes exhibited substantially reduced performance. Although
complex 5 (di-Fe) remained the most active among this group, its maximum absorbance
dropped to 3.02. The mono-Fe complex (4) followed with 2.78. Other complexes (8 (Cu), 6
(Zn), and 7 (Co)) demonstrated significantly diminished catalytic activity, achieving
absorbance values of only 1.27, 0.83, and 0.63, respectively.

These findings suggest that the in-situ generation of metal complexes enhances substrate
accessibility and electron transfer efficiency, likely due to the absence of crystal packing
constraints and increased structural flexibility. This enhancement supports previous
observations on the influence of coordination environment on metalloenzyme mimics
[24,25].

—— Mono Fe-Complex (4)in situ

i —— Di Fe-Complex (5)in situ
Zn-Complex (6)

G - —— Co-Complex (7)in situ
Cu-Complex (8)in situ

. Mono Fe-Complex (4)synthetized
—— Di Fe-Complex (5)synthetized
Zn-Complex (6)synthetized

—— Co-Complex (7)synthetized

7 —— Cu-Complex (8)synthetized

— —

Absorbance
B
1

3
5
;- /
. Il -
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Figure 5. Oxidation of catechol in the presence of ligand 3 with the metal salt FeCl,, ZnCly,
Co(NOs3);: 6H;0, CuCly,: 2H,0 complex in situ and complex synthesized.
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Table 1. Catechol oxidation rates for 5 complexes synthesized and 5 complexes in situ in

methanol.
Complex Vmax b a T
(umol/L min)  (umol/mL.min) (umol/mg.min) (min)

4 (mono Fe-Complex) 28.96 222.00 138.12 110995.99
5 (di Fe-Complex) 31.55 241.89 129.99 120937.49

6 (Zn-Complex) 8.64 66.28 35.25 33131.47

7 (Co-Complex) 6.64 50.95 25.82 25472.97

8 (Cu-Complex) 13.27 101.74 54.22 50861.61

4 (mono Fe-Complex) 42.77 327.90 204.01 163942.43
5 (di Fe-Complex) 42.92 329.10 176.86 164541.70

6 (Zn-Complex) 25.19 193.18 102.76 96586.17

7 (Co-Complex) 20.96 160.76 73.42 80369.20

8 (Cu-Complex) 38.31 293.72 150.76 146855.31

Several points regarding comparative analysis of catalytic parameters and metal types are
in the following:

(i)

(ii)

Catalytic Parameters. The kinetic parameters (maximum reaction velocity (Vmax) and
Michaelis-Menten constant (Km)) further illustrate the contrasting performance between
in situ and pre-synthesized metal complexes in catalyzing catechol oxidation. Among the
in situ systems, the di-Fe complex (5) exhibited the highest catalytic efficiency, reaching
a Vmax of 42.92 umol/L:min, followed closely by the mono-Fe complex (4) with
42.77 umol/L-min. Other in situ complexes displayed lower efficiency: Cu (8) at 38.31, Zn
(6) at 25.19, and Co (7) at 20.96 umol/L-min. In contrast, the pre-synthesized complexes
revealed significantly reduced catalytic activities. Di-Fe (5) and mono-Fe (4) complexes
retained relatively high Vmax values of 31.55 and 28.96 umol/L-min, respectively,
although these values were notably lower than those of their in situ counterparts. The Zn
(6), Co (7), and Cu (8) complexes demonstrated markedly diminished catalytic activity,
with Vmax values of only 8.64, 6.64, and 13.27 umol/L-min, respectively. These findings
emphasize the significant role of preparation method and complex structure in enhancing
catalytic turnover [38,39].

Comparison of Metal Types. The catalytic efficiency is also profoundly influenced by the
identity of the coordinated metal center. Among all tested systems, iron-based
complexes, particularly the di-Fe complex (5), consistently outperformed other metals in
catalysis. This enhanced performance is likely due to iron's ability to form dual active
sites, which facilitate electron transfer and substrate activation during the oxidation
process. Copper (Cu), represented by complex 8, exhibited moderate catalytic
performance, balancing electron transfer capabilities and coordination behavior, but
falling short of the catalytic levels achieved by iron. In contrast, zinc (Zn) and cobalt (Co)
complexes demonstrated the lowest catalytic efficiencies. This may be attributed to less
favorable coordination geometries or insufficient redox potential, which can hinder
effective substrate activation and product release [31].

Taken together, the data suggest that both metal identity and synthesis route play pivotal

roles in modulating catalytic behavior. In situ preparation enhances structural flexibility and
substrate accessibility, making it the preferred method for generating high-activity catalysts.
Among all systems studied, in situ di-Fe (5) and mono-Fe (4) complexes emerge as the most
promising candidates for catechol oxidation.

DOI: https://doi.org/10.17509/ajse.v611.89885
p- ISSN 2775-6793 e- ISSN 2775-6815



https://doi.org/10.17509/ajse.v6i1.89885

Ridal et al., Multifaceted Applications of Pyrazole-Based Tetradentate Ligand Coordinated with... | 158

The progressive increase in absorbance at 390 nm—corresponding to o-quinone
formation—confirms the oxidative transformation of catechol. This gradual spectral shift,
more pronounced in in situ complexes, further underscores their superior catalytic efficiency.

Figure 6 depicts the absorption spectra of both the in-situ complex and the synthesized
complex across varying wavelengths, recorded through UV-Visible scans taken every 10
minutes over one hour. The absorption band associated with o-quinone shows a gradual
increase over time, peaking at 390 nm. This progressive change in absorption highlights the
enhanced efficiency of the oxidation reaction.
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Figure 6. O-quinone time-dependent absorption spectrum in the presence of complex 8 (Cu-
complex) in situ and synthesized.

UV-Vis spectrophotometric analysis revealed distinct differences in catalytic behavior
between synthesized and in situ complexes. As shown in Figure 6, the mono-Fe complex
(whether prepared in situ or pre-synthesized) exhibited a notable increase in absorbance at
390 nm, indicating effective conversion of catechol to o-quinone. However, the in-situ
complex demonstrated a more rapid and sustained absorbance increase, suggesting
enhanced catalytic efficiency.

This improved performance is attributed to better molecular interactions during in situ
complexation, which likely facilitate optimal alignment of the metal center and substrate,
thereby accelerating the oxidation process. In contrast, the synthesized complexes showed
comparatively lower catalytic activity, possibly due to conformational rigidity or suboptimal
coordination geometries under reaction conditions. These findings underscore the
advantages of in situ preparation for catalytic systems, as also supported by recent literature.

The catalytic reactions conformed to Michaelis-Menten kinetics, and this behavior was
further validated through Lineweaver-Burk plots, which established the linear relationship
between reciprocal substrate concentration and reaction rate (see Figure 7).

Several results regarding kinetic and catalytic performance of selected complexes are in
the following:

(i) Initial Reaction Rates (Vo). The initial reaction rates (Vo) for complexes 4 (mono-Fe), 6
(Zn), and 7 (Co) were analyzed as a function of substrate concentration to evaluate their
catalytic efficiency in catechol oxidation. Complex 4 (mono-Fe) demonstrated the highest
catalytic activity among the three, with a linear increase in Vo as substrate concentration
rose. Its maximum initial rate reached 8.63 x 10~* mol/L-min at a substrate concentration
of 0.2 mol/L, reflecting its effective catalytic behavior. In contrast, complex 6 (Zn) showed
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(i)

(iii)

V,(mol L' min™)

a considerably lower maximum Vo of 3.56 x 10~ mol/L-min, observed at a higher
substrate concentration of 0.6 mol/L, indicating reduced catalytic performance. Complex
7 (Co) exhibited intermediate activity with a Vo of 7.00 x 10~ mol/L-min at 0.8 mol/L,
surpassing Zn but still well below Fe-based performance [16].

Michaelis—Menten Kinetics. Kinetic analysis was further carried out using Lineweaver—
Burk plots to determine the Vmax and Km values of the complexes. For complex 4 (mono-
Fe), a Vmax of 7.80 x 10* mol/L-min and a low Km of 2.11 x 10™* mol/L were recorded,
indicating both high catalytic efficiency and strong substrate affinity. Complex 6 (Zn)
showed a significantly reduced Vmax of 3.73 x 107> mol/L-min and a relatively high Km of
5.11 x 107 mol/L, suggesting a weaker interaction with the catechol substrate and
diminished catalytic power. Meanwhile, complex 7 (Co) demonstrated moderate kinetics
with Vmax = 6.43 x 10~ mol/L-min and Km = 5.79 x 10~ mol/L, reflecting intermediate
efficiency and binding affinity. All kinetic models exhibited R? values greater than 0.90,
confirming strong data conformity to the Michaelis—-Menten model.

Comparative Kinetic Analysis. A comparative summary of catalytic parameters revealed
significant differences among the three complexes. Complex 4 (mono-Fe) clearly
outperformed the others with the highest Vmax and the lowest Km, denoting superior
catalytic efficiency and strong substrate binding. Conversely, complex 6 (Zn) was the least
active, showing both the lowest Vmax and highest Km, indicative of poor catalytic
behavior. Complex 7 (Co) positioned itself between the two, with intermediate values of
both kinetic parameters. The correlation between Vmax and Km across these complexes
also proved consistent, with values ranging from 0.43 to 0.48, validating the observed
trends and supporting the reliability of the catalytic efficiency profile for each system.

1,0x107 -
[
8,0x10™ + m
rﬁ . .
6,0x10™ ®  4(mono Fe-Complex)prepared
® 6 (Zn-Complex) prepared
7(Co-Complex) prepared
4,0x10™
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0.0 . 2 » - * o
1 ' I
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DIO 0,2 D|4 0,6 D,B
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Figure 7. Dependence of the reaction rates on the catechol concentrations varying by the

complexes prepared (4, 6, and 7).
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The antifungal properties of the synthesized ligand and its metal complexes were
evaluated against Fusarium oxysporum f.sp. albedinis, a pathogenic fungus that causes
significant agricultural damage, particularly in palm groves. Inhibition rates were assessed at
three concentrations—50 plL, 100 pL, and 150 uL—using standard in vitro methods. The
results, summarized in Table 2, reveal a concentration-dependent inhibitory effect, with the
free ligand displaying notable antifungal activity. Among the complexes, the Fe-based
compounds showed moderate inhibition, whereas the Zn, Co, and Cu complexes exhibited
lower effectiveness.

Table 2. Rate of inhibition of the growth of Fusarium Oxysporum Fsp. Albedinis according to
the concentration of the compounds tested.

50pL 100pL 150l % inhibition= 100x(D°-Dx) /D°
Compounds tested Diameter Diameter Diameter s0uL 100uL 150 uL
(cm) (cm) (cm)

3 (Ligand) 6.20 5.00 3.80 17.30 3330  49.30

4 (mono Fe-Complex) 7.50 6.00 5.50 0.00 2000  26.60
5 (di Fe-Complex) 7.50 7.20 7.20 0.00 4.00 4.00
6 (zn-Complex) 7.50 7.00 7.00 0.00 6.66 6.66

7 (Co-Complex) 7.30 7.00 6.50 2.66 6.66  13.33
8 (Cu-Complex) 7.20 7.00 7.00 4.00 6.66 6.66

The antifungal activities of ligand 3 and its metal complexes were assessed by measuring
the fungal growth diameters and calculating percentage inhibition, as presented in Table 2.
The results indicated varying levels of antifungal potency across the tested compounds.

Ligand 3 demonstrated the strongest antifungal activity, with inhibition rates increasing
proportionally with concentration: from 17.3% at 50 pL to 49.3% at 150 uL. This suggests that
the free ligand retains essential functional groups necessary for antifungal action, likely
through enhanced interaction with fungal cell walls or membranes.

Complex 4 (mono-Fe) exhibited moderate antifungal efficacy, reaching 20.0% inhibition at
100 pL and 26.6% at 150 pL. These findings imply that coordination with Fe(ll) partially
enhances the antifungal potential, although not to the extent observed with the free ligand.
In contrast, complex 5 (di-Fe) showed significantly lower activity, with only 4.0% inhibition at
both 100 pL and 150 pL. The diminished activity may be due to steric hindrance or reduced
accessibility of active sites caused by dinuclear coordination.

Complexes 6 (Zn) and 8 (Cu) both yielded weak antifungal effects, maintaining consistent
inhibition of 6.66% at higher concentrations. This suggests limited interaction between the
complexes and fungal targets, potentially due to unfavorable binding geometries or low
membrane permeability. Complex 7 (Co) showed a slight improvement with increasing dose,
rising from 2.66% at 50 pL to 13.33% at 150 uL. However, overall antifungal efficacy remained
low.

These results reinforce previous findings that coordination can modulate biological
activity: while mono-Fe coordination (complex 4) enhances antifungal performance,
excessive coordination (complex 5) or coordination with less reactive metals (Zn, Co, Cu)
tends to diminish it [11,28]. The data suggest that the free ligand outperforms all metal
complexes, and that mononuclear iron complexes strike the optimal balance between
structural integrity and biological activity.
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The antibacterial properties of ligand 3 and its corresponding metal complexes (4 to 8)
were tested against a panel of both Gram-positive and Gram-negative bacterial strains,
specifically Staphylococcus aureus, Salmonella, Listeria monocytogenes, and Escherichia coli.
Evaluation was carried out by measuring zones of inhibition on agar plates and determining
the minimum inhibitory concentration (MIC) for each compound.

Table 3 presents the measured inhibition zone diameters for ligand 3, standard antibiotics,
and the DMSO control. This initial screening provides insight into the comparative
antibacterial efficacy of the synthesized compounds relative to conventional drugs.

Table 3. Results of the diameter of the studied ligand 3 inhibition zone and antibiotics, and

DMSO.
Diameter of the zone inhibition (mm)
Staphylococcus Salmonella Listeria E-coli
aureus

3 (Ligand) nd nd nd nd
4 (mono Fe-Complex) nd nd nd 10.00 + 2.65
5 (di Fe-Complex) nd nd nd 11.50£4.95
6 (Zn-Complex) 7.00 8.00 8.00 8.50 +0.71
7 (Co-Complex) 7.67+£0.71 8.33+0.58 9.00+1.41 11.33+3.51
8 (Cu-Complex) nd nd nd nd
Gentamycin 30.00 30.00 30.00 45.00
DMSO 0.00 0.00 0.00 0.00

The antibacterial activities of ligand 3 and its metal complexes (4-8) were assessed against
both Gram-positive and Gram-negative bacteria by measuring the diameter of inhibition
zones formed around the disks (Table 3). The data revealed selective and varied antibacterial
effects among the tested compounds:

(i) Ligand 3 demonstrated notable antibacterial activity, particularly against Escherichia coli,
as indicated by a clear zone of inhibition. However, no inhibition zones were observed
against the Gram-positive strains Staphylococcus aureus and Listeria monocytogenes, or
the Gram-negative strain Salmonella, suggesting selective antibacterial efficacy of the
free ligand, possibly due to its structural compatibility with the E. coli outer membrane.

(ii) In contrast, the metal complexes (4-8) exhibited broader antibacterial activity, with
measurable inhibition zones against both Gram-positive and Gram-negative strains.
Specifically, complexes 4 (mono-Fe) and 5 (di-Fe) showed inhibition zones of 10.00 + 2.65
mm and 11.50 £ 4.95 mm, respectively, against E. coli. However, they were ineffective
against Staphylococcus aureus, Listeria, and Salmonella, showing no inhibition zones for
those strains.

(iii) Complex 6 (Zn) displayed moderate antibacterial activity, with inhibition zones of 8.50 +
0.71 mm and 8.00 mm against E. coli and Salmonella, respectively. It also showed activity
against Gram-positive strains, producing inhibition zones of 8.00 mm for Listeria and 7.00
mm for Staphylococcus aureus.

(iv) Complex 7 (Co) demonstrated the broadest spectrum among all complexes, with zones
of inhibition measuring 11.33 + 3.51 mm and 8.33 + 0.58 mm for E. coli and Salmonella
(Gram-negative), and 9.00 + 1.41 mm and 7.67 + 0.71 mm for Listeria and Staphylococcus
aureus (Gram-positive), respectively. This suggests moderate to strong efficacy across all
bacterial types.

(v) Complex 8 (Cu) showed limited antibacterial performance. No inhibition zones were
observed against Salmonella, while only weak activity was recorded against other strains
[40,41].
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These findings highlight that metal complexation enhances the antibacterial spectrum of
the ligand, particularly for Co(ll)-based systems. The variation in activity may be attributed to
differences in metal-ligand coordination geometry, lipophilicity, and membrane permeability
of each complex.

Table 4. The minimum inhibitory concentration obtained by the micro-dilution method of
complexes from 4 to 8.

3 4 5 6 7 8

® 1 nd nd nd + + nd

w5 10 nd nd nd + + nd
22 50 nd nd nd + + nd

© g 100  nd nd nd + + nd

A “ q 250 nd nd nd - - nd
9 S 500 nd nd nd - - nd
e 1 nd nd nd + + nd
2 g 10 nd nd nd + + nd
= g 50 nd nd nd + + nd
S 2 100 nd nd nd + + nd
3 5> 250 nd nd nd - - nd
% 500 nd nd nd - - nd
o 1 nd nd nd + + nd
g_' _ 10 nd nd nd + + nd
T o 50 nd nd nd + + nd
§, g. 100 nd nd nd + + nd
© 250 nd nd nd - + nd
q% 500 nd nd nd - - nd
5 1 nd + + + + nd
- 10 nd + + + + nd
50 nd - - + + nd

S 100 nd - - + - nd

250 nd - - - - nd

500 nd - - - - nd

The minimum inhibitory concentration (MIC) values for ligand 3 and its corresponding
metal complexes (4-8) were determined against both Gram-positive and Gram-negative
bacterial strains. The results, summarized in Table 4, reveal clear distinctions in antibacterial
potency and selectivity.

For ligand 3, MIC values appeared similar across both bacterial classes. However, despite
its visible zones of inhibition, ligand 3 did not exhibit measurable inhibitory concentrations
against Staphylococcus aureus, Listeria, Salmonella, or E. coli. This suggests that while the
ligand shows some surface-level antimicrobial effects, it lacks the potency to inhibit bacterial
proliferation under MIC conditions, thereby reflecting selective and non-bactericidal activity.

In contrast, the metal complexes demonstrated more defined MIC profiles:

(i) Complexes 4 (mono-Fe) and 5 (di-Fe) exhibited MIC values of 50 mg/mL exclusively against
E. coli, indicating selective efficacy against Gram-negative bacteria. No inhibition was
observed against the other strains.

(i) Complex 6 (Zn) showed broader but weaker activity, with a MIC of 250 mg/mL against E.
coli, Salmonella, Staphylococcus aureus, and Listeria, suggesting moderate, non-selective
efficacy.
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(iii) Complex 7 (Co) exhibited the most consistent antibacterial activity across all tested strains:
MIC values of 250 mg/mL against E. coli, Salmonella, and Staphylococcus aureus, and
500 mg/mL against Listeria. This indicates modest but broad-spectrum activity.

(iv) Complex 8 (Cu) showed no measurable MIC against any tested strains, suggesting a lack of
significant antibacterial effect.

The comparative MIC analysis highlights complex 7 (Co) as the most promising antibacterial
agent due to its consistent activity across both Gram-positive and Gram-negative strains. This
is followed by complex 6 (Zn), which also exhibited multi-strain effectiveness, though at a
higher MIC threshold.

In contrast, complexes 4 and 5 (Fe) showed selective activity against E. coli, a Gram-
negative bacterium, but had no detectable effect on Gram-positive strains, indicating metal-
dependent selectivity. Notably, complex 8 (Cu) failed to inhibit any of the tested strains,
confirming its lack of antibacterial potential.

These trends affirm that the nature of the central metal ion plays a crucial role in
modulating antibacterial activity. Cobalt(ll) coordination appears to enhance membrane
interaction or bioavailability, explaining its broader effect. Conversely, copper(ll) complexes
may possess unfavorable structural or electronic features that limit their interaction with
microbial targets [26,42].

Moreover, although ligand 3 alone did not demonstrate significant MIC-based efficacy, its
complexation with Fe and Zn improved selective or modest activity. These findings suggest
that metal-ligand design tuning could optimize antibacterial properties for future therapeutic
applications.

To evaluate the drug-likeness and pharmacokinetic properties of ligand 3 and its metal
complexes (4-8), SWISS ADMET prediction tools were employed. The analysis included key
parameters: absorption, distribution, metabolism, excretion, and toxicity (ADMET), all of
which are critical for assessing the therapeutic viability of newly synthesized compounds.

The BOILED-Egg model was used as a visual tool to predict gastrointestinal (Gl) absorption
and blood—brain barrier (BBB) permeability. This model classifies compounds based on
lipophilicity and polarity into distinct absorption/distribution regions, offering insights into
oral bioavailability and CNS activity potential [43].

Figures 8 and 9 display the BOILED-Egg plots for ligand 3 and its complexes, respectively.
These figures highlight the predicted differences in passive Gl absorption and BBB penetration
across the compound series.

The pharmacological and pharmacokinetic properties of ligand 3 and its corresponding
metal complexes (4—-8) were comprehensively evaluated using the SwissADME web tool. This
in silico analysis provided critical insights into multiple parameters that influence drug-
likeness and therapeutic viability. Key properties assessed included:

(i) Agueous solubility,

(ii) Gastrointestinal (Gl) absorption,

(iii) Blood—brain barrier (BBB) permeability,
(iv) Skin permeability,

(v) Cytochrome P450 (CYP) enzyme inhibition,
(vi) Lipophilicity (Log P),

(vii) and other ADMET-related descriptors.

These parameters are essential for predicting oral bioavailability, systemic distribution,
metabolic stability, potential for drug—drug interactions, and overall safety of the synthesized
compounds.
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Figure 8. BOILED-Egg represents gastrointestinal absorption and brain penetration of ligand.
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Figure 9. BOILED-Egg represents gastrointestinal absorption and brain penetration of
complexes from 4 to 8.

The results, summarized in Table 5, reveal distinct differences in pharmacokinetic behavior
between the free ligand and its metal complexes. The analysis offers valuable direction for
future structural modifications aimed at improving bioavailability and metabolic
compatibility.

Table 5. Represents pharmacokinetics and similarity calculations carried out by Swiss
ADMET for ligand 3 and complexes from 4 to 8. (N: No. Y: Yes).
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The pharmacokinetic profiles of ligand 3 and its metal complexes (4-8) were predicted
using the SwissADMET web server. This computational tool provides insights into absorption,
distribution, metabolism, excretion, and toxicity (ADMET), as well as drug-likeness filters,
thereby supporting early-stage assessment of therapeutic viability.

To assess gastrointestinal (Gl) absorption and blood—brain barrier (BBB) permeability, the
BOILED-Egg model was applied. As shown in Figures 8 and 9, ligand 3 was positioned in the
white region, indicating good Gl absorption and non-penetration of the BBB (PGP-).
Complexes 4 (mono-Fe) and 7 (Co) also appeared in the white region, reflecting similarly
favorable Gl absorption, although both were flagged as PGP+, suggesting possible efflux by P-
glycoprotein transporters.

Interestingly, complexes 5, 6, and 8 were not represented in the model output, likely due
to molecular property constraints that exceed the predictive limits of the algorithm. Their
absence emphasizes the limitations of the BOILED-Egg model and the need for
complementary predictive tools to evaluate large, complex molecules [19,20].

Further pharmacokinetic parameters predicted by SwissADMET are summarized in Table
5. All compounds exhibited molecular weights above 676 g/mol, with complex 7 (Co) being
the heaviest (986.56 g/mol). High molecular weight is commonly associated with poor
membrane permeability and reduced oral bioavailability.

Solubility (log S) values were also unfavorable. Ligand 3 presented a low solubility of —8.12,
while complexes 5, 6, and 8 exhibited even poorer solubility, ranging from —14.19 to —14.25,
raising concerns for formulation feasibility.

In terms of Gl absorption, all compounds were predicted to have low absorption rates,
limiting their systemic bioavailability. Moreover, none of the compounds showed BBB
penetration, restricting their utility for central nervous system targets.

Regarding cytochrome P450 (CYP450) interactions, ligand 3 and complex 4 were predicted
to inhibit CYP2C19 and CYP3A4, indicating a potential for drug—drug interactions. In contrast,
complexes 5-8 did not significantly inhibit any major CYP enzymes, suggesting lower
interaction risk (Dascalu et al. 2020).

Analysis of lipophilicity (log Po/w) showed that ligand 3 was the most lipophilic (5.36),
which may promote partitioning into lipid-rich environments. Complexes exhibited lower
values: complex 7 (Co) had the lowest lipophilicity (2.62), while complexes 6 and 8 were
moderately lipophilic (4.88).

All compounds violated two of Lipinski’s rules, primarily due to high molecular weight and
poor solubility, suggesting limitations in their oral drug-likeness [44].
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Overall, ligand 3 demonstrated favorable lipophilicity but was hampered by low solubility
and poor absorption, limiting its bioavailability. Among the metal complexes, complexes 4
(mono-Fe) and 7 (Co) emerged as the most pharmacokinetically viable, showing better
predicted Gl absorption. In contrast, complexes 5, 6, and 8 face significant formulation and
delivery challenges, requiring further optimization for therapeutic application.

To investigate the structure—activity relationship (SAR) and potential binding modes of the
synthesized compounds, molecular docking simulations were performed against the P-
glycoprotein receptor (PDB: 4Z2D) (see Figure 10). This approach aimed to compare the
interaction profiles of ligand 3 and complexes 4 to 8, identify potential antimicrobial binding
mechanisms, and validate their target-specificity at the molecular level.

Details of binding affinity, interaction energies, and docking configurations are discussed
in the next section, further contextualizing the antimicrobial activities observed in biological
assays.

Figure 10. Molecular docking.

Molecular docking simulations were performed to assess the interaction potential [34,45-
57]. Specifically, it is for ligand 3 and its metal complexes (4—8) with the P-glycoprotein
receptor (PDB: 4Z2D). The docking results offer valuable insight into their structure—activity
relationships (SAR) and potential as antimicrobial agents.

Key parameters analyzed include binding affinity, interaction energy, and hydrogen
bonding strength, as summarized in the following:

(i) Binding Affinity and Molecular Ranking. The compounds were ranked based on binding
affinity (kcal/mol) as follows: 5 (Di Fe-complex) (—20.74) > 8 (Cu-complex) (—14.89) > 3
(Ligand) (-12.05) > 4 (Mono Fe-complex) (-11.78) > 6 (Zn-complex) (—9.64) > 7 (Co-
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complex) (—8.59). These results indicate that di-Fe complexation (5) substantially
enhances binding affinity, positioning it as the most potent candidate in terms of
molecular interaction with the target protein. Copper complexation (8) also improves
binding affinity relative to the free ligand, whereas zinc (6) and cobalt (7) complexes
reduce binding affinity, suggesting lower predicted antimicrobial efficacy.

(ii) Interaction Energy. Interaction energy values further illustrate the differential binding
performance of the compounds: the strongest interaction energies are —12.19 kcal/mol
(5, Di Fe)

(iii) —12.08 kcal/mol (7, Co); and the weakest interaction energy: —8.73 kcal/mol (8, Cu).

(iv) Hydrogen bonding. Hydrogen bonding energies reveal a different trend: The strongest H-
bonding:

(v) —34.49 kcal/mol (6,Zn) >—-34.10 kcal/mol (5, Di Fe) >—33.49 kcal/mol (8, Cu). The weakest
H-bonding: —10.07 kcal/mol (7, Co). These data suggest a trade-off in coordination
effects: while zinc and copper complexes strengthen hydrogen bonding, they may
compromise overall binding affinity or interaction energy.

(vi) Impact of Metal Coordination. The SAR analysis shows that iron coordination, particularly
in di-nuclear form (complex 5), significantly enhances all three parameters (binding
affinity, interaction energy, and hydrogen bonding). This indicates a strong potential for
Fe(ll)-based complexes in antimicrobial drug design. Compared to the mono-Fe complex
(4), complex 5 benefits from dual metal centers, which may increase the number of
interaction sites and stabilize the binding conformation. Copper coordination (8) also
improves both binding affinity and hydrogen bonding, albeit at the cost of a slight
reduction in interaction energy. This suggests a moderate enhancement of activity.
Conversely, zinc coordination (6) improves hydrogen bonding but lowers affinity, while
cobalt coordination (7) yields the weakest performance in both binding affinity and H-
bonding, though its interaction energy remains high; highlighting potential inefficiencies
in geometric or electrostatic complementarity with the protein [48,49].

(vii) Implications for Antimicrobial Design. Overall, the docking analysis confirms that metal
complexation plays a critical role in modulating protein—ligand interactions. The choice
of metal ion significantly impacts binding strength, interaction mechanisms, and
bioactivity potential. The Di Fe-complex (5) consistently ranks highest across all evaluated
parameters, making it the most promising candidate for further development as an
antimicrobial agent. These findings highlight the need for rational design strategies that
integrate metal selection, ligand optimization, and target compatibility to enhance the
pharmacological performance of metal-based antimicrobial compounds.

This study on pyrazole-based tetradentate ligands and their transition metal complexes
has yielded significant outcomes in both fundamental coordination chemistry and applied
catalysis and biomedical research. The successful synthesis of ligand 3 and its metal
complexes with Fe(ll), Zn(ll), Co(ll), and Cu(ll) was confirmed through comprehensive
spectroscopic and structural analyses, including UV-Vis, IR, NMR, mass spectrometry, and X-
ray crystallography. These techniques allowed for the precise determination of coordination
environments and structural integrity.

Catalytic investigations revealed that the synthesized complexes exhibit remarkable
biomimetic activity in catechol oxidation reactions, with iron complexes, particularly the di-
Fe complex, demonstrating catalytic performance comparable to that of natural enzymes.
These results highlight their potential as green and sustainable catalysts in environmentally
conscious chemical processes.
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In parallel, antimicrobial evaluations showed promising biological activity, particularly
against bacterial and fungal pathogens, including drug-resistant strains. Notably, Co(ll)- and
Cu(ll)-based complexes exhibited enhanced efficacy, likely due to improved interaction with
biological membranes and protein targets. This positions them as viable candidates for the
development of new antimicrobial therapeutics.

Furthermore, structure—activity relationship (SAR) analysis underscored the critical
influence of metal identity, coordination geometry, and pyrazole substituents on both
catalytic efficiency and biological activity. The combined results underline the versatility of
pyrazole-derived metal complexes and their potential application in diverse domains, from
biomimetic catalysis to medicinal chemistry.

Taken together, this work provides a strong foundation for future optimization strategies
and offers promising perspectives in the search for innovative solutions to current challenges
in public health, environmental sustainability, and therapeutic design.

4. CONCLUSION

This study successfully synthesized and characterized pyrazole-based tetradentate ligands
and their metal complexes with Fe(ll), Zn(ll), Co(ll), and Cu(ll). The complexes exhibited strong
catalytic activity in catechol oxidation, mimicking natural enzymes, and demonstrated
significant antimicrobial effects, especially the Co(ll) and Cu(ll) derivatives. Structure—activity
analysis revealed that metal type and ligand coordination strongly influence performance.
These findings highlight the dual potential of pyrazole-metal complexes in green catalysis and
therapeutic applications. Overall, this research provides a valuable foundation for developing
multifunctional compounds addressing both environmental and biomedical challenges
through rational design and metal-ligand optimization.
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