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Abstract

Coordination complexes have numerous applications ranging from industrial processes to
pharmaceuticals. Schiff base ligands, along with copper(l) and copper(ll) metal complexes
have been investigated and reported in the literature for their potential as antibacterial agents.
This thesis reports the synthesis, characterisation of Schiff base ligands and their corresponding

copper(l) and copper(Il) complexes for antibacterial application investigations.

A total of fourteen Schiff base ligand derivatives (L1 — L14) were synthesised, purified and
characterised. They were analysed by nuclear magnetic resonance (*H-NMR & *C-NMR)
spectroscopy, UV-Vis spectroscopy, infrared (IR) spectroscopy and also melting point
determinations. L1 — L.14 were synthesised via the solvent-free grinding technique, whilst L3
and L11 — L14 were also synthesised by the microwave-assisted heating for comparative
purposes. It was found that both the solvent-free grinding and microwave-assisted techniques

were efficient, timeous, clean and high yielding, (83 — 98%) and (85 — 91%), respectively.

L1 — L10 were used in the synthesis (two-stage) of fifteen copper complexes in reactions done
under an inert atmosphere. Of the fifteen complexes, 1 — 7 were copper(l) pyridinyl Schiff
base complexes, while 8 — 15 were copper(ll) Schiff base complexes. Additionally, 8 — 15
were also prepared using a one-pot approach in which the respective ligand precursors and the
copper(l) or copper(ll) metal salts were mixed together. Both techniques resulted in high
yields, (84 — 94%) and (77 — 89%) for two-stage and one-pot reactions, respectively. The two-
stage reactions showed to be efficient with higher yields and is suitable for both copper(l) and
copper(Il) Schiff base synthesis by allowing controlled reaction conditions. The Schiff base
complexes were analysed by nuclear magnetic resonance (*H-NMR & BC-NMR), UV-Vis
spectroscopy, infrared (IR) spectroscopy, elemental analysis (EA), electrospray ionisation
mass spectroscopy (ESI-MS) and their melting points were determined. Finally, the single-
crystal structures of derivatives of 10 and 12, (10py and 12py) were solved using the single-
crystal X-ray diffraction (SC-XRD). The structures of 10py and 12py adopt the distorted trigonal
bipyramidal geometry around Cu(ll) centre.




All complexes (1 — 15) were tested for their antimicrobial potency against four gram-negative,
i.e., Escherichia coli ATCC 25922 (E. coli), Pseudomonas aeruginosa ATCC 27853 (P.
aeruginosa), Klebsiella pneumoniae, ATCC 31488 (K. pneumonia) Salmonella typhimurium
ATCC 14028 (S. typhimurium); two gram-positive, i.e., Staphylococcus aureus ATCC 25923
(S. aureus) and Methicillin-resistant Staphylococcus aureus ATCC 700699 (MRSA) bacteria.
The copper(l) complexes (1 — 7) were inactive against all tested bacteria, while copper(ll)
complexes (8 — 15) showed bactericidal activities but did not demonstrate a wide spectrum of
activities. Notably, 10, 11 and 12 were appreciably active against five of six bacterial strains,
except for the Staphylococcus aureus bacterium. Some of the Cu(ll) Schiff base complexes
displayed lower minimum inhibitory concentration (MIC) values in comparison with the

standard reference, ciprofloxacin.
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Chapter 1

1. Introduction

The chapter gives a brief overview of the challenges faced in managing the diseases that are
caused by bacteria. The rationale behind the choice of ligands and their corresponding
copper(l) and copper(ll) Schiff base complexes for the antibacterial application is then
discussed. This is then followed by the aims, objectives of the project, research questions and

approach to be investigated in the project.

11 Disease management

Many drugs have been developed to manage different kinds of diseases, yet there is still a need
to develop more drugs. Some diseases cannot be effectively treated by one drug because some
pathogens may become resistance to the drug while some drugs are only effective when
administered in high quantities.}* There is a need to develop drugs which are affordable and

environmentally benign after excretion from the system of the host.

Diseases can be infectious or non-infectious. The later includes diseases like cancer, diabetes,
osteoporosis, chronic lung and heart diseases. Infectious diseases are caused and transmitted
by bacteria, fungi or viruses. The infectious diseases that are caused by bacteria have emerged
as the major threat to the social welfare of humans across the globe.*® This has led to the
investigation of the designed copper(l) and copper(ll) coordination complexes as potential

antibacterial agents.

The pharmaceutical potency of complexes is determined by the choice of coordinated ligands,
the size and oxidation state of the metal centre.”® Many transition metals have been used for
this purpose, but compounds of bio-essential ions such as silver(l), copper(l) and copper(Il)
have been used as metallo-bactericides and their use in other medical applications can be dated
back to the 19" century.®® For instance, silver(l) compounds are incorporated in wound
dressings due to their antimicrobial properties. Copper(l) and copper(ll) metal salts or
complexes, especially for those coordinated via nitrogen-, oxygen-, sulphur- or a combination
of these donor atoms have generated a library of complexes for medicinal studies.!*** These
complexes have been found to interact with deoxyribonucleic acid (DNA), thus, serving as

antitumor agents.”*




1.1.1 Bacteria and bacterial roles

Bacteria are single cell microorganisms and are deemed to be the first form of life to habitat on
the earth. Also, bacteria are the most abundant living organisms and can be pathogenic or
beneficial to its host environment. In some organisms, bacteria can have the symbiotic
(mutual) benefits with the host. The mitochondria are believed to have originally been bacteria
due to their close similarities. For this reason, mitochondria having the symbiotic relationship
with mammals is the best example of a beneficial relationship between bacteria and its host
cell.’>® Mitochondrion produces energy for animal cells. This is because the animal cells
cannot convert oxygen and nutrients into useful energy known as adenosine triphosphate
(ATP), the energy used for different chemical and biological reactions.'®2! Also, ATP has
showed to be involved in apoptosis by the careful and calculated release of pro-apoptotic redox

proteins that induce cell death followed by phagocytic attack and removal unwanted cells."?

Bacteria generally play different roles in life. Bacteria can be good, e.g., in the human bodies,
there are those that help perform beneficial biochemical processes while others are used in
medicine. Examples of beneficial bacteria include strains that digest food, which is made
possible by catalytic reactions using enterocytes microbiomes.*”?>% Qthers are used in the
production of food, i.e., yoghurt, bread and alcohol beverages.?’** However, some bacteria
are infectious and thus can cause diseases in plants, animals and humans.®® In humans, the
bacterial infections can lead to simple allergies or even result in diseases such as cancer,
diabetes, cardiovascular, chronic inflammation and tooth decay. An example of a bacteria
responsible for tooth decay is the Porphyromonas gingivalis (P. gingivalis), along with other
bacteria, they can also cause life-threatening conditions.® Infections caused by bacteria such
as Pseudomonas aeruginosa, Methicillin-resistant staphylococcus aureus (MRSA),
Escherichia coli (E coli), Staphylococcus aureus (S aureus), Enterobacter, Acinetobacter and
Enterococcus bacteria have been studied extensively due to their resistance to the antibiotics
and lethality nature.3"-3

1.1.2 The two classes of bacteria

There are two main classes of bacteria, known as the gram-positive and gram-negative. They
are classified according to their tendency towards dye-staining since their outermost
membranes react differently towards the staining dyes. The gram-positive bacteria consist of
a thicker peptidoglycan outer membrane containing the lipoteichoic and teichoic acids (Figure




1.1(b)). The inner hydrophobic cell membrane and lipoproteins are both found in the gram-
positive and gram-negative bacteria, whilst the gram-negative bacteria consist of two
hydrophobic inner and outer cell membranes and a thin peptidoglycan layer in between the two
membranes (Figure 1.1(a)). The gram-negative bacteria outermost layer consists of the

lipopolysaccharides and proteins for transporting substances in and out of the microbe.*°
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Figure 1.1: The cell wall structure of (a) gram-negative and (b) gram-positive bacteria*

Gram-positive bacteria are a sub-group of bacteria that include the MRSA and S. aureus
bacteria. The Staphylococcus aureus bacteria are the human pathogenic microorganisms that
are mainly found in the outermost skin cells in the body.** Bacterial infections caused by
Staphylococcus aureus are easily transmitted through contact since these bacteria are found to
habitat the outer skin environment. Staphylococcus aureus bacteria are responsible for several
diseases, which include boils, impetigo, food poisoning, cellulitis and toxic shock syndrome.*?
MRSA bacteria are a group of Staphylococcus aureus bacteria that resists the methicillin
antibiotics. Hence, they are referred to, as the Methicillin-resistant staphylococcus aureus
(MRSA) bacteria.? The MRSA bacteria, like the Staphylococcus aureus bacteria, can be both
commensal and pathogenic in human beings.* The MRSA infections have severe
consequences compared to the Staphylococcus aureus bacteria counterparts. This is due to the
pathogenic superiority of MRSA bacteria.*>** In its worst-case scenario, the MRSA bacteria
can be directly linked to the sepsis and acute endocarditis infections.*® These infections are
quite a challenge to treat since the MRSA bacteria are situated on the inner organs of human
beings. However, the gram-positive bacterial infections are less severe in comparison to those

of gram-negative.




The gram-negative bacterial outer membrane is similar to those found in human beings. This
camouflage enables gram-negative bacteria to survive thereby causing more damage. This is
because the human host cells cannot identify gram-negative bacteria as a threat due to their
close similarities. Examples of gram-negative bacteria include the Escherichia coli (E coli)
and Pseudomonas aeruginosa (P. aeruginosa) bacteria, amongst others. The Pseudomonas
aeruginosa and the E coli bacteria have rod-like shapes and they are responsible for numerous
plant and animal diseases. In humans, the Pseudomonas aeruginosa bacteria cause infections
of the urinary tract, gastrointestinal, dermatitis and respiratory systems. This is usually worse
in humans with impaired immune systems. Most of the E coli bacterial strains are harmless
and found in the human intestines, while some E coli strains have been reported to cause food
and blood poisoning, pneumonia, urinary tract infections and diarrhoea, amongst other

diseases.*?

1.1.3 Setbacks of bacterial diseases

The discovery of potent antibiotics has saved lives of many people. However, bacterial
resistance is a major drawback in the effective management of infectious diseases. Thus, there
is always a need for research of alternative agents because some bacteria can quickly develop
resistance to available drugs.*®*” This is attributed to the short life span of bacteria. Hence,

their genetic modifications allow for resistance within a short period of time.

The side effects of readily approved drugs are also a problem, e.g., patients who are treated
with dental bacterial infections may end up suffering from the bad taste, irritability and gum or
teeth staining.*® Thus, more research should be conducted on plague antibacterial agents that
cannot cause irritation on patients, but are odourless, colourless and tasteless. Some prolonged
treatment by inorganic antibiotics have shown serious life-threatening side effects which
include cardiovascular, gastrointestinal, pneumonia, diabetes, kidneys and liver dysfunction
while bone deterioration may be experienced upon discontinued use of therapy.*®*° Due to the
side effects that can possibly be lethal, the new antibacterial agents with minimal side effects

are currently being researched for their roles and mechanisms as pharmacological agents.

The mechanisms of metal-based antibacterial drugs are not clearly understood, especially in
the biological point of view. However, the bactericidal activity of silver nanoparticles is
believed to be through induction of reactive oxygen species (ROS) in the cytoplasm of a

microorganism. This can occur by both the release of Ag(l) ions or by binding of organic




ligands into the bacterial outer membrane and cause cell membrane permeability.*® Hence,
more studies should be conducted for a better understanding and design of antibacterial agents.
The development of antibacterial agents with low inhibition concentration and selectivity is
still a challenge for approved drugs. This is because drugs may be toxic to the host in high
quantities.®® The antibacterial candidates should also demonstrate a wide-spectrum of
antibacterial activities, which is hard to achieve. The antimicrobial activity of some copper(l)

and copper(11) complexes will be reported in this thesis.

1.1.4 Use of metal complexes as antibacterial agents

Metal complexes are formed when organic molecules (ligands) get coordinated to mostly
transition metal centres. Complexes are widely used in different applications. Some metal
complexes are active as antibacterial agents.>™® Different complexes spanning a wide range
of transition metal centres have been investigated for antibacterial activities and of interests
has been complexes of biological essential ions, e.g., copper metal centre. This is because they
are assumed to be less toxic, should they be administered in human beings. Apart from the
metal centres, the coordinated ligands also play a role in the activity of complexes. The
properties of ligands somehow carry over to the final complex, i.e., the hydrophilic ligands can

result in hydrophilic complexes. Hence the choice of ligands deserves a great deal of attention.

Schiff base ligands are organic compounds containing an imine functional group (C=N) formed
via condensation of an amine (or related nucleophiles) and a carbonyl group.>-® Schiff bases
(SBs) have been exploited for their attractive properties such as antibacterial, antifungal and
facile coordination to most transition metals.-"* In metal coordination, Schiff bases form
complexes that have numerous biological importance.’>”® The use of complexes with known
biochemical pathways ensures the limitation of side effects as pharmacological agents.'>’* Due
to the potential use of copper(l) and copper(ll) complexes in other medical applications, we
have designed, synthesised and explored their chemical, physical, structural properties and

antimicrobial activities.




1.1.5 Green synthesis of ligands and complexes

Green chemistry, also known as the sustainable chemistry, is the design of chemical products
and processes that reduce or eliminate the use or generation of hazardous substances.” Green
chemistry is a highly effective approach to prevent pollution.”®’” Hence, adhering to the
principles of green chemistry has become an inevitable synthetic strategy in modern day
chemistry. Green chemistry is premised on 12 principles, which shall not be discussed in
details.”® The aim is to reduce wastes produced from chemical industries and academia which
has led to numerous health problems, toxicity, depletion of renewable resources and global
warming phenomena. In this project, Schiff base ligands were synthesised by two potentially
green methods, namely; the solvent-free grinding and microwave-assisted techniques. This
was followed by the synthesis of complexes using two green techniques, namely; the two-stage
and one-pot approaches under ambient conditions.

The mechanochemical technique involves chemical reaction by application of the mechanical
force, e.g., in the form of grinding.”®® There are three types of mechanical synthetic
techniques.®”#28 The neat grinding is the most common, simplest and effective of the three
techniques.®” Neat grinding reactions can proceed at room conditions and does not require the
use of a solvent (solvent-free grinding). This is advantageous since the volatile wastes are not
emitted from the reaction. The solvent-free grinding affords close proximity of reacting
molecules since they are not dispersed in a solvent medium, which favours the forward
reaction.®818¢ Hence, the solvent-free grinding synthesis has been widely used because of the
said advantages. The neat grinding also allows for exceptional stoichiometric control of the
reaction mixture as there is no addition of a catalyst or solvent, which allows for a good control
of products.®”8! Besides the neat grinding technique, microwave-assisted (MW-assisted) is a

also popular green synthetic technique.

The microwave-assisted technique provides an alternative procedure to synthesise compounds
and involves the application of microwave radiation to heat up chemical reactions in polar
reaction media. The microwave radiation is absorbed as heat. The employment of polar
solvent, i.e., minimal ethanol (EtOH) is useful in the conversion of microwave radiation into
heat energy. The heat energy speed-up the reaction rate.’*%° This technique is easy to operate
and afford high yields, while the clean-up of product is minimal 8”7 Thus, microwave-assisted
(MW:-assisted) has been widely employed as an efficient synthetic technique for heterogeneous

Schiff base ligands and complexes. %%

—
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The compounds can also be synthesised using a conventional method by mixing reactants in a
solvent. This method relies more on the nature of the solvents. The advantages of a
conventional method are the operational easiness and can proceed at normal room conditions.
However, heating the reaction usually speeds-up the reaction. Stirring the reaction increases
homogeneity and improve contact of molecules. Also, stirring avoids development of hot-
spots in a reaction.®® Some reactions cannot proceed under solvent-free conditions, especially
in the case of solid reactants.*®1% However, green solvents like water and EtOH can be used
in minimal quantities to suit the greener synthetic approach. The conventional method can be

done in many steps (two-stage) or in a single step (one-pot) approach.

The two-stage conventional reaction involves the synthesis of organometallic complexes using
pre-synthesised and characterised ligands, i.e., the ligand precursors are synthesised and
purified before the complexation to afford complexes. This allows for better control of the
structure of the complex, which is easily achieved by using the specific ratio of ligands and
metal salts. On the other hand, one-pot synthetic technique contains just a single step synthesis
of metal complexes. Thus, the one-pot approach is devoid of the monotonous multistep
purifications that are required in the two-stage approach. However, one-pot approach is less
selective when the starting reactants contain multiple functional groups.*®* This lowers yields
of the desired product since the approach can potentially form a number of side products. This
can become tedious during the purification stage.

1.2 Problem statement

Bacterial related diseases have been a challenge before the civilisation of mankind and continue
to be a major global challenge to date. Disease management by antimicrobial drugs has
numerous setbacks, including non-selectivity or specificity and development of resistance by
the bacteria. Hence, there is still a need for research of potential antibacterial drugs. The major
challenge is to develop drug candidates that can have a wide spectrum of antibacterial activities,
especially candidates that can show potency in both the gram-negative and gram-positive
bacteria. Another challenge is the design of drug candidates which are effective at low dose

concentration.

SBs have generated lots of interest because they exhibit a wide range of attractive properties
such as antibacterial and antifungal potency.'%>1% |n addition, Schiff base ligands have been

vastly used in metal coordination that is applied in different biochemical substrates.®”:70:105

—
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These complexes of copper with pyridinyl Schiff base derivatives, especially copper(l)
complexes have not been explored in detail. Thus, the copper(l) and copper(ll) complexes

were synthesised and investigated for the antibacterial potency.

1.3  Aims and objectives

The primary aims of the project were:

1. To synthesise, characterise and investigate biological activities of copper(l) and
copper(I) pyridinyl Schiff base complexes.

2. To test the antibacterial potency of synthesised complexes.

The primary aims of the project were achieved by following the specific objectives of the study,

which were to:

1. Synthesise and characterise pyridinyl Schiff base ligands using a green neat grinding
technique under solvent-free conditions (solvent-free grinding) and compare the results
with those obtained using the microwave-assisted method.

2. Compare conventional two-stage and one-pot approach techniques for the synthesis of
complexes.

3. Characterise the ligands and complexes using spectroscopic and analytical techniques.

4. Utilise the Kirby-Bauer technique to evaluate susceptibilities of bacteria towards the
compounds and compare to the parent complex (12) by working out the minimum

inhibitory concentration (MIC) values.




1.4  Research questions

1 What is the most efficient synthetic route for pyridinyl/quinolinyl ligands between the
solvent-free grinding and microwave-assisted techniques?

2 Which technique produces higher yields between the conventional two-stage and one-
pot approach in the synthesis of complexes?

3 Does the oxidation state of copper metal centre affect the activity against bacteria?

4 Which R-group substituent enhances the antimicrobial activity between the electron-
withdrawing group (EWG) and electron-donating group (EDG) appended complexes?

5 Does quinoline moiety improve the antibacterial activity over pyridine moiety in the

ligand backbone structure?

1.5  Research approach

The ligands were synthesised by the solvent-free grinding technique. This technique was
compared with the microwave-assisted technique to deduce a better route for the ligand
synthesis. This was followed by the synthesis of metal complexes. The techniques that were
employed in the synthesis of complexes were either or both the two-stage and one-pot reactions
at temperate (~25 °C) conditions. The two techniques employed were compared to determine
a better technique for the synthesis of complexes. The synthesised complexes were purified
and analysed using various spectroscopic and analytical techniques. The structure of
complexes 10py and 12py were determined using the single-crystal X-ray diffraction (SC-XRD)

instrument.

The synthesised and purified complexes were tested against six bacteria, two of which were
gram-positive and four gram-negative bacteria. The technique used for antibacterial assay was
the Kirby-Bauer method or simply disc diffusion technique utilizing dimethyl sulfoxide
(DMSO) as a negative control, while ciprofloxacin standard drug was used as a positive
reference. This was then followed by determination of the minimum inhibitory concentration
(MIC) values by use of the dilution method to establish the lowest amount of a certain

compound required for bactericidal activities.




1.6 Outline of thesis

Chapter One

Chapter One first discusses the general background, followed by the motivation for the choice
of compounds that are examined for biological studies in this project. The aims and objectives
to justify the logic behind the research project are stated and how the research questions will

be answered by following the clearly stated research approach.

Chapter Two
Chapter Two is the literature review based on the project rationale to employ the pyridinyl
Schiff base copper complexes for the antibacterial application. The literature summary and

project rationale are stated at the end of the chapter.

Chapter Three
Chapter Three reports the experimental procedures from the synthesis and characterisation of
ligands, to the synthesis and characterisation of copper complexes. Further, the methods for

biological application are stated.

Chapter Four

Chapter Four reports results and discussions on the synthesis and characterisation of all
synthesised compounds. This starts with the synthesis of donor ligands and coordination
complexes. The conclusion is drawn based on the results obtained in correlation to the

structures.

Chapter Five
Chapter Five provides the results and discussions behind all biological studies and techniques

employed in the antibacterial activity of the tested compounds.

Chapter Six
This chapter report the results and drawn conclusions based on project questions. The chapter
ends with the future work and recommendations, which are clearly stated for project

continuation.
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Chapter 2

2 Literature review

This chapter is a review of the work previously done to tackle the biological problems in disease
management and documented in the literature. It covers the core antimicrobial activity,
shortfalls and the role of Schiff base ligands along with their corresponding complexes.

Subsequently, the project rationale is stated.

21 Introduction

Microorganisms are of great importance in a balanced ecosystem, they are just as important
as herbivores that feed on plants and the plants that harvest energy from the sun.'?
Microorganisms encompasses bacteria, fungi and yeasts that can be used in the production of
food and beverages.®° Some microorganisms are involved in a number of human biochemical
pathways and can be used for medicinal purposes.!*> However, other microorganisms cause
infectious diseases to the host cells.'® For this reason, we look at the pharmaceutical

management of diseases that are caused by microbes.

2.2  Biological application of approved drugs

An era of antibiotic discovery was a major turnaround in pharma-therapeutics. This ensured
that diseases could be treated with success. Drug discovery is a lengthy and costly process that
culminates in evaluative biological trials before the drug candidate can be approved for use. It
starts from basic synthetic and evaluative (in vitro to in vivo) research in the academia and
pharmaceutic industry. The process requires a huge amount of support funding and is usually
lengthy and slow. However, evolution of pathogenic bacteria and the diseases they cause is
usually complex and fast-paced. This creates a challenge in the effective management of such
diseases and create a demand for new drugs that are more effective and at the same time have
minimum side effects. Table 2.1 shows the antibacterial FDA approved drugs in a period of

five years, i.e., between the year 2011 and 2016.
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Table 2.1: Drugs approved by the FDA from 2011 to 2016/

Drug Indication Company (year)
Avycaz For complicated intra-abdominal and urinary tract Actavis
(ceftazidime— infections caused by E. coli, K. pneumoniae, C. koseri, (February 2015)
avibactam) E. aerogenes, E. cloacae and P. aeruginosa
Dalvance For acute bacterial skin an'd .sk'in str_ucture infectigns Durata_
(dalbavancin) caused by S. aureus (methicillin resistant/susceptible Therapeutics
strains), S. pyogenes, S. agalactiae and S. anginosus (May 2014)
TZEZ)C:;?O; For the treatment_ of bacte_rial vaginosis caused by Actayis, Inc.
Gel anaerobic bacteria and protozoa (April 2014)
For acute bacterial skin and skin structure infections
caused by S. aureus (including methicillin-
Orbactiv suscep_tible/resistant isqlates), S. pyogenes, S. The Medicines
(oritavancin) agalactiae, S. dysgalactiae, S. anginosus group Company
(including S. anginosus, S. intermedius and S. (August 2014)
constellatus) and E. faecalis(vancomycin-susceptible
isolates only).
For acute bacterial skin and skin structure infections
Sivextro caused by S. aureus (including MRSA and methicillin- Cubist
(tedizolid susceptible [MSSA] isolates), S. pyogenes, S. Pharmaceuticals
phosphate) agalactiae, S. anginosus Group (including S. anginosus, (June 2014)
S. intermedius and S. constellatus) and E. faecalis.
Sirturo . . . Janssen_
(bedaguiline) For multi-drug resistant tubercolosis Therapeutics
(December 2012)

Abthrax For anthrax

(raxibacumab)

Dificid

) o For C. difficile-associated diarrhoea
(fidaxomicin)

GlaxoSmithKline
(December 2012)

Optimer
Pharmaceuticals
(May 2011)
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2.2.1 Selected antifungal agents that are currently in use

There is an increasing need for the development of better and new strategies in disease
management.’®1®  An example illustrating this is amphotericin B (AmB), an approved
antifungal drug. It is used to treat severe systemic fungal infections.??2 The AmB drug suffers
numerous setbacks, such as toxicity. These include the renal dysfunction which can only be
reversed upon discontinued use of the drug.2>?® Even worse, AmB is carcinogenic.?%?? Later
on, azole-derived antimycotic agents such as fluconazole and itraconazole were developed.
These proved to have reduced side effects.?® The fluconazole and itraconazole (Figure 2.1(a)
and (b), respectively) both contain the triazole functional groups. The triazole drugs are

noncancerous since they have not shown to participate in DNA damage.

B @ﬁ@% : %

Figure 2.1: Structure of (a) itraconazole and (b) fluconazole compounds

N(b

Jonson et al.?! compared the fungal susceptibility of voriconazole (Vfend) (Figure 2.2), AmB,
itraconazole and fluconazole against several fungal yeasts extracted from different patients.
The in vitro studies did not demonstrate any observed correlation nor distinct differences in
activities between Vfend and AmB fungal treatments. Vfend and the itraconazole showed
parallel antifungal activities against most yeasts, whilst Vfend surpasses the activities of
fluconazole in both the biological potency and spectrum of activities.?? Thus, Vfend is
employed in serious fungal infections management, especially in patients with the impaired

immune system. The triazole derivatives biological potency is not limited to the antifungal

potency, but they have also shown the microbial (bacterial) inhibition.?"%8

Q

F
Figure 2.2: Structure of voriconazole (Vfend) compound
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2.2.2 Selected antibacterial agents that are currently in use

Heterocyclic compounds have been used for different applications in material and biological
sciences.?®*° Heterocyclic compounds are also used in biochemical pathways as antimicrobial
agents. Triazole and pyridine have versatile activities, owing their potency to the presence of

their multifunctional groups.3®3!

Hence, the triazole derivatives have many biological
applications because of their biochemical importance in protein binding stability. Holland-
Nell et al.® demonstrated and explained that disulphide linked peptides stability can be
enhanced by protein-triazole linkage.®? This feature enabled their use as pesticides approved
drugs. The improvement of the peptide structure is important in the design of novel

antibacterial potential compounds.

The triazole compounds have been studied for the antibacterial properties and they are suitable
candidates as antibacterial drugs. Angajala et al.®* worked on triazole derivatives and
compared the effects of triazole substituents based on their antibacterial activities. Generally,
the triazole compounds with appended electron-withdrawing groups (EWGS), like NO- or Cl,
showed superior antibacterial activities. This is not the case with the electron-donating group
(EDG) substituted triazoles.®* Meta EWG substituted triazoles have reasonable activities,
while para-substituted benzyl or phenyl ring (Figure 2.3) showed a significant increase in the
bactericidal activity. Furthermore, it was observed that the triazole derivatives demonstrated
better activities towards the gram-positive bacteria. Particularly, towards the Methicillin-
resistant Staphylococcus aureus (MRSA) bacteria.® However, the triazole compounds (Figure
2.3(a) and (b)) lacked a wide-spectrum of antibacterial activities.®® This impedes their usage

as suitable as antibacterial drugs.

- 0
R= OH
X=CLY=H
sRa Pl Wi v
0 ’N R’N X=NO, Y=H

R
(@) (b)
Figure 2.3: (R) primary backbone, (a) and (b) triazole antibacterial active compounds

-20-



It has been reported in the literature that the potency of organic compounds can be improved
by the complexation, forming coordination complexes.?® Thus, Murcia et al.?® synthesised the
triazole cobalt [Co(l1)] and chromium [Cr(111)] complexes (Figure 2.4). The ligands along with
their Co(l1) and Cr(111) bidentate and tridentate coordinated complexes were investigated for
their antibacterial activities against Escherichia coli (E coli), Staphylococcus aureus (S.
aureus) and Salmonella typhimurium (S. typhimurium). Expectedly, the metal complexes were
more biologically active compared to their free organic triazole ligands, while complexes
(Figure 2.4(a-c)) showed greater activities. The in vitro assays of chromium complexes (Figure
2.4(d-f)) did not show activities against bacteria. It can be seen that the compounds with

permanent dipole moment showed higher biological activities.?®

H,0 S 201
S| ey e KCH
NN N/
N4 Q] v A

Co ,Co\ ,Co\ V
~~ \N/\ EJ | L7 (J 7
N\\N B LNIN O, HZO 0H2

OH, (a) (b) (c)

o

I a CI\T;CI a /c1

/(r\ N /N\N/Cr\_\l//N /Cr\
Syl LE QAR

2 OH, HZO Cl

(d) (e) ()

Figure 2.4: Chromium (a, b and ¢) and cobalt (d, e and f) triazole complexes

Singh et al.® investigated the Schiff bases (SBs) containing the triazole moiety complexes of
cobalt, zinc, nickel and copper. The metal complexes exhibited a broad range of antibacterial
activities against S. aureus, Bacillus subtilis (B. subtilis), E. coli and Pseudomonas aeruginosa
(P. aeruginosa) test bacteria. This was explained by the reduction of metal centre polarity in
the resulting complexes. The complexes generally showed a wide biological activity. Zn(ll)
complexes demonstrated greater activities and wide inhibition zones against tested bacteria
compared with other metal centres.®*® Complex (Figure 2.5a) containing a single bidentate
ligand showed better activities compared to complex (Figure 2.5b). In was concluded that the

introduction of methyl substitution does not show any significant biological effects.
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Figure 2.5: Schiff bases with triazole moiety complexes with cobalt, nickel, copper and zinc

metal centres

2.2.3 Pyridinyl Schiff base complexes as antibacterial candidates

Alias et al.*®® studied the antibacterial potential of trithiocarbonate derivatives with the
introduction of the biologically active azomethine functional group. Trithiocarbonate
complexes containing N-, O- and, or S-donor atoms have showed different biological roles,
e.g., antibacterial roles.®®3" The antibacterial activities reported by Alias et al.*® were lower
than that of the standard drug and this drove further design and synthesis of penicillin-based
pyridinyl Schiff base by Chaudhary et al.*® The pyridine moiety in the ligand backbone was
introduced, bearing in mind that the heterocyclic aromatic moiety also affords advantages in
the biological application qualities.3® Complexes (Figure 2.6(a) and (b)) antibacterial activities
were tested and showed improved activities in all Co(ll), Ni(Il) and Zn(ll) complexes. The

results postulated that the azomethine and pyridine moiety enhances the biological activity.®

OH " acr OH ~acr
SN 0 N™ TSN 0
# N S L~ N iZL
HOOC P—Cci— ¢ coon HOOC Mg COOH
%ﬁ/// iosSdNe
N N Yy
S Nag o = S N S0
o 0
M :Ni, Cu, Zn,
OH OH
() (b)
Figure 2.6: (a) Tri-coordinated Co(ll); and (b) bi-coordinating Ni(ll), Cu(ll) and Zn(1I)
complexes
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2.3 Schiff base ligands

Schiff base ligands have been studied for their antibacterial properties as well. SBs are sub-
class of imine ligands with very stable coordinative behaviour.®®#? SBs are versatile
compounds that are synthesised from the condensation of aldehydes or ketones and amines.**
45 Many imine-containing compounds of diverse structures can easily be synthesised by
attaching different substituents to either of the precursors.?’#65® They have many important
properties which includes antimicrobial 2748505457 An imine (C=N) functional group plays a
role in many biochemical pathways by the provision of a biological active site within a
molecule.6°8%° More importantly, SBs (imines) have high potency in disease management
and are less toxic as they are readily incorporated within the system of an organism.>? As SBs
shown in Figure 2.7(a), (b) and (c), these ligands have multi-denticity, namely; mono/bi, tri

and tetradentate ligands in the corresponding order.®%-%4

®/\N/ “ Sy Ry
~
> e LY T
i OH OH HO a
OH

R] = H, CH}, Cl, NOz,
OH, CH30, (CH30)2 RZ = (CH2)2CH3, (CH2)30H3, CHzCH(CH3)z

(a) (b} (©
Figure 2.7: (a) Mono or bidentate, (b) tridentate and (c) tetradentate Schiff base ligands

Schiff base containing a pyridinyl moiety (Figure 2.8 (a) and (c)) are termed the pyridinyl
Schiff bases (PSBs).%° PSBs exhibit a broad range of biological activities, including antifungal,
antibacterial, antimalarial, anti-inflammatory, antiviral, anticancer, antitubercolosis and
antipyretic activities.’*%® The examples of PSBs showing theses biological properties are

shown in Figure 2.8.

() (b) (©)

Figure 2.8: Schiff bases with (a) antitubercolosis, (b) antibacterial and (c) anticancer activity
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The application of complexes considerably relies in the steric and electronic properties of the
parent organic ligands.®” Hence, varying the ligand backbone substituents provides the desired
properties, suiting the needs for a specific application. PSBs and their corresponding

complexes merit a great their attention.®87°

2.3.1 Pyridinyl Schiff base complexes

Complexes of PSBs are versatile, stable and have ease preparative accessibility. The SBs
coordinate in most instance via the Nimino and Npy atoms.”"® The complexes also derive the
bioactivity of the pyridinyl Schiff base.”*"® Hence, the resulting complexes can have several
coordination modes (Figure 2.9), i.e., (a) metallocycle (mono-metallic) and (b) linear polymer

(multi-metallic) and (c) discrete or bridged (multi-metallic) coordinated complexes.

X-X: Any ligand M. Metal ion X Any coordinating
atom X :T.
|
X—M—X —X—M— X—X—M—X— -‘ll -‘-ll
X X
(a) (h) (©

Figure 2.9: (a) Metallocycle, (b) linear and (c) discrete multinuclear coordination modes

The coordination mode of the metal centre is driven by different conditions. These conditions
include the type of metal centre, counter ions, ligand structure and denticity, and also the n-x
interaction of molecules within a sample. Furthermore, the nature of the solvent that is used in
crystallisation or reaction, crystallisation technique and ratio of reagents during the synthesis
reactions all determine the structural mode of a complex.””’® All the aforementioned
conditions are responsible for both the physical and chemical properties of a resulting complex.
Hence, manipulating any of the conditions can have a significant effect in the final complex.
For instance, changing the nature of solvent from non-coordinating like THF to coordinating
pyridine can affect the type of coordinated ligands, as pyridine can act as a ligand itself through
oxidative addition or substitution. Discrete multinuclear bridged complexes are often more
stable in solution compared to the metallocycle and linear complexes.”® Hence, discrete
multinuclear-bridged complexes can be applied in reactions that are in solution. Furthermore,
these complexes form numerous structural derivatives. Thus, a library can be generated in the

study of their coordination behaviour and biological aspects.
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As previously mentioned, PSB ligands alone are biologically active. The introduction of a
metal centre has been reported to form complexes with enhanced biological activities over their
corresponding precursor ligands.8%8! These biological activities include, but not limited to the
antimicrobial application.3'#28 The Overtone’s concept and the Tweedy’s chelation theory
have been proposed to account for the enhanced antimicrobial activities of complexes over
their corresponding ligands.?®3>%%  Pyridinyl Schiff base ligand can form complexes with

numerous metal ions and silver is one of those metal centres.®’

2.3.2 Silver containing complexes

Silver(l) is the most stable oxidation state of silver ion. Silver(l) can support a coordination
number of 2 — 6 to afford a number of geometries.”® The Ag(l) centre can form trigonal,
trigonal pyramidal, tetrahedral, square-planar and octahedral coordination geometries. The
geometry around silver(l) metal centre plays a role in the activity of the resulting complex.
Multinuclear complexes coordinated to the multidentate ligands generally form stable
complexes with an increased number of active sites.® Silver complexes containing N-donor
ligands readily form in aqueous solutions with high formation constants. Hence, they result in
stable complexes with pyridinyl Schiff base ligands. The pyridine derivatives have been
investigated for their medicinal purposes since they showed high potential of interesting

properties, i.e., as antimicrobial®®® and anticancer agents.*1-90-9

2.3.3 Chemistry and application of silver containing complexes

The use of silver(l) for biological applications can be traced back to the 19" century, before an
era of the antibiotics. They have once again regained attention as a viable treatment option for
infections encountered in burns, open wounds and chronic ulcers.?** Microbes have resistance
tendency towards silver(l) as a heavy metal. However, the microorganisms that are resistant
to silver(l), do not show any serious clinical problem.® Silver(l) Schiff base complexes are
used in diverse applications including wound dressing to treat infections caused by microbes.*®
Silver(I) complexes have potential as new antimicrobial agents for clinical application,®’ since

silver(1) does not show a significant toxicity in a living organism in minimal concentrations.*
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The antimicrobial activity of a complex is greatly affected by the choice of the metal centre
and the coordinated ligands.®®% Like other complexes, silver(l) Schiff base complexes have
been reported with superior antibacterial activities over their organic ligands.***! The
complexes with exposed metal centre (Figure 2.10(a)) have greater activities in relation to those
with saturated coordinated ligands (Figure 2.10(b1) and (b2)), regardless of the counter ion.
Silver(l) complexes bactericidal activity is greatly influenced by two properties, the reactive
oxygen species (ROS) induction capabilities and their cysteine thiol groups binding affinity.
The results showed that complexes containing bio-essential elements like Cu(l) (Figure
2.10(c)) do not always show enhanced potency over metals like Ag(l) complexes (Figure
2.10(b2)). This could be explained by the tendency of cells to have elevated tolerance towards
copper ions poisoning. This enables the microorganisms to effectively avoid protein poisoning
and binding to copper complexes by a number of different mechanisms that are already

established by the body cells.!®® Copper complexes will be discussed further in the following

l.lli_1 3503
<:I}:é>v <Ii;l.ﬂlii CF;SO

PPh, (@

.. orY Oj”m%
O.Q N@ b2: Y = BF; . *@

(b)
Figure 2.10: Complexes of (a) Ag(l) PPhs, (b) Ag(l) and (c) Cu(l) structures

sections.

2.3.4 Copper containing complexes

Copper(l) or copper(Il) form stable complexes with various Schiff base ligands via N-, S-, O-
donor atoms. Copper Schiff base complexes play a role in a number of biochemical pathways
in both human beings and microorganisms. The importance of Cu(l) and Cu(ll) Schiff base

complexes as antibacterial drug candidates will be discussed in the following sections.
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2.3.5 Chemistry and application of copper containing complexes

Copper ions are bio-essential and their complexes that are involved in many cell survival
biochemical reactions, including in the regular functioning of body cells.*%®1% Well-defined
redox-active copper(l) complexes are potent efficient antioxidants, antimicrobials, antiparasitic
and antitumor agents.'® Their biological evaluation have shown fascinating properties as

potential use in biological medication.

A number of Cu(l) and Cu(Il) complexes have been evaluated for medicinal use in recent years.
Examples with S-, N- and O- donor atoms are depicted in Figure 2.11. The efficient uptake of
copper(l) Schiff base complexes in living cells has enabled the use of copper complexes in
drug delivery as anticancer drug carriers. Copper(l) thiadiazole complexes have been
investigated for pharmacological applications due to their good coordination behaviour and
biological activities. They are used to inhibit the human immunodeficiency virus (HIV) and
metastatic cancer cells.’® The hydrazine copper(l) Schiff base complexes containing the N- or
O-atom coordination have been found in certain biochemical reactions to improve the
selectivity towards specific antitumour cells, since they behave like anticancer drug carriers

within a systems.106-108

NfN
\ N Q
N JYOH I
I\{ N g“Cu*\N \[/Q
,C u
on () T (b)

Figure 2.11: Structures of complexes (a) Cu(l) and (b) Cu(Il) with medicinal potency

2.3.6 Copper(l) complexes

Copper(l) metals can participate in quite a number of biological functions as biological co-
catalysts. The copper(l) pyridine Schiff base complexes interact with DNA to inhibit the spread
of cancer.1%1'! Their pyridinyl Schiff base complexes are antibacterial active compounds and
inhibits of the phosphomannose isomerase (PMI) enzyme. Thus, in the process disrupting the
bacterial cell wall synthesis.*2 Copper(1l) redox reactions are important for molecular oxygen-
rich cells, as copper in return switches between +1 and +2 oxidation states.'*3*6 Copper(l)

pyridinyl Schiff base complexes are not stable and thus not so many reports have been
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generated on their biological evaluations. The opposite can be said with copper(ll) complexes

as they form pretty stable complexes along with N-donor ligands.

2.3.7 Copper(l1) complexes

Copper(Il) complexes are relatively stable and have been extensively studied.'*” For example,
Pitchunami et al.**® reported a theoretical order of relative stability of M(II) chalcone-based
Schiff base complexes to be Cu > Ni > Co > Zn. Thus, copper(ll) complexes are good
candidates for biological employment since they are less likely to degrade in harsh biological
environment to form more toxic metabolites.!*® Copper(l1) form stable complexes with PSBs
that contain N-donor atoms as per Pearson’s coordination theory (Table 2.2).88 Numerous
copper(I1) pyridinyl Schiff base complexes have been synthesised and explored but the list is
far from exhausting their structural activity studies. Copper(ll) pyridinyl Schiff base
complexes have shown various biological potency and their antimicrobial applications have

also received quite a share of studies.'*®

Table 2.2: Pearson’s Principle classification of some metal ions and donor atoms®

Hard Lewis acids Borderline acids Soft Lewis acids
H* Li*, Na*, K*, Be?*, Fe2*, Co?*, Ni?*, Cu?*, Zn?*, Cu*, Au*, Ag*, TI*, Hg*,
Mg?*, Ca?*, Sr?*, Sc3*, Ti%, Pb?*, Bi®*, Rh®", Ir®* Pd?*, Cd?*, Pt?*, Hg?*

Zr*t Cr3t, AR, Gadt, Lad*
Gd®, Co®*, Fe?*

Hard Lewis bases Borderline bases Soft Lewis bases
OH-, H20, ROH, CI', RO,  NO2, Br, N3, N2, CeHsNH>, RSH, RS, R2S, Sz, CN,
R20, CH3CO: -, NHs, pyridine, imidazole RNC, CO, I', R3As, R3P,
RNH2, NH2NH2, COs?%, CeHs, C2Ha, H2S, HS', H
NOs’, 0%, SO4*, POs*
ClO4, F
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Mishra et al.®! designed and tested antibacterial activity of a series of Cr(I11), Co(11), Ni(Il) and
Cu(Il) Schiff base complexes. The results of varying the metal centre showed that copper(Il)
and cobalt(l) complexes have appreciable antimicrobial activities.>> However, the activity of
these complexes require high concentration doses. Making these complexes bad candidates
for antibacterial application. Ghosh et al.? tested the antibacterial activities of mono and
binuclear copper(ll) complexes with a potential NiminoNpySH tridentate pyridinyl Schiff base
ligand (Figure 2.12(a)). As predicted by the Pearson theory, NiminoNpySH coordinates copper(l1)
as a bidentate through the N-atoms. In both cases, the imino group attacks the thiol group to

form a benzothiazole ring in the process.

= — N ?
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) N\ N N 0 0
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(a) (b) ©

Figure 2.12: (a) Potential tridentate ligand (L), (b) Cu(ll) (L)2 and (c) (Cu(ll) NCS NOsL)2

The mononuclear formed a distorted square pyramidal geometry with spectator balancing
perchlorate anions (Figure 2.12(b)), while the binuclear resulted in a thiocyanato-bridged
species in which each copper(Il) ion forms the distorted octahedral geometry with bidentate
nitrate (NO3z") coordinated ligands (Figure 2.12(c)). The resulting complexes (Figure 2.12(b)
and 2.12(c)) showed a wide-spectrum of antibacterial activities when tested against gram-
negative and gram-positive bacteria. The mononuclear showed relatively higher antibacterial
potency compared to the multinuclear complexes. This could be explained by the close
engulfing of the metal centre by the binuclear complex, which lowered the activity of the
complex. However, these complexes revealed higher MIC values.® It would be interesting to
find out if there is any antibacterial potency enhancement, should one design the copper(ll)
complex with even more exposed metal centre, having a 1:1 metal to ligand ratio and non-

coordinative anions. As these complexes have not been exhaustively investigated.
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2.4 Literature summary

Researchers consider many coherent properties when designing structural compounds for an
antibacterial application. In summary, for antibacterial evaluations, size, stability, solubility
and substituted groups affects biochemistry of the ligand. However, there is no defined formula
for a combination of factors that yields a ligand with high antibacterial activities. Nonetheless,
the EDGs appended ligands are more active towards gram-negative bacteria while EWGs
substituted ligands are more potent towards gram-positive bacteria. The solubility and stability
of ligands favour antibacterial activities and usually show higher activities. The precursors
carry over their attributes to a final complex. Small molecules can easily diffuse into the
microbial outer membrane quite easily and are bacterial potent. The ligand biokinetics and
choice of metal centre affects the antibacterial potency of a complex. At this point, even
literature fails to pinpoint the best metal centre for best antibacterial results. Researchers opt

for bio-essential metal ions, i.e. copper, with ligands that contain pyridinyl moieties.

2.5  Project rationale

PSBs have good stability, chelating properties and biological applications.?®'%° A great deal
has been focused in PSBs complexes containing either or both the nitrogen and oxygen donor
atom in their backbone structures.®2° Copper ions form very strong bonds with N-donor
ligands as they form strong back bonding.®12*123  Among transition metal complexes, the
activity of bio-essential and biocidal copper(l) and copper(ll) complexes are usually ranked
amongst the highest in various applications. 11124125 Syrprisingly, with all the excitements and
biological properties of copper, there is not even a single copper-based antibacterial approved
drug that has been documented.'® Many copper(I1) pyridinyl Schiff base complexes have been
documented. This is because they are stable and can be synthesised with ease. Copper(l)
pyridinyl Schiff base complexes lack the stability along with PSBs. Thus, there is a gap in the
study of biological studies of copper, especially copper(l) pyridinyl Schiff derivatives. The
antibacterial drug shortfall and aforesaid reasons have led to a justified motive for the synthesis
of copper(l) and copper(l1) Schiff base complexes. The ligand substitutions on the phenyl ring
was varied to establish their effects on antibacterial activity of complexes.
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Chapter 3

3 Experimental

This chapter reports the experimental procedures for the ligand and complex synthesis,
characterisation and biological studies. The ligands were synthesised by employing the
solvent-free grinding and microwave-assisted techniques. Synthesis of the Cu(l) and Cu(ll)
complexes was carried out through two conventional methods. The first was a two-stage
involving the synthesis of ligands followed by their complexation to Cu(l) and Cu(ll) while the
second was a one-pot synthesis where precursors of the Schiff base ligands and the Cu(ll) salt

were directly reacted. The instrumentation and reagents employed in the project are also stated.

3.1 Materials

All commercial reagents were used without prior purification, except for the ethanol solvent
and aniline reagent. Ethanol was dried using a slight modified magnesium turnings
distillation!, while aniline was purified by distillation. The other reagents and solvents used
for this project were purchased from Sigma Aldrich (USA) and Merck (Germany) through their
local suppliers. These chemicals were; deuterated chloroform (>99.8%), deuterated dimethyl
sulfoxide (>99.8%), ethanol (>99.8%), tetrahydrofuran (>99.9%), diethyl ether (crude),
dichloromethane (crude), hexane (crude), aniline (98%), 3-nitroaniline (>99%), 2.6-
dichloroaniline (>98%), 2.6-dimethylaniline (99%), 4-bromo-2.6-dichloroaniline (97%), 2,4,6-
tri-tert-butylaniline (99%), 2-acetylpyridine (>99%), pyridine-3-carboxaldehyde (98%),
pyridine-2-carboxyaldehyde (99%), pyridine-4-carboxyaldehyde (97%), pyridine (>99%),
quinoline-2-carboxaldehyde (97%), acetonitrile (>99.93%), copper(I) chloride (>90%),
copper(Il) chloride (99.99%) and argon gas, 5.0 technical grade (Airflex Industrial Gases,
South Africa).

3.2 Instrumentation

All the *H-NMR and *C-NMR spectra were recorded on BRUKER 400 MHz and BRUKER
600 MHz spectrometers in DMSO-ds or CDCls. The *H-NMR chemical shifts are reported in
parts per million (ppm) relative to the DMSO-ds, 6 = 2.5 ppm or CDCls, 0 = 7.2 ppm respective
residual peaks. Multiplicities are given as singlet (s), doublet (d) or triplet (t), while the
coupling constants, J, are given in hertz (Hz). Infrared data is reported as percentage
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transmittances at given wavenumbers between 4000 and 350 cm™ and was recorded using a
PerkinElmer 100 FT-IR spectrometer. High- and low-resolution electrospray ionization (ESI)
mass spectrometry spectra were recorded using a Waters Micromass LCT Premier TOF-MS
instrument with only molecular ions (M*) and major fragmentation peaks being reported with
intensities quoted as percentage of the respective base peak isotope. UV-Vis spectra were
recorded on a Shimadzu UV-Vis spectrophotometer (UV-3600), in acetonitrile with 190 nm
UV cut-off. All melting points (m.p) and melting point decompositions (m.pdec)were
determined using a Stuart Scientific melting point apparatus (SMP10) in open capillaries, or
unless stated otherwise, where a TA Instruments Q series™ thermal analysis instrument
(DSC/TGA (SDT-Q600)) was applied. A Thermoscientific Flash 2000 elemental analyser
(CNH) was used for elemental analysis. The single-crystal structures were obtained using the
Bruker SMART APEXII diffractometer.

3.3  Solvent-free grinding synthesis of ligands

The Schiff base ligands were synthesised by manually grinding aniline and a corresponding
pyridinyl aldehyde precursor, using mortar and pestle with a 1:1.1 (aldehyde to amine)
stoichiometric ratio.? Solvent-free grinding for three minutes afforded yellow (in most cases)
or white fine powders (L6, L7, L8, L9, L10, L13and L14). Ligand (L4) formed a paste, which
was dried under vacuum to obtain powder.® Ligands, L1, L2, L5, L11 and L12 were obtained
as oils, while L3 was initially obtained as oil which was solidified by the aid of liquid nitrogen
under reduced pressure Schlenk line apparatus. Thin layer chromatography (TLC) was used
to confirm the reaction completion and purity along with the melting point determinations.

Thereafter, followed by ligand purification by washing off excess aniline impurities.

3.3.1 (E)-2,6-dimethyl-N-(pyridin-4-ylmethylene)aniline, ligand (L1)

L1 was prepared using 2,6-dimethylaniline (0.56 mL, 4.723 mmol) and pyridine-4-
carboxyaldehyde (0.44 mL, 4.671 mmol). The reaction afforded a yellow oil after three
minutes. Yield 0.90 mL, 94%. FT-IR (cm™): 2907 (C-H), 1640 (C=N), 1470 (C=C). 'H-
NMR (400 MHz, CDCLs-d1, 6 ppm): 8.71 (2H, d, J =4.20 Hz Ha-CsH4N), 8.14 (1H, s, HC=N),
7.69 (2H, d, J =5.80 Hz, Hc-CsHsN), 7.01 (2H, d, J = 7.52 Hd-CeH3), 6.92 (1H, t, J = 6.92 Hz,
He-CeHs), 2.07 (6H, t, CH3). 3C-NMR (400 MHz, DMSO-d8, 5 ppm): 161.12 (N=C), 150.26
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(Cb-CsHaN), 150.14 (Cc-CeHs), 145.34 (Cd-CsHaN), 130.90 (Ce-CeHs), 129.31 (Cf-CoHa)
128.72 (Cg-CgHs), 121.22 (Ch-CsHaN), 19.27 (Ci-CHs). UV-vis (CHsCN): Amax 200, 231 nm.

3.3.2 (E)-2,6-dimethyl-N-(pyridin-2-ylmethylene)aniline, ligand (L2)

L2 was prepared using 2,6-dimethylaniline (0.47 mL, 3.963 mmol) and pyridine-2-
carboxyaldehyde (0.35 mL, 3.679 mmol). The reaction afforded a yellow oil after three
minutes. Yield 0.72 mL, 95%, FT-IR (cm™): 3053 (C—H), 1638 (C=N), 1469 (C=C). H-
NMR (400 MHz, CDCls-d1,  ppm): 8.66 (1H, d,J=5.12 Hz Ha-CsHsN), 8.31 (1H, s, HC=N),
8.23 (1H, d, J = 7.84 Hz, Hc-CsHaN), 7.78 (1H, t, J = 6.20 Hd-CsHsN), 7.34 (1H, t, J = 3.84
Hz, He-CsH4N), 7.03 (2H, d, J = 7.52 Hz, Hf-CeHs), 6.92 (1H, t, J = 7.76 Hz, Hg-CeHs), 2.12
(1H, t, Hz, Hh-CH3). *C-NMR (400 MHz, DMSO0-d6, § ppm): 152.21 (N=C), 149.05 (Cb-
Cc-CsHuN), 149.01 (Cd-CeHs), 136.85 (Ce-CsHaN), 136.89 (Cf-CsH4N), 130.32 (Cg-CeHa)
128.75 (Ch-CsHs), 127.61 (Ci-CeHa), 127.60 (Cj-CsHaN), 19.12 (Ck-CHz). UV-vis (CH3CN):
Amax 238, 271 nm.

3.3.3 (E)-N-(pyridine-2-ylmethylene)aniline, ligand (L3)

L3 was prepared using aniline (0.44 mL, 4.819 mmol) and pyridine-2-carboxyaldehyde (0.45
mL, 4.731 mmol) as starting material. The reaction provided a brown oil after three minutes.
The product was dried under reduced pressure for two hours to form a brown crystalline solid.
Yield 0.8017 g, 93%, m.p 35— 36 °C. FT-IR (cm™): 3053 (C-H), 1627 (C=N), 1591 (C=C).
!H-NMR (400 MHz, DMSO-d6, & ppm): 8.71 (1H, d, J = 4.76 Hz Ha-CsH4N), 8.59 (1H, s,
HC=N), 8.15 (1H, d, J = 7.88 Hz, Hc-CsHsN), 7.93 (1H, t, J = 6.64 Hd-CsHsN), 7.51 (1H, t, J
= 5.08 Hz, He-CsH4N), 7.43 (2H, d, J = 7.64 Hz, Hf-CeHs), 7.32 (2H, d, J = 7.60 Hz, Hg-
CeHs), 7.28 (1H, t, 7.32 Hz, Hh-CgHs). 3C-NMR (400 MHz, DMSO-d6, & ppm): 160.70
(N=C), 154.09 (Cb-CsHsN), 150.55 (Cc-CsHsN), 149.61 (Cd-CsH4N), 137.05 (Ce-CsHaN),
129.29 (Cf-CeHa4) 126.72 (Cg-CsHaN), 125.60 (Ch-CeHs), 121.29 (Ci-CsHaN), 121.10 (Cj-
CsHa). UV-vis (CH3CN): Amax 230, 283 nm.

3.3.4 (E)-2,6-dichloro-N-(pyridin-2-ylmethylene)aniline, ligand (L4)

L4 was prepared using 2,6-dichloroaniline (0.4901 g, 3.025 mmol) and pyridine-2-
carboxyaldehyde (0.28 mL, 2.944 mmol). The reaction yielded a yellow oil after three minutes.
The product was dried under reduced pressure for two hours to form a yellow solid. Yield
0.6949 g, 94%, m.p 119 — 121 °C. FT-IR (cm™): 3056 (C—H), 1643 (C=N), 1469 (C=C). 'H-
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NMR (400 MHz, CDCls-d1, 5 ppm): 8.78 (1H, s, HC=N) , 7.45 (1H, d, J = 3.48 Hz Hb-
CsHaN), 6.63 (1H, d, J = 8.80 Hz, Hc-CsHaN), 6.54 (1H, t, J = 7.32 Hd-CsHaN), 6.19 (1H, t, J
= 4.88 Hz, He-CsHaN), 5.83 (2H, t, J = 8.04 Hz, Hf-CeHs), 5.27 (1H, t, = 16.0 Hz, Hg-CsHs).
13C-NMR (400 MHz, DMSO-d6, & ppm): 152.17 (N=C), 150.31 (Cb-CsH4N), 150.08 (Cc-
CsHaN), 146.60 (Cd-CsHs), 137.01 (Ce-CsHaN), 136.04 (Cf-CsHaN) 129.67 (Cg-CeHa),
125.68 (Ch-CsHs), 126.20 (Ci-CsH4N), 122.44 (Cj-CeHs).

3.3.5 (E)-2,6-dichloro-N-(pyridin-4-ylmethylene)aniline, ligand (L5)

L5 was prepared using 2,6-dichloroaniline (0.8239 g, 5.085 mmol) and pyridine-4-
carboxyaldehyde (0.47 mL, 4.989 mmol). Brown oil formed after three minutes. Yield 1.18
mL, 96%. FT-IR (cm™): 3042 (C-H), 1670 (C=N), 1469 (C=C). 'H-NMR (400 MHz, CDCLs-
di, 8 ppm): 8.77 (2H, d, J = 5.68 Hz, Ha-CsHsN), 8.41 (1H, s, J = HC=N), 7.87 (2H, d, J =
5.56 Hz, Hc-CsHaN), 7.08 (2H, d, J = 8.04 Hz Hd-Ce¢H3), 6.45 (1H, t, J = 8.04 Hz, Hf-C¢Hy).
13C-NMR (400 MHz, DMSO-d6, § ppm): 160.07 (N=C), 150.31 (Cb-CsHaN), 145.45 (Cc-
CsHsN), 145.59 (Cd-CeHs), 130.80 (Ce-CsHs3), 129.37 (Cf-CsHa) 122.71 (Cg-CeHs).

3.3.6 (E)-3-nitro-N-(pyridin-2-ylmethylene)aniline, ligand (L6)

L6 was prepared using 3-nitroaniline (0.6401 g, 4.634 mmol) and pyridine-2-carboxyaldehyde
(0.28 mL, 4.520 mmol). The reaction yielded a brown paste after three minutes of grinding.
Reaction mixture was left in air to form a completely dry solid, which was thereafter washed
with diethyl ether, dried and then analysed. Yield 1.006 g, 98%, m.p 90 — 92 °C. FT-IR (cm’
1: 3092 (C-H), 1620 (C=N), 1519 (N=0), 1568 (C=C), 1347 (N=0). 'H-NMR (400 MHz,
CDClz-d6, 6 ppm): 8.67 (1H, d, J = 4.40 Hz Ha-CsH4N), 8.56 (1H, s, (HC=N), 8.13 (1H, d, J
=7.84 Hz, Hc-CsHg), 8.07 (1H, t, J = 2.48 Hf-CsH4N), 8.04 (1H, s, He-CsHa), 7.80 (1H, t, J =
7.91 Hz, Hi-CsHsN), 7.52 (1H, d, J = 5.05 Hz, Hd-CeHs), 7.49 (1H, d, J = 5.05 Hz, Hg-CsHsN),
7.36 (1H, t, J = 5.52 Hz, Hh-CsHa). *C-NMR (400 MHz, DMSO-d6, & ppm): 151.84 (N=C),
150.13 (Ca-CsHa), 149.45 (Cc-CsHa), 149.33 (Cd-CsHsN), 148.17 (Ce-CsHaN), 137.04 (Cf-
CsHaN) 136.38 (Cg-CsHaN), 132.87 (Ch-CeHa), 128.45 (Ci-CsHa), 126.38 (Cj-CsHaN), 122.67
(Ck-CsHas), 118.62 (CI-CsHs). UV-vis (CH3CN): Amax 215, 253 nm.

3.3.7 (E)-3-nitro-N-(pyridine-4-ylmethylene)aniline, ligand (L7)

L7 was prepared using 3-nitroaniline (0.6526 g, 4.724 mmol) and pyridine-4-carboxyaldehyde

(0.44 mL, 4.671 mmol). The reaction yielded an off-white powder after three minutes. Product
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was washed with absolute dry ethanol then dried and analysed. Yield 0.9125 g, 96%, m.p 137-
139 °C (lit. 136 — 138 °C)*. FT-IR (cm™): 3053 (C—H), 1632 (C=N), 1591 (C =C), 1517 (N =
0), 1351 (N = 0). 'H-NMR (400 MHz, CDCl3-d1, § ppm): 8.74 (2H, d, J = 4.02 Hz, Ha-
CsHaN), 8.45 (1H, s, HC=N), 8.07 (1H, dt, J = 3.84 Hz, Hc-CsHa), 7.99 (1H, t, J = 1.72 Hz,
Hd-CeHa), 7.73 (2H, d, J = 5.32 Hz, He-CsH4N), 7.53 (1H, s, Hf-CsH4), 7.05 (1H, d, J = 2.60
Hz, Hg-CeHs). *C-NMR (400 MHz, DMSO-d6, & ppm): 160.34 (N=C), 150.12 (Ch-CsH4),
1494.5 (Cc-CsHaN), 149.79 (Cd-CsHaN), 144.63 (Ce-CsHsN), 132.78 (Cf-CsHa), 128.55 (Cg-
CeHa4) 122.70 (Ch-CsHa), 120.56 (Ci-CsHaN), 118.71 (Cj-CsHa). UV-vis (CH3CN): Amax 213,
252 nm.

3.3.8 (E)-4-bromo-2,6-dichloro-N-(pyridin-2-ylmethylene)aniline, ligand (L8)

L8 was prepared using 4-bromo-2,6-dichloroaniline (1.1267 g, 5.259 mmol) and pyridine-2-
carboxyaldehyde (0.50 mL, 5.247 mmol). This formed a dry brown paste within three minutes.
The resulting paste was left in open air to dry overnight. Yield 0.8190g, 95%, m.p 84 — 66 °C.
FT-IR (cm™): 3082 (C—H), 1614 (C=N), 1591, 1467 (C=C). *H-NMR (400 MHz, CDCls-d1,
o ppm): 8.65 (1H, d, J = 4.76 Hz Ha-CsH4N), 8.55 (1H, s, HC=N), 8.28 (1H, d, J = 7.88 Hz,
Hc-CsHaN), 7.89 (1H, t, J = 7.60 Hd-CsHaN), 7.47 (1H, t, J = 4.76 Hz, He-CsHsN), 7.15 (2H,
s, Hf-CgH2). *C-NMR (400 MHz, DMSO-d6, § ppm): 152.11 (C=N), 150.01 (Cb-CsH4N),
148.45 (Cc-CsHsN), 144.56 (Cd-CsH.), 138.01 (Cg-CsHsN), 134.89 (Ch-CsHsN) 126.70 (Ci-
CsHsN), 131.61 (Ce-CsH>), 130.24, 126.81 (Cf-CsH2) 124.45 (Cj-CsH2). UV-vis (CH3CN):
Amax 208, 245, 310 nm.

3.3.9 (E)-2,6-dimethyl-N-(quinoline-2-ylmethylene)aniline, ligand (L9)

L9 was prepared using 2,6-dimethylaniline (0.43 mL, 3.627 mmol) and quinoline-2-
carboxyaldehyde (0.5491 g, 3.494 mmol). A brown oil was formed after three minutes of
grinding. The product was left to dry in open air. Yield 0.8367 g, 92%. m.p 151 — 156 °C.
FT-IR (cm™): 3053 (C-H), 1627 (C=N), 1485 (C=C), (C=N quinoline) 1595, (C=C quinoline)
1562. H-NMR (400 MHz, DMSO-d6, § ppm): 8.68 (1H, d, J = 4.76 Hz, Ha-CgHsN), 8.43
(1H, s, HC=N), 8.11 (1H, d, J = 7.88 Hz, Hc-CoHsN), 7.93 (1H, d, J = 7.68 Hd-CoHsN), 7.90
(1H, d, J=7.12 Hz, He-CgH¢N), 7.81 (1H, t, J = 7.80 Hz, Hf-CoHsN), 7.69 (1H, t, J = 7.60 Hz,
Hg-CoHeN), 7.48 (1H, t, J = 7.32 Hz, Hh-CgHs), 7.11 (2H, d, J = 7.32 Hz, Hi-CeHa), 2.32 (6H,
s, Hj-CHs). *C-NMR (400 MHz, DMSO-d6, & ppm): 151.71 (C=N), 149.10 (Cb-CgHsN),
149.17 (Cc-CeHa), 148.03 (Cd-CgHsN), 137.55 (Ce-CsHzN), 131.37 (Cf-CsHaN), 130.45 (Cg-
CeHs), 130.40 (Ch-CsHsN), 128.79 (Ci-CoHeN), 128.71 (Cj-CeHa), 127.61 (Ck-CsHaN),
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127.60 (CI-CgHa), 120.25 (Cm-CsHsN), 18.91 (Cn-CH3). UV-vis (CH3CN): Amax 204, 256,
283 nm.

3.3.10 (E)-2,4,6-tri-tert-butyl-N-(pyridin-2-ylmethylene)aniline, ligand (L10)

L10 was prepared using 2,4,6-tri-tert-butylaniline (0.8401 g, 3.213 mmol) and pyridine-2-
carboxyaldehyde (0.30 mL, 3.154 mmol). The reaction yielded a brown solid after three
minutes. Yield 0.9169 g, 82%, m.p 143 — 145 °C. FT-IR (cm™): 2955 (C-H), 1619 (C=N),
1475 (C=C). 'H-NMR (400 MHz, DMSO-d6, & ppm): 8.75 (1H, s, HC=N), 8.63 (1H, d, J =
4.76 Hz Hb-CsH4N), 7.84 (1H, d, J = 7.88 Hz, Hc-CsHaN), 7.75 (1H, t, J = 7.68 He-CsHaN),
7.62 (1H,t, J =7.12 Hz, Hf-CsH4N), 7.35 (2H, s, Hg-CsH2), 1.32 (9H, d, Hh-CH3). ¥C-NMR
(400 MHz, DMSO-d6, & ppm): 151.45 (C=N), 149.01 (Cb-CsHsN), 148.09 (Cc-CsHsN),
141.22 (Cd-CeH2), 137.67 (Ce-CsH>), 136.89 (Cf-CsHaN), 136.14 (Cg-CsHaN), 133.19 (Ch-
CeH>), 126.10 (Ci-CsH4N), 123.23 (Cj-CsH>), 36.26 (Ck-CCHa), 34.61 (CI-CCHg), 31.27 (Cm-
CHj3). UV-vis (CH3CN): Amax 203, 243, 291 nm.

3.3.11 (E)-N-(1-(pyridin-2-yl)ethylidene)aniline, ligand (L11)

L11 was prepared using aniline (0.50 mL, 5.148 mmol) and acetylpyridine-2-carboxyaldehyde
(0.57 mL, 5.082 mmol). The reaction yielded a brown oil after three minutes. The oily product
was dissolved in dry chloroform and rota-vaporised for two hours to remove water and solvent
at 80 °C. A brown oily liquid was eventually obtained as the product. Yield 0.94 mL, 95%.
FT-IR (cm™): 3053, 1627, 1591, 1485, 1467, 1346, 1166, 777, 738, 691, 536, 405. 'H-NMR
(400 MHz, CDCls-d1, 6 ppm): 9.17 (1H, d, J =0.72 Hz, CsHsN), 8.78 (1H, d, 3.84 J = CsH4N),
8.22 (1H, t, J = 4.36 Hz, CsHzN), 7.41 (1H, dd, J = 4.84 CsHsN), 7.14 (2H, t, J = 7.92 Hz,
CeHs), 6.75 (1H, t, J = 7.36 Hz, CeHs), 6.68 (2H, d, J = 7.80 Hz, CeHs), 2.63 (3H, s, CC=N).
13C-NMR (400 MHz, CDCls-d1, § ppm): 160.67 (N=C), 154.04 (CsHaN), 150.45 (CsHaN),
149.64 (CsHsN), 137.03 (CsHaN), 129.32 (CeHa) 126.67 (CsHaN), 125.55 (CeH4), 121.28
(CsH4N), 121.09 (CsHa).

3.3.12 (E)-N-(pyridin-3-ylmethylene)aniline, ligand (L12)

L12 was prepared using aniline (0.46 mL, 5.047 mmol) and pyridine-3-carboxyaldehyde (0.49
mL, 5.007 mmol). An amber oil was obtained after three minutes dissolved in dry chloroform
and rota-vaporised for two hours at 80 °C. Yield 88%, m.p 96 — 98 °C. FT-IR (cm™): 3053,
1627, 1591, 1485, 1467, 1346, 1166, 777, 738, 691, 536, 405. *H-NMR (400 MHz, CDCls-
d1, 6 ppm): 8.90 (1H, s, Ha-CsHsN), 8.57 (1H, d, 3.13 J = Hb-CsHsN), 8.32 (1H, s, HC=N),
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8.14 (1H, d, J = 8.40 Hd-CsH4N), 7.30 (2H, t, J = 8.06 Hz, He-CsHs), 7.24 (1H, t, J = 4.99 Hz,
Hf-CsHaN), 7.16 (2H, d, J = 9.64 Hz, Hg-C¢Hs), 7.13 (1H, t, J = 8.96 Hz,, Hh-CeHs). *C-
NMR (400 MHz, DMSO-d6, & ppm): 160.67 (N=C), 154.04 (Cb-CsH4N), 150.45 (Cc-CsHaN),
149.67 (Cd-CsH4N), 137.01 (Ce-CsHaN), 129.35 (Cf-CeHa) 126.67 (Cg-CsHaN), 125.56 (Ch-
CsHa), 121.12 (Ci-CsHsN), 121.09 (Cj-CsHa).

3.3.13 (E)-N-(pyridin-4-ylmethylene)aniline, ligand (L13)

L13 was prepared using aniline (0.43 mL, 4.717 mmol) and pyridine-4-carboxyaldehyde (0.44
mL, 4.671 mmol). A white powder formed after three minutes and recrystallized in ether.
Yield 0.7745g, 91%, m.p 70 — 72 °C. FT-IR (cm™): 3084, 1630, 1567, 1468, 1281, 503, 488.
'H-NMR (400 MHz, DMSO-d6, & ppm): 8.75 (2H, d, J =5.4 Hz Ha-CsH:N), 8.68 (1H, s,
HC=N), 7.85 (2H, d, J = 5.4 Hz, Hc-CsHsN), 7.45 (2H, t, J = 7.68 Hd-CeHa), 7.34 (2H, d, J =
7.28 Hz, He-CgHa), 7.30 (1H, t, J = 7.36 Hz, Hf-CsH4). *C-NMR (400 MHz, DMSO-d6, &
ppm): 159.27 (N=C), 150.54 (Cb-CsHsN), 150.45 (Cc-CsHsN), 142.45 (Cd-CeH4), 129.28 (Ce-
CsHaN), 126.88 (Cf-CsHaN), 122.17 (Cg-CeHa), 121.16 (Ch-CsHy).

3.3.14 (E)-3-nitro-N-(pyridin-3-ylmethylene)aniline, ligand (L14)

3-nitroaniline (0.6937 g, 5.022 mmol) and pyridine-3-carboxaldehyde (0.46 mL, 4.900 mmol)
was ground for three minutes to form yellow solid. The product was crushed to fine powder
and then washed with ether to form white powder (L14). Yield: 0.9241 g, 83%, m.p 110 — 112
°C. FT-IR (cm™): 3098, 1622, 1606, 1511, 1421, 1350, 1205, 671, 465, 390. *H-NMR (400
MHz, DMS0-d6, & ppm): 9.09 (1H, s, Ha-CsH4N), 8.84 (1H, s, HC=N), 8.75 (1H, d, J = 4.52
Hz, Hc-CsHaN), 8.35 (1H, d, J = 7.95 Hd-Ce¢H4), 8.15 (1H, s, He-CeH4), 8.12 (1H, d, J = 1.52
Hz, Hf-CsHa4), 7.77 (1H, d, J = 7.88 Hz, Hg-CsHsN), 7.73 (1H, t, J = 7.80 Hi-CsH4N), 7.56
(1H,t, J = 4.80 Hz, Hh-CsH4) ¥C-NMR (400 MHz, DMSO-d6, § ppm): 159.27 (N=C), 150.54
(Cb-CsHsN), 150.45 (Cc-CsHaN), 142.45 (Cd-CeHa), 129.28 (Ce-CsHaN), 126.88 (Cf-CsHaN),
122.17 (Cg-CsHa), 121.16 (Ch-CsHa).

3.4  Microwave-assisted synthesis of ligands

The ligands were also synthesised via a microwave-assisted method using minimal absolute
dry ethanol (EtOH) as the solvent. The method was employed at 60 °C, 100 Watts power, 90

psi pressure and three minutes as the reaction time. The product was precipitated by
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refrigeration at 4 °C overnight, filtered and then dried under reduced pressure. In some

instances, the oily products (L11 and L12) were obtained.

The yields of the ligands were: L3 = 89%; L11 = 91%; L12% = 85%; L13=88% and L14 =
85%. All characterisation data were similar to those of products obtained using the solvent-

free grinding technique.

3.5  Two-stage synthesis of complexes

The synthesis of complexes was done in two stages; the first stage involved the synthesis of
ligands as already described and in the second stage, the synthesis of Cu(l) and Cu(ll) Schiff
base complexes by reaction of the respective metal salts and ligands, in ethanol and under an
inert atmosphere of argon gas, using Schlenk technique. The reactants were stirred at ambient
temperature for 3 h (for Cu(l)) and 5 h (for (Cu(ll)). The resulting precipitate was filtered
under vacuum suction using the Buchner apparatus. The collected residue was washed with
EtOH (for Cu(l)) or MeCN (for Cu(ll)). The dry solid powder form of complexes was stored
in argon flushed desiccator, thereafter, analysed and tested for their antibacterial potency. All
the Cu(l) complexes (1 — 7) were synthesised following a common procedure and Cu(ll)

complexes (8 — 15) were synthesised following a common procedure.

3.5.1 [Cu(L1)2]CI, complex 1

Complex 1 was synthesised by reacting L1 (0.21 mL, 0.9987 mmol) with CuCl (0.0494 g,
0.4990 mmol) under inert argon atmosphere in MeCN solvent. Reaction afforded a green
precipitate within three hours. The product was filtered under reduced pressure using Buchner
apparatus to obtain a green powder. Yield 0.09222 g, 88%, m.p: 319 — 321 °C. FT-IR (cm™):
2964 (C—H), 2913 (C-H), 1640 (C=N), 1562 (C=C), 624 (Cu-N). *H NMR (400 MHz, DMSO-
d6, 30 °C): 7.96 (1H, s, HC=N), 7.01 (2H, d, J = 4.92 Hz, Hb-CsHsN), 6.95 (1H, t, J = 4.68
Hc-CsHsN), 6.80 (2H, d, J = 4.88 Hz, Hd-CsH3), 6.36 (1H, t, J = 4.80 Hz, He-CsHs), 2.09 (1H,
s, Hf-CHz). UV/Vis (CH3CN): Amax 201, 232 nm. MS (ESI-TOF) m/z (%): Calcd. for
[(CuL1):]CI 483.1502; found: 483.16 (100).

- 46 -



3.5.2 [(Cu(L2)2CI], complex 2

Green powder. Yield 0.3733 g, 85%, m.p: 75— 77 °C. FT-IR (cm™): 3016 (C—H), 2945 (C-
H), 1638 (C=N), 1572 (C=C), 652 (Cu—N). UV/Vis (CH3CN): Amax 268 nm. MS (ESI-TOF)
m/z (%): Calcd. for [Cu(L2)2]CI" 483.1368; found: 483.16 (100). Anal. Calcd. (%) for
[(CuL2)CI]: C, 54.25; H, 3.849; N, 10.37; found: C, 54.25; H, 4.56; N, 9.06.

3.5.3 [Cu(L2)2]CI, complex 3

Maroon solid. Yield 1.0268 g, 89%, m.p: 222 — 227 °C (TGA/DSC, Appendix G1). FT-IR:
3048 cm™ (C—H), 1625 cm™ (C=N), (C=C), 1490 cm, 489 cm™ (Cu-N), 386 cm™ (Cu—ClI).
UV/Vis (CH3CN): Amax 240, 297 nm. MS (ESI-TOF) m/z (%): Calcd. for [Cu(L3)2]Cl" 427.10;
found: 427.0292 (100).

3.54 [Cu(L4)2]Cl,, complex 4

Green powder. Yield 0.1271 g, 86%, m.p 220 — 222 °C. FT-IR (cm™): 3078 (C-H), 28.55 (C—-
H), 1638 (C=N), 1578 (C=C), 674 (Cu-N). MS (ESI-TOF) m/z (%): Calcd. for [Cu(L4)2]CI
595.91; found: 595.3805 (100). Anal. Calcd. (%) for (CuCIL4): C, 36.62; H, 2.938; N, 6.87;
found: C, 41.17; H, 2.30; N, 8.00.

3.5.,5 [CuCIL5], complex 5

Green powder. Yield 0.2393 g, 87%, m.p: 294 — 296 °C. FT—IR (cm™): 30.56 (C—H), 2925
(C-H), 1625 (C=N), 1556 (C=C), 671 (Cu-N). *H NMR (400 MHz, DMSO-d6, 30 °C): 7.96
(1H,s,J=HC=N), 8.82 (2H, d, J = 4.92 Hz, CsH4N), 7.62 (2H, d, J = 4.68 CsHsN), 6.80 (1H,
t, J = 4.88 Hz, CsH3), 6.36 (2H, d, J = 4.80 Hz, C¢H3). MS (ESI-TOF) m/z (%): Calcd. for
[CuCIL5] 347.90; found: 397.90 (100).

3.5.6 [Cu(L6)2]Cl, complex 6

Brown powder. Yield 0.02948 g, 89%, m.p: 233 — 235 °C. FT-IR (cm™): 3093 (C-H), 2937
(C-H), 1623 (C=N), 1568 (C=C), 674 (Cu-N). UV/Vis (CH3CN): Amax 202, 253, 275 nm. MS
(ESI-TOF) m/z (%): Calcd. for [Cu(L6)2]CI- 517.01; found: 557.0778 (100).

3.5.7 [Cu(L7)2]CI, complex 7

Green powder. Yield 0.2061 g, 90%, m.p: 220 — 222 °C. FT-IR (cm™): 3097 (C-H), 3035
(C—H), 1626 (C=N), 1557 (C=C), 674 (Cu-N). UV/Vis (CH3CN): Amax 215, 257, 320 nm. MS
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(ESI-TOF) m/z (%): Calcd. for [Cu(L7)2]CI" 552.04; found: 552.3221 (100). Anal. Calcd. (%)
for [CuCIL7]: C, 47.34; H, 3.271; N, 13.49; found: C, 44.18; H, 2.78; N, 12.88.

3.5.8 [Cu(L10)2]2CI, complex 8

Complex 8 was synthesised by reacting L10 (0.1058 g, 0.3413 mmol) with CuCl; (0. 04874 g,
0.3121 mmol). A green precipitate was formed in the reaction for five hours using ethanol
(EtOH) as a solvent. An obtained green powder was recovered by filtration using Buchner
apparatus under vacuum. Green powder. Yield 0.09299 g, 85%, m.p: 237 — 238 °C. FT-IR
(cm™): 3049 (C-H), 3016 (C-H), 1638 (C=N), 1567 (C=C), 644 (Cu-N). UV/Vis (CH3CN):
Amax 205, 242, 294 nm. MS (ESI-TOF) m/z (%): Calcd. for [Cu(L10)2]2CI- 483.16; found:
483.1603 (100).

3.59 [Cu(L1)2]2CI,, complex 9

Green powder. Yield 0.5140 g, 84%, m.p: 244 — 248 °C. FT-IR (cm™): 3041 (C-H), 2970
(C-H), 1639 (C=N), 1561 (C=C), 641 (Cu—N). UV/Vis (CH3CN): Amax 200, 291, 339 nm. MS
(ESI-TOF) m/z (%): Calcd. for [Cu(L1)2]2CI" 483.16; found: 483.1602 (100). Anal. Calcd.
(%) for [(Cu(L1)2)Cl2]: C, 49.61; H, 4.861; N, 9.71; found: C, 48.78; H, 4.09; N, 8.13.

3.5.10 [Cu(L2)2]2ClI-, complex 10

Yellow powder. Yield 0.28 g, 91%, m.p: 240 — 247 °C. FT-IR (cm™): 3023 (C-H), 2912 (C-
H), 1634 (C=N), 1570 (C=C), 651 (Cu-N). UV/Vis (CH3CN): Amax 237, 391 nm. MS (ESI-
TOF) m/z (%): Calcd. for [Cu(L2)2]2CI" 483.16; found: 483.1606 (100). Anal. Calcd. (%) for
[Cu(L2).Cl2]: C, 48.85; H, 3.904; N, 7.98; found: C, 48.78; H, 4.09; N, 8.13.

3.5.11 [Cu(L9)2]2CI", complex 11

Orange powder. Yield 0.4787 g, 86%, m.p: 237 — 238 °C. FT-IR (cm™): 3059 (C-H), 3024
(C-H), 1637 (C=N), 1563 (C=C), 685 (Cu-N). UV/Vis (CH3CN): Amax 234, 345 nm. MS
(ESI-TOF) m/z (%): Calcd. for [Cu(L9)2]2CI" 583.19; found: 583.1932 (100). Anal. Calcd.
(%) for [Cu(L9)2]2CI: C, 51.75; H, 3.310; N, 5.64; found: C, 54.78; H, 4.09; N, 7.10.

3.5.12 [Cu(L3)2]2ClI-, complex 12

Green powder. Yield 1.0268 g, 89%, m.pgec: 320 — 325 °C (TGA/DSC, Appendix G2). H
NMR (400 MHz, DMSO-d6, 25 °C): FT-IR (cm™): 3049 (C-H), 3016 (C-H), 1638 (C=N),
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1567 (C=C), 643 (Cu—N). UV/Vis (CH3CN): Amax 240, 305 nm. MS (ESI-TOF) m/z (%):
Calcd. for [Cu(L3)2]2CI" 427.10; found: 427.1106 (100). Anal. Calcd. (%) for [(Cu(Cl)2L3)]:
C, 44.92; H, 3.268; N, 8.75; found: C, 45.51; H, 3.18; N, 8.85.

3.5.13 [Cu(L8)2]2CI", complex 13

Green powder. Yield 0.4161 g, 91%, m.p: 299 — 301 °C. FT-IR (cm™): 3053 (C-H), 2918
(C—H), 1626 (C=N), 1556 (C=C), 685 (Cu—N). UV/Vis (CH3CN): Amax 204, 241, 280 nm. MS
(ESI-TOF) m/z (%): Calcd. for [Cu(L8)2]2CI" 723.56; found: 722.7935 (100). Anal. Calcd.
(%) for [(Cu(Cl)2L8)]: C, 31.03; H, 1.585; N, 6.10; found: C, 31.03; H, 1.52; N, 6.03.

3.5.14 [Cu(Cl)2(L6)2], complex 14

Green powder. Yield 0.41 g, %, m.pdec: 257 — 258 °C (TGA/DSC, Appendix G3). FT-IR (cm"
1: 3076 (C-H), 2967 (C—H), 1623 (C=N), 1525 (C=C), 679 (Cu-N). UV/Vis (CH3CN): Amax
200, 270 nm. MS (ESI-TOF) m/z (%): Calcd. for [Cu(Cl)2(L6)2] 583.89; found: 588.1314
(100). Anal. Calcd. (%) for [(Cu(Cl)2L6)]: C, 39.02; H, 2.620; N, 11.25; found: C, 39.85; H,
2.51; N, 11.62.

3.5.15 [Cu(ClI)2L7], complex 15

Green powder. Yield 0.26 g, 94%, m.p: 255 — 256 °C. FT-IR (cm™): 3080 (C—H), 2984 (C—
H), 1631 (C=N), 1557 (C=C), 654 (Cu-N). UV/Vis (CH3CN): Amax 228, 273 nm. MS (ESI-
TOF) m/z (%): Calcd. for [Cu(Cl).L7] 290.00; found: 292.9977. Anal. Calcd. (%) for
[(CuL7)Cl2]: C,49.30; H, 3.082; N, 13.81; found: C, 44.18; H, 2.78; N, 12.88.

3.6 One-pot synthesis of complexes

The complexes were also synthesised via a one-pot technique using reported methods with
slight variations.>”" For this technique, the ligand starting material was stirred in the Schlenk
tube for 5 mins. This was then followed by argon flashing through the reaction to ensure the
inert reaction atmosphere. Subsequently, the CuCl in dried absolute ethanol was added
dropwise with an aid of a syringe through a rubber septum. The reaction was left to proceed
at room temperature and formed a precipitated product. In brief, both the metal salts and ligand
starting material were reacted in EtOH solvent (10 ml) under inert argon atmosphere using
Schlenk line apparatus to afford Cu(ll) Schiff base complexes (8 —15). Generally, the reactions

took five hours to complete. The formed precipitate was filtered and dried under reduced

—
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pressure using the Buchner apparatus. Thereafter, the solid product was washed with EtOH
and dried.

The yields of Cu(ll) Schiff base complexes were: 8 = 79%; 9 = 84%; 10 = 88%; C11 = 80%,
12 =77%; 13 = 86%; 14 = 89% and 15 = 86%. Similar characterisation data was obtained as
for the two-stage reaction techniques results.

3.7 Crystal structure determination and refinement

Single crystals suitable for by X-ray diffraction analysis were selected and glued onto the tips
of glass fibre mounted on brass holders. Crystal evaluation and data collection were done on
a Bruker Smart APEXII diffractometer with graphite monochromated Mo Ka radiation (A =
0.71073 A) equipped with an Oxford Cryostream low-temperature apparatus operating at 100
K. The initial cell matrix was determined from three series of scans containing twelve frames
collected at intervals of 0.5° in a 6° range with the exposure time of ten seconds per frame and
the reflections indexed using the APEXII program suite.® Data collection involved the use of
omega scans of 0.5° width with 20 seconds exposure time per frame. The total number of
images was based on results from the program COSMO, whereby the expected redundancy was
to be 4.0 and completeness of 100% out to 0.75 A. Cell parameters were retrieved using
APEXII and refined using SAINT on all observed reflections. Data reduction was performed
using the SAINT® software and the scaling and absorption corrections were applied using
SADABS® multi-scan technique. The structure was solved and refined by the direct method
using the SHELXS program.® The visual crystal structure analysis was performed using
ORTEP-3 system software.® Non-hydrogen atoms were first refined isotropically and then by
anisotropic refinement with a full-matrix least-squares method based on F? using SHELXL.®
All hydrogen atoms were positioned geometrically, allowed to ride on their parent atoms and
refined isotropically. The crystal data and structural refinements obtained are summarised in
Table 3.1 and were evaluated using online checkCIF and CCDC Mercury.
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Table 3.1: The SC-XRD data and structural refinement results of 10py and 12py

10py 12py
Formula C19H19CI2CuN3 C17H15CI2CuNs
Dcalc./g cm™ 1.518 1.597
Abs coefficient/mm? 1.472 1.652
Formula weight 423.81 395.76
Crystal size/mm?® 0.33x0.24%0.17 0.21x0.14%0.08
T/IK 100(2) 100(2)
Crystal system Orthorhombic triclinic
Space group P212121 P1
alA 9.2584(5) 8.1445(3)
b/A 13.6509(7) 9.0100(4)
c/A 14.6752(7) 12.3725(5)
al° 90 69.531(2)
b/° 90 86.310(3)
g/° 90 75.496(4)
VIA3 1854.73(16) 823.22(6)
Z(Z) 4 (1) 2 (1)
Wavelength/A 0.71073 0.71073
Qmin and Qmax/° 2.038 and 28.426 1.757 and 28.248
Measured Refl. 19330 17805
Independent Refl. 4645 3886
Parameters 228 208
Restraints 0 0
Largest Peak/e. A 0.302 0.915
Deepest Hole/e. A3 -0.297 -0.575
GooF 1.026 1.094
WR2 (all data) 0.0501 0.1076
wR2 0.0495 0.1023
R1 (all data) 0.0210 0.0401
R1 0.0193 0.0331
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3.8 Media used for antibacterial testing

Nutrient Broth (NB) (Biolab, South Africa) solution was prepared by dissolving 16 g of NB
powder in 1 L of distilled water. This was dispensed in 10 ml aliquots into stoppered test tubes
and autoclaved at 121 °C for 15 minutes. Mueller-Hinton Agar (Biolab, South Africa) (MHA)
was prepared by mixing 38 g of MHA powder in 1 L of distilled water and autoclaving at 121
°C for 15 minutes. Thereafter, the agar (approximately 20 mL) was poured into sterile

disposable 90 mm petri dishes and allowed to set at room temperature.

3.9  Preparation of bacteria

In this study, the Escherichia coli ATCC 25922 (E. coli), Staphylococcus aureus ATCC 25923
(S. aureus), Methicillin-resistant Staphylococcus aureus ATCC 700699 (MRSA),
Pseudomonas aeruginosa ATCC 27853 (P. aeruginosa), Klebsiella pneumoniae ATCC 31488
(K. pneumonia) and Salmonella typhimurium ATCC 14028 (S. typhimurium) bacteria were
used. The broth cultures of the bacteria were prepared by inoculating a single colony of the
bacterial strain in the prepared NB. This was incubated at 37 °C in a shaking incubator (100
r.p.m) for 18 hours. After incubation, the density of the broth cultures was adjusted with sterile
distilled water to achieve a concentration equivalent to 0.5 McFarland’s Standard (i.e., 1.5 x

108 colony forming units (CFU)/mL) using a densitometer (DEN-1B, Latvia).

3.10 Antimicrobial evaluation

The test compounds were initially screened for their antibacterial activities using a
modification of the disc diffusion method. The test compounds (1 mg) were dissolved in 1 ml
of dimethyl sulfoxide (DMSO). The MHA plates were lawn inoculated with the prepared
bacterial cultures using a sterile throat swab. The plates were spotted with 10 pL of each
compound, allowed to stand for 30 minutes at room temperature and then incubated at 37 °C
for 18 hours. After incubation, the zones of inhibition were noted. Zones of inhibition (clear
areas at the site of spotting) indicated antibacterial activity and compounds showing
antibacterial activity were further tested to determine the minimum inhibitory concentrations
(MICs).
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The MICs were determined using a modification of the broth dilution method. This enabled
the determination of the lowest dose that is required to prevent the visible bacterial growth for
different compounds. The compounds were serially diluted with DMSO to achieve
concentrations ranging from 1000 to 0.20 ug mL™2. MHA plates were lawn inoculated with a
sterile throat swab and 10 pL of concentration was spotted on the MHA plates. This was
allowed to stand for 30 minutes at room temperature and then incubated at 37 °C for 18 hours.
After incubation, the MICs were carried out to determine the lowest concentration that inhibits
the growth of the bacteria. The DMSO solvent was used as a negative control, whilst the
ciprofloxacin was employed as a positive control. The MIC determinations were carried out

in triplicate.

-53-



References

1. G. Y. Nagesh and B. H. M. Mruthyunjayaswamy, Journal of Molecular Structure,
2015, 1085, 198.

2. E. M. Njogu, B. Omondi and V. O. Nyamori, Journal of Coordination Chemistry, 2017,
70, 2796.

3. R. V. Singh, P. Chaudhary, S. Chauhan and M. Swami, Spectrochimica Acta Part A:
Molecular and Biomolecular Spectroscopy, 2009, 72, 260.

4, P. K. Kadaba, Journal of Heterocyclic Chemistry, 1975, 12, 143.

5. S. Yavuz and H. Yildirim, Journal of Chemistry, 2013, 2013, 7.

6. M. M. Abd-Elzaher, A. A. Labib, H. A. Mousa, S. A. Moustafa, M. M. Ali and A. A.
El-Rashedy, Beni-Suef University Journal of Basic and Applied Sciences, 2016, 5, 85.

7. C. Biewer, C. Hamacher, A. Kaiser, N. Vogt, A. Sandleben, M. T. Chin, S. Yu, D. A.
Vicic and A. Klein, Inorganic Chemistry, 2016, 55, 12716.

8. Bruker, Bruker AXS Inc., Madison, Wisconsin, USA, 20009.

9. G. Sheldrick, University of Gottingen: Germany, 2013.

10. L. J. Farrugia, Applied Crystallography, 2012, 45, 849.

-54-



Chapter 4

4 Results and discussions

This chapter discusses the results from the synthesis and characterisation of ligands (L1 — L14)

and complexes (1 — 15), containing the copper(l) and copper(ll) metal centres.

4.1 Synthesis of Schiff base ligands

The solvent-free grinding of reactants and microwave-assisted methods were employed in the
synthesis of ligands. Nine pyridinyl Schiff base ligands (L1 — L8 and L10) and one quinoline
Schiff base (L9) ligand derivatives (Scheme 4.1) were synthesised via a solvent-free grinding
of reactants. In the former method, the product was obtained through neat grinding of an aniline
derivative and an appropriate carboxaldehyde in mortar and pestle. In the case of L3 and L11
—L14 (Scheme 4.2), both methods were employed. In both techniques, the aniline to aldehyde
mole ratio was kept at 1:1.1, a slight excess of aniline derivatives provided a manageable
purification procedure. In this case, a minimal amount of dry diethyl ether was used to wash
off the unreacted aniline impurities from the product (ligand). Ligands, L1 L4, L6, L7, L9
and L10 had similar physical and spectral properties compared to the same ligands that are

reported in literature.®®

= Ry R L2:R,=Ry=Me,R,=R;=H
OCHO L3:R;=R,=R;=R,=H
—N N N R3  [4:R,=R,=CLR,=R;=H
— R Lé6: R1:R3:R4:H,R2:NOZ
+ L8:R,=R,;=ClLRy=H,Ry=Br
R, N. _CHO R, R, L10: Ry =R;=Ry=tert butyl, R, =H
o U
# N N R
R; R, » N 3 L9:R;=R,=Me, R, =Ry =H
_ K,
R, R,
— Ll:R1:R4:MC,R2:R3:H
N/\\:/>7CHO 7 \ /N R3 L5: Rl = R4 = Clj R2 = R3 =H
- N\:>—/ " L7:R, =R; =R, =1, R, =NO,

Scheme 4.1: Solvent-free grinding synthesis of Schiff base ligands, L1 — L10
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Scheme 4.2: Solvent-free grinding and microwave-assisted synthesis of L3 and L11 - L14

Both techniques were simple, fast and high yielding (Table 4.1). Ethanol which was used in
the microwave-assisted synthesis has the essence of green attributes but is not as green as water.
Thus, the solvent-free grinding surpasses the microwave-assisted technique in terms of
greenness and the facileness. It is a better method since it is cheaper, simpler and generates

less waste.10-12

Table 4.1: Ligand yields obtained from the solvent-free grinding and microwave-assisted

method

Solvent-free grinding Microwave-assisted
Ligand Time/mins  Yield% Time/mins Yield%

L1 3 94 - -
L2 3 95 - -
L3 3 93 3 89
L4 3 94 - -
L5 3 90 - -
L6 3 98 - -
L7 3 96 - -
L8 3 95 - -
L9 3 92 - -
L10 3 82 - -
L11 3 95 3 91
L12 3 88 3 85
L13 3 91 3 88
L14 3 83 3 85

(-) not synthesised with the microwave-assisted technique
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In all cases, the synthesised Schiff base ligands were found to be stable under (dry) normal
room conditions. However, they hydrolyse under water or moist conditions.*®> The resonance
structures of the aromatic aldehyde moiety enhances the formation of the ligands by offering a
resonance, which eventually favours the dehydration process and product formation.* As an
example, for the formation of L3, the first step is the nucleophilic attack by N-atom lone pair
to the carbonyl carbon (Figure 4.3(a)). This is followed by the proton abstraction by negatively
charged oxygen atom (Figure 4.3(b)). The moisture provides water that protonates the alcohol
(Figure 4.3(c)), the hydroxyl group deprotonates the amine group to form an imine bond and

water is eliminated as a good leaving group (Figure 4.3(d)) to (Figure 4.3(¢)).

o Y
S
N._~» N._~ |
H .. [\ NP
H'voi) H .. OH2
l-l H-N

—— — -H20 N

5,74

Scheme 4.3: Mechanism for the formation of L3 under solvent-free conditions

(b) (©) ©

The substituents on the phenyl ring of the anilines did not seem to affect the yield of Schiff
bases (SBs) to a certain extent, especially when the solvent-free grinding method was
employed.®™ However, the higher yields when the electron-withdrawing group (EWG) is on
the meta-position of the anilines. This is evident from the high yields of L6 and L7 (Table
4.1). The reason for this is probably the resonance effect and its correlation to the basicity of
the lone-pair electrons of the Schiff base nitrogen as per meta-directing property.'%” However,
much lower yields were recorded (Table 4.1) for L10, when bulkier tertiary butyl substitutions
were on the aniline precursor (Figure 4.1). This could be as a result of steric hindrance, where
the nucleophilic N-atom is somehow shielded by the bulky groups. Thus, this to a certain

extent, slows down the attack towards the electrophilic carbonyl carbon.

Figure 4.1: Structure of L10, showing the tertbutyl groups on the aniline ring
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4.1.1 Infrared spectral data of ligands

The frequency of vibrating amine functional group v(N-H) of the aniline is observed around
3150 — 3450 cm™, e.g., (Figure 4.2(a)). However, upon the formation of the imine, this peak
disappears, and a peak at 1620 — 1650 cm™ is observed for the formed SBs. Similarly, the
vibrational band for the carbonyl of the aldehyde v(C=0) occurs around 1700 — 1780 cm?, e.g.,
(Figure 4.2(b)), disappears upon ligand formation.'8® The disappearance of the two functional
groups confirm the formation of a new amine (C=N) band was a confirmation of the ligand
formation, e.g., (Figure 4.2(c)).1>?°2¢ The stretching absorption bands at around 2900 — 3000
cm? and 1500 — 1590 cm™ are due the C—H (aromatic) and C=C (conjugated) bond,
respectively, for the ligands.?®3! Schiff base ligands 6 and 7 showed the nitro v(N-O)
vibrational bands at 1300 — 1400 (symmetric) and 1500 — 1550 (asymmetric) stretches.’>?® The
related IR data for other ligands are provided in Chapter 3 and Appendix A.

L14:3N02+3PyC
(©)

Pyridine-3-carboxaldehyde

3-Nitroaniline

T : - 4 v v - ™ T T : :
3600 1900 2200 2400 2000 1200 1600 1400 1200 1000 00 a0
3600 3200 800 A00 2000 1800 1600 400 1200 000 300 600

- ’ - ) i CM-1 - B ’
Figure 4.2: Representative IR spectra of (a) 3-nitroaniline, (b) pyridine-3-carboxaldehyde
and (c) L14

4.1.2 'H- and ¥ C-NMR spectral data of ligands

The new imine protons of the synthesised ligands appeared as singlets between 8.3 — 8.8 ppm,
while the aldehyde and amine signals disappeared from the starting materials at 9.8 — 10.4 and
1.5— 2.3 ppm, respectively, in tH-NMR spectra, e.g., (Figure 4.3). The peak positions were in
agreement with those of similar ligands that are reported in the literature. 222 Hence, this was

a confirmation of the successful synthesis of ligands. The aromatic protons of ligands appeared

—_—
-58 -




in the 6.5 — 8.5 ppm range, whereas the aromatic protons were found to resonate from 6.5 — 8.0
and 7.3 — 8.9 ppm, for aniline and aldehyde derivatives, respectively. This confirmed the
successful synthesis of ligands and this also was in agreement with similar ligands in
literature.?1263233 The NMR results showed that the aromatic protons resonated from 6.5 — 8.5
ppm in *H-NMR, suggesting that the ligands exist in the enol-form in solution, since they
resonate above 6 ppm, e.g., Figure 4.3(c). There was no peak depicting the keto-form

(frequencies ¢ < 6 ppm).:

(@)
l . 3-Nitroaniline
1l } N-H
T T T T T T T T T T
100 9.5 9.0 85 80 75 7.0 6.5 6.0 55 5.0 45 40 35
(b) 8|3 |- g ]
CHO
l I ‘ Pyridine-3-carboxaldehyde
100 95 9.0 85 80 75 7.0 65 6.0 55 50 a5 40 35
8 3 |2 & &
= = e o
(C) HC=N Water[ DMSO:!
l | l Ligand 14 |
| l {
- Gy D . _’\, ) _l - - ,_/‘ \ —_— |,
T T T T T T T T T T T T T T
100 9.5 9.0 85 80 75 70 65 6.0 55 50 45 4.0 s a0 25
ppm

g (&5 8 s Els)e
sls - . slwils

Figure 4.3: *H-NMR of (a) 3-nitroaniline, (b) 3-pyridinecarboxaldehyde and (c) L14

In $3C-NMR, the ligand formation was confirmed by presence of an azomethine carbon
formation within 155 — 164 ppm.?2263435 Also, the 3C-NMR signal disappeared in the region
of 185 — 195 ppm which are due to the aldehyde carbons of the precursors in the respective
spectre of ligands, postulating the reaction of CHO group. The aromatic carbons resonated
around 90 — 155 ppm in the ligands, whereas the aromatic carbons appeared from 115 — 148
and 112 — 155 ppm in the starting materials of the aniline and aldehydes, respectively. The
related NMR data for other ligands are provided in Chapter 3 and Appendix B.

4.1.3 UV-vis spectral data of ligands

The ligands have two absorptions maxima below 250 nm due to intra-ligand transitions as
explained in literature.®*%° However, this was not the case for L8 and L10, which have

substituents on three positions of the benzene ring, while L9 have quinoline in place of
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pyridine. These minor structural differences led to the differences in the wavelength of
absorption of these ligands. The two maxima absorbing wavelengths are due to different
electron transitions, i.e., ni—x* (sharp peaks, from the aromatic ring) and n—x* (broad peak,
from an imine moiety) transitions (Figure 4.4).3+% In all cases, n—n* was observed as the

longer wavelength absorption band, since it required less energy for an electron transition.*°

Absorbance

. v T v =
200 250 300 350 400
Wavelength/nm

Figure 4.4: UV-vis overlay spectrum of L1 - L10

4.2 Synthesis of complexes

The Cu(l) and Cu(ll) complexes were synthesised using two methods; i.e., two-stage and one-
pot synthesis approach. The two-stage approach entails the synthesis of ligands and complexes
in separate reactions, i.e., a two distinct batch synthesis approach. A one-pot approach involves
the synthesis of complexes in one reaction, i.e., the metal salt and the precursors to the ligand
were mixed together in one pot. Seven Cu(l) complexes (1 — 7) were synthesised using only a
two-stage approach since one-pot reaction resulted in aqueous medium where Cu(l) can easily
get oxidised. In the synthesis of Cu(l) complexes (Scheme 4.4), dried MeCN was used to avoid
the oxidation and disproportionation of Cu(l) to Cu(ll) complexes. This is because Cu(l)
complexes are unstable and rather oxidise to Cu(ll) complexes which forms relatively stable
coordination complexes with N-donor SBs as predicted by the Pearson’s (HSAB) theory.*-4

Also, MeCN ensures the solubility of reactants, which enhances the reaction rate.*®
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Scheme 4.4: Synthe3|s of Cu(l) Schlff base complexes (1 —7) usmg a two-stage approach

The advantage of a two-stage reaction approach is the provision of easier monitoring of the
reaction progress, i.e., from ligands to the final complexes. Better yields were obtained at lower
reaction times. However, in the two-stage approach, the purification of ligands and complexes
was noted as a disadvantage. This was time consuming to isolate and purify the product before
proceeding to the next step of the reaction. Eight copper(ll) complexes 8 — 15 (Scheme 4.5)
were synthesised using both a two-stage and one-pot reaction methods. This approach was

used to compare yields and greenness (minimal clean-up) of the reaction.

R R R, VAR " 8: Ry =Rj3=Tert butyl, R, =H
1 2
R, NN Ry =1 _R,=
N N R3 CllC12 \Cu/ Rl RZ 10: Rl ;\‘1@, R2 R3 H
O
\ / Rl =N /N R3 12: Rl = R2 = R3 =H
\_/
R; 13: Ry =Cl, R;=H, R;=Br

14: Rl =R3=H, R2=N02

s € i
/T 4 N /NGRE' 11: R, =Me, Ry=R;=H
1
\_/

_\Clz
l
DJ QR;; CuCl, RG ) Q 9:R;=Me, R,=R;=H
@NC“ C/>4 15: R, =Ry =H, R, =NO,

Scheme 4.5. Synthesis of Cu(ll) SChIff base complexes (8 — 15) via a two-stage and one-pot

approach

The one-pot synthesis is facile and devoid of stage related purifications from ligands to the
synthesis of complexes. In this case, the isolation and purification of the product were
conveniently done in one step. This is because the solubility properties of complexes greatly

differ from that of the starting reagents, which enabled selective separation through washing.

-61-



However, the one-pot reaction time is relatively longer than the two-stage approach (excluding
separation and purification times). The reaction is faster in the two-stage synthesis because
Cu(ll) metal ion served as an organizational centre for the formation of the imine bond from a
pre-assembled (via coordination) precursors forming the Schiff base. Also, the one-pot
approach was found to be unsuitable for the synthesis of copper(l) complexes since there is a
formation of water molecules in the reaction. This is because the Cu(l) complexes can
disproportionate or oxidise in an aqueous medium. Thus, the Cu(l) complexes were not
obtained using this technique.

Nonetheless, the two methods were successfully applied and compared in the synthesis of
Cu(Il) Schiff base complexes (8 — 15) and both had relatively high yields between 77 — 89 %
(Table 4.2). One-pot approach was simpler but exhibited relatively lower yields, while the
two-stage approach afforded higher yields. Hence, a two-stage approach was found to be

suitable for the synthesis of both Cu(l) and Cu(Il) Schiff base complexes.

Table 4.2: Results obtained from two-stage and one-pot synthetic techniques

Entry Two-stage One-pot
(C) Time/hrs  Yield% Time/hrs  Yield%
1 3 88 - -
2 3 85 - -
3 3 89 - -
4 3 86 - -
5 3 87 - -
6 3 89 - -
7 3 90 - -
8 5 85 5 79
9 5 89 5 84
10 5 91 5 88
11 5 86 5 80
12 5 89 5 77
13 5 91 5 86
14 5 94 5 89
15 5 89 5 86

(-) Cu(l) complexes were not obtained with this technique

—
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The copper(Il) Schiff base complexes were found to be relatively stable under normal room
conditions. This was not the case with copper(l) Schiff base complexes, which changed colour
immediately when left in open air environment. Thus, Copper(l) complexes required special
storage, under inert argon atmosphere and in a vacuum-sealed desiccator, to avoid unwanted

post-reactions and to keep the complexes stable.

4.2.1 Infrared spectral data of complexes

Coordination of ligands to the Cu(l) and Cu(ll) metal salts was confirmed by IR spectroscopy.
The medium intense band due to vC=N stretching frequency in the ligand was
bathochromically shifted to 1614 — 1670 cm™. The bathochromic shift (~8 cm™), relative to
the imine for the ligand (Table 4.3, entry 2 — 4, 6, 8, 10 — 14)?%:224046-88 therepy confirming the
formation of the complexes.?>#**° This shift is due to donation of electron density by nitrogen
to copper which made the Cu—N stronger as the imine band v(C=N) became weaker. This was
the case for all the bidentate ligands where an imine N-atom coordinates to the metal ion and
this is similar to those reported for similar complexes in the literature.3474° Figure 4.5 presents
the IR spectrum of L2 and its corresponding complex (10) illustrating the changes
accompanying the coordination of ligands, where an imine band shift from 1637 to 1634 cm™
from L2 to complex (10), respectively.

217926 194119

(@ N 3044.50

C=N, Stretch
1637 cm!

26Me+2PyC, Mechano

2473.78 I 2d
®) e
3069.08 2159.95 ? 380.8 }
302271 1698.85 356.57 104174
2019.60 230.4 hos1 b1 a2
i’ 12| despr 508.26
C=N, Stretch ,,/ / 130244 15526 80.49
1 1634 36 | 127500 | 110514 904,08
(16?4 cm) / ~ 1020.60 Cu-N, 651 cm!
- i / 1476, 1187.98
4 cm-! red Shift sedw u (New peak)
L rssser
1598.82 147082 S
7432
CuCl+26Me+2PyC, one-pot
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Figure 4.5: IR overlay spectrum of (a) L2 and (b) its corresponding complex (10)
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Table 4.3: IR imine peaks of ligands and their corresponding complexes

IR Peak/ppm

Entry Ligand (Complex) Wavelength/cm?  H! NMR CB NMR
1 L1 (1) 1640 (1640)  8.14(7.96) 162.1 (161.8)
2 L2 (2) 1638 (1635) 8.31 () 152.2 (-)
3 L3 (3) 1627 (1625) 8.59 (-) 160.7 (-)
4 L4 (4) 1643 (1637) 8.78 () 152.1 (-)
5 L5 (5) 1670 (1670) 8.41(7.96)  160.0 (159.2)
6 L6 (6) 1632 (1616) 8.67 (-) 151.8 (-)
7 L7 (7) 1632 (1615) 8.45 (-) 160.3 (-)
8 L10 (8) 1619 (1616) 8.75 (-) 151.5 (-)
9 L1 (9) 1639 (1639) 8.80 (-) 161.1 ()
10 L2 (10) 1637 (1634) 8.50 (-) 152.2 (-)
11 L9 (11) 1627 (1636) 8.43 (-) 151.7 (-)
12 L3 (12) 1627 (1624) 8.59 (-) 160.7 (-)
13 L8 (13) 1639 (1635) g5, 150.1 (-)
14 L6 (14) 1620 (1622) g7y 151.8 ()
15 L7 (15) 1632 (1631)  g79(y 1603 (1)

(-) not analysed/obtained with this technique

Some Schiff base ligands such as L1, L5 and L7 coordinate to copper in a monodentate fashion.
This is supported in the IR spectra by the appearance of a new weak peak v(Cu—N) with
stretching vibration bands at 400 — 700 cm™* (Figure 4.6(c)) to confirm this monodentate
coordination of these ligands.?*>® The peak is relatively weak since the metal coordination
does not occur at the imine N-atom, rather it involves the pyridinyl N-atom. Hence, the red
shift was not observed in the monodentate ligands (Table 4.3, entry 1, 5, 7, 9 and 15) as reported
in the literature.®* As an example, L1 and 1 both have an imine band appeared at 1640 cm™
(Figure 4.6(b)), where a monodentate L1 was used to form 1, and did not show imine shift.

The related IR data for other complexes are provided in Chapter 3 and Appendix A.
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Figure 4.6: IR overlay spectrum of (a) pyridine-2-carboxaldehyde, (b) L1 and (c) complex
(1)

4.2.2 Mass spectral data of complexes

The molecular ion peaks in the high resolution-mass spectroscopy (HR-MS) were used to
confirm the structural molecular mass of complexes. For example, the HR-MS molecular ion
peak of 297.9836 amu (Figure 4.7) corresponded to the M+ ion of 3. In this case, the Cu(l)
metal centre is coordinated to a single bidentate ligand and one chlorine atom as a ligand to
afford a coordination number of three around the Cu(l) complex centre. This may be just the
most stable fragmentation ion after loss of one of the bidentate ligand (L3) in the basal plane
from the parental [Cu(L3)2]CI". The related MS data for other complexes are provided in
Chapter 3 and Appendix D.

100~ 279.9836 i/ \>
] 2819816 N /\@
4 . (::'1“
] cl
| Exact Mass: 279 9836
. Molecular Weight: 2812216
b 280.9890 2829810 283.9803
277.9752
N 278.9934 28[]_'I08?| | 283.8988 | 284.9644 286.9604 289.1653
2tho | 2790 | 2800 | 2810 | 2820 | 2830 | 2840 | 2850 | 2860 | 2870 | 2880 | 2850

Figure 4.7: Representative HR-MS spectrum of 3
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The low resolution-mass spectroscopy (LR-MS) was also used to investigate all the fragmented
peaks within a sample. The LR-MS showed the most abundant structure, for example, 3
(Figure 4.8(b)) is 279.94 amu (base peak), which corresponded with the molecular ion peak in
HR-MS (Figure 4.7). The 461.9930 amu indicates that 3 can be constituted of two bidentate
ligands and a coordinated chlorine ligand (Figure 4.8d) in solution. Thus, 3 possibly exists as
a penta-coordinated complex in solution, which is an unstable coordination number for a Cu(l)
complex. The complex might undergo fragmentation to exist in numerous structures (Figure
4.8a—d). 3 may fragment to different mass fragments, which are in Figures 4.8(a), (b) and (c).
This was observed in 1, 3 — 7 and 12 — 14. The related MS data for other complexes are

provided in Chapter 3 and Appendix D.
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Figure 4.8: Representative LR-MS spectrum of 3

4.2.3 UV-vis spectral data of complexes

The complexes (2, 3, 4, 6, 8, 10, 11, 12, 13 and 14) showed red shifts (attributed to n—=*) in
relation to their Schiff base precursor ligands. This redshift suggested imine coordination to a
metal centre, which is also reported in the literature.3*%3" However, the complexes (Table
4.4, entry 1,5,7,9 and 15) did not show any shift upon complexation and this also has been
reported for similar complexes (with monodentates) in literature.*® 13 (Table 4.4, entry 13) is

the only complex with a hypsochromic shift, this is not common but has been reported.*

—_—
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Table 4.4: The UV-vis studies of ligands and their corresponding complexes

UV-vis
Entry L (C) Wavelength/nm Assignment
1 L1(1) 200, 231 (201, 232) n—n*, n—n* (7—m*, n—w*)
2 L2 (2) 238,271 (238, 268) ¥, n—n* (T—m*, n—mn*)
3 L3 (3) 230, 283 (240, 297) ¥, n—n* (7—m*, n—n*)
4 L4 (4) 205, 233 (261) n—n*, n—n* (N-m*)
5 L5(5) 207,290 (221, 290) ¥, n—n* (7—m*, n—x*)
6 L6 (6) 253 (202, 275) n—n* (m—m*, n—m*)
7 L7 (7) 213,252 (215, 257, 320) ¥, n—n* (7—m*, n—n*, n—-n%)
8 L10(8) 203,243,291 (205, 243,294) n—n*, n—n*, n—n* (m—n*, i—n*, n—-n*)
9 L1(9) 200, 231 (339, 291) ¥, n—n* (m—m*, n—mn*)
10 L2 (10) 238, 271 (238, 391) ¥, n—n* (7—m*, n—mn*)
11 L9 (11) 204, 232, 283 (255, 335) ¥, ¥, n—n* (7—7*, n—n*)
12 L3 (12) 230, 283 (240, 305) n-1¥*, n—n* (7—m*, n—w*)
13 L8 (13) 208, 245, 310 (204, 241, 280) @—n*, n—n*, n—n* (A—m*, A—7*, n—-7*)
14 L6 (14) 215, 253 (240, 270) ¥, n—n* (m—m*, n—mn*)
15 L7 (15) 213, 252 (228, 273) ¥, n—n* (m—m*, n—mn*)

The ligands showed only the n—z* transition, whereas 6 and 7 (Table 4.4, entry 6 and 7) had
an extra band attributed to n—*. For example, L6 (Figure 4.9) contains only one absorption
peak (n—m*) labelled “a”, while its corresponding complex (6) displayed two signal bands,
labelled “a and b” for n—=* and n—7*, respectively. The new peaks in the complexes could be
attributed to the redshift as transitions require less energy upon coordination.>? Hence, the
formation of a new n—n* azomethine metal to ligand charge transfer (MLTC) was observed
and the complexes might have exhibited an extra band, as a result of the copper d-d transitions

upon coordination.>® The related UV data for other complexes are provided in Chapter 3 and

Appendix C.
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Figure 4.9: UV-vis overlay of L6 and its corresponding complex (6)
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4.2.4 Elemental analysis

The elemental analysis results of Schiff base complexes are given in Table E1. Some
experimental mass percentage of individual elements were found to be consistent with the
expected distribution of respective element mass percentage, which was calculated from
expected empirical formula and those reported in the literature.>* The correlation between the
expected and literature mass percentage confirmed the purity of samples and this was observed
in some Schiff base complexes. However, this was not the case for 4, 7 and 11, which deviated

significantly (greater than 0.5%) and this was as a result of sulphur impurities.

4.2.5 Crystal structure description of 10py and 12py

10py crystallised in the orthorhombic P212:2; space group, while 12py crystallised in the
triclinic P 1 space group. In both cases, the asymmetric unit consists of a complete molecule,
which comprises of a Cu(Il) metal centre, pyridine moiety and (E)-2.6-dimethyl-N-(pyridin-2-
ylmethylene)aniline (L2) or (E)-N-(pyridin-2-ylmethylene)aniline (L3). The latter coordinates
through azomethine (N3)/(N1) and pyridinyl (N2)/(N3) N-atoms to form 10py and 12py (Figure
4.10), respectively. The ligand, L2 or L3 and Cu(ll) centre form a five-membered metallocycle
encompassing Cul — N2 — C10 — C11 — N3 and Cul — N3 — C8 — C7 — N1, which is
almost coplanar with dihedral angles of 3.060(3)° and 6.660(3)° to the ligand pyridinyl moiety,

for 10py and 12py, respectively. The deviation from planarity is more pronounced in 12py

—
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because it contains methyl group, which inductively induces electrons to the ring structure,

causing increased electron repulsion.

4 [T
N4 Cc12
-\ N3 cn
C1é- C13
. C2
I
(

Sia 10py o ,‘K ’ oy

Figure 4.10: ORTEP diagram of 10py and 12py drawn at 50% thermal ellipsoid probability

level. All hydrogen atoms have been omitted for clarity.

A pyridine solvent coordinates in the complexes, probably through ligand substitution which
may indicate the instability of these complexes in solution. Two chlorine ligands occupy the
other two sites to form neutral Cu(ll) complexes. Thus, a five-coordination number around
Cu(Il) centre was achieved. The coordinated pyridine and the aniline ring are facing the same
direction with zpyridine. . . 7aniline distances of 3.676 A and 3.771 A in 10py and 12py, respectively.>®
Structures of 10py and 12py show induced n—x parallel offset stacking, since their centroid are
all less than 4 A. The offset stacking might be stabilising the distorted conformation of

complexes, which was observed in both structures.

12py with unsubstituted methylene(aniline) moiety show a relatively higher centroid distance
which could be due to the lack of extra electron donating groups towards the phenyl ring.>® On
the contrary, the presence of electron-donating methyl group in 10py was found to increase the
electron density towards the methylene(aniline) ring. Thus, rendering it slightly negative
(electron-rich), while the N-atom in the pyridinyl ring pulls more electrons towards itself,
leaving the entire pyridinyl ring slightly positive (electron-deficient). This enhances the

electrostatic aromatic interaction between two n—bonded rings.®’

Structures of 10py and 12py adopt the distorted trigonal bipyramidal geometry around Cu(ll)
centre with bond angles around the metal centre lying between 79.36(7) ° to 167.35(7)° and
79.12(7)° to 165.57(8)°, in 10py and 12py, respectively. Figure 4.11 provides the crystal
structure of 10py as an example. The average Cu—N distances were 2.037(18) — 2.0864(16) A
and Cu—Cl was 2.292(5) — 2.342(5) A, is in the range of reported similar Cu(ll)

complexes.>>%8%° The ligand (L2 or L3), pyridinyl and one chlorine atom are in the basal
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position, while the other chlorine ligand is in the apical position. The axial chlorine ligand
bond lengths are profoundly longer, with bond distances of 2.4326(6) and 2.4521(5) (Table
4.5), in 10py and 12py, respectively. The axial elongated bond length feature indicates weak

bonding of chlorine atom resulting in Jahn-Teller effect tetragonal distortion.*

Cl

Cu
Nova) Novs)

Cl
I\‘im

Figure 4.11: Crystal structure of 10py showing geometry around the Cu(ll) centre

Table 4.5: Metal coordination bond lengths and angles of 10py and 12py

Parameters Bond distances/A Bond angles/®
10py 12py 10py 12py

Npywy—Cu 2.020(2) 2.008(2) - -
Nim—Cu 2.086(2) 2.111(2) - -
Npys—Cu 2.004(2) 1.991(2) - -
Cl1—Cu 2.4326(6)  2.4521(5) - -
Cl2—Cu 2.2941(5)  2.2905(5) - -
Npy(s—Cu—Npy(v) - - 167.35(7) 165.57(8)
Cl1—Cu—CI2 - - 106.90(2) 113.58(2)
Cl1—Cu—Nim - - 108.83(5)  98.20(4)
CI2—Cu—Nim - - 143.73(5) 147.70(5)
Cl1—Cu—Npyw) - - 92.58(5) 93.84(5)
Cl1—Cu—Nopy(s) - - 98.10(5) 97.33(5)
Cl2—Cu—Npy(s) - - 90.30(5) 91.20(5)
CI2—Cu—Npyw) - - 93.05(5) 92.67(5)
Nim—CuU—Npy(s) - - 90.75(7) 90.24(7)
Nim—Cu—Npy(v) - - 79.36(7) 79.12(7)

Npy) = Ligand py_ridinyl N-atom,
Npy(s) = Pyridine N-atom
Nim = Azomethine N-atom.

—
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The two obtained structures were overlaid with a root mean squared deviation (RMSD) value
of 0.418 A. This shows that 10py and 12py are closely similar in structure. A noticeable
difference in conformation was brought by the ligand (aniline) phenyl ring (Figure 4.12). The
N—Cprn bond distance measured in 10py (1.440(3) A) is longer than that of the free ligand
(1.419(3) — 1.423(3) A) and this could be attributed to the back-bonding feature. Furthermore,
it appears that the N—Cpr bond length measured in 12py (1.428(3) A) is shorter than that of the
free ligand (1.442(3) — 1.447(3) A). An imine bond is also elongated in complexes as shown
in Table 4.6, upon its ligand coordination to form a complex.*® This trait supports what is

observed as red shifts on the spectroscopic UV-vis and IR spectra.

Figure 4.12: Structural overlay diagram of 10py (blue) and 12py (red)

Table 4.6: Bond lengths of free ligands (L2 and L3) and 10py and 12py

Compounds Bond distances/A
L2 1.250(3) 1.419(3)
1.260(3) 1.423(3)
10py 1.277(3) 1.440(3)
L3 1.229(5) 1.442(8)
1.231(6) 1.447(5)
12py 1.277(3) 1.428(2)

Numbers in parentheses are estimated standard deviations in the last significant figures
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The dihedral angles between the phenyl ring and pyridyl moiety of the free ligands was
determined to be 79.82 — 84.75° and 0.00° in L2 and L3, respectively. It can be postulated that
the ligand phenyl ring methyl substituents contribute to the deviation of the final ligand from
structural planarity. The planarity of L3 changed by a noticeable conformation upon
coordination to 51.49° in 12py. The dihedral angle between the pyridinyl and phenyl moiety
was measured to be 80.65° in 10py. This showed that the free ligand conformation was not
greatly affected during the complexation and this is evident since the torsion angle of 80.65°
in 10py was still in range (79.82 — 84.75°) for a free ligand (L 2).

The crystal packing analysis revealed that 10py contains four mononuclear molecules (Z = 4)
within its unit cells, whilst the unit cell of 12py consisted of just two mononuclear molecules
(Z =2). The mononuclear 10py and 12py form three dimensional (3-D) supramolecular network
structures with non-classical intermolecular C-H...Cl hydrogen bonding patterns as shown in
blue for clarity in Figure 4.13. These interactions ultimately determine the packing order of a
molecule.®® The supramolecular network determines the physical and chemical properties of a
complex. These properties include the melting point or decomposition temperature and

biological applications of a compound.

AT

[T 3
- . g} |9
> -, \- -. .

Figure 4.13: Intermolecular C—H...Cl hydrogen bonding patterns observed in the crystal
packing of 10py, viewed down the crystallographic (a) b- and (b) c-axis

Table 4.7 shows the H-bonding pattern across atoms within the 3-D supramolecular network
structures of 10py and 12py. The 3-D network was also observed as protonated Schiff base

ligands and complexes are suitable for hydrogen-bonding.>® Most importantly, the H-bonding
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affecting the network structures are the electrostatic forces between the hydrogen and most

electronegative chlorine atoms.

Table 4.7: Hydrogen bond information for 10py and 12py

D H A (D-H)YA (H-A)YA (D...A)yA D-H...A/°
Complex 10py

C4 H4 CI2* 0.95 2.82 3.643(2) 145.7
Cl1 Hi1 Cl2% 0.95 2.78 3.650(2) 153.3
Complex 12y

C7 H7 CI2* 0.95 2.60 3.531(2) 165.2

C13 H13 Cl2* 0.95 2.78 3.711(2) 1684
Cl16 H16 Cl1°® 0.95 2.82 3.555(2) 1354

L1/2+x,1/2-y,-z; ?1-X,-1/2+y,1/2-z (10py)

L14x,+y,+7; 21-x,2-y,1-7; 3-x,2-y,1-Z; *1-x,1-y,1-Z; ®1-X,1-y,2-Z (12py)

4.3 Summary of results

Schiff base ligands L1 — L14 were synthesised by condensation between the phenyl amines
and the corresponding phenyl carboxaldehydes. The identities of ligands (L1 — L14) were
established by *H- and *3C-NMR and IR spectroscopic techniques. The *H-NMR of L1 —L14
at room temperature displayed a typical azomethine peak in the region of 8.41 — 8.89 ppm and
the aromatic protons in the 6.42 — 8.81 ppm region. In the *C-NMR, imine peak ranged from
149.2 — 160.1 ppm while in the IR spectra, the peak was observed at 1614 — 1640 cm™ range.

Their corresponding copper Schiff base complexes were obtained as fine powders in various
colours (mostly green in colour), with high melting points and decomposition temperatures
from 150 — 325 °C. The crystallographic trigonal bipyramidal structures of complex
derivatives of 10 and 12 where pyridine (py) is coordinated (10py and 12py) were obtained. All
complexes were not soluble in common organic solvents, except in pyridine, DMSO and very
few were completely soluble in acetonitrile (MeCN). Based on various analysis techniques,
the structure of complexes was suggested to have a 1:2 metal to ligand ratio. The copper(Il)
Schiff base complexes were found to be relatively stable at normal room conditions. This was
not the case with copper(l) Schiff base complexes, which required special storage, under inert

argon atmosphere and in a vacuum-sealed desiccator, to keep the complexes stable.
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Chapter 5

5 Biological studies

This chapter describe methods employed in the biological studies of Cu(l) and Cu(ll) pyridinyl
Schiff base complexes. This includes testing of the antibacterial activities of the subjected
compounds. Finally, the antibacterial activity of the organometallic complexes is discussed in

relation to their structural variations.

5.1 Antimicrobial of Cu(l) and Cu(ll) complexes

L3, metal salts (CuCl and CuCly), and 15 copper complexes (1 — 15) were tested for their
antibacterial potency, i.e., against four gram-negative bacteria (namely: E. coli (Ec), P.
aeruginosa (Pa), K. pneumonia (Kp), and S. typhimurium (St)) and two gram-positive bacteria
(namely: S. aureus (Sa) and MRSA). The results are presented in Error! Reference source
not found.. The CuCl metal salt only demonstrated antibacterial activity against the S.
typhimurium bacterium, whilst L3 was active against the E. coli and MRSA bacteria. Most of
the Cu(l) complexes showed very weak or no activities. For this reason, the MIC values of

Cu(l) Schiff base complexes (1 — 7) were not further determined.

The Cu(l) Schiff base complexes are very unstable. It is likely that their ligands decoordinate
in solution medium, preventing their permeation into the cells which leads to poor activity.
Moreover, the bacterial defence mechanism against Cu(l) is pronounced, since it can readily
bind with thiolates.® This could be a reason why all tested Cu(l) Schiff base complexes (1 —7)
exhibited very little or no antibacterial activities (Table 5.1). However, this is not the case with

Cu(Il) complexes.
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Table 5.1: Antibacterial activity of CuCl, L3, and Cu(l) complexes at 1 mg mL™*

Compound Gram -ve Gram +ve
Ec Pa St Kp MRSA Sa

CucCl - - A - - -

L3 A - - - A -

1 A - - - - -

2 - - - - - -

3 - - - - - -

4 - - - - - -

5 - - - - - -

6 - - - - - -

7 - - A - - -

(A): activity; (-): no activity
E. coli (Ec), P. aeruginosa (Pa), K. pneumonia (Kp), and S. typhimurium (St)), and S. aureus (Sa)

The synthesised Cu(ll) Schiff base complexes showed greater antibacterial activity against
subjected bacteria (Table 5.2). The results revealed that the CuCl; is effective against three
gram-negative bacteria, except the K. pneumonia bacteria. However, it did not show any
potency against gram-positive bacteria. The Cu(ll) Schiff base complexes are quite stable even
in solution medium. These Cu(ll) complexes have better antibacterial potency against the
studied bacteria than CuClz. This could be due to the low degree at which the metal centre and
ligands dissociate in DMSO solution to afford free copper ion, thus disrupting the biochemical
pathways in a microorganism.? Based on their initial antibacterial screening results presented
in Table 5.2, L3, CuCly, and Cu(Il) Schiff base complexes (8 — 15) were further tested to

determine their minimum inhibitory concentration (MIC) values.
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Table 5.2: Antibacterial activity of CuCly, L3 and Cu(Il) complexes at 1 mg mL™*

Compound Gram -ve Gram +ve
Ec Pa St Kp MRSA Sa
CuClz A A A - - -
L3 A - - - A -
8 A A A - - -
9 A A A - - A
10 A A A A A -
11 A A A A A -
12* A A A A A -
13 - - A - - }
14 A - - - - -
15 A A A - - )

(A): activity; (-): no activity
E. coli (Ec), P. aeruginosa (Pa), K. pneumonia (Kp), and S. typhimurium (St)), and S. aureus (Sa)

12*: parent complex

The MICs of L3, metal salt (CuCly) and Cu(ll) Schiff base complexes (8 — 15) were determined using
Broth dilution method as explained in Chapter 3, and results are presented in Table 5.3. Unlike the
standard drug, which was active against all six strains, the Cu(ll) complexes were inactive against one
or more of the bacteria. 10, 11 and 12 are active against the K. pneumoniae bacteria. 9 was the only
compound which was active against the S. aureus bacteria. The results revealed that the
antibacterial potency of 12 is enhanced over its precursor, pyridinyl Schiff base ligand (L3). 11 is active
against the P. aeruginosa, S. typhimurium, MRSA and K. pneumoniae, and P. aeruginosa, with
MIC values in the 0.20 — 25.0 ug mL™ range. 12 and the ciprofloxacin standard reference revealed

similar MIC values against the S. typhimurium.

Gram-positive bacteria (S. aureus and MRSA), and gram-negative bacteria (K. pneumoniae)
are resistant towards 8, 13, 14, and 15. E. coli bacterium was less susceptible towards the
studied complexes, except for 9 (Table 5.3) which demonstrated the same activity (MIC value
of 0.20 ug mL™1) with the ciprofloxacin standard drug. 13 and 14 are the least active complexes
against studied bacteria. In comparison to the ciprofloxacin, 13 and 14 recorded higher MIC

values against the S. typhimurium and E. coli bacteria, respectively.
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Table 5.3: MIC (ug mL?) values of CuCl,, L3 and copper(ll) complexes

Gram -ve Gram +ve
Compound Ec Pa St Kp MRSA Sa
CuClz 12.5 100 50.0 - - -
L3 100 - - - 50.0 -
8 50.0 50.0 25.0 - - -
9 0.20 50.0 12.5 - - 1.60
10 12.5 25.0 0.80 0.80 1.60 -
11 25.0 0.40 0.20 0.40 0.40 -
12* 125 0.40 0.40 0.20 0.20 -
13 - - 12.5 - - -
14 6.30 - - - - -
15 3.10 12.5 12.5 - - -
Ciprofloxacin 0.20 0.80 0.40 1.60 25.0 25.0

(-): No activity, 12*: parent complex

E. coli (Ec), P. aeruginosa (Pa), K. pneumonia (Kp), and S. typhimurium (St)), and S. aureus (Sa)

L3 was only active against the E. coli and MRSA compared to 12 (parent complex) which
showed antibacterial activities towards all tested bacteria, except S. aureus (Sa) (Error!
Reference source not found.). L3 displayed lower potency than 12, which had higher MIC
values. The enhanced antibacterial activities of 12 as compared to L3 can be explained in two
ways, namely; Overtone’s concept and the Tweedy’s chelation theory.>® According to
Overtone’s theory of cell permeability, the liposolubility of complexes enhances their
interactions with the lipid membrane of a bacteria, whilst the polarity of a metal centre is
greatly reduced on chelation since the charge is neutralised by the donor atoms of

coordinated ligands.!

Out of all the examined complexes, 10, 11 and 12 produced appreciable activities towards five
bacteria, except the S. aureus bacteria. 10 and 11 have methyl groups on the phenyl ring of the
ligands, whilst the only difference is the pyridine and quinoline moieties, for 10 and 11,
respectively. The parent complex (12) has the pyridine moiety and does not have any
substituents on the aryl aniline. Hence, their activities could be due to their ability to easily
diffuse through the membrane of bacteria, aided by the size, hydrogen bonding, solubility and

electronic effects of 10, 11 and 12.1%%3 Thus, the antibacterial potency of these complexes is

—
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largely determined by the structural attributes of a coordinated ligands.® However, the
quinoline moiety in 11 and the aniline methyl groups in 10, does not seem to affect the

antibacterial activities when compared to the parent complex (12).

The hydrophobic and hydrophilic properties and the outermost membrane characteristic of a
bacteria play a role in antibacterial activities of complexes. In this case, the alkyl (EDG)
substituted ligands e.g. tertiary butyl substituted (L10), formed complexes that are more
hydrophobic, enabling greater affinity towards the microbial bilayer membrane. This leads to
bactericidal activities of complexes by multiple mechanisms, mostly by binding to the bacterial
cell membrane and transporting the compound to the inner organelles.**® In this case, the
complexes 13, 14 and 15 with EWG (CI, Br or NO) substituents yielded better antibacterial
activities towards the gram-positive bacteria. This could be attributed to the lipophilic
properties of the complexes which enabled them to bind and disrupt the lipophilic cell wall and
proteins of the bacteria.!” This tendency was not observed in the parent (neutral) complex (12),
which is active against all, except the gram-positive (S. aureus) bacteria. Therefore, the
chemical constituents of a bacterial outer membrane play a role in antibacterial activities of the
subjected complex.

None of the tested copper Schiff bases complexes were active in all tested strains. The Cu(ll)
Schiff base complexes demonstrated low MIC values. However, the parent complex (12)
recorded lower MIC values (Table 5.3). This was expected since 12 is neutral (coordinated
ligand is unsubstituted) and does not show any specific preference to the binding of either the

gram-negative or gram-positive bacteria based on their outer most membrane.

The tested Cu(ll) Schiff base complexes, including the parent complex (12) showed more
potency towards the gram-negative bacteria than the gram-positive ones. This may be due to
the differences in bacterial cell walls. The cell wall of gram-negative bacteria has an extra lipid
bilayer. This, in turn, favours the permeation of lipophilic compounds.?*® The gram-negative
bacteria are usually responsible for several health-related issues, e.g., some E coli bacterial
strains have been reported to cause food and blood poisoning, pneumonia, urinary tract
infections, and diarrhoea, amongst other diseases.!® These results are somehow be indicative
of structures that are potent towards bacteria, especially the gram-negative strains. Thus, going
forward, these results could pave a way for the better design of compounds with biological
potential and also, providing a good direction for better organometallic structural design as

structural templates for design of antimicrobial agents.

—
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5.2 Summary of the biological application results

The synthesised and characterised compounds (ligand and complexes) were tested for their
antibacterial potency against six bacteria. Out of six bacteria, four gram-negative bacteria were
E. coli, P. aeruginosa, S. typhimurium, and K. pneumonia, while two gram-positive bacteria
were S. aureus and MRSA. Upon comparison of L3 and 12, it was found that 12 showed
greater antibacterial activities than the precursor organic ligand (L3). Furthermore, the studied

bacteria were established to be more susceptible to Cu(ll) Schiff base complexes.

The test compounds were not active in all strains of bacteria. 10, 11 and 12 showed bactericidal
activities against all, except the S. aureus bacterium. Results showed that unsubstituted ligands
form complexes with higher biological activities. The introduction of the quinoline moiety for
the pyridine ring has no effect on the antimicrobial activity. Further, gram-negative bacteria
were the most susceptible to the test compounds. Lastly, some of the Cu(ll) Schiff base
complexes that were subjected to the MIC studies had lower MIC values in comparison with

the ciprofloxacin which used as a standard reference.
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Chapter 6

6 Conclusion and future work

Cu(l) and Cu(ll) Schiff base complexes were successfully prepared by using two copper metal
salts and evaluated in detail. The characterisation techniques employed included techniques,
such as 'H-NMR, BC-NMR, IR, UV-Vis, ESI-MS, EA, TGA/DSC and SC-XRD.
Furthermore, the synthesised L3 and 15 complexes (1 — 15) were evaluated for their
antibacterial potency against four gram-negative and two gram-positive bacteria.

6.1 Synthesis summary

One quinoline Schiff base and 13 derivatives of pyridinyl Schiff base ligands were designed
and synthesised. The ligands (L1 — L14) were synthesised via a solvent-free grinding technique
where aniline or its substituted derivatives and an appropriate carboxaldehyde was neatly
ground together using a mortar and pestle. The synthesis of L3 and L11 — L.14 was carried out
by means of both the solvent-free grinding and microwave-assisted (MW-assisted) approaches
for comparison of the two techniques. Both techniques were found to be easy, timeous, high
yielding, clean and economically viable. However, the solvent-free grinding technique was
found to be a better technique because it is relatively greener, unlike the MW-assisted technique

which uses a solvent and energy, and thus is relatively expensive.

Out of 14 synthesised ligands, L1 — L10 were used to synthesise of 15 Schiff base copper(l)
and copper(Il) complexes that were evaluated for their antibacterial activity. The copper(l) and
copper(I1) complexes were synthesised via a conventional technique, with either a two-stage
or one-pot approach, where an appropriate ligand and metal salt was reacted under inert argon
atmosphere in a Schlenk line apparatus. The complexation techniques both gave high yields
and are considered green. The two-stage method is a better approach since it gave relatively

higher yields and can be used in the synthesis of both Cu(l) and Cu(ll) Schiff base complexes.
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6.2 Antibacterial evaluation summary

17 were tested for their antibacterial activities and found to exhibit little to no activity. Hence,
no further tests were conducted at lower concentrations. However, the Cu(ll) complexes
revealed appreciable antibacterial activities. For this reason, the MIC of 8 — 15, L3 and CuCl>
were tested by means of the dilution method. Most of tested complexes had higher MIC values
than the parent complex (12). All tested compounds did not demonstrate wide-spectrum
antibacterial activities. 10, 11 and 12 showed appreciable activities towards five bacteria,
except the Staphylococcus aureus bacterium. The results implied that neutral (unsubstituted)
ligands form complexes with higher activities and that the introduction of a quinoline moiety
in place of pyridinyl ring did not significantly affect their antibacterial activities. It is
noteworthy that the gram-negative bacteria were more susceptible to the tested complexes.
Gram-negative bacteria lack a cell wall but consist of a lipid bilayer outer membrane. This
could be the reason why they were more susceptible, as these complexes can easily diffuse into
the microbes as a result of their high affinity towards the lipid outer membrane. The
substituents on the Schiff base ligands, as well as increasing either the EDG or EWG density

on the ligands of the complexes, decreased their biological activities.

6.3 Recommendations and future work

Since copper(l) complexes may easily oxidise, disproportionate or even substitute for ligands
in DMSO solvent, stabilising ligands may be employed first before their biological studies are
carried out to ensure a true reflection of results. Similarly, ligands with soft sulphur- or
phosphorous-donor atoms can be coordinated to copper(l) to improve the stability of the Cu(l)
Schiff base complexes. The mechanisms of action of the tested complexes will need to be

studied for a better understanding and in order to design future compounds.

With the knowledge that 9 — 12 showed higher antibacterial activities, copper centres with
different (apart from the chloride anions) counter ions of Cu(l) and Cu(ll) Schiff base
complexes can be synthesised to investigate their effect in structural and biological activities.
Also, the Schiff base ligands can then be appended with biologically active molecules (BAMs)
with known antibacterial activities and mechanisms of action. The appended BAMs will enable
the complexes to specifically target desired enzymes within a bacterium. This might result in
improved activity of complexes with less or no downsides. Furthermore, other metal centres,
like ruthenium and rhenium, may be used during complexation.

—
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The very same compounds can be tested for other biological activities, i.e., anticancer,
antifungal, antioxidant and antibiofilm. Not only do they have huge potency in
pharmacological evaluations, but in catalysis too, thus, they can be employed as catalysts in
homogeneous reactions, for example, in octane oxidation reactions. Lastly, they can also be
evaluated as catalysts in the polymerisation of environmentally friendly polymers with slight
structural modifications or along with benzyl alcohol (BnOH) as an initiator. Thus, there is

much scope for testing these or similar complexes for a number of different applications.
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Appendix B

'H-NMR and *C-NMR spectra
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Appendix C

UV-vis spectra

15 Maximum absorbance of L1 and C1

|
» L:2.6Me+4Pyc | Absorbance
= C:(2.6Me+4PyC)+CuCl | Absorbance

Absorbance

0.5

300 350

200 250
Wavelength (nm)

C1: UV-vis spectra of ligand (L1) and complex 1
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C2: UV-vis spectra of ligand (L2) and complex 2

400

400

Absorbance

Absorbance

—_—
-128 -




UV-vis spectra of L3 and C3
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C3: UV-vis spectra of ligand (L3) and complex 3
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C4: UV-vis spectra of ligand (L4) and complex 4
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Maximum absorbance of L7 and C7
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Maximum absorbance of L1 and C9
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C10: UV-vis spectra of ligand (L2) and complex 10
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Maximum absorbance of L9 and C11
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C12: UV-vis spectra of ligand (L.8) and complex 13
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s Maximum absorbance of L6 and C14
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Appendix D

LR-MS and HR-MS spectra

CuCHANi+2PyC Irmis 55 (0.918) Cm (1:60)

100 383.2084
ol
5412855
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5422803
272.1544
452.2475
o , |Ll|ll : |1LI-Ll|hIlJ|I. I.4.|.|.|.I. 7V WAV TN
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TOF M3 ES+
2.28e5|
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850 1000

D1: LR-MS of complex 1
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2_B-Me+2PyC Irms 2 (0.017) Cm (1:60) TOF MS ES+
100+ 483.1388 2.14e5]
— Cl
N N
~,
/Cu
N \I\
N2
Chemical Formula: CQEHQSCuIﬂ
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D2: LR-MS of complex 2
100 2720372 — cr
_ 7 N/
1 -~
E \Cu
o] 274.0359
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. 273.0409 375 1468 Molecular Weight: 273.82
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D3: HR-MS of complex 2
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C1 Imms 24 (0.383) Cm (1:60) TOF MS ES+
100 279.9355 7.78e4
S S
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Cl
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# Mol ecular W eight: 427.99
ExactMasz 182.08
Molecular Weight 18222
181.0453 27 002
e HCu “"““N i |
2440720 2830318 420.0288 / [ ; .1'\ \
4610920 Exact Mass: 462.07
M Molecular Weight: 463.44
) T II. T T T T . T II| T .I T T T T T T T # T | T T T T T T T

100 150 200 250 300 350 400 450 00 550 800 B850 700 750 BOI} I E,ISO I QtIJD ' 9%0

miz
1000

D4: LR-MS of complex 3
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D5: HR-MS of complex 3
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C13-filrate Irms 43 (0.718) Cm (1:80) TOF M3 ES+
100 340,001 1.82e5
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2F30253 3472033 Cl Cl
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D6: LR-MS of complex 4
CuCH4PyC+2_B-Cl +irms 41 (0.681) Cm (1:80) TOF M3 ES+
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D7: LR-MS of complex 5
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CuCl2+3N02+2PyC Irms 52 (0.870) Cm (1:60)

TOF MS ES+
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D8: LR-MS of complex 6
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D9: HR-MS of complex 6
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D10: LR-MS of complex 7
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CuCl2+4PyC+2_6-Me Irms 11 (0.170) Cm {1:60)
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D11: LR-MS of complex 9
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D12: HR-MS of complex 9
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2_6-Me+2PyC Irms 2 (0.017) Cm (1:80) TOF MS ES+
100+ 4B83.1358 145
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D13: LR-MS of complex 10
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D14: HR-MS of complex 10

-142 -



CuCl2+2_6-Me+2Qa Irms 2 (0.017) Cm (1:60)
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D15: LR-MS of complex 11

100 583.1832
585.1929
%_
- 586.1956
ExactMazx 583.19 c57 1083
1 Weight 584.2 2 1
555.1103 Molecular Weight: 584.21 590.987 5001845
L B L e e
5550 560.0 565.0 570.0 575.0 580.0 585.0 520.0

D16: HR-MS of complex 11

-143 -




ZuCI2+Anil+2PyC lrms 49 (0.815) Cm (1:60)
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D17:

LR-MS of complex 12
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D18: HR-MS of complex 12
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CuCl2+2PyC+4-Br-2_6-ClIrms 2 {0.017) Cm (1:59)
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100 4278336 35925
al B CI- 7227935
4298313 )
Cl Br | 2CI
Sy =y
= N—Ca Cl |
cl 7247915
Exact Mass: 425.82
Molecular Weight: 429.01
720.7953|
Br Cl
Exact Mass: 718.76
Molecular Weight: 723.56
ES
425 8360
246.9441 279 gogs [431.8201
7267894
281.9948
218.9688
3929634 715.7967]
1689523 5749558
576.9540
- 292 66753908658 4338973 572.9581 7287867
: 8925351
330.9384 l459 8607 i
in m/'z
700 150 200 250 300 350 400 450 500 550 600 650 700 750 800 850 900 950 1000
D19: LR-MS of complex 13
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D20: HR-MS of complex 13
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C5 e 53 (CUBET) Cm (1:80) TOF M5 ES+
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D21: LR-MS of complex 14
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D22: HR-MS of complex 14
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CuCIZ+ A0 +4PyC Irns 52 (0UB89) T (1:80) TOF MG ES+
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D23: LR-MS of complex 15
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Appendix E
Elemental analysis results

Table E1: The elemental analysis results of complexes

C% H% N%
C Actual Actual Actual
(Theoretical) (Theoretical) (Theoretical)
2 54.25 3.849 10.37
(54.25) (4.56) (9.06)
4 36.62 2.938 6.87
(41.17) (2.30) (8.00)
7 47.34 3.271 13.49
(44.18) (2.78) (12.88)
9 59.61 4.861 9.71
(60.59) (5.09) (10.09)
10 48.85 3.904 7.98
(48.78) (4.09) (8.13)
11 51.75 3.310 5.64
(54.78) (4.09) (7.10)
12 44.92 3.268 8.75
(45.51) (3.18) (8.85)
13 31.67 1.585 6.10
(31.03) (1.52) (6.03)
14 39.02 2.620 11.25
(39.85) (2.51) (11.62)
15 47.81 3.082 13.81
(49.45) (3.09) (14.45)
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Appendix F

TGA/DSC derivative graphs
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F1: TGA/DSC first derivative graph of complex 3
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F3: TGA/DSC first derivative graph of complex 14
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