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ABSTRACT

Antimicrobial resistance has been named one of the greatest global threats to the health
sector as many microbes are no longer susceptible to the drugs known to kill them,
making diseases harder to treat or prevent. Efforts to develop new antibacterial agents
with novel mechanisms of action, higher activity, and improved selectivity are crucial to
address and counter antibiotic resistance. This study aimed at synthesizing and
characterizing N, N’-bidentate ligands together with their copper and zinc complexes.
The reaction of equimolar quantities of the selected hydrazinyl pyridazines with a
diketone resulted in the formation of the expected pyrazolylpyridazines. The transition
metal (I1) complexes were obtained by the reaction of the metal chlorides with the
synthesized ligands in the ratio 1:2. The synthesized ligands and the complexes were
characterized using the melting point determination, molar conductivity measurements,
FT-IR spectroscopy, UV-VIS spectroscopy, and *H-NMR spectroscopy. The ligands
melted at lower temperatures compared to the complexes (72, 141 and 148 °C for L1, L2
and L3 respectively). It was observed that the complexes decomposed in the range of
268-320 °C and that decomposition temperature was dependent on the increase in the
molecular weights of the complexes. Conductivity measurements revealed that all the
compounds are non-electrolytes with their conductivities in the range 8 - 20 Q ** cm?mol-
1 The spectral data revealed the presence of N, N’-donor groups in the aromatic rings
due to the presence of —C=N- vibration bands at 1653cm™, 1660 cm™ and 1624 cmfor
L1, L2 and L3 respectively. Upon complexation, the bands shift to lower frequencies
(1641, 1625 and 1598 cm™ for zinc complexes of L1, L2 and L3 respectively, suggesting
coordination through the N, N’-donor groups. An octahedral geometry of the complexes
was proposed based on the presence of absorption bands in the wavelength range of 238
— 456 nm in the electronic spectra of the compounds. The *H NMR revealed the presence
of —C=N- with resonance peaks at 1 = 8.2, 8.1 and 7.8 ppm for L1, L2 and L3
respectively. Upon complexation, these peaks shift downfield (8.44, 8.57 and 7.89 ppm
respectively) indicating that coordination to the metal is exclusively through the N, N’
donor atoms in the ligands. Thereafter, the antimicrobial properties of the ligands and
their corresponding complexes were tested using the disc diffusion method against the
gram positive and gram negative bacterial strains (Escherichia coli and staphylococcus
aureus) and the fungal strain (candida albicans). The diameter of inhibition was
measured relative to that of the antibacterial standard (ampicillin) and the antifungal
standard (fluconazole). Dimethyl sulfoxide was used as the negative control. The ligands
L1, L2 and L3 had inhibition zones in the range 11-18 mm. for the complexes, inhibition
zones were observed in the range 13-22 mm. The standards gave the highest inhibition
zones in the range 22-28 mm. The evaluation results revealed that the transition metal (1)
complexes exhibited higher antimicrobial activity than the free N, N’-donor bidentate
ligands against the same bacterial strain. The increased activity of the complexes might
be due to partial sharing of the positive charge of metal ion with the donor groups of the
N, N’-donor bidentate ligand that increases the liposolubility of the complex across the
microbial cell membrane. Based on the promising evaluation results, complexes in
particular ZnL3 and CuL3 are recommended as lead compounds in the development of
novel antimicrobials.

Vi
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CHAPTER ONE: INTRODUCTION

1.1 Background Information

Nitrogen-containing heterocyclic compounds have attracted significant attention because
they constitute an important class of pharmacologically active molecules that exhibit a
broad spectrum of biological activities (Park et al., 2005). N, N-bidentate ligands like 2,
2-bipyridine, 1, 10-phenanthroline and tridentate ligands like terpyridine have been used
to synthesize transition and non-transition metal complexes. This is because the ligands
provide a soft site for metal coordination. After all, they are very good pi-acceptors (Paira
et al., 2007).

When methylene group is incorporated between the rings, the electronic communication
between these two heterocyclic is prevented and the complexes of such ligands give rise
to significantly different electronic properties (Takfaoui et al., 2014). The design of such
ligands is an important factor influencing the stability and molecular geometry of the
complexes. Pyrazole is an organic compound with a simple aromatic five-member ring
structure comprising three carbon and two nitrogen atoms at adjacent positions. The
aromatic nature arises from the four n-electrons and the unshared pair of electrons on the

—NH nitrogen that takes part in resonance and completes 6x electrons (Eicher et al.,
2013).

Derivatives of pyridine, pyridazine and pyrazole exhibit a broad spectrum of
pharmacological and biological activities like antibacterial (Malladi et al., 2012),
antifungal (Ouyang et al., 2008), antiviral, anticonvulsant, anticancer, analgesic, anti-
inflammatory, antitubercular, cardiovascular, antidepressant and hypoglycaemic agent
(Vijesh et al., 2013). Pyrazoles and pyridazines are prepared by the acid-catalyzed
addition of hydrazine to a diketone like acetylacetone (Aljamali et al., 2019). The
reaction follows the same mechanism as that of nucleophilic attack of the amino group at
the carbonyl carbon. The general mechanism is illustrated in Figure 1.
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Figure 1: General mechanism for the reaction of hydrazine with carbonyl compounds.

To obtain the pyrazole ring, both amino groups in hydrazine attack the carbonyl carbon
atoms of the diketone leading to cyclization to form a five-membered ring. According to
Pervaiz and coworkers, the complexation of ligands with metals generally leads to
enhanced antibacterial and antifungal effects in comparison with free ligands (Pervaiz et
al., 2021; Khalid et al., 2020; Ommenya et al., 2021). Heterocyclic compounds are
among the most promising molecules in developing new drugs. Bipyridine, pyrazoles,
and pyridazines are readily complexed with several metals that act as bidentate ligands
(Safaa et al., 2013). These ligands together with their complexes can be used in the

development of antimicrobial agents.

Antimicrobials are medicines used to treat or prevent infections. The decrease in the
effectiveness of these antimicrobials has been reported and linked to the rise in
antimicrobial resistance (Vicente et al., 2019; Bax et al., 2000; Hu et al., 2019).
Antimicrobial resistance arises when pathogens (bacteria, viruses, fungi, and parasites)
become resistant, and their response to medicines that they were once susceptible to

stops, making treatment and prevention of diseases harder (Bush et al., 2011).
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Antimicrobial resistance can occur due to overuse of existing drugs (Catalano et al.,
2021). Drug-resistant microbes can be found in the soil, air, or water. Antibiotics are
often applied in the treatment of livestock and other animals indiscriminately which may
lead to the development of resistance. Drugs can kill up to 99.9% of the bacteria or
fungus causing the infection. According to Jarvis (2019), there is a possibility that the
0.01% survive due to resistance to the drug used and will later multiply and become
dominant or infect other people or the original host. The wide occurrence of antibacterial
resistance in bacterial infections has forced humans to develop new and more potent
molecules with desired properties that could resolve this resistance (Davis et al., 2010). A
successful technique is the use of metallodrugs with the potential to treat multidrug-
resistant infections more efficiently, due to the synergistic effects coupled from both the
ligand and the metal (Dickey et al., 2017).

Currently, fluconazole, ketoconazole, miconazole, and clotrimazole (Figure 2) are the
most used antifungal drugs in the treatment of many fungal infections like tinea capitis,
athlete’s foot, ringworm and candida infections (Tonglairoum et al., 2014; Trivedi et al.,
2005; Valerio et al., 2013; Vanic & Skalko-Basnet, 2013). The similarity in these drugs is
that they all contain the functionalized pyrazole or the pyridine ring in their structures.
Their effectiveness has been reported to decrease in recent years due to the suspected
resistance of fungal pathogens (Sanguinetti et al., 2005). Clotrimazole has been
extensively used in the treatment of fungal infections (Weig & Brown, 2007). The
drawbacks of this drug are serious side effects and drug resistance from
immunocompromised patients (Monteiro et al., 2014). The above preparation comprises
some of the antibiotics that have the pyrazole ring includes sulfaphenazole,
sulfamethizole and aminophenazone. Aminophenazone is a carbonyl containing analgesic
belonging to phenazone having a pyrazole ring. Up until recently, it had been prescribed
for many infections as an antipyretic and an anti-inflammatory. Because of the related
side effects and microbial resistance the use has declined since it was banned (Caubet et
al., 2002).
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Figure 2: commonly used antimicrobials with the pyrazole ring (Monteiro et al., 2014)

Copper and zinc have shown multifunctional biological activities and thus are essential
elements in the development of drugs. Copper complexes have been used for their
microbial, neoplastic, and other biological efficacy uses. For instance, protracted copper
compounds have been found to possess good efficacy against drug resistant bacteria and
exhibit antitumor effects through diverse regulations (Mulani et al., 2019). Like with
other trace elements, zinc is credited with participation in many enzymatic reactions
together with immune system performance. Organometallic zinc has gained potentiality

regarding application in some fields like antiviral treatment and in the management of



neurodegenerative diseases (Tardito et al., 2018; Szewczuk et al., 2017). The utilization
of copper and zinc complexes as the drug seekers gives hints about the expansion of new

therapeutic approach.
1.2 Statement of the Problem

As the prevalence of antimicrobial resistance increases as reflected in such pathogens as
Escherichia coli, Staphylococcus aureus and Candida albicans, there is need to find new
and more effective solutions to deal with microbial threats. The synthesis, determination
of structural properties, and evaluation of the antimicrobial properties of heterocyclic
ligands and their heteroleptic transition metal complexes present a timely and vital
research focus. Understanding the molecular structures and properties of these ligands as
well as the effect of the metal ions in relation to lipid membrane permeability and
microbial cell survival is essential for advancing our knowledge of their potential
applications. This investigation aimed at addressing the urgent challenge of developing
novel compounds that can effectively counter the rising resistance exhibited by

pathogens.

1.3 Objectives
1.3.1 General Objective

The general objective of this research was to synthesize, characterize and test the

antimicrobial activity of N, N’ bidentate ligands and their transition metal (11) complexes.
1.3.2 Specific Objectives

To synthesize and characterize heterocyclic N, N’- bidentate ligands.

To synthesize and characterize copper and zinc complexes derived from heterocyclic
N, N’- bidentate ligands.

To determine the antimicrobial activity of the synthesized heterocyclic N, N’-

bidentate ligands and their copper and zinc complexes.
1.4 Research Questions

The research was guided by the following questions:



What methods can be used to synthesize and characterize heterocyclic N, N’-
bidentate ligands?

What methods can be employed to synthesize and characterize copper and zinc
complexes derived from heterocyclic N, N’- bidentate ligands?

Do transition metal (II) complexes derived from the synthesized heterocyclic N,

N’- bidentate ligands possess antimicrobial activity?
1.5 Justification of the Research

It is very important to develop new strategies for management of diseases caused by
infectious agents due to emergence of drug resistant microbes (Vicente et al., 2019).
In 2013 WHO recognized the antimicrobial resistance as the case for health sector
that is a challenge to the achievement of the Sustainable Development Goals (SDGS).
These resistant microbes claim about 700000 lives in the world and projected to kill
10,000,000 people annually by the year 2050 (Shankar, 2016). They are probably
short lived at the present since microbes appear to evolve from time to time making
them develop structures that can heg children from the activity of the existing drugs.
Consequently, this has promoted the morbidity and mortality rate of the world and
increased at a higher degree than before (Bax et al., 2000). Thus, there is a need to
design new chemotypes as substitutes for existing organic molecules for the treatment

of infections as well as increased mechanisms and structural activities.

Complexes of metal ions have shown mild to good levels of inhibition against
microbes, but he potential of metals as antimicrobial agents is far from being realized.
Through the proposed research leaning toward the synthesis of antimicrobial
complexes, there will be an opportunity to advance new mechanisms in the treatment
of diseases by inhibiting microbes’ growth and reduce microbial resistance and
improve public health outcomes (Hu et al., 2019). N, N bidentate ligands such as
pyrazole, pyridine and pyridazine derivatives have gained importance for novel
antibacterial agents. These ligands can complex with many transition metals,
coordinate with different centers of coordination, and withstand the formation of
metal complexes. These compounds can form with metals and can result in complex

with potent antibacterial system (Ang et al., 2011).
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CHAPTER TWO: LITERATURE REVIEW

2.1 The Rise of Antimicrobial Resistance from Different Pathogens

The problem of antibiotic resistance similarly poses a great threat to the global public
health since many productions fail to work against microbiological diseases.
Antimicrobial resistance is currently one of the largest threats to global health because it
reduces the effectiveness of existing treatments for diseases and hampers the ability to
prevent the spread of the diseases. A combination approach is necessary to address the
health threat posed by antimicrobial resistance namely the responsible use of
antimicrobial drugs the development of new antimicrobial drugs and treatment
approaches and development of surveillance and stewardship programs. These are the
drugs experiencing high hurdles from microbes and which mechanisms of motorists are
being advanced, health care providers and policy makers can jointly stop the effects of

antimicrobial resistance and protect people’s health.

2.1.1 Drugs facing significant resistance from microbes

The several classes of drugs that are experiencing higher levels of resistance from
microbes such as bacteria, fungi, viruses, and parasites are elaborated as follows.
Understanding the challenges posed by antimicrobial resistance is crucial for developing

strategies to combat this global health crisis (Spellberg et al., 2013).

2.1.1.1 Antibiotics

This work explains that antibiotics used for the last fifty years in treating bacterial
infections are falling prey to resistance from pathogenic bacteria. As pointed out by
Spellberg and coworkers (2013), bacterial strains such as Staphylococcus aureus and
Enterococcus faecium have developed resistance to antibiotics ranging from beta-lactams
to vancomycin making infections hard to control. The abuse of antibiotics in healthcare
and especially in livestock production has a led to emergence of resistance mechanisms

of bacteria, which require new forms of antimicrobial drugs (Spellberg et al., 2013).



2.1.1.2 Antifungal Drugs

Systemic fungal infections culminating from Candida species and Aspergillus fumigatus
are increasingly proving difficult to treat due to resistance to antifungal agents. Denning
and Bromley, 2015 have pointed out that a new species of multidrug-resistant yeast
Candida auris which has been identified causes invasive infections with high mortality.
The emergence of azole antifungals resistance for instance fluconazole among Candida
species is well reported, calling for better antifungal stewardship and new therapeutic
options (Denning & Bromley 2015).

2.1.1.3 Antiviral Drugs

Antiviral resistance poses challenges in the management of viral infections, including
influenza, HIV, and hepatitis. Hayden and Shindo (2019) report that influenza viruses,
particularly influenza A and influenza B, have developed resistance to neuraminidase
inhibitors such as oseltamivir and zanamivir, reducing the effectiveness of these drugs in
controlling seasonal influenza outbreaks. Additionally, resistance to antiretroviral drugs
among HIV strains is a growing concern, underscoring the importance of adherence to

treatment regimens and the development of new antiviral agents.

2.1.1.4 Antiparasitic Drugs

Antiparasitic resistance is observed in protozoal and helminthic infections, posing
difficulties in treating illnesses such soil-transmitted helminthiasis, leishmaniasis, and
malaria. Global attempts to control and eradicate malaria are at risk due to the evolution
of resistance to artemisinin-based combination treatments (ACTS) in Southeast Asia's
Plasmodium falciparum, the disease's causal agent, according to Keiser and Utzinger
(2019). Furthermore, the efficacy of mass deworming efforts in endemic areas is
jeopardized by soil-transmitted helminths like Ascaris lumbricoides and Trichuris

trichiura developing resistance to anthelmintic medications.

2.1.2 Most resistant microbial pathogens

Among the microbial strains developing noticeable resistance the following among

others; Methicillin-Resistant Staphylococcus aureus (MRSA), Extended-Spectrum Beta-



Lactamase (ESBL)-Producing Enterobacterales, Carbapenem-Resistant Enterobacterales
(CRE) and Vancomycin-Resistant Enterococci (VRE).

2.1.2.1 Methicillin-Resistant Staphylococcus aureus (MRSA)

MRSA is a leading cause of healthcare-associated and community-acquired infections
worldwide. This bacterium has acquired resistance to multiple classes of antibiotics,
including beta-lactams, through the acquisition of a gene that encodes a modified
penicillin-binding protein (PBP2a) with reduced affinity for beta-lactam antibiotics
(Tacconelli et al., 2018). MRSA infections are associated with increased morbidity,
mortality, and healthcare costs, emphasizing the importance of effective infection control
measures and antimicrobial stewardship programs. The gram-positive staphylococcus
aureus is another major bacterial strain causing several infections including septicemia,
pneumonia, food poisoning, and endocarditis. Staphylococcus pneumonia is responsible

for deaths of up to 50% of total pneumonia deaths (Hookey & Richardson, 1998).

2.1.2.3 Extended-Spectrum Beta-Lactamase (ESBL)-Producing Enterobacterales

ESBL-producing Enterobacterales, such as Escherichia coli and Klebsiella pneumoniae,
pose a significant threat in healthcare settings due to their ability to hydrolyze extended-
spectrum beta-lactam antibiotics, including third-generation cephalosporins and
monobactams (Livermore et al., 2021). The gram-negative Escherichia coli is a normal
inhabitant of the human large intestine. Virulent strains are responsible for urinary tract
infections, septicemia, and diarrheal infections. The route of infection is predominantly
through contaminated food and water. UPEC often resides in the colon and can be
introduced into the urethra. UPEC strains are responsible for more than 70% of reported
UTlIs. Its growth is associated with blockage of the urinary tract, leading to pools of
stagnant urine (Makvana & Krilov, 2015). ESBL genes are often carried on mobile
genetic elements, facilitating their dissemination among bacterial populations. Infections
caused by ESBL-producing Enterobacterales are associated with higher rates of treatment
failure and mortality, highlighting the need for rapid detection methods and alternative

treatment options.



2.1.2.3 Carbapenem-Resistant Enterobacterales (CRE)

Carbapenem antibiotics, which are frequently seen as the last resort when dealing with
multidrug-resistant bacteria, do not work on CRE, including carbapenem-resistant E. coli
and K. pneumoniae. The development of carbapenemase genes, which produce enzymes
that can hydrolyze carbapenem antibiotics, is the main cause of carbapenem resistance
(Logan & Weinstein, 2017). The high fatality rates and lack of available treatments for
CRE infections highlight the urgent need for new antimicrobial drugs and infection

control measures.

2.1.2.4 Vancomycin-Resistant Enterococci (VRE)

VRE, particularly Enterococcus faecium, has resisted vancomycin, a glycopeptide
antibiotic commonly used to treat serious infections caused by gram-positive bacteria.
The acquisition of vancomycin resistance genes, results in alterations to the bacterial cell
wall, preventing the binding of vancomycin (Arias & Murray, 2012). VRE infections are
challenging to treat due to limited therapeutic options and are associated with increased

lengths of hospital stay and healthcare costs.

2.1.3 Mode of resistance from microbes

Different microbes resist the action of drugs through various ways. These modes of
resistance include genetic mutations, horizontal gene transfer, biofilm formation and
efflux pumps. The mode of resistance depends on the structure of the microbe and the
nature of the drug.

2.1.3.1 Genetic Mutations

Genetic mutations play a fundamental role in microbial resistance by altering the
structure or function of antimicrobial targets, thereby reducing the efficacy of
antimicrobial agents. For example, bacteria can acquire mutations in genes encoding
target proteins such as penicillin-binding proteins (PBPs) or ribosomal subunits,
rendering antibiotics such as beta-lactams or macrolides ineffective (Blair et al., 2015).

Similarly, mutations in viral genes encoding viral polymerases or proteases can confer
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resistance to antiviral drugs, as observed in influenza viruses and human

immunodeficiency virus (HIV) (Sallusto et al., 2019).

2.1.3.2 Horizontal Gene Transfer

Horizontal gene transfer (HGT) is a key mechanism by which microorganisms acquire
resistance genes from other organisms, including bacteria, fungi, and viruses. HGT can
occur through processes such as conjugation, transformation, and transduction, allowing
bacteria to acquire resistance determinants, such as plasmids, integrons, or transposons,
from their environment or neighboring bacteria (Frost et al., 2005). This dissemination of
resistance genes contributes to the rapid spread of antimicrobial resistance within
microbial populations and across different species.

2.1.3.3 Biofilm Formation

Biofilms, complex microbial communities encased in a self-produced matrix of
extracellular polymeric substances (EPS), provide a protective environment for
microorganisms to resist antimicrobial agents and host immune defenses. The EPS matrix
acts as a physical barrier that prevents antimicrobial agents from reaching their target
cells, while also facilitating the exchange of genetic material through HGT (Hall-
Stoodley et al., 2004). Moreover, biofilm-associated microorganisms often exhibit altered
metabolic states and reduced growth rates, further enhancing their resistance to

antimicrobial agents.

2.1.3.4 Efflux Pumps

Efflux pumps are specialized transport proteins found in the cell membranes of bacteria,
fungi, and other microorganisms, which actively pump antimicrobial agents out of the
cell, thereby reducing intracellular drug concentrations and conferring resistance. These
efflux pumps can be constitutively expressed or upregulated in response to antimicrobial
exposure, allowing microorganisms to expel a wide range of antimicrobial agents,
including antibiotics, antifungals, and antiseptics (Fernandez & Hancock, 2012). Efflux
pump-mediated resistance is a significant contributor to multidrug resistance in many

clinically relevant pathogens.
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2.1.4 Mode of action of some reported metal complexes

Heterocyclic compounds and their metal complexes have demonstrated potential in the
fight against the escalation of antibiotic resistance. The ability of metal complexes to
covalently bind to biomolecules (such as the formation of a DNA adduct with cisplatin),
the inhibition of important enzymes through substrate/metal ion mimicry, redox-active or
catalytically active drugs (such as metals that produce reactive oxygen species (ROS)), or
photoactivatable metal complexes (such as for photodynamic therapy (PDT)) are
examples of metal-specific modes of action (Boros et al., 2020).

Many research teams have investigated metal complexes and their potential as new
antibacterial agents in recent years. Fewer instances have been shown to be able to inhibit
Gram-negative bacteria, but a wide range of compounds have been reported to be active
against Gram-positive bacteria, particularly against Staphylococcus aureus (S. aureus)
and the clinically relevant methicillin-resistant S. aureus (MRSA) strain. Morphological
factors are one cause of this imbalance. While Gram-negative bacteria have a
peptidoglycan layer encased between two membranes, Gram-positive bacteria have both
a single-cell membrane and a peptidoglycan layer. This indicates that an antibacterial
agent usually has an easier time entering Gram-positive bacteria. Ude et al. created
compounds with copper (Il) in conjunction with phenanthroline or phenazine and the

clinically authorized antibiotic ciprofloxacin (Ude et al., 2019).

When compared to ciprofloxacin alone, to which MRSA is extremely resistant, the
complexes showed good effectiveness against MRSA. Although the authors state that
ciprofloxacin has a 95% minimum inhibitory concentration of 125 uM against MRSA,
their compounds have MIC values ranging from 16 to 32 uM (Murray et al., 2022).
Antibiotic coordination with a metal center may therefore offer a fresh strategy to fight
antibiotic resistance. There have been several gold (I) and gold (I11) compounds claimed
to exhibit anti-MRSA and anti-Bacillus subtilis (B. subtilis) properties (Bussing et al.,
2019). Bus sing et al. found that the N-heterocyclic carbene (NHC) complexes of gold (1)
and gold (Il1) effectively inhibit bacterial thioredoxin reductase (TrxR), with half-
maximal inhibitory concentrations (IC50) ranging from 0.18 to 0.55 puM. TrxR, a
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disulphide reductase, is essential for maintaining intracellular redox homeostasis (Ude et
al., 2019).

According to Bussing et al. (2019), inhibition may result in oxidative damage and,
eventually, cell death. Numerous rhenium (I) di- and tricarbonyl compounds and their
anti-MRSA properties have been investigated by the Zobi group. They identified the
positive charge of the rhenium complexes as a crucial feature for antibacterial activity.
Only cationic compounds exhibited any activity against MRSA (MICs from 0.8 to 25
uM), while overall neutral complexes remained mostly inactive (MICs > 50 uM) (Sovari
et al., 2020). They determined that a key component of the rhenium compounds'
antibacterial action is their positive charge. Neutral complexes remained generally inert
(MICs > 50 uM), while only cationic compounds showed any efficacy against MRSA
(Sovari et al., 2020). Cooper et al. looked at another class of rhenium compounds. A
number of bis(diphosphine)-rhenium(V)—-dioxo complexes were found to have low
toxicity to human cells and strong activity (MIC < 0.25 pg mL-1) against MRSA (Cooper
et al., 2022).

Wang, Chun Yan, and their colleagues discovered that ruthenium (1) polypyridyl
complexes are strong anti-S. aureus agents (MICs ranging from 1.3 to 5.6 uM). Their
mode of action investigation showed that they effectively inhibited the growth of bacteria
and quickly killed them by disrupting their membranes (Wang et al., 2022; ChunYan et
al., 2022). The piano-stool structure is a motif frequently found in bioactive metal
complexes. According to DuChane et al. (2019), ruthenium (1) and iridium (111) piano-
stool complexes are effective against Gram-positive bacteria. DNA was shown to be a
possible target for Navale et al.'s ruthenium (1) complexes after conducting mechanistic
studies. Given that cationic compounds have a strong interaction with the negatively
charged phosphate backbone, they emphasized the positive charge of their compounds as

a crucial component in DNA binding (Navale et al., 2022).

Busto et al. (2022) studied polypyridyl complexes of iridium (111) and discovered that
they were active against MRSA (MICs ranging from 0.6 to 40 uM). Additional tests
showed that when the biological reductant glutathione was present, their complexes could

break DNA in a concentration-dependent manner. Accordingly, ROS-induced oxidative
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cell damage was suggested as a possible mechanism of action (Busto et al., 2022).
Platinum (1) cyclooctadiene complexes were found to be active against several S. aureus
strains, including MRSA, by Frei et al. Remarkably, no cytotoxicity against human cells
was noted, even though their complexes shared structural similarities with cisplatin (Frei
etal., 2021).

Bernier et al. discovered a number of rhodium (Ill) and iridium (IlI) piano-stool
compounds with strong anti-Mycobacterium smegmatis (M. smegmatis) properties.
These complexes included alkylated cyclopentadienyl (Cp*) and NHC ligands. By
making the Cp* and NHC ligands more hydrophobic, the activity of the overall neutrally
charged complexes was increased (Bernier et al., 2021). There are even fewer
publications on metal compounds that have anti-gram-negative bacterial action. Thomas
and colleagues' investigation of a dinuclear ruthenium (II) polypyridyl complex revealed
that it was effective against Pseudomonas aeruginosa (P. aeruginosa) and Acinetobacter
baumannii (A. baumannii) (MICs ranging from 0.5 to 9.6 uM). The complex’s inherent
emissive qualities make it suitable for application as a theranostic agent, enabling real-

time infection monitoring (Smitten et al., 2023).

2.1.5 Pyridazine derivatives as N, N’-bidentate ligands

N, N’-bidentate ligands are a class of compounds that coordinate to metal centers through
two nitrogen atoms. These ligands are integral to the development of coordination
chemistry due to their ability to stabilize various metal ions and influence the properties
of metal complexes. Among these, pyridazines, a six-membered ring containing two
adjacent nitrogen atoms, have garnered particular interest. N, N’-bidentate ligands can
form stable chelates with metal ions, leading to enhanced catalytic activity and stability.
They are widely utilized in the formation of coordination compounds, which are crucial
in catalysis, materials science, and pharmaceuticals (Hadjikakou & Hadjiliadis, 2009).
The electronic properties and spatial arrangement of these ligands enable fine-tuning of

the metal center's characteristics, making them versatile in various applications.

Pyridazines are a subclass of N, N’-bidentate ligands characterized by a diazine ring,
where two nitrogen atoms are positioned at the 1, 2-positions of the ring. This structural
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arrangement facilitates strong coordination with metal centers, making pyridazines
effective in stabilizing high oxidation states and enhancing catalytic properties (Schneider
et al., 2012). Pyridazines are particularly notable for their roles in the development of
novel catalysts and therapeutic agents. Pyridazine-based ligands have shown significant
potential in catalytic processes, including hydrogenation, hydro-amination, and cross-
coupling reactions. Their ability to stabilize transition metal complexes and facilitate
electron transfer makes them ideal for these applications. For example, palladium
complexes with pyridazine ligands have demonstrated high efficiency in cross-coupling
reactions (Zhou et al., 2014).

In materials science, pyridazine ligands contribute to the development of metal-organic

frameworks (MOFs) and coordination polymers. These materials exhibit unique
properties such as high surface area, tunable porosity, and chemical stability, which are
beneficial for gas storage, separation, and catalysis (Furukawa et al., 2010). Pyridazine
derivatives have also been explored for their biological activity. Their coordination with
metal ions can lead to the formation of complexes with antimicrobial, anticancer, and
anti-inflammatory properties. These biological applications highlight the versatility and
importance of pyridazine ligands in medicinal chemistry (Mavrova et al., 2010).

2.2 Synthesis and applications of Heterocyclic Ligands and Their Transition Metal
Complexes

Heterocyclic ligands in particular N, N” donor bidentate ligands have a broad spectrum of
applications. Transition metal (1) complexes of ligands like 3-chloro-6-(1H-pyrazol-1-yl)
pyridazine, 3-chloro-6-(3,5-dimethyl-1H-pyrazol-1-yl) pyridazine,1,10- phenanthroline
and 2,2-bipyridine among others can be used in pharmaceutical industry, catalysis and in
fluorescence (Mambanda et al., 2022). Their biological properties and methods of

synthesis are discussed below.
2.2.1 Synthesis of 3-chloro-6-(1H-pyrazol-1-yl) pyridazine

3-chloro-6-(1H-pyrazol-1-yl) pyridazine is the compound formed when monomeric
pyrazole (1H-pyrazole) is attached to 3-chloropyridazine at the para position. Between

the aromatic rings, the dihedral angle is about 6.25 with the whole molecule assuming an
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almost planar geometry. In the crystal, the molecule experiences m — m interactions
between the centroids of the rings (Ather et al., 2010a; Mambanda et al., 2022).
According to Selvanthan & Woi, (2021), the substitution of a halogenated pyridazine can
be achieved by the reaction with 1H-pyrazole in the presence of a base like sodium

hydride in an appropriate solvent like acetonitrile as illustrated in Figure 3.

i [ D=t 2

1H-pyrazole 3,6-di(1H-pyrazol-1-yl)pyridazine

Cl
3,6-dichloropyridazine

Figure 3: substitution of a halogenated pyridazine

High vyields of 3-chloro-6-(1H-pyrazol-1-yl) pyridazine have been reported when 3-
Chloro-6-hydrazinylpyridazine is dissolved in ethanol and acetylacetone in acetic acid
added and heated for about a half an hour. The final product can be re-crystallized in
ethanol to yield colourless prisms of 3-chloro-6-(1H-pyrazol-1-yl) pyridazine (Ather et
al., 2010). The general reaction is illustrated in Figure 4.

/N Cl
M—» N. -
acetyl acetone \ N /
3-Chloro-6- hydrazmylpyrldazme
_—

3-chloro-6(1H-pyrazol-1-yl)pyridazine
Figure 4: Synthesis of 3-chloro-6-(1H-pyrazol-1-yl) pyridazine

2.2.2 Synthesis of 3-chloro-6-(3, 5-dimethyl-1H-pyrazol-1-yl) pyridazine

Synthesis of 3-chloro-6-(3, 5-dimethyl-1H-pyrazol-1-yl) pyridazine has been recorded by
Ather and coworkers, as illustrated in Figure 5. They recorded a yield of 88% by reacting
a mixture of equimolar amounts of 3, 6-dichloropyridazine, 3, 5-dimethyl pyrazole and a

few drops of hexane-washed sodium hydride. The mixture was stirred in hexane at room
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temperature for about one hour. The solvent hexane was removed under reduced
pressure, poured on crushed ice. The precipitates formed were filtered, washed with
water and purified with column chromatography on aluminium oxide, with benzene as an
eluent (Ather et al., 2010).

2HN
A\ T/ |
N
X
/ \ N Tt OMO »
_N/ pentane-2,4-dione X /N
\

3-chloro-6-hydrazinylpyridazine
3-chloro-6-(3,5-dimethyl-1/-pyrazol-1-yl)pyridazine
Figure 5: Synthesis of 3-chloro-6-(1H-pyrazol-1-yl) pyridazine

They also prepared the same compound by mixing equimolar amounts of 3-chloro-6-
hydrazinylpyridazine, acetylacetone and a few drops of acetic acid. The mixture was
stirred and heated at 80-90 °C for 30 minutes, cooled and diluted with 25 mL of water;

the precipitates formed were filtered, washed with water and recrystallized from ethanol.
2.2.3 Synthesis of 2, 2-bipyridine

2, 2’-bipyridine has a wide range of applications in various fields, such as materials
science, organic synthesis, and coordination chemistry. It can be prepared by
dehydrogenation followed by coupling of pyridine molecules in the presence of Raney
nickel as shown in Figure 6 (Ismail et al., 2023). It is grouped under neutral N, N' donor
bidentate ligands useful in the study of electron and energy transfer, materials chemistry,

antimicrobial activity, and catalysis.
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Figure 6: Synthesis of 2, 2-bipyridine

2.2.4 Applications and Biological Significance of Metals and their Organic

Complexes

Metals and their organic complexes hold profound significance in biological systems,
influencing a myriad of essential processes crucial for life. These elements, often
incorporated into organic molecules, serve diverse functions ranging from enzymatic
catalysis to structural support, impacting various physiological and biochemical pathways
(Arif et al., 2018). One of the most well-known examples is the role of iron in
hemoglobin, a metalloprotein responsible for oxygen transport in blood. The coordination
of iron within the heme group enables reversible binding of oxygen, facilitating its
transport from the lungs to tissues throughout the body. This process is vital for cellular
respiration and overall energy production (Bach et al., 2017).

Similarly, zinc serves as a crucial cofactor in numerous enzymes involved in DNA
replication, transcription, and repair. Zinc finger motifs, structural elements in proteins,
coordinate zinc ions to facilitate interactions with DNA, regulating gene expression. This
highlights the integral role of metals in maintaining genomic integrity and cellular
function. Copper plays a pivotal role in electron transport chains, serving as a cofactor for
various enzymes involved in energy production (Huang, 2016). Additionally, copper is
essential for the formation of connective tissues and neurotransmitter synthesis. Its
involvement in antioxidant defense mechanisms underscores its importance in

maintaining cellular homeostasis (Frederickson, 2005).

Beyond individual metal ions, metalloproteins and metalloenzymes play central roles in

biological systems. Examples include cytochrome ¢, a heme-containing protein crucial in
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electron transport, and superoxide dismutase, an enzyme containing manganese or copper
and zinc that protects cells from oxidative stress. The catalytic activities of these
biomolecules highlight the intricate interplay between metals and biological processes.
Understanding the applications and biological significance of metals extends beyond
basic biochemistry. In medicine, metal-based drugs, such as platinum-containing
anticancer agents, leverage the reactivity of metal complexes for therapeutic purposes
(Frederickson, 2005). Additionally, research on metalloproteins contributes to drug

development by targeting specific enzymatic pathways.
2.2.4.1 Applications and Biological Significance of Copper

Copper serves as a crucial metal essential for various biological functions in organisms,
yet its high concentration can be toxic (Lemire et al., 2013). Microbes contain copper-
containing proteins where copper, transitioning between copper (I1) and copper (1) ions,
functions as an electron donor/acceptor (Kremer et al., 2006). Researchers have explored
the coordination of organic molecules with copper to enhance its antimicrobial activity,
with mechanisms depending on complex geometry and ligand nature (Borthagaray et al.,
2016; Nandanwar & Kim 2019). While the precise antimicrobial mechanism of copper
remains unknown, studies suggest that reactive oxygen species (ROS) generated through
Fenton-type reactions, and the release of copper ions, can damage DNA and lead to
enzyme inactivation, resulting in toxicity (Macomber & Imlay 2009). Evangelinou and
colleagues synthesized a tetrahedral mixed-ligand copper (I) bromide complex, exhibiting
significantly greater activity against Escherichia coli, Xanthomonas campestris, Bacillus
subtilis, and Bacillus cereus compared to ampicillin. This complex disrupted bacterial
membranes by generating ROS (Evangelinou et al., 2014).

The antibacterial effectiveness of copper-based complexes often arises from the
formation of phthalimide-based copper (1I) complexes (Arif et al., 2018). Phthalimide
moieties and their derivatives, known for their anticancer, antimicrobial, anti-
inflammatory, and antimalarial properties, disrupt DNA, contributing to their efficacy
(Saravanan et al., 2017; Pan et al., 2016; Bach et al., 2017; Housman et al., 2003).
Copper (II) complexes with sulfonamide ligands can interfere with the biosynthesis of

tetrahydrofolic acid, crucial for bacterial metabolism (Kremer et al., 2006; Pervaiz et al.,
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2020). Notably, copper (II) complexes featuring five-membered heterocyclic ring
substituents exhibit superior antimicrobial activity against both Gram-positive and Gram-
negative bacteria compared to free sulfonamides (Kremer et al., 2006). While the ionic
form of free sulfonamides displays active antibacterial properties, the anionic form has
low penetration efficiency across the lipoidal bacterial membrane due to its low
lipophilicity. To enhance drug permeation, the complexation of these ligands with metal

ions, as suggested by Claudel et al. (2020), could increase their lipophilicity.

Copper and its compounds exhibit potent antibacterial properties, known as the oligo-
dynamic effect. Copper ions disrupt bacterial cell membranes, inhibit enzymatic activity,
and induce oxidative stress, ultimately leading to bacterial cell death (Grass & Rensing,
2001; Cao et al., 2021). Copper-based antimicrobial surfaces and coatings have been
developed to prevent microbial colonization and reduce the risk of healthcare-associated
infections (Gupta et al., 2019; Ramalingam et al., 2020). Emerging evidence suggests
that copper possesses antiviral activity against a range of viruses, including human
coronaviruses. Copper ions interfere with viral attachment, replication, and maturation
processes (Kruk & Duchnowicz, 2019; Li et al., 2021). Copper-based materials, such as
masks, filters, and touch surfaces, have gained attention for their potential to mitigate
viral transmission (Chellan et al., 2018; Chen et al., 1993).

The field of copper-based pharmaceuticals is rapidly evolving, with ongoing research
focused on exploring novel copper complexes, innovative drug delivery systems, and
personalized medicine approaches (Brewer, 2019). Further studies are needed to elucidate
the underlying mechanisms of copper’s biological activities and optimize its therapeutic

potential across various disease areas.
2.2.4.2 Applications and Biological Significance of Zinc

Zinc complexes have gained significant attention in the development of antimicrobial
agents due to their potential to combat drug-resistant microorganisms (Huang, 2016).
These complexes utilize the antimicrobial properties of zinc ions by incorporating them
into various ligand systems. One area where zinc complexes are being explored is in the

treatment of bacterial infections. Zinc complexes can enhance the delivery of zinc ions to
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target sites, improving their antimicrobial efficacy (Haase & Maret, 2003). Antimicrobial
zinc complexes inhibit bacterial enzymes involved in essential metabolic pathways,
thereby impairing bacterial growth and survival. Furthermore, zinc complexes can
stimulate the host immune system, enhancing the body's natural defense mechanisms
against microbial pathogens (Pan, 2021).

Research is also being conducted on the use of zinc complexes in combating fungal
infections. Zinc ions have been shown to inhibit the growth of various fungi, including
Candida species (Frederickson, 2005). By incorporating zinc ions into complex
structures, researchers aim to develop more potent antifungal agents that can overcome
drug resistance and improve treatment outcomes. Zinc complexes hold promise in the
development of novel antimicrobial agents. Their ability to target bacterial membranes,
disrupt essential enzymes, stimulate the immune system, and inhibit microbial replication
makes them attractive candidates for combating drug-resistant microorganisms (Milani,
2021). Ongoing research in this field aims to optimize the design and efficacy of zinc

complexes for clinical applications in the fight against infectious diseases.
2.2.4.3 Applications and Biological Significance of Ruthenium

One significant application of ruthenium complexes is in cancer therapy. Several studies
have demonstrated the cytotoxicity of ruthenium complexes towards cancer cells. For
instance, Wang et al. (2020) investigated the anticancer activity of ruthenium (II)
polypyridyl complexes against various cancer cell lines, including breast cancer and lung
cancer. Their findings revealed potent anticancer effects, suggesting the potential of
ruthenium complexes as chemotherapy agents (Wang et al., 2020). Moreover, the unique
properties of ruthenium complexes, such as their ability to undergo ligand exchange
reactions and interact with biomolecules, contribute to their effectiveness in cancer

treatment.

In addition to cancer therapy, ruthenium complexes have shown promise in
photodynamic therapy (PDT). PDT is a non-invasive treatment approach that involves the
administration of photosensitizing agents followed by exposure to light of specific

wavelengths, leading to the generation of reactive oxygen species (ROS) and subsequent
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cell death. Ruthenium complexes have been explored as photosensitizers in PDT due to
their ability to efficiently generate ROS upon light activation. For example, Li and
coworkers (2019) developed ruthenium (I1) polypyridyl complexes as photosensitizers
for PDT applications. Their study demonstrated the potential of ruthenium complexes to

induce cytotoxicity in cancer cells upon light irradiation (Li et al., 2019).

Moreover, ruthenium complexes exhibit promising antimicrobial properties, making them
potential candidates for combating infectious diseases. Research has shown that certain
ruthenium complexes possess antibacterial activity against both Gram-positive and
Gram-negative bacteria. For instance, Navale and coworkers (2021) investigated the
antimicrobial activity of ruthenium (I1) complexes against various bacterial strains. Their
findings indicated that ruthenium complexes exhibited significant antibacterial effects,

suggesting their potential application as antimicrobial agents (Navale et al., 2021).

Furthermore, ruthenium complexes have been studied for their potential role in
bioimaging and diagnostic applications. Due to their unique photophysical properties,
such as strong luminescence and long emission lifetimes, ruthenium complexes have
been explored as imaging agents for fluorescence microscopy and bioimaging techniques.
Additionally, the ability of ruthenium complexes to interact with biomolecules, such as
DNA and proteins, makes them suitable candidates for biosensing and diagnostic
applications (Wang et al., 2020).

2.2.4.4 Applications and Biological Significance of Silver

One of the primary applications of silver complexes is in antimicrobial therapy. Silver
has long been recognized for its antibacterial properties, and silver-containing
compounds have been used for centuries as antimicrobial agents. Silver complexes
exhibit broad-spectrum antimicrobial activity against both Gram-positive and Gram-
negative bacteria, as well as fungi and viruses. For instance, Smith et al. (2020)
investigated the antimicrobial activity of silver heterocyclic complexes against a range of
pathogens, demonstrating their efficacy in inhibiting bacterial growth (Smith et al.,
2020). These complexes have the potential to combat drug-resistant bacteria and

contribute to the development of novel antimicrobial agents.
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Moreover, silver complexes have shown promise in wound healing and tissue
regeneration. Silver ions have been found to promote wound healing by facilitating cell
proliferation, migration, and angiogenesis, as well as reducing inflammation and
preventing infection. Silver-containing dressings and scaffolds have been developed for
the management of chronic wounds, burns, and other traumatic injuries. Research by
Jones et al. (2019) investigated the use of silver-containing hydrogels for wound healing
applications, demonstrating their ability to accelerate wound closure and reduce bacterial
burden (Jones et al., 2019). Silver complexes offer a potential solution for improving

wound care and promoting tissue regeneration.

Furthermore, silver complexes have been explored for their potential use in diagnostic
imaging and theranostic applications. Silver nanoparticles and nanocomposites have
unique optical and photothermal properties that make them suitable for imaging and
therapeutic purposes. These complexes can be functionalized with targeting ligands or
imaging agents for specific molecular targeting and visualization. Research by Lee et al.
(2021) demonstrated the use of silver nanocomposites for both diagnostic imaging and
photothermal therapy of cancer (Lee et al., 2021). Silver complexes hold promise as

multifunctional agents for cancer diagnosis, treatment, and monitoring.
2.2.4.5 Applications and Biological Significance of Platinum

One of the most well-known applications of platinum complexes is in cancer
chemotherapy. Platinum-based drugs, including cisplatin, carboplatin, and oxaliplatin, are
widely used in the treatment of various cancers, such as ovarian, testicular, and lung
cancers. These complexes exert their anticancer effects by forming DNA adducts, which
interfere with DNA replication and transcription, ultimately leading to cell death. For
instance, Frei and coworkers (2021) reported platinum complexes derived from
cyclooctadiene with activity against gram-positive bacteria, highlighting their potential as

therapeutic agents (Frei et al., 2021).

Moreover, platinum complexes have shown promise in antimicrobial therapy. While
primarily recognized for their anticancer properties, recent studies have demonstrated the

antibacterial activity of platinum complexes against both Gram-positive and Gram-
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negative bacteria. For example, Busto et al. (2022) investigated inert cationic iridium
(111 complexes with phenanthroline-based ligands and their application in antimicrobial
inactivation of multidrug-resistant bacterial strains (Busto et al., 2022). These findings

underscore the potential of platinum complexes as alternative antimicrobial agents.

Furthermore, platinum complexes have been explored for their potential role in
antitubercular therapy. Navale et al. (2022) conducted studies on DNA binding,
antitubercular, antibacterial, and anticancer activities of newly designed piano-stool
ruthenium (I1) complexes, revealing their potential as therapeutic agents against
tuberculosis (Navale et al., 2022). This highlights the versatility of platinum complexes

in combating infectious diseases.

2.2.4.6 Antimicrobial properties of 2, 2-bipyridine and its transition metal

complexes

2, 2'-bipyridine as a ligand exhibits significant antibacterial activity when tested against
Gram-positive (Micrococcus luteus, Staphylococcus aureus, and Bacillus subtilis) and
Gram-negative (Escherichia coli, Klebsiella pneumoniae, and Proteus mirabilis) bacteria
(Ali et al., 2016). The presence of the azomethine group in the pyridine ring plays an
important role by increasing both lipophilicity and metabolic stability of the compound,
thus greater antimicrobial activity. It is reported that chelation of 2, 2-bipyridine with
metals may or may not increase the antimicrobial activity. Ali and co-workers compared
the zone of inhibition of the free ligand and that of the heteroleptic complex of ibuprofen
and 2, 2-bipyridine. The free ligand was a better inhibitor than the complex. However,
when it binds with other transition metals like copper, the complexes formed exhibit
significant antibacterial activity as reported from the synthesis of copper complex with

alanine salicylaldehyde and 2,2-bipyridine (Chandraleka et al., 2011).

According to McCleverty and Meyer (2004), bipyridine forms complexes with many
transition metals through both o-donating nitrogen atoms and m-accepting property of
pyridine ligands or by accepting electron density from metal d - orbitals into the =*
molecular orbitals of the pyridine ligands. The complex formation of bipyridine involves

bidentate chelation with the two nitrogen atoms. Depending on the reaction conditions, it
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forms complexes with both copper and zinc with a coordination number of either 4 or 6
(Nisbet et al., 2021). These complexes have been subjected to antimicrobial activity
testing and exhibited significant activity through inhibition of the growth of different

bacterial strains.

2.2.4.7 Antimicrobial activity of 3, 5-dimethyl-1H-pyrazol-1-yl moieties and its

transition metal complexes

Fonseca et al., (2018) reported the synthesis of transition metal complexes containing the
dipyrazolylmethane moiety. The complexes were characterized using the
physicochemical and spectroscopic methods and tested for their biological activity
against the Chagas disease-causing parasite Trypanosoma cruzi strains. They compared
the activity of Bis (3, 5-dimethyl-1H-pyrazol-1-yl) methane with that of Bis (3, 5-
dimethyl-4-nitro-1H-pyrazolyl) methane and found that there was no significant
difference indicating that the incorporation of the nitro group does not influence activity.
The presence of the methyl groups attached to the pyrazole rings is said to enhance the
activity of the compound by increasing the lipophilicity of the compound and the
metabolic stability. Transition metals including among others Pt (11), Pd (I1), Ru (1I), Cu
(1), Ni (I1), Mn (I1), and Co (11) show trypanocidal activity (Prayag, 2023). It was found
that the biological activity of the complex was greater than that of the individual ligands.
This observation is linked to the synergistic effects (combining the biological properties
of both the metal and the ligand) that may lead to dual mechanisms of action (Bello-
Vieda et al., 2018; Castillo et al., 2016; Biot et al., 2012 and Murcia et al., 2018).

Bushuev et al., (2005) synthesized Bis (3, 5-dimethyl-1H-pyrazol-1-yl) methane complex
with cobalt (I1) iodide. The complex was a heteroleptic compound with one Bis (3, 5-
dimethyl-1H-pyrazol-1-yl) methane chelating as a cyclic bidentate ligand and two iodide
ions to form a tetrahedral geometry. The complex hasm — m stacking interactions
between the pyrazole rings as characterized by electron spectroscopy and X-ray
diffraction. However, the complex's antimicrobial activity against gram-positive and
gram-negative bacterial strains and antifungals has not been explored exhaustively.
Likewise, little work has been done in exploring the coordination chemistry of this ligand

with other transition metals like copper and zinc as well as screening the antimicrobial
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activity of such complexes despite both the metals and the ligand exhibiting significant

activity independently.

2.2.4.8 Antimicrobial activity of 3-chloro-6-(1H-pyrazol-1-yl) pyridazine and its

transition metal complexes

Ather et al., (2013) describe pyrazolylpyridazines as effective chelating agents. He
further describes these compounds as potential antibacterials against gram-positive and
gram-negative bacterial strains. From the screening using staphylococcus aureus,
Escherichia coli, and salmonella typhi, 3-chloro-6-(1H-pyrazol-1-yl) pyridazine
exhibited antibacterial activity about 50% when measured relative to Ciprofloxacin, the
internal standard. Other pyrazolylpyridazines exhibited antibacterial and antioxidant
properties close to 70% indicating that they have the potential, on further modification, to
produce better active products as compared to the control. Such modifications can be
achieved by chelation with transition metals like copper, zinc, and cobalt among others
that have recorded antimicrobial complexes with N, N-bidentate ligands (Biot et al.,
2012). The presence of electron-withdrawing groups like CI- directly attached to the
aromatic rings may be responsible for their high antibacterial activity as compared to the
un-substituted compound. The electron-withdrawing substituents produce localized
electron-deficient sites capable of promoting favorable conditions for interaction between

the compounds and their target sites (Brown et al., 2015).

Little coordination chemistry of 3-chloro-6-(1H-pyrazol-1-yl) pyridazine has been
reported. In the complex formation reported in 2022 by Mambanda and co-workers, 3-
chloro-6-(1H-pyrazol-1-yl) pyridazine chelate as a bidentate ligand through the second
nitrogen of the pyrazole ring and the second nitrogen of the pyridazine ring to form a
five-membered ring with the central metal as shown in Figure 7. The complex, [(n®-p-
cymene) (3-chloro-6-(1H-pyrazol-1-yl) pyridazine) Ru(X)] BFs formed has geometric
distortions also called conformational arrangement of the octahedral n°-arene-bearing
complexes of Ru (II). It is formed by the reaction of 3-chloro-6-(1H-pyrazol-1-yl)
pyridazine with (n®-p-cymene) Ru(X) in the ratio 2:1. They liken the conformational
arrangement to a ‘piano stool’ (Mambanda et al., 2022; Gichumbi et al., 2018).
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Figure 7: 3-chloro-6-(1H-pyrazol-1-yl) pyridazine complex formation
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2.3 Common Methods of Characterization of Compounds

The most commonly used methods of characterizing compounds include the following
among others. Melting point determination, measuring of molar conductivity, nuclear
magnetic resonance, UV-VIS spectroscopy, atomic absorption spectroscopy, X-ray
diffraction, Fourier Transform Infrared, and elemental analysis.

2.3.1 Melting Point Determination

The melting point of a substance is the temperature at which the solid phase exists in
equilibrium with the liquid phase. It is at this point that the solid changes to a liquid. The
melting point of a substance can be determined by using two common methods which are
the Thiele tube method and the Meltemp apparatus (Willard et al., 1988).

2.3.2 Molar Conductivity Measurement

Molar conductivity is a useful parameter for characterizing organic compounds,
particularly those that can ionize or dissociate in solution. It provides valuable
information about the extent of ionization, the degree of dissociation, and the
conductivity of a compound in solution. Molar conductivity measurements can be used to
understand the behavior of electrolytes, determine their ionic strengths, and investigate

their structure and properties (Atkins & de Paula, 2006). One of the factors to consider is
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the solvent used. In most cases, the criterion for solvent selection relies on its dielectric
constant, viscosity, specific conductivity, donor capacity, and ease of purification. A
solvent with a high dielectric constant and low viscosity is preferred. Therefore,
acetonitrile, nitromethane, and methanol are preferred. DMSO and nitrobenzene suffer a
big disadvantage from their high viscosity (Deswal et al., 2022). Molar conductivity (A)
is calculated by dividing the measured conductivity by the concentration of the
compound in the solution. It represents the conductivity of a solution containing one mole
of the compound.

Molar conductivity measurements allow for the determination of important parameters
such as equivalent conductivity, limiting molar conductivity, and ion mobility. It allows
for the assessment of the degree of ionization or dissociation, which can provide insights
into the compound's acid-base properties, solubility, and reactivity. Molar conductivity
can aid in the identification and differentiation of different species in solution. By
comparing the measured molar conductivity values with reference data or theoretical
calculations, it is possible to determine the composition and structure of complex
mixtures or solutions. Molar conductivity measurements can be used to investigate the
influence of various factors such as temperature, concentration, and solvent on the
conductive behavior of organic compounds. This information can be critical in
understanding the stability, behavior, and performance of electrolytes in various
applications, including batteries, fuel cells, and electrochemical processes (Atkins & de
Paula, 2006).

2.3.3 Fourier Transform Infrared Spectroscopy (FT-IR)

Fourier Transform Infrared Spectroscopy (FTIR) is a powerful analytical tool used in a
wide range of scientific fields for characterizing materials by measuring their infrared
absorption spectra. Its applications span across chemistry, physics, biology, and material
science, enabling the identification of molecular structures, bonding environments, and
chemical compositions. In recent years, significant advances have been made in
improving both the technique's sensitivity and applicability, especially in diverse domains

such as pharmaceuticals, nanomaterials, and environmental monitoring.
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FTIR is based on the principle of molecular vibration. When infrared radiation is passed
through a sample, specific wavelengths are absorbed by the molecules, leading to
vibrational transitions. The absorbed frequencies correspond to the functional groups
within the molecules. This interaction generates a unique spectral fingerprint for each
compound. FTIR spectra are typically plotted as intensity versus wavelength, which helps
in identifying molecular structures and detecting changes in material compositions
(Smith, 2011).

Unlike traditional dispersive infrared spectroscopy, FTIR employs an interferometer,
which generates an interference pattern from multiple beams of light. This pattern is then
mathematically transformed into a spectrum using Fourier Transform algorithms,
allowing for faster and more accurate measurements. This method also improves signal-
to-noise ratios, making FTIR more sensitive to weak absorptions (Griffiths & de Haseth,
2018).

In recent years, FTIR has seen considerable advancements, especially in terms of
instrumentation, sample preparation, and data analysis. Attenuated Total Reflectance
(ATR) has emerged as one of the most significant innovations, allowing for easier sample
handling and analysis without extensive preparation. ATR-FTIR enables the study of a
wide range of sample types, including solids, liquids, and gases, while maintaining high
sensitivity (Stuart, 2004). Another key development has been the miniaturization of FTIR
instruments, making them more portable and suitable for in-field applications,

particularly in environmental and industrial monitoring (Baker et al., 2020).

FTIR has made a notable impact in the field of biological and medical research,
particularly in the analysis of proteins, lipids, and nucleic acids. The technique’s ability to
provide detailed information on the secondary structures of proteins has been critical in
studying diseases related to protein misfolding, such as Alzheimer's and Parkinson's
diseases (Jackson & Mantsch, 2010). Furthermore, FTIR microspectroscopy allows for
the investigation of tissues and cells at the microscopic level, enabling researchers to
detect biochemical changes that precede visible symptoms of diseases, including cancer
(Baker et al., 2020).
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FTIR has also become an invaluable tool in environmental science. One of its most
important applications is in air quality monitoring, where it can be used to detect gases
like carbon dioxide, methane, and volatile organic compounds in real-time. The ability to
perform rapid, non-destructive analysis makes FTIR an attractive option for tracking
environmental pollutants. Portable FTIR spectrometers are increasingly used in situ for
soil, water, and air analysis, allowing for immediate identification of contaminants
(Huang et al., 2021).

2.3.4 UV-VIS Spectroscopy

UV-visible spectroscopy is a widely used analytical technique that provides valuable
information about the electronic transitions and absorbance properties of molecules in the
ultraviolet (UV) and visible (VIS) regions of the electromagnetic spectrum. This
spectroscopic method has found applications in various fields, including chemistry,
biochemistry, pharmaceuticals, environmental analysis, and materials science (Williams
& Fleming, 2018). UV-visible spectroscopy relies on the interaction between light and
matter. When a sample is subjected to UV or visible light, it absorbs specific wavelengths
of light corresponding to electronic transitions of its molecular or atomic components.
The remaining transmitted or reflected light is detected and measured by a
spectrophotometer, which generates a UV-visible absorption spectrum. UV-visible
spectroscopy provides valuable information about the concentration of the sample
components, the presence of impurities, and the chemical structure of the molecules. It is
widely used for qualitative and quantitative analysis, kinetics studies, stability analysis,

and identification of chromophores (Atkins & de Paula, 2006).
2.3.5 Nuclear Magnetic Resonance

NMR spectroscopy is based on the principle that certain atomic nuclei, when placed in a
strong magnetic field, absorb and re-emit electromagnetic radiation at specific
frequencies. Nuclei such as hydrogen (*H), carbon (33C), and phosphorus (3!P) possess a
magnetic moment due to their nuclear spin. When subjected to a magnetic field, these
nuclei resonate at characteristic frequencies depending on their chemical environment
(Cavanagh et al., 2010).
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The resonance frequencies are influenced by the local electronic environment of the
nuclei, allowing researchers to infer molecular structure and dynamics. By analyzing the
chemical shifts, coupling constants, and relaxation times, it is possible to determine the
atomic connectivity and spatial arrangement within a molecule (Claridge, 2016).

Over the past few decades, several advancements have transformed NMR spectroscopy,
enhancing its sensitivity, resolution, and applicability. One of the key innovations is the
development of multi-dimensional NMR techniques, such as two-dimensional (2D)
NMR, which enables the detailed study of complex molecules by correlating the signals
of different nuclei (Ernst, 2017). This has been particularly useful in analyzing larger
biomolecules like proteins and nucleic acids, facilitating the determination of their three-

dimensional structures.

Additionally, the advent of cryoprobes has significantly increased the sensitivity of NMR
measurements, allowing for the detection of low-concentration samples (Kupée &
Freeman, 2007). The use of high-field magnets has also improved resolution, enabling
the observation of subtle interactions and providing clearer insights into molecular

dynamics.

NMR has become a critical tool in biological research, particularly in structural biology.
It is one of the few methods capable of providing detailed structural information about
proteins and nucleic acids in solution, which closely resembles their natural biological
environment. NMR can also offer insights into protein-ligand interactions, enzyme

mechanisms, and conformational changes (Palmer, 2014).

One notable advancement is the development of solid-state NMR, which has expanded
the technique’s use beyond solutions to study membrane proteins, amyloid fibrils, and
other insoluble biological materials. Solid-state NMR has been crucial in investigating
the structures of proteins that are difficult to study using traditional methods like X-ray
crystallography, particularly in their native lipid environments (Baldus & Glinther, 2012).

In drug discovery, NMR plays an important role in screening for lead compounds and
understanding drug-receptor interactions. Techniques like ligand-based NMR and

structure-based NMR provide insights into the binding affinities and kinetics of small

31



molecules with target proteins, making NMR invaluable in the early stages of drug design
(Shuker et al., 2010). Additionally, NMR is widely used for the quality control of
pharmaceuticals, enabling the identification of active ingredients, impurities, and
degradation products.

NMR has also found applications in materials science, particularly in the study of
polymers, nanomaterials, and catalysts. The technique allows for the characterization of
molecular mobility, phase transitions, and the local structure of materials (Eckert, 2019).
Magic angle spinning (MAS) NMR, in particular, has been used to study solid materials,
providing high-resolution spectra and allowing for detailed structural analysis of

heterogeneous systems.
2.3.6 Elemental Analysis

Elemental analysis refers to a group of techniques used to determine the quantities of
individual elements within a sample. The two most common methods are qualitative and
quantitative analysis. Qualitative analysis identifies the elements present in a sample,
while quantitative analysis determines the concentration of each element. Methods such
as combustion analysis for organic compounds, inductively coupled plasma (ICP)
techniques, and X-ray fluorescence (XRF) are widely used for analyzing both organic

and inorganic materials (Huffman, 2011).

Combustion analysis, also known as CHNS/O analysis, is used to determine the carbon,
hydrogen, nitrogen, sulfur, and oxygen content in organic compounds. During this
process, a sample is burned in an oxygen-rich environment, and the resulting combustion
products (CO, , H, O, NO, and SO, ) are quantified to infer the sample’s elemental
composition. This technique has been invaluable in organic and pharmaceutical
chemistry (Vogel et al., 2010).

In contrast, ICP techniques, including ICP-Optical Emission Spectroscopy (ICP-OES)
and ICP-Mass Spectrometry (ICP-MS), are widely employed for the detection and
quantification of trace elements in complex samples. In these methods, a sample is

ionized using an inductively coupled plasma source, and the emitted light (ICP-OES) or
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the ions (ICP-MS) are analyzed to determine elemental concentrations with high

sensitivity (Montaser, 2018).

Recent advancements in elemental analysis have focused on improving sensitivity,
precision, and the ability to handle complex matrices. One of the significant
developments is the use of high-resolution ICP-MS, which allows for the detection of
ultra-trace levels of elements, making it ideal for environmental monitoring, food safety,
and biomedicine (Beauchemin, 2020). The coupling of ICP techniques with laser ablation
(LA-ICP-MS) has enabled spatially resolved elemental analysis, providing insights into
the elemental distribution within heterogeneous samples such as biological tissues and
geological materials (Evans & Guillong, 2021).

Elemental analysis has become a critical tool in environmental monitoring, particularly
for tracking pollutants and studying geochemical processes. ICP-MS and ICP-OES are
frequently employed to monitor the levels of toxic elements such as lead, mercury, and
arsenic in water, soil, and air samples. These techniques provide high sensitivity,
enabling the detection of trace elements even in complex environmental matrices
(Ammann, 2016). Elemental analysis is crucial in studying the elemental cycling of
nutrients such as carbon, nitrogen, and phosphorus in ecosystems. By determining the
concentrations of these elements, researchers can gain insights into the health of
ecosystems and the impact of anthropogenic activities such as agriculture and
industrialization (Jickells & Moore, 2015).

In materials science, elemental analysis is used to characterize the composition of alloys,
ceramics, polymers, and nanomaterials. Techniques like ICP-MS, XRF, and electron
probe microanalysis (EPMA) are commonly used to determine the purity and
composition of materials. For example, EPMA is widely employed to analyze metals and
alloys at the micrometer scale, providing detailed information on elemental distribution
within a sample (Goldstein et al., 2017). This capability is particularly valuable for
quality control in the production of advanced materials, where precise control over

elemental composition is required.
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2.3.7 Mass Spectrometry

Mass spectrometry (MS) is a powerful analytical technique used for identifying and
quantifying molecules based on their mass-to-charge ratio (m/z). It has become
indispensable in various scientific disciplines, including chemistry, biochemistry,
pharmacology, environmental science, and forensic analysis. MS offers high sensitivity,

specificity, and versatility, making it a valuable tool for a wide range of applications.

One of the fundamental components of MS is the ionization source, which converts
analyte molecules into gas-phase ions. Common ionization techniques include
electrospray ionization (ESI), matrix-assisted laser desorption/ionization (MALDI), and
electron ionization (El). Each ionization method has its advantages and limitations,

depending on the sample type and analytical requirements.

After ionization, the ions are separated based on their mass-to-charge ratio using a mass
analyzer. Different types of mass analyzers, such as quadrupole, time-of-flight (TOF), ion
trap, and orbitrap, offer various capabilities in terms of mass resolution, accuracy, and
scan speed. Mass analyzers can be used alone or in combination to achieve higher levels
of performance and versatility in MS analysis.

Once separated, the ions are detected and measured to generate a mass spectrum, which
provides information about the mass, abundance, and structure of the analyte molecules.
Mass spectra can be interpreted to identify unknown compounds, elucidate molecular
structures, and quantify analytes in complex mixtures. MS is often coupled with
chromatographic techniques, such as gas chromatography (GC) or liquid chromatography

(LC), to enhance separation capabilities and improve analytical sensitivity.

MS has numerous applications across various fields. In pharmaceutical analysis, MS is
used for drug discovery, pharmacokinetic studies, and quality control of pharmaceutical
products (Smith & Makarov, 2019). MS enables the rapid identification of drug
metabolites, impurities, and degradation products, ensuring the safety and efficacy of
pharmaceutical formulations. Additionally, MS imaging techniques allow for the spatial
localization of drugs and metabolites within biological tissues, providing valuable

insights into drug distribution and metabolism in vivo.
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In proteomics, MS plays a crucial role in the identification and characterization of
proteins and peptides (Liu & Zhang, 2017). MS-based proteomics techniques, such as
shotgun proteomics and tandem mass spectrometry (MS/MS), enable large-scale protein
profiling, post-translational modification analysis, and protein-protein interaction studies.
MS is also used in metabolomics to study small molecule metabolites and their roles in
biological systems (Liu & Zhang, 2017). Metabolomics approaches, such as liquid
chromatography-mass  spectrometry (LC-MS) and gas chromatography-mass
spectrometry (GC-MS), facilitate the comprehensive analysis of metabolite profiles in

biological samples, offering insights into metabolic pathways and disease mechanisms.

Environmental and food analysis are other important applications of MS (Pavlovich &
Szymanski, 2021). MS is used to detect and quantify pollutants, pesticides, and
contaminants in environmental samples, ensuring compliance with regulatory standards
and monitoring environmental health. In food analysis, MS is employed for the detection
of food adulterants, contaminants, and residues, as well as the characterization of food
components and flavors. MS-based techniques, such as tandem mass spectrometry and
high-resolution mass spectrometry, offer high sensitivity and specificity for trace-level

analysis in complex matrices.

Forensic science relies heavily on MS for the identification of illicit drugs, explosives,
toxins, and trace evidence in criminal investigations. MS enables the rapid and accurate
detection of forensic analytes in diverse sample types, including biological fluids, tissues,
and residues. MS-based forensic analysis provides critical evidence for crime scene

investigation, forensic toxicology, and drug testing.

In conclusion, mass spectrometry is a versatile and powerful analytical technique with
widespread applications in chemistry, biology, medicine, environmental science, and
forensic analysis. MS offers unparalleled sensitivity, specificity, and versatility for the
identification, quantification, and characterization of molecules in complex samples.
Continued advancements in instrumentation, software, and methodology are driving
innovation and expanding the capabilities of MS for diverse scientific and technological

applications.
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2.4 Antimicrobial Susceptibility Testing

The disc diffusion method, also known as the Kirby-Bauer method, is a widely used
technique in microbiology for determining the susceptibility of bacteria to various
antimicrobial agents. This method provides a relatively economical and simple way to
assess the effectiveness of antibiotics and other antimicrobial compounds against
different bacterial strains (Bauer et al., 1966). The principle of the disc diffusion method
lies in the diffusion of antimicrobial agents from the discs into the surrounding agar
medium. The agar acts as a solid support, allowing the diffusion of the compound
through the concentration gradient. If the bacteria are susceptible to the antimicrobial
agent, growth inhibition or a clear zone of inhibition will be observed around the disc.
The size of the zone indicates the degree of susceptibility, with larger zones, indicating
greater susceptibility (Forbes et al., 2007).

The procedure of the disc diffusion method involves several key steps. First, a
standardized inoculum of the test organism is prepared and spread uniformly on the
surface of a solid agar medium using a sterile swab. Next, paper discs impregnated with
specific concentrations of antimicrobial agents are placed on the agar surface. The plates
are then incubated at the optimal temperature for the bacterial strain being tested. After
incubation, the diameter of the zones of inhibition is measured and compared to interpret

the results.

The disc diffusion method is highly valuable in clinical microbiology for guiding
appropriate antibiotic therapy (CLSI, 2018). It provides information on the susceptibility
or resistance of bacteria to specific antimicrobial agents, aiding in the selection of the
most effective treatment for bacterial infections (Jorgensen & Turnidge, 2015).
Additionally, the method is used in research and development to evaluate the activity of

new antimicrobial compounds and to monitor the emergence of antimicrobial resistance.

2.4.1 Preparation and Application of Mueller Hinton Agar Media

Mueller Hinton agar is a widely used medium in microbiology laboratories for
antimicrobial susceptibility testing and bacterial culture. It provides a consistent and

standardized environment for the growth and assessment of bacteria. The necessary
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ingredients and equipment that should be gathered include Mueller Hinton agar powder,
Distilled water, Heat-resistant glassware, a Stirring rod, an Autoclave, Sterilized Petri
dishes, sterile swabs or inoculating loop, and an Incubator. The appropriate amount of
Mueller Hinton agar powder is weighed according to the manufacturer's instructions. The
recommended concentration is typically 38-40 grams per liter of distilled water (CLSI,
2020). The required volume of distilled water is poured into the heat-resistant glassware.
The volume will depend on the amount of media you want to prepare, but it is usually 1
liter. The weighed Mueller Hinton agar powder is added to the distilled water while
stirring gently with a stirring rod until all the powder is completely dissolved. Once the
powder is dissolved, the mixture is heated to boiling while stirring occasionally to
prevent sticking or burning. Boil the medium for about 1 minute to ensure complete
sterilization (CLSI, 2020). After boiling, the glassware is removed from the heat source
and allowed to cool down to approximately 50-55°C (122-131°F) to avoid damaging
heat-sensitive components (Humphries & Hindler, 2015). While the medium is cooling,
the Petri dishes are prepared by labeling them with appropriate identification, date, and
any other necessary information (Humphries & Hindler, 2015). Once the medium has
reached the desired temperature, it is poured into the sterile Petri dishes, filling them to a
depth of approximately 4-5 mm. Pour enough medium to completely cover the bottom of
the dish (CLSI, 2020). The medium is allowed to solidify by leaving the Petri dishes
undisturbed at room temperature or by placing them horizontally in a laminar flow hood
(Humphries & Hindler, 2015).

2.4.2 Application of Mueller Hinton Agar

Before using the Mueller Hinton agar plates, they are stored in a refrigerator to maintain
their integrity and prevent contamination. Bring the plates to room temperature before
using them (Humphries & Hindler, 2015). Bacterial inoculum is prepared by growing the
bacteria overnight on a suitable nutrient agar medium (CLSI, 2020). To make the
bacterial suspension as turbid as a 0.5 McFarland standard, its turbidity is modified
(Gichumbi et al., 2016e). This can be achieved by comparing the bacterial suspension to

the standard using a spectrophotometer or by using a turbidity meter (CLSI, 2020).
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Using a sterile swab or inoculating loop, the bacterial suspension is streaked evenly over
the entire surface of the Mueller Hinton agar plate, making three or four quadrants or a
lawn (Humphries & Hindler, 2015). The inoculum is allowed to dry on the agar surface
for a few minutes (CLSI, 2020). Using sterile forceps or a calibrated dropper, antibiotic
disks are applied to the surface of the agar, pressing them gently to ensure proper contact
with the medium (Humphries & Hindler, 2015). The plates are incubated upside down in
an appropriate incubator at the recommended temperature and duration for the bacteria
being tested (CLSI, 2020). After incubation, the plates are observed for bacterial growth,
and the zones of inhibition around each antibiotic disk are measured. These zones
represent the susceptibility or resistance of the bacteria to antibiotics (Humphries &
Hindler, 2015).
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CHAPTER THREE: RESEARCH METHODOLOGY
3.1 Study Sites

Synthesis of ligands and their metal complexes was carried out at Chuka University
laboratories. Analysis of the ligands and their complexes by proton NMR was done at the
University of Nairobi chemistry laboratory. Analyses by SHIMADZU AFFINITY IS FT-
IR spectrometer and UV 1800 SHIMADZU UV/VIS Spectrometer, molar conductivity
and melting point determination were done at Chuka University chemistry laboratory.

Biological assays were done at Kenya Medical Research Institute-Nairobi.
3.2 Materials and Reagents

The reagents were used without additional purification after being purchased from Sigma
Aldrich. They included 2, 2-bipyridine >99%, 3,5-dimethyl-1H-pyrazole3,5-
dimethylpyrazole 99%, 3-chloro-6-hydrazinylpyridazine 97%, acetonitrile, copper (I1)
chloride, dichloromethane 99.8%, dimethyl sulfoxide, ethanol 99%, acetic acid 99%,
Mueller Hinton agar medium, pentane-2,4-dione (acetylacetone) >99% and zinc chloride
>98%. The bacterial and fungal strains were bought from KEMRI.

3.3 Synthesis of Heterocyclic Ligands and their Transition Metal Complexes

The synthesis of the N, N' donor bidentate ligands was done by the acid-catalyzed
addition of the hydrazinyl group to the diketone leading to cyclization to form the
pyrazole ring (Aljamali et al., 2019).

3.3.1 Synthesis of 3-chloro-6-(1H-pyrazol-1-yl) pyridazine

A mixture of 3-chloro-6-hydrazinylpyridazine (1 g, 6.917 mmol), ethanol 20 ml and
acetic acid 5 ml was heated to a clear solution and an equimolar amount (0.4985 g, 6.9
mmol) of malonaldehyde which was already diluted with 10 ml ethanol was added drop-
wise during reflux. After addition the reaction mixture was heated under reflux for 3
hours, cooled and diluted with 25 ml of water, precipitates formed were filtered and
crystallized from ethanol (Ather et al., 2010). The general equation of preparation is

illustrated in Figure 8.
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Figure 8: Synthesis of 3-chloro-6-(1H-pyrazol-1-yl) pyridazine using 3-chloro-6-

hydrazinylpyridazine and malonaldehyde
3.3.2 Synthesis of 3-chloro-6-(3, 5-dimethyl-1H-pyrazol-1-yl) pyridazine

A mixture of equimolar amounts of 3-chloro-6-hydrazinylpyridazine (6.9 mmol, 1 g),
acetylacetone (0.69 g, 6.917 mmol) and 2 ml acetic acid were stirred and heated at 80-90
°C for 30 minutes and cooled. The unreacted acetic acid was removed under vacuum and
the product was washed with 25 ml of distilled water and filtered. The final product was
re-crystallized in ethanol to obtain colourless prisms of the compound (Ather et al.,

2010). The general equation of preparation is illustrated in Figure 9.

Cl1

2HN

\ N
NH | |
o o N N
atP e -
— N/ acetylacetone

N
e
N
@ \/
3-chloro-6-hydrazinylpyridazine
3-chloro-6-(3,5-dimethyl-1H-pyrazol-1-yl)pyridazine

Figure 9: Synthesis of 3-chloro-6-(3, 5-dimethyl-1H-pyrazol-1-yl) pyridazine
3.3.3 Synthesis of Zinc Complex Derived from 2, 2-Bipyridine

Zinc chloride (0.044g, 0.32 mmol) was dissolved in 30ml ethanol and poured into a
150ml round-bottomed flask. 0.1g of 2, 2-bipyridine (0.64mmol) was added to this
solution and refluxed at 80-90 °C for 4 hours. The precipitate formed was obtained by
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evaporating the excess solvent in the rotary evaporator, after which it was transferred into
an oven at 80 °C. The solid obtained was washed using diethyl ether and filtered at
reduced pressure (Beletskaya & Cheprakov, 2000). The reaction is illustrated in Figure
10.
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N / _=N N /
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NF = N/ \N/ |
— “
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Figure 10: Predicted structure of zinc complex derived from 2,2-bipyridine
3.3.4 Synthesis of Copper Complex Derived from 2, 2-Bipyridine

Copper (1) chloride dihydrate (0.055g, 0.32mmol) and 0.1g of 2, 2-bipyridine
(0.64mmol) were dissolved in 30ml ethanol and poured into a 150ml round-bottomed
flask. For four hours, this mixture was refluxed at 80-90 °C. The precipitate formed was
obtained by evaporating the excess solvent in the rotary evaporator, after which it was
transferred into an oven at 80 °C. The solid obtained was washed using diethyl ether and
filtered at reduced pressure (Beletskaya & Cheprakov, 2000; Eremina et al., 2019). The

predicted structure of the complex is shown in Figure 11.

R X N
N| = l __N Ci N| =
CuCl ,#2H,0 + 2 — \cu/
F = N/’ \N/ |
] 4l

Figure 11: Predicted structure of copper complex derived from 2,2-bipyridine
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3.3.5 Synthesis of Zinc Complex Derived from 3-chloro-6-(1H-pyrazol-1-yl)

pyridazine

Zinc chloride (0.038g, 0.28 mmol) was dissolved in 30ml ethanol and poured into a
150ml  round-bottomed flask. 0.1g of 3-chloro-6-(1H-pyrazol-1-yl) pyridazine
(0.55mmol) was added to this solution and refluxed at 80-90 °C for 4 hours. The
precipitate formed was obtained by removing the excess solvent in the rotary evaporator,
after which it was transferred into an oven at 80 °C. The solid obtained was washed using

diethyl ether and filtered at a reduced pressure. This reaction is illustrated in Figure 12.
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Figure 12: Structure of zinc complex derived from 3-chloro-6-(1H-pyrazol-1-yl)

=\

pyridazine

3.3.6 Synthesis of Copper Complex Derived from 3-chloro-6-(1H-pyrazol-1-yl)

pyridazine

Copper (1) chloride dihydrate (0.047g, 0.28 mmol) was dissolved in 30ml ethanol and
poured into a 150ml round-bottomed flask. 0.1g of 3-chloro-6-(1H-pyrazol-1-yl)
pyridazine (0.55mmol) was added to this solution and refluxed at 80-90 °C for 4 hours.
The reaction is illustrated in Figure 13. The precipitate formed was obtained by removing
the excess solvent in the rotary evaporator, after which it was transferred into an oven at
80 °C. The solid obtained was washed using diethyl ether and filtered at a reduced

pressure.
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13: Structure of expected copper complex derived from 3-chloro-6-(1H-pyrazol-1-yl)

pyridazine

3.3.7 Synthesis of Copper Complex Derived from 3-chloro-6-(3, 5-dimethyl-1H-
pyrazol-1-yl) pyridazine

0.1 g of 3-chloro-6-(1H-pyrazol-1-yl) pyridazine synthesized (0.48mmol) was added to
0.032g of copper (I1) chloride dihydrate in a 150ml round-bottomed flask with 30ml of
ethanol. The mixture was refluxed at 80-90 °C for 4 hours. The green precipitate formed
was isolated from the solvent by use of the rotary evaporator followed by drying in the
oven. The solid sample obtained was washed in diethyl ether, filtered under reduced
pressure and dried under room temperature (Gichumbi et al., 2018). The reaction for

complex formation is shown in Figure 14.
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Figure 14: Predicted structure of copper complex derived from 3-Chloro-6-(3, 5-

dimethyl-1H-pyrazol-1-yl) pyridazine
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3.3.8 Synthesis of Zinc Complex Derived from 3-chloro-6-(3, 5-dimethyl-1H-
pyrazol-1-yl) pyridazine

0.1 g of 3-chloro-6-(1H-pyrazol-1-yl) pyridazine (0.48mmol) was added to 0.033g of zinc
(1) chloride (0.24mmol) in a 150ml round-bottomed flask with 30ml of ethanol. The
mixture was refluxed at 80-90 °C for 4 hours. The green precipitate formed was isolated
from the solvent by use of the rotary evaporator followed by drying in the oven. The solid
sample obtained was washed in diethyl ether, filtered under reduced pressure and dried
under room temperature (Gichumbi et al., 2018). The structure of the predicted complex

is shown in Figure 15.

Cl Cl
| g A
ZnCl , e Zn

N\ N e
\ / WA

S}

Figure 15: Predicted structure of zinc complex derived from 3-Chloro-6-(3, 5-dimethyl-

1H-pyrazol-1-yl) pyridazine

3.4 Characterization of the Synthesized Compounds

3.4.1 Melting Point Determination

The melting point of the N, N'-bidentate ligands and their corresponding copper and zinc
complexes was determined using the open capillary method. The dry solid substances
whose melting points were to be determined were poured on a tile and crushed to form a
fine powder, for easy entry into the capillary of diameter about 1 mm. The capillary tube
with one end closed was held between the fingers. The open end of the capillary was
dipped into the finely powdered solid sample. The solid was then gently tapped to fill a
length of about 8-12 mm.



With the help of a heat-resistant rubber band, the capillary containing the sample was
clamped on the thermometer such that the bulb of the thermometer was in line with the
closed end of the capillary tube. The thermometer was then lowered into liquid paraffin
and submerged to about 2cm. The thermometer was then held using a stand and clamp.

The sample was heated in a range of ambient temperature to 300 C. The liquid paraffin
was heated using a non-luminous flame of the Bunsen burner (Basu & Date 1998). The
temperature of the liquid was observed as it rose continuously and the temperature at
which the substances started to melt was noted immediately as T:. The temperature at
which the solid had melted completely was recorded as T,. The average of T1 and T» was

calculated to obtain the value of the melting point.
3.4.2 Molar Conductance Measurements

The electrolytic properties of the synthesized ligands and their transition metal complexes
were determined at room temperature using the SIBATA Conductivity meter Model SC—

17A using standard procedures according to Chen and coworkers (1993).
3.4.3 FT-IR Spectroscopy

The FT-IR spectra of the N, N-bidentate ligands and their metal complexes were recorded
on a SHIMADZU AFFINITY IS FT-IR spectrometer in the range of 4000 and 380 cm™.
This was achieved after grinding 2 mg of the sample using an agate mortar and mixing it
with 0.1 g of KBr pellets. The hard press was used to press the mixture to form pellet

disks that were mounted on the IR spectrometer and recorded directly (Koske, 2018).
3.4.4 UV-VIS Spectroscopy

The electronic spectra of the synthesized ligands and their respective transition metal (I1)
complexes were obtained in acetonitrile using the UV 1800 SHIMADZU UV/VIS
Spectrometer. The spectrometer was set to scan the blank sample of acetonitrile
(reference material) followed by the samples of the ligands and their complexes. The
variations in absorbance were recorded according to Ommenya et al., (2019).
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3.4.5 'H NMR Spectroscopy

The proton NMR of the synthesized ligands and their respective transition metal (1)
complexes was done according to Matsinha and co-workers, in deuterated DMSO using a
Bruker Avance Il HD Nanobay 400 MHz NMR spectrometer (Matsinha et al., 2013).
The determination of *H NMR spectra of the synthesized N, N’-donor bidentate ligands
and their copper and zinc complexes was determined using standard procedures (Bhatt et
al., 2019). 6mg of each solid synthesized sample material was measured and deuterated
DMSO used as a solvent. 0.7ml of deuterated solvent was added to the measured NMR
sample and shaken to dissolve completely. The soluble NMR sample was then transferred
into a clean NMR tube with a glass Pasteur pipette and then closed by a clean cab. TMS
was used as an internal standard for chemical shift calibration. One drop of TMS was
used for each NMR tube used. The NMR tube was then inserted in an NMR spectrometer
and then scanned for *H resonance frequency.

3.6 Antimicrobial Screening

The synthesized ligands and their transition metal complexes were screened in vitro for
their antibacterial and antifungal activities against gram-positive and negative bacterial
strains cultivated on Mueller Hinton agar medium (Mapari et al., 2011). The diameter of
inhibition was measured relative to that of the ampicillin and fluconazole standards
(Murray et al., 1995; Zaidan et al., 2006; Dickert et al., 1981).

3.6.1 Preparation of Inoculums

The selected bacterial strains, Escherichia coli (gram-negative) and Staphylococcus
aureus (gram-positive), and the fungal strain candida albicans were transferred from the
stock cultures and streaked on Mueller Hinton agar (MHA) plates and incubated for
about 24 hours at 37 °C in an oven. Bacteria were transferred using a bacteriological loop
to autoclaved MHA that was cooled at 45 °C in a water bath with swirling of the flask.
The medium was then poured into sterile Petri dishes, allowed to solidify, and used for
bioassay. The medium containing spore suspension was then poured into sterile plates,

allowed to solidify, and used for the paper disc diffusion bioassay.
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3.6.2 Preparation of the Test Solution

The solutions of the ligands and the copper and zinc complexes were prepared by
dissolving 10mg of the compound in 10 ml DMSO (stock solution 1000pg/ml). From this
solution, further subsequent dilutions were made to obtain solutions of 800ug/ml,

600pg/ml, and 400pug/ml that were subjected to antimicrobial testing.
3.6.3 Procedure for Antimicrobial Screening

The paper discs made by puncturing Whatman number one filter paper were carefully
transferred to the inoculated agar surface using sterile forceps, leaving sufficient space
between the discs to avoid overlap. The plates were incubated at 37°C for 24 hours. The
zones of inhibition were measured thereafter around the antimicrobial discs (Matar et al.,
2015). Ampicillin and fluconazole were used as the positive control and DMSO as the

negative control.
3.6 Data Analysis

The raw data obtained from antimicrobial studies (the diameters of inhibition in relation
to the concentrations of the test solutions dissolved in DMSO) was analyzed using one-
way ANOVA Complete Randomised Design (CRD) with three replicates, using the SPSS

software.

3.7 Ethical Consideration

Before commencing the research, the researcher obtained ethical clearance from the
Chuka University Ethics Committee and NACOSTI (Appendix 26). The study was
conducted with strict adherence to ethical standards, ensuring that methods, results, and
data were reported with utmost honesty. Plagiarism, biases, and carelessness were
diligently avoided. Information sourced from other works was properly acknowledged
and cited. The research focused on publishing only new findings to contribute to
knowledge and guide future research. Additionally, all relevant laws and regulations
related to environmental pollution, toxic material handling, and disposal were strictly

followed to mitigate health risks throughout the research process.
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CHAPTER FOUR: RESULTS AND DISCUSSION

4.1 Melting Point Determination

The melting points, colour and yields of the synthesized ligands and their transition metal

(1) complexes are summarized in Table 4.1.

Table 4.1: Melting Points of the Selected Ligands and Their Copper and Zinc Complexes

Ligand/complex Molecular Colour Melting Point Yield
Weight (°C) (%)

2, 2- bipyridine (L1) 156.2 White 70-72 -

3-chloro-6-(  1H-pyrazol-1-yl) 180.6 White 138 — 144 89

pyridazine (L2)

3- chloro-6-( 3,5-dimethyl-1H- 208.6 White 145 - 152 84

pyrazol-1-yl) pyridazine (L3)

Copper complex of L1 446.8 Blue 248 — 254 79

Copper complex of L2 495.6 Green 258-262 86

Copper complex of L3 551.7 Green 260 — 268 80

Zinc complex of L1 448.7 Pale 248 77

pink
Zinc complex of L2 4975 Brown 232 — 238 69
Zinc complex of L3 553.6 Brown 242 — 250 73

L2 was obtained as a white solid with a melting point range of 138-144 °C and a yield of
89%. L3 was obtained as a white solid with a melting point of 145-152 °C and yielded
84%. The melting points of the complexes were higher than those of the ligands. CuL1
(blue crystalline solid with a melting point of 248-254 °C and yielded 79%), CuL2 (green
solid with a melting point of 258-262 °C and yielded 86%), CuL3 (green solid with a
melting point of 260-268 °C and yielded 80%), ZnL1 (pale pink solid with a melting
point of 248 °C and yielded 77%), ZnL2 (brown solid with a melting point of 232-238 °C
and yielded 69%) and ZnL3 (brown solid with a melting point of 242-250 °C and yielded
73%).

The melting point of the samples was found to increase with an increase in the branching
of the carbon chain of the ligands. It was observed that the complexes decomposed in the
range of 268-320 °C and that decomposition temperature was dependent on the increase

in the molecular weights of the complexes. This might be because an increase in the
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molecular weight makes a compound to be compact in the solid state thereby requiring

more energy to weaken the intermolecular interactions (Dong & Hao 2010).
4.2 FTIR Spectroscopy Analysis

The synthesized ligands and their transition metal complexes exhibited a range of
characteristic peaks (Appendix 10-18) that are summarized in Table 4.2. They show
common characteristic features of a series of weak to moderate absorption bands above
the 3000 cm™* region, which can be assigned to aromatic C—H stretch in the complexes
(Nandiyanto et al., 2019).

Table 4.2: Selected FT-IR absorption bands (cm™) of the heterocyclic N, N” donor

bidentate ligands and their copper and zinc complexes

Compound v(C=N) v(C-Cl) v(C=C) v(C-N) v(M-N)
(em?)  (emh)  mYH  (emh (oY

L1 1653 - 1530 1247 -

L2 1660 764 1398 1140 -

L3 1624 785 1425 1265 -
Copper complex of L1 1645 - 1438 1319 644
Copper complex of L2 1645 777 1469 1167 592
Copper complex of L3 1579 790 1423 1161 528
Zinc complex of L1 1641 - 1436 1311 648
Zinc complex of L2 1625 767 1460 1155 601
Zinc complex of L3 1598 795 1419 1132 522

L1 (2, 2-bipyridine) has a medium peak at 1653 cm™ that can be assigned to the —C=N-
stretching vibration. A duet at 1400 cm™ and 1450 cm™ could be a result of the -C=C-
stretching vibrations in the rings. A medium band at 1530 cm™ is due to the —-C=C-
stretching vibrations. A medium peak at 754 cm™ can be due to the C-H out-of-plane
bending (Nandiyanto et al., 2019). The —C=N- stretching vibration shifts to lower
wavenumbers upon complexation (1645 cm™ and 1641 cm™ for copper and zinc
complexes respectively), indicating that complexation took place via the azomethine
nitrogen of the pyridine rings (Alias et al., 2014).
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3-chloro-6-(1H-pyrazol-1-yl) pyridazine (L2) showed medium peaks at 1660 cm™ and
1575 cm as shown in Figure 18, which might be due to the presence of the azomethine
bond, indicating the successful cyclization of 3-chloro-6-hydrazinylpyridazine with
malonaldehyde to form the pyrazole ring. The peak at 764 cm™ confirms that the chloro
is not substituted in the reaction. A duet at 1398 cm™ and 1450 cm™ that are unaffected
by complexation (Figure 19), confirms the presence of -C=C- in the rings. Upon
complexation, the peak due to the azomethine group shifts to lower wavenumbers (1645
cm? and 1625 cm™ for copper and zinc complexes respectively) showing that

complexation must have taken place through the —C=N- nitrogen.
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Figure 16: FTIR spectrum of L2
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Figure 17: FTIR spectrum of CuL2

3-chloro-6-(3, 5-dimethyl-1H-pyrazol-1-yl) pyridazine (L3) has a strong peak at 1624
cm? that can be assigned to the —C=N- group stretching. This suggests that the
cyclization of pentane 2, 4-dione and 3-chloro-6-hydrazinylpyridazine was successful. A
weak band at 2990 cm™* confirms the presence of aliphatic C-H stretching (Adeloye et al.,
2012) that arises from the methyl groups attached to the pyrazole rings. Like L2, a peak
at 785 cm™ is observed showing that the —Cl is not affected by the incoming diketone.
The compound has also a peak at 1425 cm™ which is due to the —C=C- stretching in the
aromatic rings. The band due to the —C=N- stretching shifts to lower wavenumbers (1579
cm™ and 1598 cm™ for copper and zinc complexes respectively) upon complexation,

confirming that the azomethine nitrogen is directly bonded to the metal centre.

Moreover, there are weak bands in the range 500-600 cm™ in all the complexes (648 cm”
1 644 cm?, 601 cm™, 592 cm?, 522 cm™ and 528 cm™ for ZnL1, CuL1, ZnL2, CuLz2,
ZnL3 and CuL3 respectively), further confirming that the azomethine nitrogen took part

in complexation (Chruszcz-Lipska et al., 2022; Nakamoto 2009).
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4.3 UV/Vis spectroscopy analysis

The electronic spectra of the synthesized ligands and their corresponding transition metal
(11) complexes showed a range of absorption bands mainly in the UV region, tailing to

the visible region (Appendix 1-9). The absorption bands are summarized in Table 4.3.

Table 4.3: Assignment of the observed Amax (nm) of the N, N” donor bidentate ligands and
their transition metal (11) complexes

Compound Amax (NM) Absorbance Transition
L1 280.50 0.190 T—>TT*
236.00 0.099 T—>T*
L2 259.00 0.553 T—>TT*
L3 261.50 0.620 T—>TT*
CuL1l 296.50 0.302 T—>TT*
238.50 0.312 T—>T*
CuL2 455.50 0.023 MLCT
259.00 0.358 T—>TT*
CuL3 260.50 0.480 T—>TT*
ZnL1 307.50 0.509 nN—>m
296.00 0.553 T—> T
244.00 0.365 -
ZnL2 259.50 0.283 T—>TT*
ZnL3 261.00 0.879 T—>TT*

Ligands L1-L3 showed absorption bands in the wavelength range of 259- 281 nm (Figure
20). These bands can be assigned to the Intra- Ligand Transitions (ILT) n—m*, from the
pi electrons of the conjugated rings. The copper and zinc complexes showed absorption

bands in the wavelength range of 238 — 456 nm (Figure 21).
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Figure 18: UV/VIS spectrum of L1
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Figure 19: UV/VIS spectrum of ZnL1
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These transitions can be assigned to the m—n*, n—mn* and MLCT transitions. The
bathochromic shifts observed in the complexes can be attributed to the back-bonding that
takes place since both zinc and copper are electron-rich and can donate to the empty pi
anti-bonding orbitals of the ligands (Mc Crudden 2008). According to Sun and
coworkers, the presence of bands in the range of 220 — 280 nm is associated with
compounds with aromatic structures (Sun et al., 2016). The presence of such bands in the

ligands and the complexes suggests that ligand formation was successful.

4.4 'H-NMR spectroscopy analysis

The proton NMR spectra of the synthesized ligands and complexes were recorded in
deuterated DMSO. The spectra of the ligands L1, L2 and L3 typically show peaks at [ =
8.2, 8.1 and 7.8 ppm respectively, that correspond to the azomethine (-N=CH-) hydrogen
(Mambanda et al., 2022). They however show other peaks that can be assigned to the aryl
proton and the methyl groups in L3 ([ =2.0-2.4 ppm corresponding to the 3-methyl
group protons and [ =3.20 ppm corresponding to the 5-methyl group protons on the
pyrazole ring). This is an indication that there is a successful cyclization of the selected
hydrazinyl pyridazine to form the preferred pyrazolyl pyridazine. Upon complexation, all
these bands are observed to shift to lower frequencies (Appendix 19-24). In the
complexes derived from L1, the peaks corresponding to the azomethine hydrogen shift
downfield (8.2 to 8.44 ppm with an integral value of 1.95 for the copper complex) as

shown in Figure 20.
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Figure 20: NMR spectrum of CuL1
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This is an indication that coordination took place through the N, N'-donor atoms of the
ligand, which is associated with deshielding as the lone pair of electrons in the N atoms
are donated to occupy the empty orbitals of the metal. Similarly, in the complexes of L2
and L3 (Figure 21), the peaks corresponding to the azomethine proton shift to lower
frequencies ([0 = 8.10 ppm to 8.57 ppm with an integral value of 1.00 for zinc complex of
L2 and [ = 7.8 ppm to 7.89 ppm for the zinc complex of L3). Other peaks like those of
the aryl hydrogen and the methyl groups remain unchanged indicating that the reaction
with transition metal (11) salts only affected the chemical environment of the azomethine
proton. The chloro group exerts an electron-withdrawing effect, leading to deshielding
and downfield shifts of nearby protons (Arul & Manjula 2013). Zinc complexation results
in similar but slightly smaller downfield shifts (0.1-0.3 ppm), reflecting zinc's weaker
ability to deshield protons compared to copper. The shifts depend on the metal-ligand

interaction strength and the geometry of the complex (Elie 2007).
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Figure 21: NMR spectrum of ZnL3

4.5 Molar conductivity measurements
The molar conductance values of the synthesized compounds were measured at room

temperature. All the conductance values of the synthesized compounds were below 50 Q~
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1 cm 2mol™ as shown in Table 4.4, indicating their non-electrolytic nature (Chen et al.,
1993). This suggested that there were no free ions present outside the coordination sphere

of all the complexes i.e., the complexes formed were neutral.

Table 4.4: Molar conductivity measurements of the synthesized ligands (L1-L3) and their

complexes

Compound Conductance (Q * cm?mol?)
L1 13
L2 9
L3 8
CuLl 16
CuL2 15
CuL3 15
ZnL1 19
nL2 17
ZnL3 20

4.6 Antimicrobial Activity of Different Synthetic Compounds and their Copper and
Zinc Complexes against C. albicans, E. coli, and S. aureus
The effect of the N, N’-donor ligands and their copper and zinc complexes on in vitro

biological screening against fungi and bacteria was investigated. The petri dishes
containing microbial strains were incubated at 37°C, and the inhibitory zone was
measured after 24 hours of incubation. The synthesized compounds' antibacterial and
antifungal properties were ascertained by observing the inhibitory zone that these
complexes formed against the strain of test bacteria and fungi. Appendix 25 presents the
antimicrobial activity results of the investigated compounds against three pathogens using
the reference antibiotic, ampicillin and the antifungal reference, fluconazole. In all the
infections, the commercial antibiotic ampicillin demonstrated a high level of action, with

an inhibition zone measuring between 23 and 28mm.

4.7.1 Antimicrobial Activity of Compound L1 and its Copper and Zinc Complexes
The antimicrobial activity of compound L1 was evaluated against three microbial strains
- Candida albicans, Escherichia coli, and Staphylococcus aureus - at different

concentrations (1000 pg/ml, 800 pg/ml, 600 pg/ml, and 400 pg/ml). Table 4.5 presents
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the mean inhibition zones for each strain and concentration, with statistical analysis

indicating the significance of the results.
4.7.1.1 Antimicrobial Activity of Compound L1

Table 4.5 gives a summary of the antimicrobial activity of L1 against the three microbial
strains. It shows the mean zones of inhibition from the different test solutions as
measured relative to the antimicrobial standards.

Table 4.5: Antimicrobial Activity of Compound L1 against Candida albicans,
Escherichia coli, and Staphylococcus aureus.

Conc Organism N Zone of Mean Lsd (0=.05) Cv (%) P value
inhibition (mm)  (mm)

C. albicans 3 13.27°

1000 pg/ml  E. coli 3 13.732 13.64 0.383 1.40 0.0136
S.aureus 3 13.93%
C. albicans 3 12.20°

800 ug/ml  E. coli 3 11.733¢ 12.20 0.46 1.87  0.0072
S.aureus 3 12.672
C. albicans 3 11.57

600 ug/ml  E. coli 3 11.63 11.68 0.73 3.13  0.667
S.aureus 3 11.83
C. albicans 3 11.67

400 ug/ml  E. coli 3 11.20 11.43 0.606 2.34  0.099
S.aureus 3 11.83

Mean (mm) 12.31

Lsd (0=.05) 0.28

P value <.0001

At 1000 pg/ml, S. aureus was the most highly inhibited (13.93 mm), while C. albicans
was the least inhibited (13.27 mm). The differences among these inhibition zones were
significant (p < 0.05). At 800 pug/ml, S. aureus was the most highly inhibited (12.67 mm),
whereas E. coli was the least inhibited (11.73 mm). The difference between S. aureus and

E. coli was significant (p < 0.05). At 600 pg/ml, S. aureus showed the highest inhibition
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(11.83 mm), followed closely by C. albicans (11.67 mm) and E. coli (11.63 mm). No
significant differences were observed among these inhibition zones (p > 0.05). At 400
ug/ml, both S. aureus and C. albicans were the most highly inhibited (11.83 mm), while
E. coli was the least inhibited (11.20 mm). The difference in inhibition zones was not
significant (p > 0.05).

4.7.1.2 Antimicrobial Activity of Compound CuL1
The results of the antimicrobial activity of compound CuL1 are summarized in table 4.6.

Table 4.6: Antimicrobial Activity of Compound CulLl against Candida albicans,

Escherichia coli, and Staphylococcus aureus.

Conc Organism N Zone of Mean Lsd (a=.05) Cv (%) P value
inhibition  (mm)
(mm)
C. albicans 3 19.03%
1000 pg/ml  E. coli 3 1450 17.40 051 1.47 <.0001
S. aureus 3 18.67%
C. albicans 3 18.57°
800 pg/ml E. coli 3 14.37° 16.59 0.84 2.53 <.0001
S. aureus 3 16.83°
C. albicans 3 17.17°
600 pg/ml E. coli 3 13.63° 15.71  0.85 2.70 0.0001
S. aureus 3 16.33%
C. albicans 17.03?
400 pg/ml E. coli 12.80° 15.27 0.56 1.83 <.0001
S. aureus 15.97°
Mean (mm) 16.24
Lsd (0=.05) 0.29
Cv (%) 2.17
P value <.0001

& Means followed with same letters are not statistically significant an 04=0.05
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At 1000 pg/ml, S. aureus was the most highly inhibited (18.67 mm), while E. coli was
the least inhibited (14.50 mm). The differences among these inhibition zones were
significant (p < 0.05). At 800 pg/ml, C. albicans was the most highly inhibited (18.57
mm), whereas E. coli was the least inhibited (14.37 mm). The differences among these
inhibition zones were significant (p < 0.05). At 600 pg/ml, C. albicans was the most
highly inhibited (17.17 mm), while E. coli showed the lowest inhibition (13.63 mm). The
differences among these inhibition zones were significant (p < 0.05). At 400 ug/ml, C.
albicans was the most highly inhibited (17.03 mm), whereas E. coli was the least
inhibited (12.80 mm). The differences among these inhibition zones were significant (p <
0.05).

4.7.1.3 Antimicrobial Activity of Compound ZnL1

At 1000 pg/ml, E. coli was the most highly inhibited (16.07 mm), while C. albicans
showed the lowest inhibition (15.57 mm). The differences among these inhibition zones
were not significant (p > 0.05). At 800 pug/ml, C. albicans was the most highly inhibited
(15.43 mm), while S. aureus showed the lowest inhibition (14.43 mm). The differences
among these inhibition zones were significant (p < 0.05). At 600 pug/ml, S. aureus was the
most highly inhibited (13.93 mm), while E. coli showed the lowest inhibition (13.70
mm). The differences among these inhibition zones were significant (p < 0.05). At 400
ug/ml, S. aureus was the most highly inhibited (14.93 mm), while E. coli showed the
lowest inhibition (12.87 mm). The differences among these inhibition zones were
significant [(p < 0.05) Table 4.7].
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Table 4.7: Antimicrobial Activity of Compound ZnL1 against Candida albicans,

Escherichia coli, and Staphylococcus aureus

Conc Organism N Zone of Mean Lsd Cv (%) Pvalue
inhibition (mm)  (0=.05)
(mm)

15.57
16.07 17.33 0.82 207 0.349
15.97
C. albicans 15.43%
800 ug/ml  E. coli 14.67° 1484 0.48 1.60 0.005

C. albicans 3
3
3
3
3

S. aureus 3 14.43°
3
3
3
3
3
3

1000 pg/ml  E. coli
S. aureus

C. albicans 14.43P

600 pg/ml E. coli 13.70° 1411 0.717 254 0.022
S. aureus 13.93%
C. albicans 13.632

400 pg/ml E. coli 12.87°¢ 13.47 0541 2.01 0.007
S. aureus 14.93P

Mean (mm) 14.58

Lsd (0=.05) 0.378

Cv (%) 2.24

P value <.0001

@ Means followed with same letters are not statistically significant an 0=0.05

The data demonstrate that Compound L1 exhibits measurable bioactivity against C.
albicans, E. coli, and S. aureus, with varying degrees of inhibition depending on the
concentration. At 1000 pg/ml, S. aureus was the most inhibited, while C. albicans were
the least inhibited. As the concentration decreased, S. aureus consistently showed the
highest inhibition among the pathogens tested. This trend continued at lower
concentrations, indicating that while Compound L1 is effective, its antimicrobial potency
varies among different microorganisms. Compared to the findings of Ismail et al. (2023)
for 2, 2'-bipyridine (2, 2'-Bipy), the inhibition zones observed for Compound L1 were
slightly lower. For instance, the maximum inhibition of S. aureus by L1 was 13.93 mm at
1000 pg/ml, whereas Ismail et al. (2023) reported 17 mm for 2, 2’-Bipy. Similarly, E. coli

exhibited a maximum inhibition of 13.73 mm with L1, compared to 12 mm for 2, 2'-
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Bipy. For C. albicans, L1 showed 13.27 mm, while 2, 2'-Bipy achieved 18 mm. These
differences may be due to experimental conditions, medium composition, and specific

microbial strains used.

The data reveal that Compound CuLl exhibits notably higher bioactivity compared to
Compound L1 across various concentrations and pathogens. Specifically, CuL1 shows
enhanced antifungal activity against C. albicans, with consistently larger inhibition zones
compared to L1. For instance, at 1000 pg/ml, CuL1 achieves a maximum inhibition zone
of 19.03 mm, significantly greater than the 13.27 mm observed with L1. This trend
continues at lower concentrations, indicating that the copper complex substantially

improves the antifungal efficacy of the bipyridine derivative.

Similarly, in terms of antibacterial activity, Compound CuL1 outperforms Compound L1,
particularly against S. aureus. Although both compounds exhibit effective inhibition,
CuLl generally shows greater activity. For example, at 1000 pg/ml, CuL1 inhibits S.
aureus by 18.67 mm, compared to the 13.93 mm achieved by L1. This suggests that the
copper complex enhances antibacterial performance as well. When compared to the
findings of Rajee et al. (2020) for [Cu(MET)(bpy)2], CuLl shows significant
antimicrobial activity but with slightly lower inhibition zones. For instance, CulLl
achieves a maximum inhibition of 18.67 mm against S. aureus at 1000 pg/ml, whereas
[Cu(MET)(bpy)2] shows 21 mm. For E. coli, CuLl reaches 14.50 mm, while
[Cu(MET)(bpy)2] exhibits 24 mm. Despite the lower inhibition zones, CulLl
demonstrates notable antimicrobial potential, indicating that the copper complex
enhances bioactivity. The improved bioactivity of Compound CuL1 can be attributed to
the role of copper in the complex. Copper ions likely enhance antimicrobial activity
through several mechanisms, including increased permeability of microbial cell
membranes, interference with essential enzyme systems and cellular processes, and

generation of reactive oxygen species (ROS) that damage microbial cells.

The bioactivity results for Compound ZnL1 also indicate significant antimicrobial
activity against C. albicans, E. coli, and S. aureus. At 1000 pug/ml, E. coli was the most
inhibited (16.07 mm), while C. albicans showed the lowest inhibition (15.57 mm). At

lower concentrations, S. aureus and C. albicans often showed the highest inhibition
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zones. Comparing these results to Rajee et al. (2020) for [Zn(MET)(bpy)2], ZnL1
exhibited lower inhibition zones. [Zn(MET)(bpy)2] achieved inhibition zones of 24 mm
for both S. aureus and E. coli, and 28 mm for C. albicans. In contrast, ZnL1 showed
maximum inhibition zones of 15.97 mm for S. aureus, 16.07 mm for E. coli, and 15.57
mm for C. albicans. The reduced effectiveness of ZnL1 suggests it is less potent
compared to [Zn(MET)(bpy)2]. This variation likely stems from the ligand differences,
with the methionine ligand in [Zn(MET)(bpy)2] enhancing the zinc center’s stability and
reactivity, thereby improving its antimicrobial activity. The superior performance of
[Zn(MET)(bpy)2] highlights the critical role of ligand choice in optimizing the

antimicrobial efficacy of metal complexes.

The results indicate that while Compound L1 and its metal complexes (CuLl and ZnL1)
exhibit notable antimicrobial activity, their effectiveness is generally lower than that of
the previously studied [Cu(MET)(bpy)2] and [Zn(MET)(bpy)2] complexes. The enhanced
bioactivity of the copper complex CuLl over L1 suggests that copper's higher redox
potential and greater reactivity offer a substantial antimicrobial advantage. Similarly, the
zinc complex ZnL1 demonstrates significant activity but still falls short of the
performance observed with [Zn(MET)(bpy)2]. These differences underscore the
importance of the ligand environment in enhancing the bioactivity of metal complexes

and suggest potential areas for optimization in future research.

4.7.2 Antimicrobial Activity of Compound L2 and its Copper and Zinc Complexes

The antimicrobial activities of Compounds L2, ZnL2, and CuL2 were evaluated against
three microbial strains—Candida albicans, Escherichia coli, and Staphylococcus
aureus—at different concentrations. The data reveals the inhibitory effectiveness of each
compound, with a focus on their mean inhibition zones and statistical significance, as
indicated by LSD and p-values. Compound CuL2 demonstrated the highest bioactivity,
particularly against C. albicans and E. coli, compared to Compounds L2 and ZnL2,

suggesting the enhanced efficacy of copper.

4.7.2.1 Antimicrobial Activity of Compound L2
At 1000 pg/ml, C. albicans was the most highly inhibited (14.87 mm), while E. coli was
the least inhibited (14.17 mm) as shown in Table 4.8.
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Table 4.8: Antimicrobial Activity of L2 against Candida albicans, Escherichia coli, and

Staphylococcus aureus

Conc Organism N Zone of Mean Lsd Cv (%) Pvalue
inhibition (mm)  (a=.05)
(mm)
C.albicans 3 14.87%
1000 pg/ml  E. coli 3 1417 1453 0447 1538  0.024
S. aureus 3 14.57°
C.albicans 3 14.56%
800 pg/ml E. coli 3 13.24P 13.24 0.99 3.77 0.0037
S. aureus 3 12.80°
C.albicans 3 13.172
600 pg/ml E. coli 3 11.63° 12.38  0.85 3.43 0.013
S. aureus 3 12.33%
Mean (mm) 13.22
Lsd (0=.05) 0.393
Cv (%) 2.87
P value <.0001

& Means followed with same letters are not statistically significant an 0=0.05

The differences among these inhibition zones were significant (p < 0.05). At 800 pg/ml,
C. albicans was the most highly inhibited (14.56 mm), whereas S. aureus was the least
inhibited (12.80 mm). The differences among these inhibition zones were significant (p <
0.05). At 600 pg/ml, C. albicans was the most highly inhibited (13.17 mm), while E. coli
showed the lowest inhibition (11.63 mm). The differences among these inhibition zones

were significant (p < 0.05).
4.7.2.2 Antimicrobial Activity of Compound ZnL2

At 1000 pg/ml, C. albicans was the most highly inhibited (19.20 mm), while E. coli
showed the lowest inhibition (14.33 mm) as shown in Table 4.9.

63



Table 4.9: Bioactivity of Compound ZnL2 against C. albican, E. coli and S. aureus

Conc Organism N Zone of Mean Lsd Cv (%) Pvalue
inhibition (mm)  (0=.05)
(mm)
C. albicans 19.20%

14.33¢ 17.33 0.72 2.07 <.0001
18.47°

C. albicans 18.332
800 pg/ml E. coli 14.40 16.52 0.92 2.79 0001

3
1000 pg/ml  E. coli 3
3
3
3
S. aureus 3 16.83°
3
3
3
3
3
3

S. aureus

C. albicans 17.20°2

600 pg/ml E. coli 13.80° 1586 0.89 2.83 0.0002
S. aureus 16.572
C. albicans 17.132

400 pg/ml E. coli 13.03° 1544  0.50 1.62 <.0001
S. aureus 16.17°

Mean (mm) 16.28

Lsd (0=.05) 0.378

Cv (%) 2.38

P value <.0001

& Means followed with same letters are not statistically significant an 0=0.05

The differences among these inhibition zones were significant (p < 0.05). At 800 pg/ml,
C. albicans was the most highly inhibited (18.33 mm), while E. coli showed the lowest
inhibition (14.40 mm). The differences among these inhibition zones were significant (p
< 0.05). At 600 pg/ml, C. albicans was the most highly inhibited (17.13 mm), while E.
coli showed the lowest inhibition (13.80 mm). The differences among these inhibition
zones were significant (p < 0.05). At 400 pg/ml, C. albicans was the most highly
inhibited (17.13 mm), while E. coli showed the lowest inhibition (13.03 mm). The

differences among these inhibition zones were significant (p < 0.05).
4.7.2.3 Antimicrobial Activity of Compound CuL2

At 1000 pg/ml, C. albicans was the most highly inhibited (19.03 mm), while E. coli was

the least inhibited (14.50 mm). The differences among these inhibition zones were
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significant (p < 0.05). At 800 pg/ml, C. albicans exhibited the highest inhibition (18.57
mm), while E. coli was the least inhibited (14.37 mm). The differences among these
inhibition zones were significant (p < 0.05). At 600 ug/ml, C. albicans had the highest
inhibition (17.17 mm) and E. coli showed the lowest inhibition (13.63 mm). The
differences among these inhibition zones were significant (p = 0.05). At 400 pg/ml, C.
albicans showed the highest inhibition (17.03 mm) and E. coli was the least inhibited
(12.80 mm). The differences among these inhibition zones were significant [(p < 0.05)
Table 4.10].

Table 4.10: Bioactivity of Compound CuL2 against C. albican, E. coli and S. aureus

Conc Organism N Zone of Mean Lsd Cv (%) Pvalue
inhibition (mm)  (a=.05)
(mm)
C. albicans 19.03%

14.50P 1740 0.51 1.47 <.0001
18.672
18.572
14.37° 16.59 0.84 2.53 <.0001
S. aureus 16.83¢

3
1000 ug/ml  E. coli 3
3
3
3
3
C.albicans 3 17.172
3
3
3
3
3

S. aureus

C. albicans
800 pg/ml E. coli

600 ug/ml  E. coli 13.63° 1571 085  3.13 0.0001

S. aureus 16.33?
C. albicans 17.03?

400 ug/ml  E. coli 12.80° 1517 056  1.83 <.0001
S. aureus 15.97°

Mean (mm) 16.24

Lsd (0=.05) 0.29

Cv (%) 2.18

P value <.0001

@ Means followed with same letters are not statistically significant an 0=0.05

The data demonstrate that Compound CuL2 exhibits notably higher bioactivity compared
to Compound L2 across various concentrations and pathogens. Specifically, CuL2 shows
enhanced antifungal activity against Candida albicans, with consistently larger inhibition
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zones compared to L2. For instance, at 1000 pg/ml, CuL2 achieves a maximum inhibition
zone of 19.03 mm, significantly greater than the 14.87 mm observed with L2. This trend
continues at lower concentrations, indicating that the copper complex substantially
improves the antifungal efficacy of the pyrazole derivative. Similarly, in terms of
antibacterial activity, Compound CulL2 outperforms Compound L2, particularly against
Escherichia coli. Although both compounds exhibit effective inhibition, CuL2 generally
shows slightly greater activity. For example, at 1000 pg/ml, CulL2 inhibits E. coli by
14.50 mm, compared to the 14.17 mm achieved by L2. This suggests that the copper
complex enhances antibacterial performance as well. When compared to Compound
ZnL2, both CuL2 and ZnL2 exhibit strong bioactivity, but CuL2 performs slightly better.
For instance, CuL2 achieves slightly higher inhibition zones against Candida albicans
and E. coli compared to ZnL2. At 1000 pg/ml, CuL2 inhibits C. albicans by 19.03 mm
and E. coli by 14.50 mm, while ZnL2 shows 19.20 mm and 14.33 mm, respectively. This
comparison indicates that while zinc complexes also exhibit significant antimicrobial

properties, copper complexes may offer superior efficacy.

The improved bioactivity of Compound CuL2 can be attributed to the role of copper in
the complex. Copper ions likely enhance antimicrobial activity through several
mechanisms. First, copper may increase the permeability of microbial cell membranes,
allowing for better penetration and disruption. Additionally, copper ions can interfere
with essential enzyme systems and cellular processes such as DNA replication and repair.
Furthermore, copper complexes can generate reactive oxygen species (ROS), like
hydroxyl radicals and hydrogen peroxide, which are highly reactive and can damage

microbial cells, contributing to the higher antimicrobial activity of CuL2.

In contrast, while zinc also contributes to antimicrobial effects, the slightly less
pronounced activity compared to copper complexes suggests that copper’s higher redox
potential and greater reactivity offer a more substantial antimicrobial advantage. This
observation supports the broader trend noted in the literature, where metal complexes,
particularly those containing copper, often demonstrate superior antimicrobial properties
compared to their non-metallic or zinc-based counterparts. As Kumar (2022) noted, metal

complexes frequently exhibit enhanced antimicrobial activity, reinforcing the superior
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effectiveness of copper-based complexes observed in this study. Supporting the relevance
of pyrazole derivatives, studies by Kendre et al. (2015) and B’Bhatt and Sharma (2017)
show that pyrazole-based compounds exhibit significant antibacterial and antifungal
activities. Kendre et al. (2015) reported good antibacterial activity for certain pyrazole
derivatives, while B’Bhatt and Sharma (2017) highlighted potent activity against both E.
coli and Candida albicans. These findings align with the observed performance of
Compound CulL2, emphasizing the potential of pyrazole derivatives as effective

antimicrobial agents.

4.7.3 Antimicrobial Activity of Compound L3 and its Copper and Zinc Complexes
against C. albicans, E. coli and S. aureus

The antimicrobial activity of Compound L3 (3-chloro-6-(3,5-dimethyl-1H-pyrazol-1-
yl)pyridazine) and its metal complexes, ZnL3 and CuL3, was evaluated against Candida
albicans, Escherichia coli, and Staphylococcus aureus. Compound L3 exhibited strong
antifungal effects, particularly against C. albicans, but showed weaker antibacterial

activity against E. coli.

4.7.3.1 Antimicrobial Activity of Compound L3

At 1000 pg/ml, C. albicans was the most highly inhibited (17.13 mm), while E. coli was
the least inhibited (15.33 mm). The differences among these inhibition zones were
significant (p < 0.05). At 800 pg/ml, C. albicans was the most highly inhibited (16.80
mm), while E. coli showed the lowest inhibition (14.67 mm). The differences among
these inhibition zones were significant (p < 0.05). At 600 pg/ml, C. albicans was the
most highly inhibited (15.70 mm), while E. coli showed the lowest inhibition (13.73
mm). The differences among these inhibition zones were significant (p < 0.05). At 400
ug/ml, C. albicans was the most highly inhibited (14.93 mm), while E. coli showed the
lowest inhibition (13.53 mm). The differences among these inhibition zones were
significant [(p < 0.05) Table 4.11].
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Table 4.11: Antimicrobial activity of Compound L3 against C. albican, E. coli and S.

aureus
Conc Organism N Zone of Mean Lsd Cv (%) Pvalue
inhibition (mm)  (0=.05)
(mm)
C. albicans 17.132

1000 pg/ml  E. coli 15.33° 16.26  0.52 1.61 0.0005
16.30°

C. albicans 16.80
800 pg/ml E. coli 14.67 1559 0.723 2.32 0.0007

3
3
S. aureus 3
3
3
S. aureus 3 1550
3
3
3
3
3
3

C. albicans 15.70?

600 pg/ml E. coli 13.73P 1463 0.85 2.92 0.0038
S. aureus 14.47°
C. albicans 14,932

400 pg/ml E. coli 13.53° 1419 0.67 2.36 0.0063
S. aureus 14.00P

Mean (mm) 15.16

Lsd (0=.05) 0.753

Cv (%) 5.98

P value <.0001

@ Means followed with same letters are not statistically significant an 0=0.05
4.7.3.2 Antimicrobial Activity of Compound ZnL3

At 1000 pg/ml, S. aureus was the most highly inhibited (21.60 mm), while E. coli
showed the lowest inhibition (19.70 mm). The differences among these inhibition zones
were significant (p < 0.05). At 800 pg/ml, S. aureus was the most highly inhibited (21.03
mm), while C. albicans showed the lowest inhibition (20.20 mm). The differences among
these inhibition zones were significant (p < 0.05). At 600 ug/ml, S. aureus was the most
highly inhibited (19.97 mm), while E. coli showed the lowest inhibition (18.37 mm). The
differences among these inhibition zones were significant (p < 0.05). At 400 pg/ml, S.

aureus was the most highly inhibited (18.50 mm), while E. coli showed the lowest
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inhibition (16.93 mm). The differences among these inhibition zones were significant [(p
< 0.05) Table 4.12].

Table 4.12: Antimicrobial activity of Compound ZnL3 against C. albican, E. coli and S.

aureus

Conc Organism N Zone  of Mean Lsd Cv (%) Pvalue
inhibition (mm)  (a=.05)
(mm)

21.572
19.70° 20.95 0.603 1.44 0.0004
21.602
21.272
18.63° 20.31 0.642 1.58 <.0001
S. aureus 21.032

C. albicans 3
3
3
3
3
3

C.albicans 3  20.20°
3
3
3
3
3

1000 pg/ml  E. coli
S. aureus

C. albicans
800 pg/ml E. coli

600 pg/ml E. coli 18.37° 19.51 0.821 2.11 0.003

S. aureus 19.972
C. albicans 19.332

400 pg/ml E. coli 16.93° 18.26  0.669 1.83 0.0003
S. aureus 18.50P

Mean (mm) 19.75

Lsd (0=.05) 0.335

Cv (%) 1.74

P value <.0001

& Means followed with same letters are not statistically significant an 04=0.05
4.7.3.3 Antimicrobial Activity of Compound CuL3

At 1000 pg/ml, S. aureus was the most highly inhibited (21.30 mm), while E. coli was
the least inhibited (19.37 mm) as shown in Table 4.13. The differences among these
inhibition zones were significant (p = 0.05). At 800 pg/ml, C. albicans was the most
highly inhibited (20.90 mm), whereas E. coli was the least inhibited (18.20 mm). The
differences among these inhibition zones were significant (p = 0.05). At 600 pg/ml, C.
albicans was the most highly inhibited (19.70 mm), while E. coli showed the lowest

inhibition (17.87 mm). The differences among these inhibition zones were significant (p
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=(0.05). At 400 pug/ml, C. albicans was the most highly inhibited (19.93 mm), whereas E.
coli was the least inhibited (17.53 mm). The differences among these inhibition zones

were significant (p = 0.05).

Table 4.13: Antimicrobial activity of Compound CuL3 against C. albican, E. coli and S.

aureus
Conc Organism N Zone of Mean (mm) Lsd (0=.05) Cv (%) P value
inhibition
(mm)
C.albicans 3 21.272
1000 pg/ml  E. coli 3 19.37° 20.64 0.51 1.52 0.0004
S. aureus 3 21.30°
C.albicans 3 20.90%
800 pg/ml E. coli 3 18.20° 19.87 0.72 1.81 0.0002
S. aureus 3 20.50°
C.albicans 3 19.70%
600 pg/ml E. coli 3 17.87° 19.01 0.82 2.16 0.003
S. aureus 3 19.47°
C.albicans 3 19.93%
400 pg/ml E. coli 3 17.53° 18.86 0.67 1.78 0.0003
S. aureus 3 19.10°
Mean (mm) 16.24
Lsd (0=.05) 0.29
Cv (%) 2.18
P value <.0001

& Means followed with same letters are not statistically significant an 04=0.05

The bioactivity of Compound L3 (3-chloro-6-(3, 5-dimethyl-1H-pyrazol-1-yl)
pyridazine) and its copper (Cu) and zinc (Zn) complexes was evaluated against Candida
albicans, Escherichia coli, and Staphylococcus aureus. Compound L3 demonstrated
strong antifungal activity, especially against C. albicans, with consistently high inhibition
zones across all tested concentrations. This suggests that L3 is particularly effective as an
antifungal agent. However, its antibacterial activity was less effective against E. coli,
which showed the least inhibition, indicating weaker activity against Gram-negative
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bacteria. The copper complex CuL3 exhibited a notable enhancement in antimicrobial
activity compared to L3 alone. Compound CuL3 produced significantly larger inhibition
zones, particularly against S. aureus and C. albicans. At 1000 pg/ml, CuL3 effectively
inhibited both S. aureus and C. albicans, while its effect on E. coli was comparatively
lower. This enhanced activity at various concentrations highlights the superior

antimicrobial potential of CuL3.

Similarly, the zinc complex ZnL3 also showed improved bioactivity over L3. ZnL3 was
effective against S. aureus at 1000 pg/ml and also showed activity against C. albicans,
though E. coli was still the least inhibited. This trend was consistent across lower
concentrations, further demonstrating the effectiveness of ZnL3. The superior
antimicrobial activity of CuL3 and ZnL3 can be attributed to several factors. The metal
ions in these complexes likely enhance microbial cell membrane permeability, disrupt
essential enzymatic systems, and generate reactive oxygen species (ROS) that damage
microbial cells (Barua et al., 2024). Specifically, the higher redox potential and reactivity
of copper contribute significantly to its enhanced performance over zinc. Copper ions can
engage in redox reactions that produce ROS, which are highly harmful to microbial cells
(Chohan et al., 2004).

4.7.4 Comparison of Compound Complexes

The antimicrobial activity of various compounds against S. aureus, E. coli, and C.
albicans revealed significant differences in their effectiveness. Among the tested
compounds, ZnL3 consistently demonstrated strong inhibition, particularly against S.
aureus and C. albicans, highlighting its superior antimicrobial potential. Ampicillin and
fluconazole served as reference standards, showing the highest inhibition against S.
aureus and C. albicans, respectively, while ZnL3 followed closely behind. On the other
hand, CuL3 also exhibited notable bioactivity, though it was less effective than ZnL3.
The results suggest that metal ion complexes, particularly those involving zinc and
copper, enhance antimicrobial efficacy by increasing cell membrane permeability and

generating reactive oxygen species (ROS), thereby damaging microbial cells.
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4.7.4.1 Antimicrobial activity of different compounds against S. aureus

The zone of inhibition of different compounds ranged from 15.93 mm to 27.73 mm.
Analysis of variance revealed that there were significantly different inhibition zones
among these compounds [F(6, 14) = 500.10, p < 0.0001]. Post hoc comparisons using the
LSD test indicated that the inhibition zone for ampicillin was significantly higher (27.73
mm) and was followed by compound ZnL3 (21.60 mm), while that of compound CuL1

was significantly lower [(15.93 mm) Figure 22].

27.73

21.T60b 21.300

'—l.
e

18.67°  18.47°
T T

A% L 15.97¢ 15.93¢
L o —— I

Zones of inhibition (mm)

Ampicillin ~ ZnL3 CuL3 CuL2 ZnL2 ZnL1 CuL1l
Compounds tested against S. aureus

Figure 22: Bioactivity of different complexes compounds against S. aureus
4.7.4.2 Antimicrobial activity of different compounds against E. coli

The zone of inhibition of different compounds ranged from 14.33 mm to 25.47 mm.
Analysis of variance revealed that there were significantly different inhibition zones
among these compounds [F(6, 14) = 492.24, p < 0.0001]. Post hoc comparisons using the
LSD test indicated that the inhibition zone for ampicillin was significantly higher (25.47
mm) and was followed by compound ZnL3 (19.70 mm), while that of compound ZnL2
was significantly lower [14.33 mm (Figure 23)].
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Figure 23: Bioactivity of different compounds against E. coli
4.7.4.3 Antimicrobial activity of different compounds against C. albicans

The zone of inhibition of different compounds ranged from 15.27 mm to 25.00 mm.
Analysis of variance revealed that there were significantly different inhibition zones
among these compounds [F(6, 14) = 334.31, p < 0.0001]. Post hoc comparisons using the
LSD test indicated that the inhibition zone for fluconazole was significantly higher (25.00
mm) and was followed by compound ZnL3 (21.57 mm), while that of compound CuL1

was significantly lower [(15.27 mm) Figure 24].
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Figure 24: Inhibition of different compounds against microorganisms at 1000 pg/ml of
Compound ZnL3

The zinc complex ZnL3 emerged as the most outstanding in terms of antimicrobial
activity. ZnL3 demonstrated significant inhibition across all tested microorganisms, with
the highest efficacy observed against S. aureus at 1000 pg/ml, and also effective against
C. albicans. While E. coli was still the least inhibited, ZnL3 showed consistent and
notable activity at lower concentrations, underscoring its superior antimicrobial potential.
In contrast, the copper complex CuL3 also showed improved bioactivity compared to L3
alone, but it was less effective than ZnL3. CuL3 exhibited larger inhibition zones,
particularly against S. aureus and C. albicans. At 1000 pg/ml, CulL3 was effective against
both S. aureus and C. albicans, though its effect on E. coli was less pronounced. This
enhanced activity highlights CuL3's antimicrobial potential, though it did not surpass
ZnL3 in overall effectiveness.

The superior antimicrobial activity of ZnL3 and CuL3 can be attributed to several key
factors. The metal ions in these complexes likely enhance microbial cell membrane
permeability, disrupt essential enzymatic systems, and generate reactive oxygen species
(ROS) that damage microbial cells (Barua et al., 2024). Specifically, the ability of zinc to

disrupt microbial cells and the higher redox potential of copper contribute to its
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performance. Copper ions engage in redox reactions that produce ROS, which are highly
harmful to microbial cells (Chohan et al., 2004).

A search of the literature on the antimicrobial activity of 3-chloro-6-(3,5-dimethyl-1H-
pyrazol-1-yl)pyridazine found no comparable studies, underscoring the originality of our
findings. This lack of prior research highlights the novelty of our results for this specific
compound and its metal complexes. Moreover, the enhanced antimicrobial activity of
ZnL3 and the general effectiveness of metal complexes align with documented research.
For instance, the copper complex [Cu(bpy)(phen)(H20).]Cl>.2H20 has been reported to
exhibit exceptionally high antimicrobial activity, reinforcing the notion that copper

complexes often outperform other metal complexes in efficacy (Agwara et al., 2010).
4.7.5 Inhibition of Microorganisms at 1000 pg/ml of Compound ZnL3

At 1000 ug/ml of Compound ZnL3, S. aureus was the most highly inhibited with a mean
inhibition zone of 21.60 mm, while E. coli showed the lowest inhibition with a mean
inhibition zone of 19.70 mm. The inhibition zones for S. aureus and C. albicans were
significantly higher than those for E. coli (p < 0.05). The overall mean inhibition zone
across all organisms was 20.96 mm, with a coefficient of variation of 1.44%. The least
significant difference (LSD) was 0.603, indicating that differences between the inhibition

zones greater than this value are statistically significant (Figure 25).
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The antimicrobial activity of Compound ZnL3 at a concentration of 1000 pg/ml
demonstrates promising results, particularly in its effectiveness against Staphylococcus
aureus and Candida albicans. The inhibition of S. aureus at this concentration, which
yielded the highest inhibition zone, displays the potent activity of ZnL3 against this
Gram-positive bacterium. This result is noteworthy given the clinical significance of S.
aureus as a pathogen, often associated with serious infections and known for its ability to
develop resistance to various antibiotics (Nikolic and Mudgil, 2023; Tuon et al., 2023).
In contrast, Escherichia coli exhibited the lowest inhibition zone in response to ZnL3,
indicating a lower efficacy of the compound against this Gram-negative bacterium. This
differential activity is consistent with the general observation that Gram-negative
bacteria, such as E. coli, possess more impermeable cell membranes and additional efflux
mechanisms that can reduce the efficacy of antimicrobial agents (Zhou et al., 2023). The
effectiveness of ZnL3 against C. albicans highlights its potential as an antifungal agent.
The significant inhibition observed against C. albicans aligns with its application in

antifungal therapy, suggesting that ZnL3 could be beneficial in treating fungal infections.
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CHAPTER FIVE: CONCLUSIONS AND RECOMMENDATIONS

5.1 Summary

The N, N’ bidentate ligands were successfully synthesized from the reactions of
equimolar amounts of 3-chloro-6-hydrazinylpyridazine with malonaldeyde and
acetylacetone in an appropriate solvent. The transition metal (1) complexes were
synthesized by the reaction of the ligands and the metal salts in the ratio 2:1. They were

isolated and characterized using spectroscopic and analytical techniques.

The ligands L1-L3 as well as their complexes were investigated for their antimicrobial
activity against selected Gram-positive and a Gram-negative bacteria. The observed
activities indicate that a good number of the synthesized complexes are active. Of
significance are the copper and zinc complexes of L3 which are significantly active
against both C. albicans, S. aureus and E. coli. Complexes of L1 are the least active

towards either of the microbial strains.
5.2 Conclusion

The heterocyclic N, N’ bidentate ligands and their copper and zinc complexes were
successfully synthesized and characterized. The ligand exclusively coupled to the metal
(1) ion via the azo-methine nitrogen, according to the results of the UV-VIS, FT-IR, and
IH-NMR spectral analyses. For the metal (11) complexes, an octahedral structure has been
suggested. The synthesized compounds are not electrolytes, according to conductance
measurements where they all have conductivities below 50 Qcm?mol™. The complexes
showed improved antimicrobial properties in comparison to the parent ligands. E. coli
was the most resistant bacterial strain, while the most efficient compound against all the
microorganisms was the ZnL3 complex. As concentration grew, so did the N, N'-

bidentate ligands' and its metal (1) complexes' capacity to inhibit these bacterial strains.
5.2 Recommendations of the study

i.  These compounds in particular the complexes should be considered as lead
candidates in the development of more effective antibacterial agents targeting

common pathogens such as E. coli, S. aureus, and C. albicans.
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Given the stability of the synthesized complexes and their activity against certain
bacteria, additional research with different ligands complexed with the metals is
recommended to elucidate their mechanisms of action.

The study focused solely on the bacterial and fungal activity of the synthesized
compounds. Further investigation is needed to explore other antimicrobial properties,
such as antiviral and anti-parasitic activities.

It is advisable to conduct toxicity tests and determine the Minimum Inhibitory
Concentration (MIC) of these compounds.

The synthesized complexes should also be evaluated for their catalytic properties to

assess their potential catalytic activity.
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APPENDIX 1: UV/VIS spectrum of L1
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APPENDIX 3: UV/VIS spectrum of L3
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APPENDIX 5: UV/VIS spectrum of ZnL2
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APPENDIX 6: UV/VIS spectrum of ZnL3
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APPENDIX 7: UV/VIS spectrum of CuL1
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APPENDIX 9: UV/VIS spectrum of CuL3
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APPENDIX 10: FTIR spectrum of L1
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APPENDIX 11: FTIR spectrum of L2
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APPENDIX 13: FTIR spectrum of CuL1
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APPENDIX 15: FTIR spectrum of CuL3
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APPENDIX 17: FTIR spectrum of ZnL2
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APPENDIX 19: 'H-NMR spectrum of CuL1
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APPENDIX 21: 'H-NMR spectrum of CuL3
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APPENDIX 23: 'H-NMR spectrum of ZnL2
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APPENDIX 25: Diameters of Inhibition in the Selected Microbial Strains

Compound Diameter of inhibition (mm) in:
Concentration Staphylococcus Escherichia coli Candida albicans
aureus
R1 R2 R3 R1 R2 R3 R1 R2 R3
L1 400 pg/ml 11.2 115 109 - - - 114 118 118
600 pg/ml 111 118 120 115 117 115 114 122 119
800 pg/ml 114 118 120 122 124 120 125 127 1238
1000 pg/ml 137 141 140 135 138 139 133 131 134
L2 400 pg/ml 119 118 122 - - - 128 134 129
600 pg/ml 124 121 125 11.0 118 121 133 127 135
800 pg/ml 122 129 133 118 125 128 147 149 141
1000 pg/ml 143 146 148 139 142 144 149 150 147
L3 400 pg/ml 144 138 141 130 137 139 148 151 149
600 pug/ml 140 146 148 135 135 142 161 158 152
800 pg/ml 149 157 159 143 146 145 171 168 165
1000 pg/ml 166 162 16.1 151 154 155 168 174 17.2
CulL1l 400 pg/ml 139 142 145 129 132 133 134 138 139
600 pg/ml 141 149 151 135 137 135 134 141 139
800 pg/ml 156 158 151 142 144 140 145 149 1438
1000 pg/ml 157 161 160 155 160 159 153 151 154
CulL2 400 pg/ml 159 158 162 128 125 131 168 174 16.9
600 pg/ml 164 161 165 130 138 141 173 167 175
800 pg/ml 165 169 171 138 145 148 187 189 18.1
1000 pg/ml 185 186 189 149 142 144 189 19.0 192
CuLs3 400 pg/ml 194 188 191 170 177 179 198 20.1 199
600 pug/ml 190 196 198 179 175 182 20.1 19.8 19.2
800 pg/ml 199 207 209 183 179 184 211 207 209
1000 pg/ml 216 212 211 191 194 196 209 217 212
ZnL1 400 pg/ml 136 140 142 126 129 131 136 139 134
600 pg/ml 142 148 153 137 139 135 137 141 1338
800 pg/ml 154 155 154 146 147 140 147 148 145
1000 pg/ml 154 165 16.0 157 162 163 155 153 159
ZnlL2 400 pg/ml 16.1 160 164 131 128 132 169 175 170
600 pg/ml 16.7 164 166 133 135 146 175 169 172
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