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Abstract

llinesses caused by microbial species, such as Mycobacterium tuberculosis (M. tb) are
one of the leading the causes of mortality worldwide!l. The emergence of drug-
resistant strains of microbes has led to an urgent demand of novel antibiotics.
Derivatives of 1,10-phenanthroline (phen) and their metal complexes have been

shown to possess antimicrobial effects?.

The first part of research carried out in this study involves synthesis and
characterisation of oxazine-based derivative of phen and its Ag(l), Cu(ll) and Mn(ll)
complexes. The antimicrobial effects of this ligand and its metal complexes were
studied using a Gram-positive (Staphylococcus aureus) and Gram-negative
(Escherichia coli) bacteria and a fungal (Candida albicans) strain. In addition, lipophilic
derivatives of the oxazine-based phen derivatives and its Cu(ll) complexes were also
prepared, characterised and screened against Gram-positive bacterial strain. The
toxicity of all of these ligands and their complexes was also studied using the greater
wax moth larvae Galleria mellonella. The Cu(ll) complexes were the most active
towards the Gram-positive bacteria and the increase in lipophilicity, up to a certain
point, displayed an increase in antibacterial activity of the ligand and its Cu(ll)
complex. The Ag(l) complex was the most active towards the fungal strain. The
compounds tested did not display promising activity towards the Gram-negative

bacterial strain. All compounds tested were well tolerated by Galleria mellonella.

Second part of this research focuses on targeting M. tb by derivatising isoniazid (INH)
through Schiff base condensation. A phen-based hybrid of INH is prepared and
complexed to Ag(l), Cu(ll) and Mn(ll) metal ions and the ligand and metal complexes
were characterised. The antimycobacterial activity of this ligand and its metal
complexes was studied against a drug susceptible and three drug resistant strains of
M. tb. The broad-range antimicrobial activity of this ligand and its metal complexes
was also studied against Gram-positive (Staphylococcus aureus), Gram-negative
(Pseudomonas aeruginosa) and fungal (Candida albicans). The toxicity of these
compounds toward the mammalian cell line A549 was also examined. All of the

compounds generated displayed promising antimycobacterial activity towards all



strain of M. tb and presented Sl values >10. The Ag(l) complexes displayed excellent

broad range antimicrobial activity.
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Introduction



Chapter Structure

This chapter has been designed with the intention of introducing key concepts upon
which the scientific work is based. The aim of this chapter is to acquaint the reader
with the clinical relevance of bacterial infections and how to tackle these infections
by modification of phen to form potent antibacterial agents and to enhance their
activity via metal complexation to offer multiple modes of action to achieve

antibacterial activity. The chapter is composed of three main sections:

1. Bacteria, bacterial infections and current treatments: This involves an

introduction to the microorganisms known as bacteria, their classification as
Gram-positive and Gram-negative with the use of Gram-staining, and the
mechanical structural differences between these two classes. Mycobacteria
(which cannot be classified by the Gram staining method) is also introduced.
Examples of bacteria belonging to each class, infections caused by these
bacteria, the current treatments employed in the clinical settings to treat
these illnesses, and the emergence of resistance to these antibiotics is also
discussed.

2. Antibacterial activity of metal complexes: An overview of research published

on antibacterial activity of Cu(ll), Ag(l), Mn(ll) metal ions, and their complexes
is outlined. The antibacterial activity of phen, its derivatives, and their
respective metal complexes is summarised along with the mechanisms of
action employed by these metal complexes.

3. Mycobacterium tuberculosis and anti-tubercular agents: An introduction to

M. tb is given along with the current regime of first-line drugs utilised to target
tuberculosis. The remainder of the section is focused on INH (a potent first-
line drug), its mechanism of action, the development of resistance by M. tb
towards INH, and strategies utilised to modify INH i.e. Schiff-base formation
and metal complexation, to overcome isoniazid resistance. The
antimycobacterial activity of phen, its derivatives, and their metal complexes
is also outlined along with the antimycobacterial mode of action of one

derivative of phen.



1.1 Bacteria, Bacterial Infections and Current Treatments

1.1.1: Introduction to Bacteria

1.1.1.1: Bacteria

Bacteria belong to prokaryotic microorganism domain and are considered to be
amongst the earliest organisms to appear on earth3. These microorganisms are the
most diverse and abundant form of life on earth, with billions of bacterial cells in
nearly every square meter of soil, water and air®. Over the millennia these simple
unicellular organisms have evolved to inhabit even the harshest of environments and
can be found in acidic hot springs, radioactive waste®, and deep portions of the

earth’s crust.

Bacterial cells are usually 0.5 — 5.0 um in length, about one tenth of eukaryotic cells,
and can adopt a number of morphologies depending on their environment, cell wall
and cytoskeleton®. The most common shapes of bacteria are spherical, called cocci,
or rod-shaped, called bacilli, or spirals, called spirilla if they are rigid or spirochetes if
they are flexible’. Though many bacterial cells exist as single cells; some can grow as
doublets (such as Neisseria), or chains (such as streptococci which causes strep
throat), or clusters in the shape of grapes (such as staphylococci which causes food

poisoning), and even further complicated structures.

1.1.1.2: Applications of Bacterial Organisms

Due to their vast diversity and biological functions, bacteria play vital roles in a myriad

of industrial, environmental, medical, and research processes:

e Inthefoodindustry bacteria such as Lactococcus lactis are used to make dairy
products such as buttermilk, yogurt, and cheese via fermentation. Through
the same process, many food products can be preserved in their pickled

formé.



e In the sewage industry bacteria are used for bioremediation: biological
cleansing of the environment. Bacteria break down organic and inorganic
matter in the sewage through both aerobic and anaerobic processes®. Under
aerobic conditions, bacteria are responsible for nitrification and phosphorus
removal'®, and under anaerobic conditions bacteria removes nitrates from

sewage via reduction of nitrates to dinitrogen gas*'.

e Recent studies have shown that certain bacterial species can also be used to
clean up oil spills2. In the same way, different strains of bacteria are utilised
to recover precious metals such as gold and palladium and are now even

being considered for bioremediation of radioactive waste?!3.

e In the environment bacteria act as decomposers, digesting organic remains
via biochemical reactions necessary for the ecosystem to provide important

nutrients such as the products from the nitrogen cycle and the carbon cycle3.

e Dueto the ability of certain bacteria to grow at exponential rates with relative
ease, genetic engineering and molecular biology has developed methods to
alter bacterial DNA for the purpose of researching the results of gene
modification. These techniques can be exploited to produce beneficial natural

products such as insulin, growth factors and antibodies*.

With other living organisms, bacteria can form symbiotic relationships which can be:
1) mutualistic, where both organisms benefit e.g: release of vitamins K and B1, from
bacteria in human intestines; 2) commensalistic, where only one organism benefits
e.g: Streptococcus pyogenes in the nose favours the bacteria without causing harm
to the host; 3) parasitic, where one organism benefits but harms the other organism

e.g: Vibrio cholerae causes cholera®®.

Though the majority of bacterial species can be used for our benefit, pathogenic
bacteria have once again recently become a cause for major concern worldwide.
With the discovery of multidrug resistant (MDR) strains of bacteria such as
methicillin-resistant  Staphylococcus aureus (MRSA), multidrug resistant

Mycobacterium tuberculosis (MDR-TB), “pan-resistant” strains of Pseudomonas



aeruginosa and Acinetobacter baumanii, there is an immediate necessity for

development of novel therapeutics®®.

1.1.2: Classification of Bacteria by Use of Gram Stain

1.1.2.1: Cell Envelope and Gram Stain

One of the key components of the bacterial cell envelope (the cell wall and associated
membranes) is peptidoglycan, a polymer of B 1->4 linked derivatised sugars, N-
acetyl-D-glucosamine, and amino acid, N-acetylmuranic acid, extensively cross-
linked by short peptide bridges'’'8. Peptidoglycan helps maintain the structural
shape of the cell, providing strength, rigidity, and osmotic stability. Depending on
the thickness of this peptidoglycan layer, the bacterial cell can either retain or lose
the crystal violet dye, a technique developed by Hans Christian Gram to distinguish
between bacterial cells'®. Gram-positive bacteria, such as Staphylococcus aureus (S.
aureus), have a peptidoglycan layer of 30 — 100 nm in thickness?® which retains the
crystal violet dye. On the other hand, Gram-negative bacteria have a peptidoglycan
layer of 2 — 3 nm thickness?! and are not capable of retaining the dye. Most bacteria
can be categorized into either of the two classes as Gram-positive or Gram-negative

based on the outcome of this test.

The structural differences between the cell envelope of Gram-positive and negative

bacteria can be seen in Figure 1.
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Figure 1: Structural components of Gram-positive and Gram-negative bacterial cell envelop?°: CAP (covalently
attached protein); IMP (integral membrane protein); LP (lipoprotein); LPS (lipopolysaccharide) LTA (lipoteichoic
acid); OMP (outer membrane protein); WTA (wall teichoic acid).

1.1.2.2: Gram-positive Bacteria: Staphylococcus aureus (S. aureus)

Due to their thicker mesh of peptidoglycan layer, Gram-positive bacteria are
structurally very strong (Figure 1). During the Gram-stain test, once the crystal violet
dye precipitates inside the cell it can no longer exit the cell during the decolourization
stage due to the small pore size of the peptidoglycan mesh®®. Embedded in the
peptidoglycan layers are teichoic acid (TA) which are acidic polymers of glycerol
phosphate, ribitol phosphates or glucosyl phosphates!’. These TAs can be found
either in the peptidoglycan, known as wall teichoic acids (WTA) extending
perpendicularly to the cell wall, or appended onto the cell membrane, known as
lipoteichoic acids (LTA)%. These TAs serve the Gram-positive cells in many different
essential biological functions, majority of which can be classified as: 1) protection; 2)

biomolecule regulation and; 3) binding to receptors and surfaces??.

The presence of the phosphate groups of the WTA and LTA provide an anionic net
charge, leading them to be described as “continuum of anionic charge”?°. Due to this,

they regulate the cationic uptake by actively binding to the cations?3, which then in



turn effects the rigidity and porosity of the cell wall. Cationic peptides have been
shown to selectively disrupt biological functions of bacterial cell versus mammalian
cells due to their ability to bind to the inherent anionic nature of bacterial cell walls?*,
By the same token, it can be postulated that cationic metallodrugs could also target
bacterial cell due to their cationic nature?>. Interestingly, modifications of the TAs via
insertion of amino acids (D-alanine) or other cationic biomolecules to lower the
overall anionic net charge have been observed to lead to resistance to cationic
antibiotics such as vancomycin?®. Furthermore, due to the lipophobic nature of the
TAs, the bacterial cells gain resistance towards highly lipophilic antibacterial fatty
acids, such as those released from the human skin and thus allowing Gram-positive

bacteria to thrive on human skin?’.

S. aureus belongs to the staphylococci genus which are Gram-positive cocci bacteria
that form grape-like clusters (Figure 2) due to their ability to grow in multiple planes3.
They are non-motile and can be found on the skin, the nasal cavity, the lower
reproductive tract of women, and the respiratory tract of ~30% healthy humans?82°,
Although these bacteria exist in a commensal relationship with humans, they are
classified as pathogens due to their ability to form colonies and infect both immuno-

competent and immune-depressant hosts3°.
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Figure 2: Morphology of S. aureus?
In the majority of cases, S. aureus is prevented from causing infections by the skin
and mucous membrane. However, if these are breached (by cuts, surgery or trauma)
and the bacteria is allowed to enter through these cavities then it can lead to abscess
lesion or septicaemia once it enters the blood or lymphatic channels3'32. Diseases

caused by S. aureus typically can be categorized into33:
e Food poisoning.

e Bacteremia: blood stream infections such as ineffective endocarditis, septic

arthritis that are considered life-threatening.

e Skin Infections: these include impetigo, boils and soft-tissue infections. In
young children staphylococcal scalded skin syndrome, caused by exfoliative
toxins of S. aureus, is a major concern and causes major damage to the

epidermal layer of the skin34.



e Bone infections: bone-joint or metal-biomaterials in the body can be
infected by S. aureus to lead to serious and even life threatening conditions

such as osteomyelitis3>,

¢ Implant Infection: The outermost surface of the S. aureus is embedded with
adhesins which adhere to proteins found in plasma and extracellular matrix.
Due to this, S. aureus is a major cause of concern because of its ability to

form biofilms on implants leading to serious infections3°.

Since S. aureus can be found on healthy humans in such a high abundance, it is no
surprise that this opportunistic pathogen becomes such a grievous threat in
environments such as hospitals where there is an abundance of immuno-depressant
patients. Furthermore, due to the gathering of such various strains of S. aureus
present concurrently, the formation of antibiotic-resistant strains of the bacteria is
also very likely3®. This is further supported by the fact that S. aureus is the second

biggest contributor to nosocomial infections®’.

The treatment for mild S. aureus infections is to prescribe penicillin which is from the
family of B-lactams (Figure 3) and acts on the disruption of peptidoglycans by binding
to penicillin-binding proteins (PBPs) and thus inhibiting cell wall synthesis. However,
in the majority of cases the effect of penicillin is greatly reduced due to the
emergence of penicillin resistance strains that produce B-lactamase. Due to this, the
majority of B-lactam containing antibiotics have been rendered inefficient against S.
aureus. Furthermore, the most troublesome strain of S. aureus is the methicillin-
resistant strain MRSA as it produces a specific PBP, the PBP2" which allows the

synthesis of the cell wall in the presence of B-lactam antibiotics32.
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Figure 3: chemical structure of B-lactam based antibiotics



Currently, vancomycin (Figure 4) is the drug prescribed for MRSA infections and it
inhibits the peptidoglycan cross-linkage formation by binding to amino acids found
in the peptidoglycan layers3°. However, with the ability to form resistance to
antibiotics that S. aureus possesses, it is no surprise then that there are already
reported cases of vancomycin resistant strains of S. aureus®. Furthermore, in the
majority of cases genes responsible for the resistance mechanism can be found on
the plasmids. This leads to rapid spread of resistance to other bacteria, and therefore
it is only a matter of time before the resistance to vancomycin becomes a common

issue?C,
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Figure 4: structure of vancomycin

1.1.2.3: Gram-negative Bacteria: Escherichia coli

Gram-negative bacteria possess a thinner peptidoglycan layer without the presence

of TAs and yet, their cell envelope is even more complicated (Figure 1). There are
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three main components of a Gram-negative cell envelop: 1) The outer membrane

(OM); 2) the peptidoglycan layer and; 3) the inner membrane (IM)2°.

The OM consists of, in most cases, an outer layer of lipopolysaccharides (LPS) and an
inner layer of bilayer phospholipids. The OM serves to provide a protective layer of
resistance towards the host-defence by inhibiting the effects of lysozymes, B-lysins,
and various white blood cell proteins®'. Additionally it acts as a strong permeability
barrier, regulating the influx of dangerous substances such as hydrophobic
antibiotics*?. The LPS consist of the polysaccharide O-antigen, an oligosaccharide
core, and fatty acid chains appended onto a phosphorylated glucosamine
disaccharide which is an endotoxin known as lipid A*3. The LPS fragments are also
what make the Gram-negative bacteria more toxic towards human as the release of
lipid A, following the lysis of the bacterial cell envelope causes fever, diarrhoea and
possibly a fatal endotoxic shock. Furthermore, the LPS layer is more abundant in fatty
acid chains than the typical phospholipid bilayer of the bacterial cell and thus it can
be considered much more hydrophobic in nature. The anionic phosphoric terminals
also bind very strongly to divalent cations, leading to formation of cross-bridges with
neighbouring LPS molecules*. Due to the formation of these hydrophobic cross-
bridges, the OM of Gram-negative bacteria inherently possess resistance towards
hydrophobic antibiotics. However, chelating agents such a
ethylenediaminetetraacetic acids (EDTA) which can compete for the LPS bound
cation lead to severe disruption of the OM and allow for antibiotics to damage the

cell organelles®.

In addition to the LPS and the bilayer phospholipids, the OM also contains proteins.
Some of the OM transmembrane proteins (Omps), such as porins, OmpF and OmpC
are responsible for the passive diffusion of small molecules such as sugars,
nucleosides, amino acids, phophates, and other essential ions across the OM*2. Due
to the ability of small hydrophilic molecules to pass through porins, it is no surprise
then that antibiotics such as B-lactams are allowed to pass through the OM using
these channels*®. However, in recent studies there are two major ways in which
antibiotic resistance has occurred by alteration of porin channels: 1) loss/reduction

in the number or replacements of porin channels which allow for antibiotic diffusion
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and; 2) alteration of channels to reduce permeability?’. This combined with the fact
that LPS offer resistance towards hydrophobic antibiotics is one of the reasons why

the OM is such an excellent protective barrier.

The OM is appended onto the peptidoglycan layer by the Braun’s lipoprotein“®, and
the peptidoglycan layer is somewhat similar to the Gram-positive layer but much
thinner and lacking in TAs. The peptidoglycan layer is also suspended in an aqueous
cellular compartment known as the periplasm which is sandwiched between the OM
and the IM. The periplasm is the evolutionary advantage of Gram-negative bacteria,
assisting in the undertaking of important functions such as protein transport,
sequestration of toxic enzymes, peptidoglycan synthesis, and resistance to cationic

antimicrobial peptides®.

The final layer of the cell envelope of the Gram-negative bacterium is the IM. The IM
is a phospholipid bilayer housing proteins necessary for energy production, lipid
biosynthesis, protein secretion, and transport?°, With the combination of properties
of these components, the cell envelope of Gram-negative bacteria possesses an
intrinsic resistance towards antibiotics to a much greater extent than Gram-positive
bacteria. However, this alone is not the only factor attributing to the resilience of the
Gram-negative bacteria as the half-equilibrium times, i.e the time taken for the
concentration of antibiotics in the periplasm to reach >50% of the extracellular
concentrations, are 10-30 seconds for many species®®. Many recent studies have
shown that the extra intrinsic resistance of Gram-negative bacteria can be attributed
to the multiple-drug efflux pumps®®. Efflux pumps are made up of various individual
protein components, spanning the cell envelope, and have been known to pump
toxic molecules from the cell into the surrounding environment and can be found in

both Gram-positive and Gram-negative bacteria?®>2,

Efflux pumps can be categorized into 5 types depending on the number of
membranes they transverse, their energy source, the substrates they efflux and the
components they possess (Figure 5). The four pumps are known as the major
facilitator superfamily (MFS), adenosine triphosphate binding cassette superfamily
(ABC), the small multidrug resistance family (SMR), and the multidrug and toxic

compound extrusion family (MATE), pump substrates across IM and can be found in
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both Gram-negative and Gram-positive bacteria®3. The fifth efflux pump type is the
resistance-nodulation-devision (RND) and is a tripartite complex (three protein
component) that traverses both the IM and OM, can be found only in the Gram-
negative bacteria. The RND efflux pumps are responsible for the projection of
harmful substances from the cytosol and periplasmic membrane into the
surrounding media outside the OM>4%, and have been found to be associated with
causing resistance towards multiple antibiotics®>. Due to the abilities of these
multicomponent pumps to excrete drugs outside the OM, these pumps work
synergistically with the OM barrier of the Gram-negative cell envelope to lower the
periplasmic and cytoplasmic concentrations of harmful substances by out-pacing the

spontaneous influx of these substances>’.

RND SMR MEFS MATE ABC
EXTRACELLULAR
MEDIA
PERIPLASM
i @ Antibiotic @ o> & @ ADP+Pi

Figure 5: The main types of efflux pumps>>.
Escherichia coli (E. coli) is classified as a Gram-negative bacterium that can be found
in the lower intestine of healthy humans as a commensal bacterium. Although most
strains of this bacteria are non-threatening and can even provide benefits to healthy
humans such as production of vitamins and the prevention of colonisation of other
harmful anaerobic microbes, some strains can be pathogenic and even lead to life-
threatening conditions. It is the most commonly studied bacteria and its strains can

be divided up into 3 main categories®: 1) commensal: these are found as part of the
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gut flora and they only cause infection in the case of abdominal damage; 2)
diarrhoeagenic: these cause diarrhoea; 3) extraintestinal pathogenic E. coli (EXPEC):
these are capable of surviving under sterile conditions of extraintestinal sites and
these are the main cause of extraintestinal infection. Some of the common illnesses
associated with E. coli infections include acute inflammation, diarrhoea, epididymo-
orchitis, hemorrhagic colitis, myositis, neonatal meningitis, osteomyelitis,
septicaemia, urinary tract infections, and some fatal illnesses such as haemolytic
uremic syndrome (HUS) and thrombotic thrombocytopenic purpurea>®>’. From a
public health point of view, the 0157:H7 strain is possibly of the greatest concern.
This strain produces a toxin known as SHIGA toxin which causes destruction of red
blood cells, leading to complications in the blood filtration system in the kidney and

causing HUSS,

1.1.2.4: Gram-variable Bacteria: Mycobacterium tuberculosis

Gram-variable bacteria are a group of bacteria that cannot be conclusively classified
as Gram-positive or Gram-negative by the Gram stain method. This group of bacteria
are known as Corynebacterineae, and consist of clinically relevant pathogens such as
M. tb and some from Nocardia family?°. These bacteria are referred to as acid-fast
bacteria due to their resistance to the decolourization step carried out by alcohol

and/or acid wash.

The resistance towards the acid/alcohol decolourization process can be attributed to
the structure of the cell envelope of these bacteria. Just like Gram-positive bacteria,
acid-fast bacteria are encapsulated by a cytoplasmic membrane with a thick
peptidoglycan layer attached. However, unlike Gram-positive bacteria, these
bacteria have arabinogalactam polysaccharides covalently linked to the
peptidoglycan mesh and further mycolic acids attached to the arabinoglalactam via
esterification®®. These mycolic acids are extremely lipophilic and give the outer layer
of the cell envelope a waxy appearance. In addition, these mycolic acids give these
acid-fast bacteria an OM (unlike Gram-positive bacteria), however, this OM s

symmetrical and significantly different from the OM of Gram-negative bacteria®.
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Due to the presence of characteristics from both Gram-positive and Gram-negative
cell envelop, the classification of acid-fast bacteria can be quite difficult by use of the
Gram stain alone. An alternative staining method known as the Ziehl-Neelsen stain is
used. This staining method utilises Carbol Fuchsin as a staining agent which stains all
strains of bacteria. However, when the cells are treated acid/alcohol solution, it is

retained only by acid-fast bacteria due to their thick, waxy lipid layer.

An example of acid-fast bacteria is M. tb, which is the causative agent of tuberculosis
(TB). Introduction to this pathogen, the antibiotics used for treatment of TB,
emergence of resistance, and strategies to overcome resistance are outlined in

Section 1.3.

1.1.3: Current Antibacterial Agents and Emergence of Resistance

1.1.3.1: Antibacterial Agents

Currently, bacterial illnesses can be combated with drugs known as antibiotics.
Antibiotics can be bactericidal, whereby they kill the bacteria, or bacteriostatic,
where they stop the bacteria from growing. Antibiotics typically target the bacterial
cell via any of 5 strategies: 1) DNA synthesis, 2) RNA synthesis, 3) protein synthesis,
4) cell wall synthesis and, 5) intermediary metabolism®. Currently prescribed

antibiotics can be categorized into the following classes (Figure 6)°%2:

1. Aminoglycosides: These broad-spectrum antibiotics are made up of
aminated sugars appended onto a dibasic cyclitol by glycosidic linkages.
Their mode of action is to bind to prokaryotic ribosome and thus prevent
bacterial protein synthesis®3. These agents pass through the OM of Gram-

negative bacteria by disrupting the Mg?* cross-bridges of the LPSs.

2. B-lactams: antibiotics from this family inhibit the formation of the
peptidoglycan cross-linked network by inhibiting PBPs. Antibiotics
containing B-lactams can be be placed into four categories: carbapenems,

cephalosporins, monobactams, penicillins. Of these four the carbapenems
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are the most potent broad-spectrum agents against Gram-positive and
Gram-negative bacteria. These are often the last resort treatment. They

bind to multiple PBPs and inhibit their function®*,

Fluoroquinolones: These antibiotics belong to the quinolones class and
their mode of action for their antibacterial activity relies on the quinolone
to bind to the DNA complex, preventing it from unwinding and

duplicating®.

Glycopeptides: The primary target for these antibiotics (such as
vancomycin (Figure 4)) is the inhibition of the bacterial cell wall formation

by inhibiting the peptidoglycan biosynthesis®>.

Macrolides: These drugs contain a macrocyclic lactone ring of 12 or more
elements and are used against bacterial infections caused by Gram-
positive bacteria. These drugs inhibit protein synthesis by binding to a

ribosomal subunit and thus leading to a halt in the growth of the cell®®.

Oxazolidinones: These relatively new antimicrobial agents have shown
great activity toward even methicillin-resistant strains of bacteria. They
inhibit the initiation of protein synthesis by binding to the 50S ribosomal

subunit®’.

Polypeptides: These peptides, for example dactomycin, have displayed
activity against both Gram-positive and Gram-negative bacteria. They
inhibit the transfer of cytoplasmically produced peptidoglycan precursors

to bactoprenol pyrophosphate®®.

Rifamycins: Rifamycins are composed of an aromatic scaffold bridged at
nonadjacent positions by an aliphatic chain to give rise to basket like
molecular structure e.g. rifampicin (Figure 18). These antibacterials bind to

the RNA polymerase to inhibit the DNA-dependent RNA synthesis®.

Sulfonamides: These broad-spectrum antibiotics of low toxicity and high

potency act by disrupting the folic acid synthesis within the bacterial cell”°.
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10. Tetracyclines: These broad-range antibiotics exhibit antibacterial activity
against a number of Gram-positive and Gram-negative bacterial species by

inhibiting protein synthesis’?.
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Figure 6: Chemical structure of common clinical antibiotics

Modern antibiotics were first introduced in 1943 with the Food and Drug Association
(FDA) approval of penicllin, although Sir Alexander Flemming had discovered it in

1928 and already began studying its therapeutic activity. Even though the

18



introduction of this “magic bullet” initiated the “antibiotic era” where infectious
diseases that had been the leading cause of mortality world-wide for centuries could
now finally be controlled, unfortunately, even as early as 1942 there were reports of
penicillin-resistant Staphylococcus strains observed in patients’?2. Faced with the
challenge of eradicating infectious illnesses, there were great strides made to tackle
any new microbial infections including the antibiotic resistant strains. Unfortunately,
with the discovery and development of each antibiotic, the discovery of a resistant
strain soon followed, even to the extent that there exists a resistant strain for nearly
all antibiotics (Figure 7)’3. As an example from Gram-positive bacteria, MRSA has
been a cause for concern worldwide. In America, it alone is responsible for more

deaths than HIV/AIDS, Parkinson’s disease, emphysema, and homicide combined?’3.
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ANTIBIOTIC RESISTANCE ANTIBIOTIC
IDENTIFIED INTRODUCED

Penicillin-R Staphylococcus 1940 —
—— 1943 Penicillin

—— 1950 Tetracycline

—— 1953  Erythromycin

Tetracycline-R Shigella 1959 ——
Methicillin-R Staphylococcus 1962 —

—— 1960 Methicillin

Penicillin-R pneumococcus 1965 —

Erythromycin-R Streptococcus 1968 —— 1967 :Gantaraicin

—— 1972 Vancomycin

Gentamicin-R Enterococcus 1979 —

— 1985 Imipenem and

Ceftazidime-R Enterobacteriaceae 1987 — ceftazidime
Vancomycin-R Enterococcus 1988 ~
Levofloxacin-R pneumococcus 1996 —— 1996 Levofloxacin
Imipenem-R Enterobacteriacecae 1998 —
XDR tuberculosis 2000 —— 2000 Linezolid
Linezolid-R Staphylococcus 2001 —

Vancomycin-R Staphylococcus 2002 — .
PDR-Acinetobacter and Pseudomonas 2004/5 — 2003 Daptomycin
Ceftriaxone-R Neisseria gonorrhoeae 2009 — :

PDR-Enterobacteriaceae / 2090  Cefaroline

Ceftaroline-R Staphylococcus 2011

PDR = pan-drug-resistant; R = resistant; XDR = extensively drug-resistant

Dates are based upon early reports of resistance in the literature.
In the case of pan-drug-resistant Acinetobacter and Pseudomonas,
the date is based upon reports of health care transmission or
outbreaks. Note: penicillin was in limited use prior to widespread
population usaae in 1943

Figure 7: Timeline of development of antibiotics and the discovery of resistant
strains’3.
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1.1.3.2: Development of Resistance towards Antibiotics

The resistance of microbial species to a harmful substance is a natural process,
required by the bacteria for survival. However, accelerated emergence of antibiotic
resistance in the clinical setting can be ascribed to the following factors: 1) over use
and misuse of antibiotics; 2) use of antibiotics extensively in the agricultural industry;
3) transmission of resistance from intrinsically resistant species’4. Once there exists
at least one bacterium capable of resisting the effects of the antibiotic, it will survive
while the susceptible bacterial cells will die. This bacterium can then reproduce to
propagate the antibiotic-resistance mechanism and disseminate it to other

bacteria’>.

The actual mechanisms employed by resistant strains of bacteria at the cellular level
can be classified into three major categories depending on the antibiotics and their

respective mode of action’®:

1. Reduced antibiotic intake and increase efflux: many resistant forms of

bacteria will modify their cell envelope to prevent the antibiotic from
reaching its substrate. There are generally two mechanisms involved with this

strategy:

a. Reduced permeability: for example, the loss/reduction/modification

of porin channels to prevent the uptake of antibiotics””.

b. Increased efflux: as mentioned in the Section 1.1.2.3, the emergence
of efflux pumps and in particular multidrug efflux pumps have resulted

in decreased intracellular concentrations of antibiotics.

2. Deactivation of the antibiotic: By changing the chemical structure of the

antibiotic, the resistant bacterial strains can often completely deactivate the

antibiotic. Bacteria can do this by:

a. Modification of the antibiotic: for example, acylation of INH to
produce a deactivated form of the antibiotic (Section 1.3.1.2). Other

methods include: phosphorylation and adenylation’2.
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b. Destruction of the pharmacophore of the antibiotic: by degrading the
active functional group of the antibiotic, the resulting derivative can
no longer have a potent effect. An example of this is the B-lactamase
that cleaves the amide bond of B-lactams and thus deactivating the

antibiotic’8.

3. Modification of the target site/molecule: By altering the target of the

antibiotic, the antibiotic can no longer carry out a detrimental function to the
bacteria or prevent biochemical functions necessary for cell survival. The

target can be protected”® or modified®.

The formation of biofilms by bacterial population, homogeneous or heterogeneous,
is another mechanism employed by microbes to form protective measures against
antibiotics and other harmful substances. Biofilms can be defined as a consortium of
microorganisms implanted in a self-produced extracellular matrix, composed of
extracellular polymeric substances (EPS), adhered to either an abiotic or biotic
surface®!. Biofilms can be found in everyday surfaces, e.g. formation of plaque on the
enamel of teeth3, and are a major cause of concern in clinical setting for causation of
infections. These infections can be device-related, where the implantation of a device
such as catheters or prosthetics provide the surface for biofilm formation, or non-
device related, such as the formation of biofilms on surfaces like teeth leading to

illnesses like periodontitis®?.

Biofilm formation occurs in 4 generalized steps depicted in Figure 8: 1) adherence of
planktonic cell to an inert surface, 2) multiplication of the immobile adhered cell, 3)
maturation of the biofilm architecture and, 4) dispersion of the microbial cell from
the biofilm, and with the final step, the dispersed cells are released to form further
biofilms®3. The formation of biofilms offer resistance to the bacterial cell from various

antibiotics® and can be attributed to the following factors®:

e Reduced permeability: The EPS of the biofilm forms a matrix of proteins,

polysaccharides, DNA molecules, RNA, lipids, ions, and water®*. Antibiotics
are often retained in this matrix and can no longer effectively penetrate into

the bacterial cell.
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e Environmental factors within biofilm: The subterranean layers of the biofilm

possess characteristic environmental factors such as lack of oxygen, pH
changes, deactivating enzymes, etc. Under these physiological changes,

certain antibiotics are rendered ineffective.

e Phenotype Diversity: Due to the diversity of the bacterial colonies, and the

fact that gene transfer is an occurring phenomenon within biofilms, genes
responsible for defence mechanisms such as efflux pumps are easily
transmitted between the various bacterial cells, leading to formation of

resistance in the overall population.

e Persister cells: Within biofilms, there exist a population of cells that are
metabolically inert in that they don’t grow and hence require less nutrients.
Furthermore, they enhance their defensive mechanisms toward harmful
agents which in turn leads to reducing their effectiveness towards these
cells. In addition, once the planktonic cells within the biofilm are effected by
the antibiotics, these persister cell replicate and regenerate the biofilm

population®3,
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Figure 8: The four stages of biofilm formation®*
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1.2: Antibacterial Activity of Metal Complexes

1.2.1: Metals in Medicine

Metals have been utilised for their medicinal activity for over 5000 years®. The birth
of inorganic medicinal chemistry is attributed to the discovery of the arsenic-based
therapeutic agent for treatment of syphillis, named salvarsan. This was discovered
by Paul Ehrlich in his vision of producing a “magic bullet”, which can selectively target
pathogenic cells over healthy human cells®’. Despite this, it was the discovery of cis-
platin by Barnett Rosenberg as a successful anticancer agent which heralded the
boom of metal-based drugs in clinical applications. Nowadays, metal-based
complexes are being investigated for their applications in®7° : 1) anticancer agents
(Pt(11/1V), with investigation into anticancer activity exhibited by V(IV), Nb(V), Mo(ll),
Fe(l1/111), Ge(IV), Sn (IV), Cu(ll), Ag(l) and Ru(ll/Ill)); 2) antiarthritic agents (Au(l)); 3)
antiulcer agents (Bi(V)); 4) antimicrobial agents (As(ll), Ag(l), Zn(ll), Cu(ll), Ni(ll),
Fe(lI/111), Mn(ll) and Co(ll)); 5) antidiabetics (V(IV)); 6) antiviral agents (Co(lll), Hg(Il));
7) cardiovascular treatment (Fe(ll), Mn(ll), Ru(ll)); 8) psycho-therapeutics (Li(l)); 9)
photodynamic therapy (Sn(IV), Lu(lll)); and 10) radiopharmaceuticals (Tc(V)) MRI

contrast agent (Gd(lll)).

Application of metals in medicinal chemistry is derived from the biological
importance of metals in the functions of life®®. For example, Fe and Mn ions are
essential components of haemoglobin and chlorophyll respectively. Metal ions of Zn,
Cu, Fe and Mn are found in proteins, functioning as metalloenzymes where the
catalytic activity of these enzymes is paramount on the presence of the metal
centres. These metals are also the target for quite a few organic drugs/prodrugs, that
either inhibit the functions of these metals or utilise their activity to form active
therapeutic agents8. Often the presence of these metals at the wrong place, at the
wrong concentration, can also lead to detrimental effects for the life-cycle of the cell.
For these reason, incorporation of metals by way of coordination to suitable ligands
often leads to significant therapeutic biological activity and offers various modes of

action against illnesses®..
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1.2.1.1: Copper and its Complexes as Antibacterial Agents

Copper (Cu) exists predominantly in biological systems in either Cu(l) or Cu(ll)
oxidation states and is involved in critical biological enzymatic functions such as those
of superoxide dismutase (SOD), cytochrome c¢ oxidase, tyrosinase, and more®2.
Although excessive levels of Cu can be detrimental to human health, it is still more
tolerable than the majority of transition metals, making it an excellent candidate for
metal complexes designed as therapeutics. Indeed, copper complexes have been
reported for their anticancer®®, anti-inflammatory®®, antibacterial®>, DNA
intercalation®®, nuclease mimetic®’”, SOD mimetic®®, antifungal®®>, and

radiopharmaceutical applications®>1%.

Certain biochemical processes associated with the presence of copper can be
employed for their therapeutic activity. Copper is involved in disruption of
metalloproteins'®!, generation of reactive oxygen species (ROS)'°?, disruption of
membrane integrity!%31%4 carrier of charged species!®, etc. It is no surprise then that
the use of copper by macrophages as a form of “brass dagger” to expose microbes
to excess copper is a defence mechanism employed by hosts for antibacterial
effects!®. The effect of excess copper can lead to reduction of the pathogenic effect
of bacteria, for example in S. aureus, virulence factors are reduced and the ability to

form biofilms is significantly reduced due to copper stress??’.

Although copper is an essential metal required for the cell cycle, even by bacteria, it
has to be carefully regulated due to its toxicity highlighted above. Bacteria can cause
the sequestration of copper, use enzymes for detoxification and employ efflux
mechanism for the homeostasis of copper found inside and outside the cell'%, Due
to this, metal complexes of copper are of major interest as a delivery method to allow
for the passage of the metal through the bacterial cell envelope and possibly to

important targets such as DNA.

The formation of an active metal complex could be carried out with the use of a
ligand which possess biological activity as well as a ligand which does not possess
biological activity. In the case where the ligand does not possess any therapeutic
activity, the function of the ligand could be to facilitate the uptake of the metal ion
by the cell®, In this case, the lipophilic ligand masks the non-lipophilic nature of the
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metal and allows the passage of the metal through the lipophilic cell envelope and at
the same time prevents the sequestration of the metal ion by the anionic groups
found in the cell envelope and enzymes. In the case where the metal complex is
formed through chelation with a biologically active ligand, the metal could serve

either or both of the following purposes:

1. mask any of the non-lipophilic functional groups of the ligand through
complexation: An example of such can be seen with the enhanced activity of
some sulfamides when complexed to Cu(ll) compared to the free
sulfamides!!®. In this case, the active form of the sulfamides are the anionic
form, which encounter difficulties when permeating through the cell envelop.
However, with metal complexation, this anionic functionality is masked and

allowed to permeate into the cell®'.

2. work with the ligand in a synergistic fashion, where the activity of the ligand
and the metal being expressed in tandem leads to greater effects than the
activity of each individually combined. An example of such is the
[Cu(phen);]?* complex, where the phen ligand binds the complex to the DNA
in an intercalative fashion and the Cu(ll) ion is responsible for the DNA

nuclease activity of the metal complex®’.

Using metal complexation to mask the lipophobic groups and enhance the
lipophilicity of the complex to facilitate the uptake of either the metal or the ligand
is based upon Overtone’s concept of cell permeability and Tweedy’s chelation
theory!!. Overtone’s rule states that: “entry of any molecule into a cell is governed
by its lipid solubility”!?, based on the hypothesis that the cell wall consists of
lipophilic components and thus, the greater the lipophilicity of an agent, the greater
is its ability to permeate across the cell wall. Since the cationic metal struggles to
permeate through the cell wall according to Overtone’s rule, Tweedy’s chelation
theory states that the polarity of the metal ion can be reduced by complexing the

metal to a lipophilic ligand.
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1.2.1.2: Silver and its Complexes as Antibacterial Agents

The antimicrobial activity of silver has been known as far back as 300 BC, and its
selective toxicity towards microbial cells as opposed to mammalian cells made it a
focus in the late 1800s as a potential antimicrobial agent!*3. Although the use of silver
displayed promising results, it was replaced by the advent of even less toxic
antibiotics such as penicillin in the 1940s. With the emergence of MDR strains of
bacteria, the majority of these antibiotics are being rendered ineffective. However,
silver continues to display sufficient efficacy towards the sensitive and resistant
strains that are now plaguing the clinical setting!'4. Although resistanance towards
silver has been observed!®®, the instances where this is the case are very rare and
indeed a benefit of using silver on top of its broad-spectrum antimicrobial activity'®
is that it is observed that the development of resistance towards silver is generally

much more difficult!?’.

Currently in the market, silver has found its greatest use in the burn wound care for
its antimicrobial actions (Figure 9). Silvadene is the commercial name of a silver
sulphadiazine cream, made from complexation of silver to a sulphonamide, which
had been prescribed, up until recently, as a topical antibiotic to prevent infection on
burn wounds!®, Following this success, the use of silver extended to broad
application such as the use of silver-coated vascular and urinary catheters as well as
other medical devices!®. In addition, due to it antimicrobial action, the incorporation

of silver into textiles designed towards athletic activities has also been researched.
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Figure 9: Silver complex for burn wound care
The antimicrobial activity of silver is derived from its cationic form Ag(l)!'° and due
to silver being a noble metal (E°= +0.8V), it only releases a very small amount of the
biologically active ionic form. For this reason, silver salts have been the form to be

administered for the desired therapeutic action with AgNO3 being the most common
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salt to be used!!®. Different salts of silver possess different solubility profile, for
example AgNQOs is very soluble where as AgCl is sparingly soluble in agueous media.
With these varying solubility profiles, the effect of silver can be tuned for different
purposes while administrating it as a therapeutic agent. For example, AgCl is used in
antibacterial spray possessing a lower concertation of silver, whereas AgNOs is

applied to treat burn wounds.

The antimicrobial activity of Ag(l) can be attributed to its initial interaction with the
cell membrane. Ag(l) is described as a soft Lewis acid that binds strongly to P and S
donor ligands, however it also has the ability to bind to N and O donor ligands. Due
to this, Ag(l) is capable of binding to almost any molecule of biological significance!*3.
Once the free silver ion is in solution, it binds to essential side chains containing
disulphide, amino, imidazole, carbonyl, and phosphate residues, leading to the
disruption of the cell wall'*4. Indeed, it has been shown that when S. aureus was
treated with AgNOs3, release of intracellular proteins was observed, demonstrating
that silver leads to an increase in permeability of the cell wall*?°, Once inside the cell
membrane, Ag(l) binds to essential enzymes, proteins, intracellular membranes,
nuclear membrane, RNA, and DNA through the free amino, thiol, and phosphate
groups, leading to disruption of essential biochemical processes, defective

respiratory pathways, and inhibition of RNA and DNA replication!?%,

Due to the significant antimicrobial activity of Ag(l), it has been widely used for
formation of metal complexes, an example of which has already been given in silver
sulfadiazine. In general, silver metal complexes formed through Ag-O and Ag-N bonds
tend to possess a broader range of activity when compared to Ag-S and Ag-P bonded
complexes??, Indeed, in the case where the ligand used has no biological
function/activity, the antimicrobial activity of the metal complex has been attributed
to the ease by which the ligand can be replaced by a biological ligand found within
the targeted microbial cell*?3. In the case where silver(l) complex of Haaspartic acid,
Hglycin, Haspargine and Hasalicyclic acid were synthesised and tested for their
antimicrobial activity, the free ligands were shown to possess no significant
activity’?3. However, the metal complexes exhibited antimicrobial activity

comparable to the activity of AgNOs3, suggesting that the ligand acts only as a carrier
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of the silver ion to the biological target whereupon reaching this target, the ligand is
replaced by the strong metal-donor interaction of the P and S donor groups normally

found in biomolecules.

1.2.1.3: Manganese and its Complexes as Antibacterial Agents

Manganese, due to its numerous oxidation states (ll, lll, IV), is essential for important
biological functions for life'?4. Due to its redox activity, it serves an important role in
redox-reaction based enzymes such as ribonucleotide reductase, which is
responsible for synthesis of ribonucleotides, and deoxyribonucleotides, peroxidase,
Mn-SOD, and catalase?>. The metal salts and metal complexes of manganese have
been reported to show catalytic activity for epoxidation of olefins!?6, flame
retardants'?’, biomedical applications!?¢, MRI (magnetic resonance imaging) contrast
agents'?®, and as an antiradical agent!3°, Manganese metal complexes have been
studied for their antibacterial activity for quite some time and although the simple
metal salts of manganese have been shown to possess little to no antibacterial
activity, manganese metal complexes have been shown to possess moderate to good
antibacterial activity??®. In one study, Mn(ll) metal complexes showed higher
antibacterial activity towards Gram-negative strains compared to Gram-positive
strain3!, while in other studies the final Mn(Il) complex was reported to possess
significantly higher antibacterial activity than the ligand and the metal salt'32!33, and
another group reported the higher antibacterial activity as well as higher DNA

cleavage ability of the Mn(Il) complex compared to the free ligand and salt!3%.

1.2.1.4: Antibacterial Activity of Bio-conjugate Compounds and their Metal

Complexes

Recently, there has been focus placed on the development of derivatives
incorporating bioactive molecules necessary for cell function. As such folic acid,
which is involved in synthesis of nucleotides, dipeptides, and fatty acid, which are
essential components of the cell wall, have been reported to be appended onto

curcumin, a therapeutic agent with established antitumor, antibacterial, antiviral,
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and antifungal illnesses'®. The results reported from the biological screening of
these derivatives display excellent inhibitory effects against both Gram-positive and
-negative bacteria with the folate derivative possessing minimum inhibitory
concentration (MIC) as low as 0.09 uM. As an example of similar phen based
bioconjugates, recently Cu(ll) complexes containing steroid-derived phen chelates
were published!®® (Figure 10). The biological screening of these Cu(ll) complexes
displayed excellent in vitro and in vivo inhibitory action towards S. aureus with MIC

values as low as 1.5 uM and 17.5 uM against S. aureus and MRSA respectively.
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ES-Cu complex EE-Cu complex

dpq dppz dppn

Figure 10: structures of phen based bioconjugates and their Cu(ll) complexes. ES = ethynylestradiol. EE =
ethisterone. dpq = dipyrido[3,2-d:2',3'-flquinoxaline. dppz = dipyrido[3,2-a:2',3'-c]phenazine. dppn =
benzo[ildipyrido[3,2-a:2’,3"-h]Jquinoxaline.

Following the same concept as above, amino acids have also gained popularity as
possible bioactive components which can be appended onto other therapeutic

agents. Metals, especially Cu(ll), bound to amino acids have been established to

possess DNA binding and cleavage activity®®’. In addition, a study of Cu(ll) and Co(ll)
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complexed onto methionine, phenylalanine, valine, leucine and histidine showed
that these complexes exhibit antibacterial activity towards Bacillus cereus and
Micrococcus luteus at 10*M ranges*®. In addition, amino acids have been complexed
to metal ions to form heteroleptic complexes containing other ligands of biological
importance. In particular, phen and its derivatives have been used as ligands in
heteroleptic complexes containing amino acids for their studies into DNA binding,
cleaving and anti-tumour activity!37/13%-141 Furthermore, amino acid appended
derivatives of potent DNA intercalators such as thiazol orange*? and ferrocene-
appended Cu(ll)-phen complex!*? (Figure 11) were shown to possess promising DNA
cleavage capabilities upon irradiation with visible light, making them interesting
candidates for further investigations as photodynamic therapy agents. The free
amine functional group of amino acids have also made them excellent substrates for

Schiff-base condensation reactions with suitable therapeutic agents.
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Figure 11: amino acid derived ferrocene phototoxic Cu(ll) complexes. NAIP = 2-(naphthalen-1-yl)-1H-
imidazo[4,5-f][1,10]phenanthroline

A broad range of amino acids were utilised in imine formation via Schiff-base

condensation with cinnamaldehyde, a natural antimicrobial agent!44. The biological
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screening of these imines against E. coli and S. aureus revealed the L-tyrosine
derivative presenting enhanced activity against E. coli compared to cinnamaldehyde
and ciprofloxacin and various derivative being more active than these two controls
against S. aureus. A further improvement upon Schiff-base imines containing amino
acids could be made via complexation of these new derivatives to metal centres.
Zahid H. Chohan reported biological activity of Schiff-base products of glycine,
alanine, phenylalanine, methionine and cysteine reacted with salicylaldehyde and
their metal complexes of Co(ll), Cu(ll), N(Il) and Zn(l1)**°. These ligands and their
metal complexes were screened against a broad spectrum of Gram-negative and
Gram-positive bacteria, displaying significant antibacterial activity against all strains
with two of the Zn(ll) complexes possessing MICgo values of 0.08 uM and 0.04 uM

against P. aeruginosa and S. typhi respectively.

In another report, the Schiff-base derivatives formed by reaction of tyrosine, alanine
and glycine with indole-3-carboxaldehyde were complexed to Co(ll), Cu(ll) and
Ni(ll)14¢, These ligands and their metal complexes exhibited antibacterial activity

against S. aureus, E. coli, Klebsiellapneumonae, Proteus vulgarus, and P. aeruginosa.

Manganese (lll) complexes containing ligands derived from Schiff-base condensation
of N-(2-hydroxy-1-naphthalidiene) with glycine, alanine, phenylalanine, histidine and
tryptophan have also been reported for their biological screening against S. aureus,
E. coli, B. polymxa and C. albicans**’. Although the complexation of these ligands to
the Mn(lll) metal centre led to a reduction in their antibacterial activity, the ligand

themselves however possessed inhibitory effects.

1.2.2: Antibacterial Activity of 1,10-phenanthroline, its Derivatives and

Their Metal Complexes

The structural features of phen (Figure 12) has earned it much deserved attention
from researchers in all areas of medicinal chemistry. Its three fused aromatic rings
make it perfectly planar, offer it hydrophobicity and allow it to be an excellent
candidate to be a DNA intercalator. Its basic nitrogens are perfectly stationed at the

1 and 10 position allowing it be an excellent bidentate ligand, forming a stable
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chelation ring. Due to these properties, phen and its metal complexes have been
studied for their anti-tumour!*8, anti-viral'*?, anti-fungal>® and antibacterial
activity?. Phen is able to coordinate to an array of metal ions, allowing it to be
administered for therapeutic activity as either: 1) a metal complex where it facilitates
the uptake of the metal ion into the target cell and thus has synergistic therapeutic
effect along with its activity as well as that of the metal ion!?, or; 2) it could also be
administered as a free ligand where it is believed that it sequesters essential metal
ions necessary for cell function and thus lead to inhibition of important biological

pathways or degradation of biological organelles!>*.

N N
1,10-phenanthroline
phen

Figure 12: structure of phen

The antibacterial activity of phen, its derivatives, and their metal complexes was the
undermining focus of the extensive screening carried out by Dwyer and co-workers
against a broad spectrum of Gram-positive and Gram-negative bacterial species?. As
a result of their studies, they reported the antibacterial activity of hydrochloride salts
and quaternary salts of phen and its derivatives against M. tb, S. aureus,
streptococcus pyogenes, clostridium perfringens. The bacteriostatic activity of phen
was reported to be 63 uM, a moderate value, against M. tb and S. aureus with lesser
activity towards the other species. Additionally, it was generally noticed that the
addition of methyl groups to increase the lipophilicity of the molecule lead to an
increase in activity and in the case of 3,5,6,8-tetramethyl-1,10-phenenathroline a 30-
fold increase in bacteriostatic effect was observed against M. tb. Although they
screened their compounds against Gram-negative bacteria, they did not report any
results for their study, stating that the overall activity of these compounds was much
lower against these strains, a trend which commonly occurs in lipophilic antibiotics

and possible explanations have been given in Section 1.1.2.3.
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1.2.2.1: Antibacterial Activity of 1,10-phenanthroline-5,6-dione

Spurred by the promising results outlined above, researchers have attempted to
modify phen in various ways to enhance its efficacy. Possibly the most well-known of
these derivatives is the oxidised derivative 1,10-phenanthroline-5,6-dione (3.1)
(Figure 13) which possess the O,0’-quinonoid functional group to provide further

chelation or redox capabilities.

/N N\

1,10-phenanthroline-5,6-dione
3.1

Figure 13: structure of 1,10-phenanthroline-5,6-dione

3.1 and its metal complexes have been utilised as intermediates in synthetic
chemistry and as catalyst for essential oxidations of amines>2. Unsurprisingly
however, their most efficient application is in medicinal chemistry, with the metal-
free as well as the metal-coordinated 3.1 being substantially more effective than
phen. When tested against E. coli, P. aeruginosa and S. aureus the MICso value range
for 3.1 and phen, respectively, are reported as: E. coli: 15-22 uM and >555 uM; P.
aeruginosa: 15-22 uM and 416-555 uM; S. qureus: 30-45 uM and 278-416 puM?®3,
Against the yeast C. albicans the reported MICsp values are 13.9 uM for phen and 2.9
UM for 3.1 and similar results are obtained for anti-tumour screening, demonstrating
that the added O,0’-quinonoid functionality provides the phen scaffold enhanced
potency. A possible explanation to this enhanced activity can be deduced from the
electrochemical behaviour of phen compared to 3.1. Whereas phen does not display
any electrochemical activity in the potential region of +1000 to -1000 mV, the
electrochemical analysis of 3.1 displays half-wave potential values of -471 mV and -
1042 mV?*>1, This ability of 3.1 to undergo redox reactions allows it to disturb essential

cellular functions as well as generating lethal by-products*>2.
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1.2.2.2: 1,10-phenanthroline Derivatives with Extended Aromaticity

An alternative method for improvement in the activity of phen is to attach aromatic
rings onto the backbone, increasing it aromaticity. An example of such derivatives is
dppz, formed by carrying out Schiff-base condensation between 1,2-
diaminobenzene and 3.1. Utilizing dppz as a ligand, it was shown that
[Ru(bb7)(dppz)]** (Figure 14) possessed inhibitory activity against Gram-positive

bacteria at 2 ug/ml and at 8 pg/ml against Gram-negative bacteria®>*.

— —/ 2+

dppz [Ru(bb,)(dppz)]1**

Figure 14: structure of phen derivative dppz with extended aromaticity and its Ru(ll) complex for tested for
antibacterial activity

The same complex containing neocuproine (2,9-dimethyl-1,10-phenanthroline),
which was shown to be more active than the phen equivalent, only inhibited bacterial
growth at 8 pug/ml and >32 pg/ml concentrations for Gram-positive and negative
strains respectively®>>. Although the metal complexes containing this ligand exhibit
excellent activity against bacterial strains, the ligand itself has been shown to possess
non-existent antibacterial activity even at concentrations >200 pg/ml against E. coli

and B. subtilis'*8,
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1.2.2.3: Antibacterial Activity of Metal Complexes of 1,10-phenanthroline and its

Derivatives

The therapeutic activity of phen and it metal complexing capability leading to
enhancing its activity had been studied as early as 1955%%, However, as stated in
Section 1.2.2 it was actually the work of Dwyer, published in 1969 which displayed
the excellent antimicrobial activity of phen, its ligands and its metal salts of Cu(ll),
Fe(ll), Ni(ll) and Ru(l1)*’. It was reported that although phen and its derivatives
exhibited excellent bacteriostatic activity, with certain ligands possessing activities at
MIC values as low as 1.9 uM against M. tb, certain metal complexes exhibited MIC
values as low as 0.032 uM against M. tb, 1.9 uM against S. aureus, and 4 UM against
S. pyogenes amongst other strains of bacteria. Although these metal complexes
display promising results against Gram-positive bacteria, it was noted that their

activity towards Gram-negative bacteria was negligible.

Though Dwyer’s results led to further antibacterial screening of phen, its derivatives
and their metal complexes, it was the results published by Sigman in 1979 which
displayed phen-based metal complexes as one of the most desirable therapeutic
agents. Sigman observed that [Cu(phen);]?*, in the presence of a reducing agent,
mimics DNA nuclease activity, a hallmark for anticancer activity. Since these reports,
phen based metal complexes have been reported for their anticancer®8, broad-

160

range antibacterial'®®, antiparasitic'®® and antifungal activityZ.

Metal complexes of phen and its derivatives possess two inherent advantages:

1. the hydrophobic phen ligand possess basic nitrogens at 1 and 10 position,
leading to a stable 5-member chelation ring, making it an excellent chelator

which mask the hydrophilic nature of the bioactive metal centres and,

2. the ability of any noncoordinated phen to interact with metal ions from
essential enzymes and proteins, disrupting biological functions and making

labile metal complexes bimodal in their therapeutic activity.

Furthermore, once inside the cell, phen based metal complexes can employ various

different modes of actions:
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DNA binding and/or DNA damage: DNA is an excellent target for any

therapeutic to prevent further spread of infectious/disease cells and
inhibition of essential cellular processes, leading to cell death. The phen
ligand being completely planar due to its extended aromaticity possess
excellent DNA intercalative properties’®? and coupled with a metal
centre/metal complex (Ag(l), Cu(l), Cu(ll), Co(ll), Dy(l11), Ni(Il), Co(ll1), Mn(l11),
Pd(l1), Pt(ll), Fe(lll), Y(III) and Zn(ll)), it can possess enhanced intercalative

action, alternative DNA binding modes and DNA cleaving activity*!1.

Keene and Grant have reported the synthesis and antibacterial screening of
mono-, di-, tri- and tetra-nuclear Ru(ll) complexes containing phen, its
lipophilic derivatives and di-bipyridyl linkers connected via lipophilic alkyl

chains of varying lengths'>® (Figure 15).
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Mono-nuclear

[Ru(3,4,7,8-tetramethyl-1,10-
phenanthroline);]?*

—4+

Rubbn

Rubbn-tetra

Figure 15: Structure of mono, di, tri, and tetra phen-based Ru complexes

They report that although the mono-nuclear complexes exhibit antibacterial
activity, their effects were limited and the complexes were far less active
when compared to clinically used drugs. In comparison, the di-nuclear
complexes were far more potent against Gram-positive, Gram-negative, and
MRSA and vancomycin resistant enterococci (VRE) strains. In addition, the
study into their uptake by bacterial cells revealed that their influx to the
bacterial cell is an energy-dependant process and that these complexes lead
to severe permeabilisation of the bacterial cell envelope!®?. Upon formation

of the tri- and tetra- nuclear complexes, these researchers discovered that
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some of these complexes of higher nuclearity exhibited antibacterial activity
up to four times higher than their dinuclear counterparts. Although the mode
of action of these complexes is not fully understood, it is postulated that
these complexes exhibit their activity through their interaction with DNA as

they have been shown to interact with DNA and cause DNA damage.

Metal complexes of known antibacterials whose mode of action involves
targeting DNA have also been reported. Lomefloxacin belongs to the
quinolone family, which target DNA replication, enzyme gyrase and
topisomerase’®3, and is clinically employed as an antibacterial agent. Its
binary copper(ll) complex exhibit enhanced DNA binding capabilities,
however, the complex itself is unstable at physiological conditions®*. The
incorporation of phen to this complex to form the ternary complex (Figure
16) demonstrates higher stability, DNA binding capabilities through
intercalative interactions, DNA nuclease activity, and an alternative cellular

uptake of the complex compared to the metal free quinolone!6>-167,

NH

[Cu(lomefloxacin)(NO;)(phen)]

Figure 16: Structure of [Cu(lomefloxacin)(NOs)(phen)]

Cell wall damage: The di-nuclear ruthenium complexes (Figure 15) were not

only shown to target DNA but also permeabilise bacterial cell envelope. A
similar result was also reported from the effect of [Ru(phen),(tip)]?** (Figure
17), where tip = 2-thiophenimidazo[4,5-f][1,10]phenanthroline, which
caused cytoplasmic leakage via disruption of cell membrane and also induced

DNA and RNA damage as part of its antibacterial activity'8.
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[Ru(phen),(tip)]**

Figure 17: Structure of [Ru(phen),(tip)]?*

Cu(ll) and Pt(ll) complexes containing phen and its substituted derivatives
along with 1S,2S- and 1R,2R-diaminocyclohexane co-ligands were tested for
their broad range antibacterial activity'®®. It was found that the copper
complexes were most active against S. aureus whereas the platinum
complexes were found to be selective towards E. coli. To test for the
difference in selectivity by the two metal complexes, the two most active
complexes from each metal centre ([Cu(4,7-diphenyl-phen)(A.)]**
[Pt(phen)(AL)]?* where AL = with 1S5,2S- and 1R,2R-diaminocyclohexane) were
studied for their cell wall permeabilisation activity against S. aureus and E.
coli. The results from this study suggest that the copper complexes cause
severe permeabilisation of the S. aureus cell wall, however, the platinum

complexes do not disrupt the cell wall permeability of E. coli.

Reactive Oxygen Species (ROS) generation: The intracellular generation of

ROS can lead to oxidative stress within the cell and lead to cell death
(apoptosis)t’C. The highly reactive species produced during ROS generation
can interact with proteins, membranes, lipids, and nucleic acid within the cell.
The interaction of these macromolecules with ROS, such as the *OH radical,
can lead to protein-protein cross-linkage, cell membrane damage,

inactivation of membrane-bound enzymes, DNA damage, and DNA-protein

41



cross-linkage. Metal complexes containing phen have been thoroughly
reported for their ROS generation ability which contributes to their

antimicrobial activity®’!,

Enzyme inhibition: metal-free phen can lead to enzyme inhibition via

sequestration of essential metals found within the enzyme structure. On the
other hand, as mentioned above, the presence of a redox-active metal
centre-complex can lead to formation of ROS which can also inhibit enzymes.
As such metal-phen complexes have been widely studied for their enzyme
inhibition activity. In a study, it was shown that metal-free phen and its Cu(ll)
complexes ([Cu(phen)(meimzH)(H20):]?>* and [Cu(phen)(cnge)(H20)(NOs),]
(where meimzH = methylimidazole; cnge = cyanoguanidine) inhibit the
alkaline phosphatase (ALP) enzyme, leading to antibacterial activity’>'73, The
metal-free phen demetalated the ALP enzyme by removal of Zn?* ions,
whereas the enzyme inhibitory action of the copper complexes was

attributed to ligand-substitution mechanism involving the ALP enzyme.

The antibacterial activity of [Cu(2,9-dimethyl-1,10-phenanthroline);]NOs was
shown to be associated with its ability to inhibit a bacterial enzyme!’4. Upon
further study into the uptake of this metal complex, these researchers
discovered that the hydrophobic ligand acted as a carrier, facilitating the
transport of the copper ion into the bacterial cytoplasm which in turn led to

enzyme inhibition.
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1.3: Mycobacterium Tuberculosis and Anti-tubercular Agents

1.3.1: Mycobacterium Tuberculosis and Clinical Drugs

Mycobacterium tuberculosis (M. tb) is the bacterium responsible for causing
tuberculosis, or consumption. Tuberculosis (TB) has plagued the human society for
millennia with the earliest records for human infection being observed in Egyptian
mummies and Egyptian art'’. It is hypothesised that the origin of Mycobacterium
can be traced as far back as 150 million years ago'’®. Although its symptoms have
been well documented since the ancient Greeks, the cause of this affliction eluded
the medical society and therefore, it is of no surprise that M. tb may have led the
count of deaths amongst microbial infections until the discovery of its cure'”’. Due
to the lack of understanding of etiology of TB, the physicians of the pre-1880s could
do little more than to prescribe fresh air and a healthy diet to tackle this illness. It
was not until 1882 that Robert Koch isolated the bacillus responsible for TB and
studied its contagious characteristics. He published his research in the Berliner
Klinische Wochenschrift journal'’®. For his work, he was deservedly awarded the
Nobel Prize in 1905 and due to his development of M. tb etiology, researchers began
the search for agents to target this bacterium. The first of such agents was
streptomycin which was discovered by Albert Schatz, a PhD student of the Nobel
Laureate Abraham Waksman. This discovery heralded the development of further
antibiotics which lead to a refinement of treatment regime to tackle TB. Although
this has led to effective TB control in developed countries, the underdeveloped
countries cannot handle the cost of implementing these strategies. According to the
World Health Organisation (WHQ) there were 10.4 million people who developed TB,
1.7 million deaths and 490,000 reported cases of multidrug-resistant TB (MDR-TB) in
2016°. In addition, it was also reported that 95% of TB death occur in low and
middle income countries, and it is estimated that 33% of the global population is

infected with the latent form of TB.
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1.3.1.1: Current Treatment for Tuberculosis

The current treatment for TB consists of administrating a cocktail of at least four of
the five first-line drugs: isoniazid (INH), rifampacin, pyrazinamide, ethambutol and
streptomycin (Figure 18) available for anti-TB treatment. If the pathogen is
susceptible to INH and rifampicin, the patient can be treated with the above drugs.
However, the bacterium causing the infection can be resistant to INH or/and
rifampicin. In this case, the treatment requires second-line drugs: ciprofloxacin,
moxifloxacin, p-aminosalicylic acid, kanamycin, capreomycin, amikacin. These drugs

can be categorized by their mode of action8°:

e Fatty acid biosynthesis inhibitors: INH, pyrazinamide, ethionamide.

e Arabinogalactam and peptidoglycan biosynthesis inhibitors: ethambutol.

o Protein _synthesis inhibitors: streptomycin, kanamycin, amikacin,

capreomycin.

e DNA-based process inhibitors: rifampicin
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Figure 18: Current drugs used as first-line treatment for TB

The current standard protocols from various organisations such a CDC (centre for
disease control) and WHO for treatment of INH and rifampicin susceptible TB suggest
administration of 4 of the 5 first-line drugs for the first 2 months which subdues the
active bacterial infections, and then administrating INH and rifampicin for further 4-
7 months to fully eradicate any slow growing latent bacterial cells®!. The long and
tedious regime does not only pose various difficulties for the patient in absolute
compliance to the treatment, but also poses side-effects such as hepatoxicity, often
forcing the clinician to terminate the treatment prematurely®. This further
complicates the treatment of TB patients as failure to adhere to the treatment would
lead to survival of bacterial cells which then develop resistance (acquired resistance)
towards the administered drugs and lead to relapse of the patient and, in this case,
rendering at least one of the first-line drugs ineffective!®. In addition, these first-line
drugs may encounter primary resistance, where a patient has developed drug-

resistant TB without being previously treated by any anti-TB drug'®.
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The emergence of resistance, both primary and acquired, has led to the global threat
of multidrug resistant bacteria which are resistant to either or both INH and
rifampicin, the most effective of the first-line drugs. Globally, 5% of TB cases are
expected to be MDR-TB and treatment of these cases require the administration of
second-line drugs over a period of 12-24 months!®. Alongside being significantly
more expensive, these second-line drugs also lead to a greater range of severe side-

effects.

Due to the emergence of resistance towards majority of the currently available anti-
TB drugs, one strategy for tackling this issue is to synthetically modify the current
therapeutics with the aims of producing agents of higher efficacy with novel modes
of action. In this regard, INH has received the most attention due to its effective

mode of activation and mode of action.

1.3.1.2: Mode of Action of INH and Mechanisms of Resistance by Tuberculosis

INH is a prodrug which requires in vivo activation through KatG, an enzyme within M.
tb which catalyses the electron-transfer reaction responsible for the formation of the
active drug!®. Due to the complexity of the many faceted mechanism of INH, it is
currently unknown the exact biological pathways affected by INH leading up to its
anti-TB activity. However, it is well known that in the presence of KatG, INH is
converted to produce an isonicotinic radical which binds to NADH to produce an INH-
NAD adduct. This adduct then subsequently binds to and inhibits enoyl-acyl carrier
protein reductase, inhA, which then inhibits the synthesis of mycolic acid required
for mycobacterial cell wall synthesis'®® (Figure 19). Although it has been recently
shown that INH-NAD/NADP adducts can act as inhibitors of dihydrofolate reductase
(DHFR), which is essential for nucleic acid biosynthesis, and therefore affect a range
of cellular pathways, it is generally accepted that the major mode of action is through
inhibition of cell wall biosynthesis. The inhibition of DHFR alongside the production
of other side-products of INH activation leading to alteration of biochemical

pathways facilitate the antimycobacterial effect of INH in a synergistic manner87,188,
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Figure 19: Mode of activation of INH with all of the key radical species'ss
Although INH acts as an effective agent against M. tb, resistance towards INH was
observed in the clinical setting soon after its introduction as a therapeutic'®.
Amongst various other genes, it has been identified that deletion or mutation of
katG, inhA, kasA, ndh, or oxyr-aphC genes play essential roles in leading to INH
resistance®®, The major contributor of these is the deletion/mutation of katG gene,
which is responsible for the presence of KatG. Alteration of this gene is responsible
for roughly 50% of INH-resistant strain of TB1, In addition, INH can be metabolized
by acetylation at the -NH; group, caused by N-acetyltransferase (NAT) enzyme,
leading a decrease in serum concentration and activity as well as presenting
hepatoxicity effects'®?. With these two strategies employed by M. tb to render INH
ineffective, there has been considerable attention on modification of INH to

overcome these two issues.

1.3.2: Strategies to Overcome Resistance towards Isoniazid

1.3.2.1: Incorporation of Effective Pharmacophores

Due to the highly effective nature of anti-mycobacterial activity of INH, it has been
chemically modified in various ways to generate more efficacious agents. One
strategy includes the incorporation of an other effective pharmacophore into INH
hybrids to generate compounds with additional modes of action attributed to the

pharmacophore attached®3. A recent review by Y.-Q. Hu et al outlines the anti-TB
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screening results of INH hybrids incorporating azoles, pyrazoline, pyrrole, triazine,
azetidinone, thiazolidinone, isatin, quino(xa)line, furoxan, cinnamic acid as well as
other biologically active pharmacophores®®* (Figure 20). Although these hybrids
exhibit excellent anti-TB activity towards INH susceptible strain, in majority of the
cases their activity towards the INH resistant strain are not reported. Furthermore,

their respective modes of action are yet to be studied.
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1.3.2.2: Metal Complexation of INH

Metal complexes of INH have also attracted much attention since the discovery of
excellent activity exhibited by the anionic complex, [Fe(CN)s(INH)]?, towards a INH
susceptible and resistant strain®. This strategy to complex a metal centre to the INH
molecule derives its roots from the hypothesis that Cu(ll) and Fe(lll) facilitate the
KatG enzyme in the formation of INH-NAD adduct via oxidation and may also provide
an alternative pathway to accessing this adduct in the absence of KatG'%81%,
Additionally, it has been shown that the presence of Mn(ll) also catalyses the

formation of IN-NAD adduct both in the presence and absence of KatG*?®,

Upon carrying out further mechanistic studies on the anti-TB action of
[Fe(CN)s(INH)]?, it was discovered that this complex inhibits the INH-resistant 121V
mutant InhA enzyme. Furthermore, the deactivation of this enzyme can occur in the
absence of NAD* or NADH as well as KatG catalase peroxidase enzyme, suggesting
that this complex can be used to target INH-resistant strains that resist the mode of
action of INH by mutation or deletion of KatG. Additionally, the INH-free
analogue[Fe(CN)e])? did not inhibit the InhA enzyme in the presence or absence of
NADH'?’, demonstrating that the INH ligand is required for the activity of
[Fe(CN)s(INH)]*. Upon further investigation, the activity of [Fe(CN)s(INH)]*> was
compared to that of the ruthenium analogue, [Ru(CN)s(INH)]*>, which is of similar size
and charge but differs from its iron counterpart in its electrochemical nature.
Whereas the Fe(ll) complex can be easily oxidised, the Ru(ll) complex is more stable
towards electrochemical processes. Based upon these results, these researchers
proposed that the Fe(ll) complex acts as a “self-activating metallodrug” in which the
INH ligand is activated to give the IN® radical through inner-sphere electron transfer
from the ligand to the Fe(ll) metal centre, leading to the INH activation in the absence

of KatG (Figure 21).
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These preliminary studies demonstrate that [Fe(CN)s(INH)]* could be a potent
metallodrug and in addition, the toxicity of this compound towards mammalian HL60
leukaemia and MCF-7 breast cancer cells indicate that it is far less toxic towards
mammalian cells than it is towards mycobacterial cells. In fact, the selectivity index
(SI) calculated for this compound (by dividing ICso (for mammalian cells) by MIC (for
TB cells)) is reported to be >125 which is far larger than the acceptable Sl value (>10)
for further drug development in the pre-clinical stage according to the “Hugo
Laboratory” drug-development pipeline®®. Further studies reporting the stability of
this complex in physiological environment, its in vivo activity towards M. tb, and its
in vivo tolerance in various animal models demonstrate that this complex is a very
promising potential therapeutic and it has since been tested in pre-clinical

evaluations9199,
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Although studies on this metallodrug had presented promising results as a
therapeutic agent, a recent study has shown that this drug does in fact depend on
the presence of KatG?%, These researchers tested the inhibitory capabilities of this
complex against various INH-resistant MDR-TB clinical isolates containing mutation
most commonly found in the katG gene. The results from these testing as well as
further testing carried out on genetically modified strains, demonstrate that this
complex displays MIC values up to 64 times higher than those reported for tests
carried out on INH susceptible strain??!. The fact that in each of these strains, it was
the KatG enzyme that was affected, these researchers conclude that KatG is essential
for the activation of this complex for it inhibitory effect. In addition, the self-
activating mechanism of this complex was examined in the same study by studying
the activity of this complex in infected murine macrophages, a strategy previously
used to study the effect of this complex in intracellular environment?°2, The lack of
activity exhibited by this complex suggest that the intracellular environment does not
permit the self-activation of this complex. Due to the results reported in this study,
the anticipated use of this compound to target INH-resistant strains needs to be re-

evaluated.

Other metal complexes containing INH as a ligand were reported in 2013 by Poggi et
al who synthesised Cu(ll) and Co(ll) complexes?®3: [Cu(INH)(H20)]SO4.2H,0 and
[CoCI(INH)z(HzO)]CI.Z1/2H20. These complexes exhibited MIC values of 2.2 uM and
0.41 uM for the Cu(ll) and Co(ll) complexes respectively. In addition, when tested for
their cytotoxicity towards VERO cells (ATCC CCL81) and ‘macrophage’ J774A.1 mouse
cell lines (ATCC TIB-67), these complexes exhibited ICso values far larger than their
MIC values against MTB Hs;Rv (ATCC 27294), giving rise to Sl values of 80.1 and
2631.6 for the Cu(ll) and Co(ll) complex respectively. It is important to note that the
Co(Il) complex not only displays MIC value as low as that of INH but also, it is very
well tolerated by mammalian cells, making it a promising candidate for further

studies.
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1.3.2.3: Isoniazid Derived Hydrazones

An approach to enhance the activity of INH towards resistant strains of mycobacteria
is to protect the —HN-NH; terminal of INH from being acetylated by the NAT enzyme
and hence reducing the rate of metabolization of INH. For this purpose, INH has been
coupled to various functional groups by Schiff base condensation reaction or amide
coupling?®42%>, An added benefit of forming such coupled products is the increase in
lipophilicity, a strategy that has been used in attempts to enhance the uptake of
therapeutic agents by focusing on increasing diffusion across the lipid
membranel®32%_|ndeed then it is no surprise that hydrazones of INH were shown to
be active against M. tb even as early as 1954. In their study to use hydrazone
formation of 106 carbonyl compounds (ketones and aldehydes) to yield crystalline
structures, Sah et al were able to generate the hydrazones of these compounds and
show that majority of the resulting hydrazones displayed anti-TB activity greater than

that of streptomycin and similar to that of INH2%7,

In two review articles published by Rollas and Mathew?%299, the authors describe
the synthesis and antimycobacterial activity of various Schiff-base derived
hydrazones of INH, the majority of which inhibit bacterial growth of INH sensitive M.
tb H37Rv strain at concentrations below 3 pg/ml. The most active of these compounds
(Figure 22) incorporates a pyrrole derivative?!?, a precursor to other drugs such as
Tolmetin, Lipitor and Toradol. This compound exhibits its antimycbacterial effect at

dosage below 0.1 pug/ml and possess Sl value >100.

Figure 22: Schiff-base pyrrole derivative of INH
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1.3.3: 1,10-phenanthroline  Based Metal Complexes as

Antimycobacterial Agents

1.3.3.1: Antitubercular Activity of 1,10-phenanthroline and its Metal Complexes

Phen and its derivatives have been shown to be effective therapeutics for a myriad
of illnesses as has been covered in Section 1.2. In their comprehensive antimicrobial
activity studies of phen, its derivatives, and their metal complexes, Dwyer et al
demonstrated that phen inhibits mycobacterial growth at 63 uM dosage, with the
tetramethyl derivative exhibiting bacteriostatic action at 1.9 uM dose. In addition,
these researchers also established that metal complexes (Cu(ll), Fe(ll), Ni(ll) and
Ru(ll)) of phen and its derivatives exhibit enhanced activities upon complexation

when compared to the free ligands®®’.

Since then, many different complexes incorporating the phen ligand have been
synthesised and screened for their anti-TB activity. In 2018 McCarron et al reported
the synthesis and the biological screening of various Mn(Il) metal complexes and
salts, as well as similar Cu(ll) complexes, against two clinically relevant M. tb strains,
mammalian A549 cell line, epithelial VERO cell line, and G. mellonella larvae
model?!l. The most active of the 9 compounds synthesised and tested was the
dinuclear double salt [Mnz(oda)(phen)s(H20)2][Mn2(oda)(phen)s(oda);].4H20
(where oda = octanedioic acid) (Figure 23), which exhibited anti-TB activity against
Hs7Rv and CDC1551 strains at 0.47 uM and 0.15 uM respectively, with Sl value being
calculated against these strains to give 325 (against VERO), 445 (against A459) and
1017 (against VERO), 1347 (against A549) respectively. Although a Cu(ll) analogue of
this metal salt was not reported, a similar dinuclear salt,
[Cuz(oda)(phen).](Cl0a4),.2.76H,0.EtOH, was reported and interestingly it presented
MIC values against H37Rv and CDC1551 strains at 12.68 uM and 1.15 uM respectively.
With the Sl values being <1 against all cell lines, it can be clearly seen that the nature
of the metal centre plays an essential role in activity and efficacy of a metal complex.
In addition, it was further reported that the similar Mn(ll) and Cu(ll) complexes,

{IMn(tdda)(phen)2]3H,0.EtOH}, and {[Cu(tdda)(phen);]3H.0.EtOH}, {where tdda =
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3,6,9-trioxaundecanedioic acid), were synthesised and exhibit vastly different
biological profiles. Although not as active as the dinuclear double salt the
mononuclear {{Mn(tdda)(phen).]3H,0.EtOH}, exhibited anti-TB activity at MIC < 1.02
UM with Sl values up to 467. In comparison, the Cu(ll) equivalent exhibited anti-TB
activity at 13.48 uM against H37Rv and 1.01 uM against CDC1551, with Sl values <8.

4H,0

). O - B

\ ‘ 3 ‘ 9 ‘ -
/N\ /O = O\ /N\ N
- T T - P

(CH2)s

OT TO

2+

| ~
7 NA
S 2(CIo,)

2.76H,0
EtOH

N N
- - ‘
| S
7 DS ‘

[Mn,(oda)(phen),(H,0),][Mn,(oda B [Cu,(oda)(phen),](CIO,),.2.76H,0.EtOH

)(phen),(oda),].4H,0

N N
‘ A ‘ F
\ I \ 1
AN ‘ /Ovo/\/O\/\O/YO 3H,0| /N\ ‘ =

\O. o 0
- o ro/\/ \/\O/\ﬁa 3H,
M 4 EtOH Cu S EtOH

‘\N/‘ o ‘\N/‘ I)
F NS F NS
7 Z

{IMn(3,6,9-tdda)(phen),]3H,0.EtOH} {[Cu(3,6,9-tdda)(phen),]3H,0.EtOH}
Figure 23: structure of [Mn;(oda)(phen).(H;0)2][Mn,(oda)(phen),(oda),].4H,0 and related complexes

In 2013 Hoffman et al reported the synthesis of Co(ll) and Cu(ll) mono- and di-nuclear
metal complexes incorporating phen ligands and the pyrophosphate ligand. The
addition of the pyrophosphate ligands was made to produce both mono- or di-
nuclear neutral complexes, whereupon these pyrophosphate ligands would act as
water-solublising agents generating metal complexes with hydrophilic cores to
hydrophobic exterior scaffold generated by the phen ligands?'2. Upon generating
{[Co(phen).]2(u-P207)} and {[Cu(phen)]2(u-P207)}, and their mono-nuclear analogues
[Co(phen)2(H2P207)] and [Cu(phen)(H20)(H2P,07)], their antimycobacterial activity
was studied against drug susceptible strains M. tb Erdman ATCC 35801, M. tb Hs7Rv
and M. tb HN878, as well as the drug resistant strain MDR M. tb ATCC 49967. Against
M. tb HszRv strain it was observed that the mono-nuclear Co(ll) complex was the
most active, exhibiting antibacterial activity at MIC value of 2.05 uM, whereas its
Cu(ll) analogue only displayed antibacterial activity at MIC value of 71.53 puM. In the
case of these two mono-nuclear complexes, the Co(ll) complex was the far more
potent agent with an excellent Sl value of 142.28, when compared to the Sl value of

1.82 possessed by the Cu(ll) analogue. More importantly, the di-nuclear complexes
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both presented excellent MIC values against the MDR M. tb ATCC 49967 strain, with
Co(ll) exhibiting activity at 2.41 uM and the Cu(ll) at 2.8 uM. Just as with the mono-
nuclear complexes, it was the Co(ll) di-nuclear complex which was more efficacious,
possessing an Sl value of 233.8, compared to the Sl value of 4.786 exhibited by the

Cu(ll) analogue.

The antibacterial activity of Ag has been known and studied for over a century. It is
no surprise then that the incorporation of Ag(l) in a phen metal complex could be a
logical approach to target M. tb. Segura et al reported in 2014 the synthesis and anti-
mycobacterial screening of dinuclear Ag(l) complexes containing phen, bipy and
thiourea (tu) ligands?*3. The three complexes synthesised: [{Ag(phen)(u-tu)}2](NOs)2,
[{Ag(phen)(u-tu)}2](CF3S0s)2 and [{Ag(bpy)(u-tu)}2](NOs), (Figure 24); were tested
against M. tb and their toxicity towards J774 macrophages was measured. The study
reports that although the metal-free phen ligand as well as the starting metal salts
possess some anti-TB activity at MIC values of 12.8 uM, 34.2 uM and 27.1 uM for
phen, AgCF3SOsand AgNOs respectively, the Ag(l) complexes are far more active with
MIC values of 4.7 uM and 7.3 uM for [{Ag(phen)(u-tu)}2](NOs)2] and [{Ag(phen)(u-
tu)}2](CF3S0s)2] respectively. Although these complexes possess promising anti-TB
activity, their capability to serve as therapeutic agents is hindered by their toxicity
towards the J774 macrophages, giving rise to S| values of 0.46 and 4.48 for for
[{Ag(phen)(u-tu)}2](NOs)2] and [{Ag(phen)(u-tu)}.](CF3S0s)2] respectively.
Interestingly, despite the bpy ligand being active at MIC value of 119 uM, its Ag metal

complex, [{Ag(bpy)(u-tu)}2](NOs)2], does not exhibit any substantial anti-TB activity.
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Figure 24: structure of Ag-phen and Ag-bpy complexes as anti-TB agents
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1.3.3.2: Antimycobacterial Mode of Action of 5-nitro-1,10-phenanthroline

The modes of action of phen-based ligands and their metal complexes toward
inhibition of cell growth and functions have been outlined in Section 1.2.2.3.
Although these mechanisms can be utilised by phen-based ligands and metal
complexes, specific derivatives can lead to bacteria-specific mode of action which
leads to antibacterial activity. Recently, Kidwai et al published a report outlining the
dual mode action utilised by the 5-nitro-1,10-phenanthroline (5-n-p) derivative to
carry out its antimycobacterial activity?'*. The study identified 5-n-p as a possible
lead compound for further anti-TB testing and attempted to generate spontaneous
resistant mutants towards this agent. Upon successfully cultivating such mutants, a
subsequent whole-genome sequence revealed that the resistance arose from
mutation in fibB gene which is responsible for coding Fa0 coenzyme L-glutamate

ligase which plays a role in biosynthesis of coenzyme Faao.

Further studies carried out by these researchers revealed that 5-n-p may act as a
prodrug within mycobacteria, being activated by Fs2o-dependent reductase. Indeed,
upon characterisation of metabolites of 5-n-p within mycobacteria by LC-MS
revealed the presence of phen and 5-amino-1,10-phenanthroline. In addition, the
activity of both of these metabolites by themselves is lower than that of 5-n-p,
suggesting that the higher activity of the latter can be associated with the activation
of this prodrug. Upon further analysis it was revealed that this prodrug inhibits the
biosynthesis of mycolic acid through inhibition of fatty acid synthase | (FAS-I)
pathways, a mode of action similar to the clinical pro-drug INH which inhibits FAS-II

pathway.

Additional mechanistic studies revealed that an additional mode of action which can
be utilised by 5-n-p is its ability to induce autophagy in macrophages. Autophagy is
described as a self-degradative process essential for recycling of nutrients from
biomolecules and structures such as aggregated proteins, damaged organelles and
dead cells for the reuse of these nutrients at critical stages of development and in
response to nutrient stress?'>. Therefore, autophagy is proposed to be a survival
mechanism which can also be utilised for elimination of intracellular pathogens. This
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ability of 5-n-p makes it a possible candidate for further studies as an agent for host-
directed therapy (HDT), a strategy which utilises the innate immune response for
protection against pathogens. Although, the nitro- functional group is essential for
the promising anti-mycobacterial activity exhibited by 5-n-p, the versatility
possessed by phen derivative such as this one makes these derivatives promising

candidates as therapeutic agents against the growing concern caused by M. tb.

1.4: Outline of the Thesis

Building upon the information presented in this chapter, the work discussed in this
thesis aim to examine methodologies to target microbial infections. Chapter 2
consists of synthesis and characterisation of novel oxazine-based phen ligands and
their metal complexes. These ligands and their metal complexes were screened for
their antibacterial activity. Chapter 2 also consists of synthesis and characterisation
of a phen-INH hybrid ligand, formed through Schiff base condensation, and its metal
complexes. With the help of our collaborators, this hybrid and its metal complexes
were screened against four strains of drug susceptible and drug resistant strains of
M. tb and various microbial strains. Chapter 3 consists of the discussion of synthesis
and characterisation of the oxazine-based phen ligands, their metal complexes and
their biological profile is also discussed. Chapter 4 gives the discussion of the
synthesis and characterisation of the phen-INH hybrid and its metal complexes. The

antimycobacterial activity of these compounds are also discussed in Chapter 4.
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Chapter 2

Experimental



2.1: Introduction

This chapter can be broken down into 4 sections: 2.2, 2.3, 2.4, and 2.5. These section
outline the synthesis of various starting material, and the use of these starting
materials for the formation various biologically active ligands and then the
subsequent metal complexation of these ligands with metal salts. Section 2.2 details
the instrumentation and the materials used throughout the synthesis and
characterisation of all of the chemicals that were synthesised. Section 2.3 gives the
synthetic protocols utilised for the synthesis, isolation and purification of starting
materials 3.1, 3.2a-h, and the synthesis of the oxazine-based ligands (3.3a-g) and
their metal complexes (3.5a-e). The synthesis of pyrido-type by-products (3.4a-c) is
also given. Section 2.4 outlines the synthesis of hydrazone-based product 4.1 formed
by reaction of 3.1 and INH, the complexation of 4.1 to Ag(l), Mn(ll) and Cu(l) metal
salts. The isolation of degredation products (4.3a-b) of 4.1 is also given as well as

attempted synthesis of 4.3a through conventional azo-coupling reaction.

Biological screening of compounds 3.3a-e as well as their metal 3.5a-e were also
carried out in Professor Kevin Kavanaghs laboratory in Maynooth University. The

methodology, materials, and instrumentations utilised are also given in Section 2.5.

2.2: Instrumentations and Materials

2.2.1: Instrumentations

The NMR (Nuclear Magnetic Resonance) spectra were recorded on a Bruker Avance
spectrometer operating at 500 MHz for *H nucleus and 126 MHz for the 3C nucleus.
The probe temperature was maintained at 25°C. Residual solvent peaks were used
as internal standard. Chemical shifts are given in ppm and coupling constants are
given in Hz. Multiplicity is denoted as follows: s (singlet), bs (broad singlet) d
(doublet), t (triplet), dd (doublet of doublets), m (multiplet). Proton and carbon
signals were assigned with the aid of DEPT experiments and 2-D NMR experiments

COSY, HSQC, HMBC.
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IR (Infrared) spectra were recorded on a Perkin Elmer Spectrum 100 FT-IR
spectrometer. Solid samples were finely ground with dry KBr and pressed between
two dies using 9 tonnes of pressure. All spectra were obtained within the region of

4000-400 cm™.

High Resolution Mass Spectrometry (HRMS) analysis was carried out at Maynooth
University and University of Bath. In Maynooth University, ESI (electrospray
ionization) mass spectra were collected on an Agilent-L 1200 Series coupled toa 6210
Agilent Time-of-Flight (TOF) equipped with both a positive and negative electrospray
source. In University of Bath, the HPLC-ESI-TOF analysis was conducted using an
electrospray time-of-flight (MicrOTOF) mass spectrometer (Bruker Daltonik GmbH,
Bremen, Germany), which was coupled to an Agilent HPLC stack (Agilent, Santa Clara,
CA, United States) consisting of Agilent G1312A binary pump with G1329A

autosampler and G1316A column oven.

The elemental analysis (CHN%) was carried out on a FLASH EA 1112 Series Elemental
Analyser with Eager 300 operating software. Magnetic moment measurements were
carried out on a Johnson Matthey Magnetic Susceptibility Balance with Hg[Co(SCN)4]
used as the standard. The UV-Vis analysis was carried out on Perkin Elmer Lambda

35 UV-Vis Spectrometer.

The Flame Atomic Absorption Spectroscopy (FAAS) analysis was carried out on a
Perkin Elmer AAnalyst 200. The setup was equipped with a double-beam optical
system, hollow cathode lamp and acetylene and air gas based nebulizer. A copper
specific lamp (Hollow Cathod Lamp: Cu. Part Number: 5UN Cu-A. Serial Number:
B22133) was used. Standards were prepared from commercial 1 mg/ml Cu in 2 to 5%
HNO3s standard solution. 25mL of the standard solution was diluted with 5% HNO3 to
produce a 1 L solution of 25 ppm standard stock solution. The standard stock solution
was diluted to produce 6.25, 12.5 and 16 and 25 ppm standard solutions. Each of
these standards were used to generate a standard curve by plotting copper

concentration (ppm) vs absorbance (Figure 25).
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Figure 25: the relationship between copper concentration and absorbance (FAAS)

The HPLC (High Performance Liquid Chromatography) spectra were extracted from
LC-MS studies that were performed on an Agilent Technologies 1200 Series
instrument consisting of a G1322A Quaternary pump and a G1314B UV detector (254
nm) coupled to an Advion Expression L Compact Mass spectrometer (ESI) operating
in positive mode. Separations were performed on a Waters Xbridge OST 2.5 um, 4.6
x 50 mm column (C18) operating at a flow rate of 0.2 mL min-1. Separations were
performed using a mobile phase of 0.1% formic acid in water (Solvent A) and 0.1%

formic acid in acetonitrile (Solvent B) and a linear gradient of 0-100% B over 30 min.

2.2.2: Chemicals and Material

The following chemicals were purchased either from Sigma Aldrich, Fluorochem,
Across Organics, and TCl (Tokyo Chemical Industry) and used without any further

purification:

1,10-phenanthroline, KBrOs, L-tyrosine, L-phenylalanine, p-nitro-L-phenylalanine,
acetyl chloride, N-methylmorpholine, trimethylamine, pyridine, isonicotinic acid
hydrazide, hydrazine monohydrate, Pd/C (10% loading), p-tolouene sulfonic acid,
Ag(ClO4), Ag(BFs), Ag(NOs), Cu(ClO4)2.6H,0, Cu(BF4)2.xH20, Mn(ClO4)2.6H,0,
Mn(NO3),.6H,0, Copper standard solution (for FAAS) 1 mg/ml Cu in 2 to 5% HNOs.
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Nutrient broth and Phosphate Buffered Saline (PBS) were obtained from Sigma
Aldrich and prepared according to the manufacturer’s instructions. Minimal Growth
Media (MM) was made by dissolving glucose (2% w/v), Yeast Nitrogen Base without
amino acid (0.17% w/v), and ammonium sulfate (0.5% w/v) in dH,0. Yeast Extract
Peptone Dextrose (YEPD) media composed of glucose (2% w/v), bacteriological

peptone (2% w/v), and yeast extract (1% w/v).
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2.3: Synthesis of Oxazine-based Phenanthroline Derivatives

and their Metal Complexes

2.3.1: Synthesis of 1,10-phenanthroline-5,6-dione (3.1):

Following a reported procedure?®, 1,10-phenanthroline (2.000 g, 11.10 mmol) was
dissolved in 24 mL of 60% H,SO0a4. To this, KBrOs (2.039 g, 12.21 mmol) was added in
small portions over a period of 30 min. The solution was allowed to stir for 20 h at
30 °C. The resulting clear deep red solution was poured over 300 g of ice and
neutralised using saturated NaOH solution. The desired product was then separated
using DCM and recrystallized from MeOH. The final product was filtered, washed

with 3 x 20 ml portions of MeOH and dried under vacuum.
Yield: 1.889 g, 81%
mp: 260-261 °C

MS: Calculated m/z for: (M+H)* 211.0502; Found: (M+H)* 211.0507; Difference
(ppm): 2.42

IR (KBr, cm™'): 3061, 1686, 1577, 1560, 1459, 1414, 1315, 1292, 1205, 1115, 1010,
924, 816, 807, 739, 667, 613, 539.

1H NMR (CDCls, 500 MHz): & 9.12 (dd, J = 4.8, 2.1 Hz, 2H), 8.51 (dd, J = 8.1, 2.1 Hz,
2H), 7.60 (dd, J = 8.1, 4.8 Hz, 2H)

13C NMR (CDCl3, 126 MHz): & 178.6 (€C=0), 156.4, 152.9, 137.3, 128.1, 125.6.
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2.3.2: Synthesis of L-a-amino Esters 3.2a-h:

R R' product
-OH CH, 3.2a
-OH CeHos 3.2c
-OH CgH,5 3.2d o
-OH CoHys 3.2e
-H CH 3.2f OR'
3 P ’
‘H C,H, 3.2g R Bs
-NO, C,Hs 3.2h 32ah

Figure 26: structure of L- a-amino ester 3.2a-h

General Synthesis: The synthesis of the L-a-amino esters (Figure 26) was carried out
by appropriate modifications of a reported synthesis?!’. Acetyl chloride (4.352 mL,
60.99 mmol) was added to a cold alcohol solution. To this, L- a-amino acid (11.04
mmol) was added and the resulting clear colourless solution was refluxed for 3 h. The
resulting solution was filtered and then reduced, if possible, to 10 mL on a rotary
evaporator. The product was precipitated via addition of 400 mL diethyl ether. The
resulting white solid was filtered and washed with 3 x 50 mL portions of diethyl ether
and dried under vacuum. All products 3.2a-h were synthesised by following this
protocol. Any modification required for the synthesis of any of the products are given

below.

2.3.2A: L-tyrosine methyl ester hydrochloride (3.2a): L-tyrosine (2.000 g) was added

to a MeOH solution (56 mL, 1.4 mol) containing acetyl chloride.
Yield: 2.403 g, 94%
mp: 190-192 °C

MS: Calculated m/z for: (M+H)* 196.0968; Found: (M+H)* 196.0971; Difference
(ppm): 1.50

IR (KBr, cm™): 3342, 2882, 1744, 1614, 1592, 1515, 1449, 1397, 1349, 1225, 1108,
1060, 991, 935, 866, 840, 732, 599, 514.
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1H NMR (DMSO-d6, 500 MHz): & 9.55 (s, 1H, OH), 8.67 (s, 3H, *NHs), 7.01 (d, J = 8.5
Hz, 2H, ArH), 6.74 (d, J = 8.5 Hz, 2H, ArH), 4.12 (dd, J = 7.8, 5.6 Hz, 1H, aH), 3.65 (s,
3H, -OCHs), 3.09 (dd, J = 14.1, 5.6 Hz, 1H, BH), 3.00 (dd, J = 14.1, 7.8 Hz, 1H, BH).

13¢ NMR (DMSO-d6, 126 MHz): 6 170.0 (C=0), 157.2 (C-OH), 130.8 (ArC), 124.9 (ArC),
115.9 (ArC), 53.9 (aC), 52.9 (-OCHs), 35.6 (BC).

2.3.2B: L-tyrosine propyl ester hydrochloride (3.2b): L-tyrosine (2.000 g) was added

to a 1-propanol solution (103 mL, 1.4 mol) containing acetyl chloride.
Yield: 2.666 g, 93%
mp: 156-158 °C

MS: Calculated m/z for: (M+H)* 224.1281; Found: (M+H)* 224.1289; Difference
(ppm): 3.60

IR (KBr, cm't): 3293, 2879, 1743, 1615, 1593, 1517, 1446, 1385, 1357, 1232, 1105,
1058, 989, 932, 839, 729, 616, 509.

'H NMR (DMSO-d6, 500 MHz): & 9.51 (s, 1H, OH), 8.66 (s, 3H, *NHs), 7.08 — 6.93 (m,
2H, ArH), 6.78 — 6.69 (m, 2H, ArH), 4.13 (dd, J = 7.8, 5.6 Hz, 1H, aH), 4.01 (t, J = 6.5
Hz, 2H, -OCH,), 3.11 (dd, J = 14.1, 5.6 Hz, 1H, BH), 2.97 (dd, J = 14.1, 7.8 Hz, 1H, BH),
1.61 —1.40 (m, 2H, CHy), 0.81 (t, J = 7.0 Hz, 3H, CHs).

13C NMR (DMSO-d6, 126 MHz): § 169.6 (C=0), 157.2 (C-OH), 130.8 (ArC), 124.9 (ArC),
115.8 (ArC), 67.4 (-OCH,), 53.9 (aC), 35.7 (BC), 21.7 (CH2), 10.6 (CHs3).

2.3.2C: L-tyrosine hexyl ester hydrochloride (3.2c): L-tyrosine (2.000 g) was added

to a 1-hexanol solution (75 mL, 0.6 mol) containing acetyl chloride. The solution was
heated to 100°C for 3 h and hot-filtered. The product was precipitated via addition
of 400 mL petroleum ether, filtered and washed with 5 x 50 mL portions of hot

petroleum ether. The product was dried under vacuum.
Yield: 2.965 g, 89%

mp: 163-164 °C
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MS: Calculated m/z for: (M+H)* 266.1751; Found: (M+H)* 266.1762; Difference
(ppm): 4.30

IR (KBr, cm™): 3294, 2953, 1739, 1614, 1591, 1517, 1446, 1387, 1356.34, 1231, 1115,
1056, 981, 942, 875, 844, 729, 614, 504.

1H NMR (DMSO-d6, 500 MHz): 8 9.50 (s, 1H, OH), 8.64 (s, 3H, *NHs), 7.11 — 6.93 (m,
2H, ArH), 6.76 — 6.67 (m, 2H, ArH), 4.13 (dd, J = 7.8, 5.6 Hz, 1H, aH), 4.08 — 4.01 (m,
2H, -OCHa), 3.10 (dd, J = 14.1, 5.6 Hz, 1H, BH), 2.95 (dd, J = 14.1, 7.8 Hz, 1H, BH), 1.54
—1.41 (m, 2H, CH2), 1.33 — 1.13 (m, 6H, 3 x CHa), 0.86 (t, J = 7.0 Hz, 3H, CHs).

13C NMR (DMSO-d6, 126 MHz): § 169.7 (C=0), 157.2 (C-OH), 130.8 (ArC), 124.9 (ArC),
115.8 (ArC), 65.9 (-OCH,), 53.9 (aC), 35.7 (BC), 31.3 (CH,), 28.3 (CH.), 25.3 (CH.), 22.4
(CH>), 14.4 (CHs).

2.3.2D: L-tyrosine octyl ester hydrochloride (3.2d): L-tyrosine (2.000 g) was added

to a 1-octanol solution (75 mL, 0.48 mol) containing acetyl chloride. The same

procedure as L-tyrosine hexyl ester hydrochloride preparation was followed.
Yield: 3.095 g, 85%
mp: 169-171 °C

MS: Calculated m/z for: (M+H)* 294.2064; Found: (M+H)* 294.2063; Difference
(ppm): -0.30

IR (KBr, cm™!): 3296, 2923, 1739, 1614, 1585, 1517, 1446, 1387, 1357, 1232, 1114,
1057,977, 942, 877, 845, 731, 614, 505.

'H NMR (DMSO-d6, 500 MHz): & 9.44 (s, 1H, OH), 8.58 (s, 3H, *NHs), 7.14 — 6.92 (m,
2H, ArH), 6.79 — 6.65 (m, 2H, ArH), 4.13 (dd, J = 7.8, 5.6 Hz, 1H, aH), 4.09 — 4.00 (m,
2H, -OCH,), 3.09 (dd, J = 14.1, 5.6 Hz, 1H, BH), 2.96 (dd, J = 14.1, 7.8 Hz, 1H, BH), 1.55
—1.42 (m, 2H, CHy), 1.35 - 1.14 (m, 10H, 5 x CHa), 0.87 (t, J = 7.0 Hz, 3H, CH).

13C NMR (DMSO-d6, 126 MHz): 8 169.6 (C=0), 157.2 (C-OH), 130.8 (ArC), 124.9 (ArC),
115.8 (ArC), 65.9 (-OCH,), 53.9 (aC), 35.8 (BC), 31.7 (CH2), 29.0 (CH>), 28.9 (CH.), 28.3
(CH2), 25.7 (CH2), 22.5 (CHy), 14.4 (CH3).
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2.3.2E: L-tyrosine dodecyl ester hydrochloride (3.2e): L-tyrosine (2.000 g) was added

to a 1-dodecanol solution (75 mL, 0.34 mol) containing acetyl chloride. The solution
was heated to 100 °C and stirred for 3 h. The solution was hot-filtered while
maintaining the temperature of the glassware above 35 °C. The product was
precipitated by addition of 400 mL of petroleum ether, filtered and washed with

multiple portions of heated petroleum ether. The product was dried under vacuum.
Yield: 3.408 g, 80%
mp: 166-168 °C

MS: Calculated m/z for: (M+H)* 350.2690; Found: (M+H)* 350.2707; Difference
(ppm): 5.00

IR (KBr, cm™'): 3287, 2917, 1740, 1614, 1592, 1517, 1446, 1386, 1357, 1235, 1118,
1058, 983, 942, 877, 845, 730, 622, 509.

14 NMR (DMSO-d6, 500 MHz): § 9.44 (s, 1H, OH), 8.59 (s, 3H, *NHs), 7.04 — 6.98 (m,
2H, ArH), 6.75 — 6.69 (m, 2H, ArH), 4.13 (dd, J = 7.8, 5.6 Hz, 1H aH), 4.08 — 4.01 (m,
2H, -OCHa), 3.09 (dd, J = 14.1, 5.6 Hz, 1H, BH), 2.96 (dd, J = 14.1, 7.8 Hz, 1H, BH), 1.54
—1.42 (m, 2H, CH2), 1.32 — 1.16 (m, 18H, 9 x CH,), 0.86 (t, J = 7.0 Hz, 3H, CH).

13C NMR (DMSO-d6, 126 MHz): § 169.6 (C=0), 157.2 (C-OH), 130.8 (ArC), 124.9 (ArC),
115.8 (ArC), 65.9 (-OCH.), 53.9 (aC), 35.7 (BC), 31.8 (CH2), 29.5 (CH2), 29.5 (CH3), 29.5
(CH3), 29.4 (CH3), 29.2 (CH2), 29.1 (CH>), 28.3 (CH3), 25.7 (CH.), 22.6 (CH,), 14.4 (CHs).

2.3.2F: L-phenylalanine methyl ester hydrochloride (3.2f): L-phenylalanine (1.817 g)

was added to a MeOH solution (56 mL, 1.4 mol) containing acetyl chloride.
Yield: 2.087 g, 94%
mp: 155-157 °C

MS: Calculated m/z for: (M+H)* 180.1019; Found: (M+H)* 180.1024; Difference
(ppm): 2.80

IR (KBr, cm™): 3477, 2847, 1747, 1584, 1497, 1448, 1242, 1085, 1062, 991, 935, 748,
702, 627, 474.
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1H NMR (DMSO-d6, 500 MHz): & 8.80 (s, 3H, *NHs), 7.36 — 7.23 (m, 5H, ArH), 4.23 (dd,
J=7.8,5.6 Hz, 1H, aH), 3.65 (s, 3H, -OCHs), 3.23 (dd, J = 14.1, 5.6 Hz, 1H, BH), 3.11
(dd, J = 14.1, 7.8 Hz, 1H, BH).

13C NMR (DMSO-d6, 126 MHz): § 169.8 (€=0), 135.3 (ArC), 129.9 (ArC), 129.0 (ArC),
127.7 (ArC), 53.8 (aC), 52.9 (-OCHs), 36.3 (BC).

2.3.2G: L-phenylalanine propyl ester hydrochloride (3.2g): L-phenylalanine (1.817

g) was added to a 1-propanol solution (103 mL, 1.4 mol) containing acetyl chloride.
Yield: 2.548 g, 95%
mp: 150-151 °C

MS: Calculated m/z for : (M+Na)* 230.1151; Found: (M+Na)* 230.1151; Difference
(ppm): -0.20

IR (KBr, cm™): 3470, 2833, 1743, 1593, 1509, 1443, 1234, 1083, 1057, 982, 928, 743,
702, 642, 483.

1H NMR (DMSO-d6, 500 MHz): 6 8.91 (s, 3H, *NHs), 7.34 — 7.23 (m, 5H, ArH), 4.18 (dd,
J=7.8,5.6 Hz, 1H, aH), 4.00 — 3.92 (m, 2H, -OCH,), 3.30 (dd, J = 14.1, 5.6 Hz, 1H, BH),
3.08 (dd, J = 14.1, 7.8 Hz, 1H, BH), 1.52 — 1.37 (m, 2H, CH2), 0.76 — 0.71 (m, 3H, CHs).

13¢ NMR (DMSO-d6, 126 MHz): & 169.5 (C=0), 135.4 (ArC), 129.8 (ArC), 128.9 (ArC),
127.6 (ArC), 67.4 (-OCH,), 53.8 (aC), 36.4 (BC), 21.7 (CH2), 10.6 (CHs3).

2.3.2H: 4-nitro-L-phenylalanine ethyl ester hydrochloride (3.2h): p-nitro-L-

phenylalanine (2.312 g) was added to a EtOH solution (82 mL, 1.4 mol) containing

acetyl chloride.
Yield: 2.680 g, 93%
mp: 187-188 °C

MS: Calculated m/z for: (M+H)* 239.1026; Found: (M+H)* 239.1030; Difference
(ppm): 1.50
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IR (KBr, cm™): 3460, 2822, 1736, 1605, 1525, 1506, 1447, 1349, 1246, 1059, 1013,
746,702, 648, 483.

14 NMR (DMSO-d6, 500 MHz): & 8.89 (s, 3H, *NHs), 8.20 (d, J = 8.6 Hz, 2H, ArH), 7.61
(d, J = 8.6 Hz, 2H, ArH), 4.33 (dd, J = 7.8, 5.6 Hz, 1H, aH), 4.18 — 4.06 (m, 2H, OCH_,),
3.41 (dd, J = 14.1, 5.6 Hz, 1H, BH), 3.27 (dd, J = 14.1, 7.8 Hz, 1H, BH), 1.10 (t, J = 7.0
Hz, 3H).

13C NMR (DMSO-d6, 126 MHz): 6 169.0 (C=0), 147.3 (ArC), 143.7 (ArC), 131.5 (ArC),
123.9 (ArC), 62.3 (-OCH,), 53.2 (aC), 35.9 (BC), 14.3 (CHs).

2.3.3: Synthesis of alkyl-2-(4-R-phenyl)-2H-[1,4]oxazino[2,3-

fl[1,10]phenanthroline-3-carboxylate (3.3a-h, Figure 27):

R R' product R
-OH CH, 3.3a
-OH C,H, 3.3b 2
R'O

-OH CeHys 3.3¢
-OH CgHyy 3.3d %
-OH CoHys | 3.3e
-H CH, 3.3f - 7/ \
H CH, 3.3g \_ /7 \—

3.3a-g

Figure 27: structure of alkyl-2-(4-R-phenyl)-2H-[1,4]oxazino[2,3-][1,10]phenanthroline-3-carboxylate (3.3a-g)
General Synthesis: L-a-amino ester hydrochloride salt (1.00 mmol) was dissolved in
25 mL of DMSO and to this solution, N-methylmorpholine (0.121 mL, 1.10 mmol) was
added. The solution was heated to 75°C while being constantly stirred and 3.1 (0.210
g, 1.00 mmol) was then added to give a bright yellow solution. After constant stirring
at 75°C for 24 h, a clear bright orange solution was observed and mixed with 125 mL
of DCM. The organic layer was washed with 5 x 125 mL portions of H,0 and then
dried over MgS0a4. The resulting DCM solution was condensed to dryness on a rotary
evaporator to give the crude product. If a syrup was observed at this point, further
washings with H,O would be required to separate out the DMSO. The dried contents

of the flask were then heated in 15 mL MeOH and allowed to stand overnight. The
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resulting bright yellow crystalline solid was filtered, washed with 3x 20 mL portions

of MeOH and dried under vacuum.

2.3.3A: methyl-2-(4-hydroxyphenyl)-2H-[1,4]oxazino[2,3-f][1,10]phenanthroline-

3-carboxylate (3.3a): 3.2a (0.232 g) was reacted with 3.1 according to the general

method.
Yield: 0.173 g, 45%
mp: decomp. @ 250 °C

MS: Calculated m/z for: (M+H)* 386.1135; Found: (M+H)" 386.1144; Difference
(ppm): 2.20

IR (KBr, cm'!): 3283, 2946, 1711, 1609, 1587, 1514, 1503, 1439, 1354, 1258, 1174,
1131, 1060, 1018, 982, 971, 920, 806, 741, 679, 632.

1H NMR (DMSO-d6, 500 MHz): § 9.72 (s, 1H, OH), 9.13 (dd, J = 4.3, 1.8 Hz, 1H, PhenH),
9.04 (dd, J = 4.3, 1.8 Hz, 1H, PhenH), 8.89 (dd, J = 8.3, 1.8 Hz, 1H, PhenH), 8.61 (dd, J
= 8.3, 1.8 Hz, 1H, PhenH), 7.85 (dd, J = 8.3, 4.3 Hz, 1H, PhenH), 7.80 (dd, J = 8.3, 4.3
Hz, 1H, PhenH), 7.23 — 7.18 (m, 2H, ArH), 6.72 — 6.63 (m, 2H, ArH), 6.59 (s, 1H, BH),
3.90 (s, 3H, -OCHs).

13C NMR (DMSO-d6, 126 MHz): § 163.1 (C=0), 159.2 (C-OH), 152.0 (PhenC), 150.2
(aC), 149.1 (PhenC), 146.8 (PhenC), 142.7 (PhenC), 138.9 (PhenC-0), 131.4 (PhenC),
130.3 (PhenC), 129.4 (ArC), 126.5 (PhenC-N), 125.3 (ArC), 124.6 (PhenC), 124.3
(PhenC), 122.2 (PhenC), 121.7 (PhenC), 116.3 (ArC), 72.5 (BC), 53.4 (-OCHs).

2.3.3B: propyl-2-(4-hydroxyphenyl)-2H-[1,4]oxazino[2,3-f][1,10]phenanthroline-3-

carboxylate (3.3b): 3.2b (0.260 g) was reacted with 3.1 according to the general

method.
Yield: 0.169 g, 41%

mp: decomp. @ 230 °C
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MS: Calculated m/z for: (M+H)* 414.1448; Found: (M+H)* 414.1440; Difference
(ppm): -2.08

IR (KBr, cm™): 3443, 2973, 1734, 1610, 1592, 1516, 1500, 1434, 1379, 1351, 1313,
1286, 1254, 1239, 1223, 1172, 1133, 1073, 1021, 969, 925, 831, 742, 678, 632.

1H NMR (DMSO-d6, 500 MHz): § 9.74 (s, 1H, OH), 9.12 (dd, J = 4.3, 1.8 Hz, 1H, PhenH),
9.03 (dd, J = 4.3, 1.8 Hz, 1H, PhenH), 8.88 (dd, J = 8.3, 1.8 Hz, 1H, PhenH), 8.59 (dd, J
= 8.3, 1.8 Hz, 1H, PhenH), 7.85 (dd, J = 8.3, 4.3 Hz, 1H, PhenH), 7.79 (dd, J = 8.3, 4.3
Hz, 1H, PhenH), 7.22 — 7.19 (m, 2H, ArH), 6.69 — 6.66 (m, 2H, ArH), 6.57 (s, 1H, BH),
4.30 —4.21 (m, 2H, -OCHa), 1.75 — 1.64 (m, 2H, CH,), 0.91 (t, J = 7.5 Hz, 3H, CHa).

13C NMR (DMSO-d6, 126 MHz): § 162.6 (C=0), 159.2 (C-OH), 151.9 (PhenC), 150.6
(aC), 149.1 (PhenC), 146.8 (PhenC), 142.7 (PhenC), 138.9 (PhenC), 131.4 (PhenC),
130.3 (PhenC), 129.4 (ArC), 126.5 (PhenC-N), 125.5 (ArC), 124.6 (PhenC), 124.2
(PhenC), 122.1 (PhenC), 121.7 (PhenC), 116.3 (ArC), 72.7 (BC), 67.7 (-OCH,), 21.9
(CH2), 10.6 (CHs).

2.3.3C: hexyl-2-(4-hydroxyphenyl)-2H-[1,4]oxazino[2,3-f][1,10]phenanthroline-3-

carboxylate (3.3c): 3.2c (0.302 g) was reacted with 3.1 according to the general

method.
Yield: 0.173 g, 38%
mp: 208-209 °C

MS: Calculated m/z for: (M+H)* 456.1918; Found: (M+H)* 456.1940; Difference
(ppm): 4.80

IR (KBr, cm™): 3425, 2961, 1707, 1607, 1583, 1513, 1503, 1434, 1380, 1341, 1327,
1290, 1260, 1172, 1134, 1073, 1022, 956, 929, 840, 742, 684, 635.

1H NMR (DMSO-d6, 500 MHz): § 9.70 (s, 1H, OH), 9.12 (dd, J = 4.3, 1.8 Hz, 1H, PhenH),
9.03 (dd, J = 4.3, 1.8 Hz, 1H, PhenH), 8.88 (dd, J = 8.3, 1.8 Hz, 1H, PhenH), 8.58 (dd, J
= 8.3, 1.8 Hz, 1H, PhenH), 7.84 (dd, J = 8.3, 4.3 Hz, 1H, PhenH), 7.78 (dd, J = 8.3, 4.3
Hz, 1H, PhenH), 7.21 — 7.17 (m, 2H, ArH), 6.69 — 6.66 (m, 2H, ArH), 6.57 (s, 1H, BH),

71



4.33—4.24 (m, 2H, -OCH,), 1.69 — 1.63 (m, 2H, CH,), 1.31 - 1.23 (m, 6H, 3 x CH,), 0.86
—0.83 (m, 3H, CHa).

13C NMR (DMSO-d6, 126 MHz): & 162.7 (C=0), 159.4 (C-OH), 152.1 (PhenC), 150.8
(aC), 149.2 (PhenC), 147.0 (PhenC), 142.9 (PhenC), 139.0 (PhenC-0), 131.5 (PhenC),
130.4 (PhenC), 129.6 (ArC), 126.7 (PhenC-N), 125.6 (ArC), 124.7 (PhenC), 124.3
(PhenC), 122.3 (PhenC), 121.9 (PhenC), 116.4 (ArC), 72.9 (BC), 66.4 (-OCH,), 31.4
(CH2), 28.5 (CHa), 25.6 (CHa), 22.6 (CH2), 14.5 (CH3).

2.3.3D: octyl-2-(4-hydroxyphenyl)-2H-[1,4]oxazino[2,3-f][1,10]phenanthroline-3-

carboxylate (3.3d): 3.2d (0.330 g) was reacted with 3.1 according to the above

method.
Yield: 0.169 g, 35%
mp: 213-215 °C

MS: Calculated m/z for: (M+H)* 484.2231; Found: (M+H)* 484.2240; Difference
(ppm): 1.86

IR (KBr, cm™1): 3435, 2925, 1739, 1609, 1594, 1578, 1517, 1501, 1432, 1375, 1314,
1277,1238, 1173, 1137, 1071, 1022, 944, 930, 839, 818, 742, 676, 631.

H NMR (DMSO-d6, 500 MHz): 6 9.70 (s, 1H, OH), 9.12 (dd, J = 4.3, 1.8 Hz, 1H, PhenH),
9.03 (dd, J = 4.3, 1.8 Hz, 1H, PhenH), 8.87 (dd, J = 8.3, 1.8 Hz, 1H, PhenH), 8.57 (dd, J
= 8.3, 1.8 Hz, 1H, PhenH), 7.83 (dd, J = 8.3, 4.3 Hz, 1H, PhenH), 7.78 (dd, J = 8.3, 4.3
Hz, 1H, PhenH), 7.22 — 7.18 (m, 2H, ArH), 6.69 — 6.65 (m, 2H, ArH), 6.57 (s, 1H, BH),
4.34 — 4.24 (m, 2H, -OCHy), 1.71 — 1.63 (m, 2H, CH2), 1.33 — 1.20 (m, 10H, 5 x CH,),
0.87 — 0.82 (m, 3H, CHs).

13C NMR (DMSO-d6, 126 MHz): & 162.5 (C=0), 159.3 (C-OH), 151.9 (PhenC), 150.6
(aC), 149.1 (PhenC), 146.9 (PhenC), 142.7 (PhenC), 138.9 (PhenC-0), 131.4 (PhenC),
130.2 (PhenC), 129.4 (ArC), 126.5 (PhenC-N), 125.4 (ArC), 124.6 (PhenC), 124.2
(PhenC), 122.1 (PhenC), 121.7 (PhenC), 116.2 (ArC), 72.7 (BC), 66.2 (-OCH), 31.6
(CH,), 29.04 (CH2), 29.01 (CHa,), 28.4 (CH2), 25.8 (CH,), 22.5 (CHa), 14.4 (CH3).
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2.3.3 E: dodecyl-2-(4-hydroxyphenyl)-2H-[1,4]oxazino[2,3-f][1,10]phenanthroline-

3-carboxylate (3.3e): 3.2e (0.386 g) was reacted with 3.1 according to the general

method.
Yield: 0.167 g, 31%
mp: 172-174 °C

MS: Calculated m/z for: (M+H)* 540.2857; Found: (M+H)* 540.2857; Difference
(ppm): -1.10

IR (KBr, cm™): 3430, 2923, 1737, 1711, 1610, 1590, 1516, 1503, 1487, 1464, 1433,
1377,1322, 1285, 1238, 1171, 1130, 1072, 1021, 956, 840, 810, 739, 677, 631.

14 NMR (DMSO-d6, 500 MHz): §9.70 (s, 1H, OH), 9.11 (dd, J = 4.3, 1.8 Hz, 1H, PhenH),
9.02 (dd, J = 4.3, 1.8 Hz, 1H, PhenH), 8.87 (dd, J = 8.3, 1.8 Hz, 1H, PhenH), 8.56 (dd, J
= 8.3, 1.8 Hz, 1H, PhenH), 7.82 (dd, J = 8.3, 4.3 Hz, 1H, PhenH), 7.76 (dd, J = 8.3, 4.3
Hz, 1H, PhenH), 7.21 — 7.18 (m, 2H, ArH), 6.69 — 6.66 (m, 2H, ArH), 6.56 (s, 1H, BH),
4.34 - 4.22 (m, 2H, -OCHaz), 1.68 — 1.62 (m, 2H, CHa), 1.33 — 1.09 (m, 18H, 9 x CHa),
0.78 (t, J = 6.9 Hz, 3H, CHa).

13C NMR (DMSO-d6, 126 MHz): § 162.5 (C=0), 159.3 (C-OH), 151.9 (PhenC), 150.5
(«C), 149.0 (PhenC), 146.9 (PhenC), 142.8 (PhenC), 138.8 (PhenC-0), 131.3 (PhenC),
130.2 (PhenC), 129.4 (ArC), 126.5 (PhenC-N), 125.4 (ArC), 124.4 (PhenC), 124.1
(PhenC), 122.1 (PhenC), 121.7 (PhenC), 116.2 (ArC), 72.7 (BC), 66.2 (-OCH,), 31.7
(CH3), 29.5 (CH,), 29.5 (CH2), 29.4 (CHy), 29.4 (CHy), 29.2 (CH2), 29.0 (CH.), 28.4 (CH.),
25.8 (CH,), 22.5 (CH,), 14.3 (CHa).

2.3.3F: methyl 2-phenyl-2H-[1,4]oxazino[2,3-f][1,10]phenanthroline-3-carboxylate

(3.3f): 3.2f (0.215 g) was reacted with 3.1 according to the general method. The
desired product could not be isolated by the work-up given previously. A small
amount of solid was precipitated via dropwise addition of diethyl ether. The impure

product could be observed in the NMR spectra of this solid.

MS: Calculated m/z for: (M+H)* 370.1186; Found: (M+H)* 370.1192; Difference
(ppm): 1.57

73



(impure) *H NMR (DMSO-d6, 500 MHz): & 9.06 (dd, J = 4.3, 1.8 Hz, 1H, PhenH), 8.95

(dd, J = 4.3, 1.8 Hz, 1H, PhenH), 8.76 (dd, J = 8.3, 1.8 Hz, 1H, PhenH), 8.51 (dd, J = 8.3,
1.8 Hz, 1H, PhenH), 7.75 — 7.69 (m, 2H, PhenH), 7.38 — 7.35 (m, 2H, ArH), 7.26 — 7.24
(m, 3H, ArH), 6.63 (s, 1H, BH), 3.91 (s, 3H, -OCHs).

(impure) 3C NMR (DMSO-d6, 126 MHz): 6 163.1, 151.9, 149.7, 149.1, 146.8, 142.7,

138.8, 135.3, 131.3, 130.2, 130.1, 129.5, 127.4, 126.3, 124.5, 124.1, 122.2, 121.4,
72.4,53.5.

2.3.3G: propyl 2-phenyl-2H-[1,4]oxazino[2,3-f][1,10]phenanthroline-3-carboxylate

(3.3g): 3.2g (0.244 g) was reacted with 3.1 according to the general method. Once
the DCM was removed under vacuum, the remaining solid precipitate was heated in
a minimum amount of CHCIs, filtered and allowed to stand. A bright yellow

precipitate was observed.
Yield: 0.011 g, 3%
mp: 152-153 °C

MS: Calculated m/z for: (M+H)* 398.1499; Found: (M+H)* 398.1500; Difference
(ppm): 0.30

IR (KBr, cm™1): 3433, 2971, 1706, 1711, 1582, 1500, 1489, 1430, 1322, 1249, 1132,
1058, 1019, 973, 800, 738.

'H NMR (DMSO-d6, 500 MHz): § 9.13 (dd, J = 4.3, 1.8 Hz, 1H, PhenH), 9.03 (dd, J =
4.3, 1.8 Hz, 1H, PhenH), 8.85 (dd, J = 8.3, 1.8 Hz, 1H, PhenH), 8.63 (dd, /= 8.3, 1.8 Hz,
1H, PhenH), 7.84 (dd, J = 8.3, 4.3 Hz, 1H, PhenH), 7.80 (dd, /= 8.3, 4.3 Hz, 1H, PhenH),
7.43 —7.38 (m, 2H, ArH), 7.33 = 7.29 (m, 3H, ArH), 6.71 (s, 1H, BH), 4.33 — 4.24 (m,
2H, -OCHz), 1.75-1.67 (m, 2H, CH2), 0.91 (t, / = 7.5 Hz, 3H, CH3).

13C NMR (DMSO-d6, 126 MHz): 6 162.5, 152.1, 150.4, 149.2, 146.9, 142.8, 138.8,
135.5,131.4,130.3,130.1, 129.6, 127.5, 126.6, 124.6, 124.3,122.2,121.5,72.6, 67.8,
21.9,10.7.
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Synthesis

of

alkyl 4-(4-R-phenyl)-7-oxo-7H-pyrido[4,3,2-

de][1,10]phenanthroline-5-carboxylate (3.4a-c, Figure 28):

R R’ product
-H CH, 3.4a
-H C5H, 3.4b
-NO, C,H; 3.4c

Figure 28: structure of alkyl 4-(4-R-phenyl)-7-oxo-7H-pyrido[4,3,2-de][1,10]phenanthroline-5-carboxylate (3.4a-
c)

2.3.4A: methyl 7-ox0-4-phenyl-7H-pyrido[4,3,2-de][1,10]phenanthroline-5-

carboxylate (3.4a): 3.2f (0.215 g) was reacted with 3.1 according to the general
method (Section 2.3.3). Once the DCM was removed under vacuum, the crude
product was dissolved in 3 mL of MeOH and to this solution 5 mL of EtOAc was added.

The solution was allowed to crystallise in the freezer to give bright yellow crystals.
Yield: 0.026 g, 7%
mp: decomp. @ 230 °C

MS: Calculated m/z for C332H13N303: (M+Na)* 390.0849; Found: (M+Na)* 390.0863;

Difference (ppm): 3.59

IR (KBr, cm™): 3434, 1729, 1678, 1578, 1439, 1376, 1280, 1258, 1234, 1202, 1167,
1002, 702, 676, 607.

1H NMR (DMSO-d6, 500 MHz): 6 9.12 — 9.09 (m, 1H, PhenH), 9.02 (d, J = 5.9 Hz, 1H,
PhenH), 8.62 (dd, J = 7.9, 1.6 Hz, 1H, PhenH), 7.82 (dd, J = 7.9, 4.6 Hz, 1H, PhenH),
7.69 —7.60 (m, 4H, PhenH + 3ArH), 7.51 — 7.46 (m, 2H, ArH), 3.70 (s, 3H, -OCHs).

13C NMR (DMSO-d6, 126 MHz): 6 181.0 (C=0), 166.7 (C=0), 155.3 (PhenC), 151.7
(PhenC), 150.7 (PhenC), 149.0 (PhenC), 147.5 (aC), 146.4 (PhenC=N), 138.5 (PhenC),
135.9 (PhenC), 135.4 (ArC), 133.5 (BC), 130.2 (ArC), 129.7 (ArC), 129.4 (PhenC), 129.2
(ArC), 126.6 (PhenC), 120.8 (PhenC), 119.8 (PhenC), 53.1 (-OCH3).
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2.3.4B: propyl 7-oxo0-4-phenyl-7H-pyrido[4,3,2-de][1,10]phenanthroline-5-

carboxylate (3.4b): 3.2g (0.244 g) was reacted with 3.1 according to the general
method (Section 2.3.3). Once the DCM was removed under vacuum, the crude
product was dissolved in warm diethyl ether. The solution was allowed to cool. The
desired product precipitated as a yellow solid during evaporation of diethyl ether. It

was filtered and air dried.
Yield: 0.073 g, 18%
mp: decomp. @ 230 °C

MS: Calculated m/z for: (M+Na)* 418.1162; Found: (M+Na)* 418.1164; Difference

(ppm): 0.5

IR (KBr, cm™): 3434, 1728, 1676, 1579, 1441, 1378, 1281, 1259, 1232, 1200, 1169,
1001, 705, 679, 606.

14 NMR (DMSO-d6, 500 MHz): § 9.15 — 9.14 (m, 1H, PhenH), 9.07 (d, J = 5.9 Hz, 1H,
PhenH), 8.66 (dd, J = 7.9, 1.6 Hz, 1H, PhenH), 7.85 (dd, J = 7.9, 4.6 Hz, 1H, PhenH),
7.71 - 7.62 (m, 4H, PhenH + 3ArH), 7.53 — 7.47 (m, 2H, ArH), 4.06 (s, t = 6.5 Hz, 2H, -
OCH,), 1.37 (dt, J = 7.3, 6.5 Hz, 2H, CH2), 0.70 (t, J = 7.3 Hz, 3H, CHs).

13 NMR (DMSO-d6, 126 MHz): & 181.1 (C=0), 166.5 (C=0), 155.3 (PhenC), 151.8
(PhenC), 149.1 (PhenC), 148.0 (PhenC), 146.6 (aC), 146.6 (PhenC=N), 138.5 (PhenC),
136.0 (PhenC), 135.0 (ArC), 133.6 (BC), 130.3 (ArC), 129.8 (ArC), 129.5 (PhenC), 129.3
(ArC), 126.6 (PhenC), 120.9 (PhenC), 119.8 (PhenC), 67.58 (-OCH,), 21.6 (CH), 10.6
(CHs).

2.3.4C: ethyl 4-(4-nitrophenyl)-7-oxo-7H-pyrido[4,3,2-de][1,10]phenanthroline-5-

carboxylate (3.4c): 3.2h (0.262 g) was reacted with 3.1 according to the general
method. The crude product was dissolved in 10 mL EtOH and allowed to stand in the
freezer overnight. The bright red precipitate formed was filtered, washed with 3 x 10

mL portions of cold EtOH and dried under vacuum.
Yield: 0.132 g, 30%
mp: > 250 °C
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MS: Calculated m/z for: (M+Na)* 449.0856; Found: (M+Na)* 449.0878; Difference
(ppm): 4.89

IR (KBr, cm™): 3429, 2927, 1723, 1683, 1598, 1581, 1505, 1345, 1291, 1204, 1104,
859, 709.

'H NMR (DMSO-d6, 500 MHz): & 9.15 (dd, J = 4.6, 1.8 Hz, 1H, PhenH), 9.07 (d, J = 5.9
Hz, 1H, PhenH), 8.67 (dd, J = 7.9, 1.8 Hz, 1H, PhenH), 8.53 — 8.45 (m, 2H ArH), 7.86
(dd,J=7.9, 4.6 Hz, 1H, PhenH), 7.83 — 7.78 (m, 2H, ArH), 7.61 (d, J = 5.9 Hz, 1H PhenH),
4.19 (q, J = 7.1 Hz, 2H, -OCHy), 1.04 (t, J = 7.1 Hz, 3H, CHs).

13 NMR (DMSO-d6, 126 MHz): & 181.1 (C=0), 165.6 (C=0), 155.4 (PhenC), 151.7
(PhenC), 150.8 (PhenC), 149.3 (PhenC), 148.4 (ArC), 147.3 (aC), 146.8 (PhenC=N),
141.0 (ArC), 138.5 (PhenC), 136.1 (PhenC), 134.10 (BC) 131.8 (ArC), 129.5 (PhenC),
126.7 (PhenC), 124.2 (ArC), 120.8 (PhenC), 119.7 (PhenC), 62.3 (-OCH3), 14.0 (CHs).

2.3.5: Metal Complexation of 3.2a-e:

2.3.5A1: [Ag(3.3a):](ClO4).2MeOH.H,0 (3.5a1):

A 10 mL MeOH solution of AgClO4 (0.027 g, 130 umol) was added to a stirred heated
40 mL MeOH suspension of 3.3a (0.100 g, 260 umol). The resulting clear yellow
solution was refluxed in the absence of light for 2 h to give a yellow suspension. The
resulting bright yellow precipitate was filtered, washed with 3 x 20 mL portions of

MeOH, and dried under vacuum.
Yield: 0.097 g, 70%
CHN (%): Calculated [Ag(C22H15N304)2](ClO4).2MeOH.H,0:

Carbon, 52.11; Hydrogen, 3.80; Nitrogen, 7.93. Found: Carbon, 52.05;
Hydrogen, 3.52; Nitrogen, 8.00

MS: Calculated m/z for [Ag(C22H15N304)2]*: (M)* 877.1171; Found: (M+H)* 877.1198;

Difference (ppm): 3.08
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IR (KBr, cm™): 3424, 1714, 1611, 1596, 1509, 1435, 1346, 1260, 1173, 1098, 1032,
809, 734, 622.

1H NMR (DMSO-d6, 500 MHz): § 9.75 (s, 2H, OH), 9.13 (dd, J = 4.5, 1.6 Hz, 2H, PhenH),
9.07 — 9.01 (m, 4H, PhenH), 8.77 (dd, J = 8.3, 1.6 Hz, 2H, PhenH), 8.04 — 7.93 (m, 4H,
PhenH), 7.30 — 7.19 (m, 4H, ArH), 6.71 — 6.68 (m, 4H, ArH), 6.66 (s, 2H, BH), 3.93 (s,
6H, -OCHs).

13C NMR (DMSO-d6, 126 MHz): & 162.9 (C=0), 159.4 (ArC), 153.0 (PhenC), 151.1 (aC),
150.4 (PhenC), 143.3 (PhenC), 139.2 (PhenC), 139.2 (PhenC), 133.4 (PhenC), 132.4
(PhenC), 129.6 (ArC), 127.2 (PhenC), 126.1 (PhenC), 125.8 (PhenC), 125.1 (ArC), 122.4
(PhenC), 122.3 (PhenC), 116.3 (ArC), 72.9 (BC), 53.6 (-OCHs).

2.3.5A2: [Cu(3.3a)3](ClO04),.2H,0 (3.5a2):

A 10 mL MeOH solution of Cu(ClO4)2.6H,0 (0.064 g, 174 umol) was added to a stirred
heated 40 mL MeOH suspension of 3.3a (0.200 g, 519 umol). The resulting clear green
solution was refluxed for 2 h. The resulting clear green solution was reduced to 10
mL under vacuum and allowed to stand overnight. The resulting bright green
precipitate was filtered, washed with 3 x 5 mL portions of cold MeOH, and dried

under vacuum.
Yield: 0.072 g, 29%
CHN (%): Calculated [Cu(C22H15N304)3](Cl04)2.2H20:

Carbon, 54.54; Hydrogen, 3.40; Nitrogen, 8.67. Found: Carbon, 54.30;
Hydrogen, 3.62; Nitrogen, 8.41

IR (KBr, cm™?): 3392, 1720, 1609, 1515, 1436, 1352, 1263, 1174, 1085, 1038, 813, 731,
624.

Keff = 2.3 BM
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2.3.5A3: [Mn(3.3a)3](Cl04),.MeOH.2H,0 (3.5a3):

A 20 mL MeOH solution of Mn(ClO4)..6H,0 (0.063 g, 173 umol) was added to a stirred
heated 80 mL MeOH suspension of 3.3a (0.200 g, 519 umol). The resulting clear
yellow solution was refluxed for 2 h. The resulting clear yellow solution was reduced
to 10 mL under vacuum and allowed to stand overnight. The resulting bright yellow
precipitate was filtered, washed with 3 x 5 mL portions of cold MeOH, and dried

under vacuum.
Yield: 0.134 g, 52%
CHN (%): Calculated [Mn(C22H15N304)3](ClO4)2.MeOH.2H,0:

Carbon, 54.45; Hydrogen, 3.61; Nitrogen, 8.53. Found: Carbon, 54.51;
Hydrogen, 3.61; Nitrogen, 8.52

IR (KBr, cm™): 3399, 1719, 1607, 1515, 1438, 1353, 1263, 1174, 1100, 1035, 813, 734,
623.

Uefi = 6.0 BM

2.3.5B: [Cu(3.3b)s](Cl04),.2H,0 (3.5b): A 10 mL MeCN solution of Cu(ClO4),.6H,0

(0.062 g, 0.166 mmol) was added to a stirred heated 40 mL MeCN suspension of 3.3b
(0.207 g, 0.500 mmol). The resulting clear, luminescent green solution was refluxed
for 2 h. The solution was reduced to 5 mL under vacuum. The product was
precipitated via addition of ~400 mL diethyl ether, filtered, washed with 3 x 50 mL

portions of diethyl ether, and dried under vacuum.
Yield: 0.202 g, 80%
CHN (%): Calculated [Cu(C24H19N304)3](ClO4)2.2H,0:

Carbon, 56.20; Hydrogen, 4.00; Nitrogen, 8.19. Found: Carbon, 56.36;
Hydrogen, 3.79; Nitrogen, 8.18

IR (KBr, cm™?): 3379, 1713, 1610, 1515, 1438, 1353, 1265, 1174, 1086, 1037, 814, 732,
625.
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1H NMR (DMSO-d6, 500 MHz): & 9.80 (bs, 3H, OH), 7.23 — 7.15 (m, 9H, 2ArH & BH),
6.70 (bs, 6H, ArH), 4.26 — 4.20 (m, 6H, -OCH,), 1.65 (bs, 6H, CH2), 0.86 (bs, 9H, CHs).

13C NMR (DMSO-d6, 126 MHz): § 159.0, 129.4, 124.9, 118.1, 115.9, 67.3, 21.4, 10.1,
1.1.

Mefi = 2.0 BM

2.3.5C: [Cu(3.3¢)3](Cl04),.2H,0 (3.5¢): 3.3c (0.200 g, 0.439 mmol) was reacted with

Cu(Cl0O4)2.6H20 (0.054 g, 0.146 mmol) following the same method as 2.3.5B.
Yield: 0.196 g, 81%
CHN (%): Calculated [Cu(C27H25N304)3](ClO4)2.2H,0:

Carbon, 58.43; Hydrogen, 4.78; Nitrogen, 7.57. Found: Carbon, 57.72;
Hydrogen, 4.71; Nitrogen, 7.79

IR (KBr, cm'!): 3390, 2954, 1714, 1610, 1515, 1452, 1438, 1352, 1260, 1174, 1101,
1037, 814, 732, 623.

1H NMR (DMSO-d6, 500 MHz): & 9.78 (bs, 3H, OH), 7.21 — 7.13 (m, 9H, 2ArH & BH),
6.70 (bs, 6H, ArH), 4.28 — 4.23 (m, 6H, -OCH,), 1.61 (bs, 6H, CH2), 1.22 (bs, 18H, 3 x
CH2), 0.83 (bs, 9H, CHs).

13C NMR (DMSO0-d6, 126 MHz): 6 159.0, 129.4, 124.9, 115.8, 65.8, 30.7, 27.8, 24.8,
21.9,13.7.

Metf = 2.2 BM

2.3.5D: [Cu(3.3d)s](Cl04)>.CH3CN (3.5d): 3.3d (0.200 g, 0.414 mmol) was reacted with

Cu(Cl0Oa4)2.6H,0 (0.051 g, 0.138 mmol) following the same method as 2.3.5B.
Yield: 0.176 g, 74%
CHN (%): Calculated [Cu(C29H29N304)3](ClO4)2.CH3CN:

Carbon, 60.94; Hydrogen, 5.17; Nitrogen, 7.98. Found: Carbon, 60.78;
Hydrogen, 5.11; Nitrogen, 8.20

80



IR (KBr, cm™): 3400, 2927, 1714, 1610, 1515, 1452, 1437, 1383, 1262, 1173, 1087,
1046, 814, 731, 626.

'H NMR (DMSO-d6, 500 MHz): 6 9.80 (bs, 3H, OH), 7.223 — 7.16 (m, 9H, 2ArH & BH),
6.69 (bs, 6H, ArH), 4.28 — 4.22 (m, 6H, -OCH3), 1.61 (bs, 6H, CH2), 1.21 (bs, 24H, 4 x
CH3), 0.82 (bs, 9H, CHs3).

13C NMR (DMSO-d6, 126 MHz): 6 159.1, 129.4,124.9, 115.8, 65.9, 31.1, 28.53, 28.49,
27.9,25.2,22.0, 13.9.

Mefi = 2.1 BM

2.3.5E: [Cu(3.3e)3](Cl04),. (3.5e1): 3.3e (0.219 g, 0.406 mmol) was reacted with

Cu(Cl0O4)2.6H,0 (0.050 g, 0.135 mmol) following the same method as 2.3.5B.
Yield: 0.180 g, 71%
CHN (%): Calculated [Cu(C33H37N304)3](ClOa),:

Carbon, 63.20; Hydrogen, 5.95; Nitrogen, 6.70. Found: Carbon, 63.45;
Hydrogen, 6.28; Nitrogen, 5.79

IR (KBr, cm): 3411, 2924, 2852, 1714, 1610, 1515, 1452, 1438, 1383, 1261, 1173,
1102, 1036, 813, 731, 622.

1H NMR (DMSO-d6, 500 MHz): & 9.77 (bs, 3H, OH), 7.21 — 7.15 (m, 9H, 2ArH & BH),
6.69 (bs, 6H, ArH), 4.28 — 4.23 (m, 6H, -OCH2), 1.61 (bs, 6H, CH,), 1.20 (bs, 48H, 9 x
CH2), 0.79 (bs, 9H, CHs).

Meti = 2.1 BM
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2.4: Synthesis of Schiff Base Isoniazid Derivatives of 1,10-

phenanthroline and their Metal Complexes.

2.4.1: Synthesis of (Z2)-N'-(6-0x0-1,10-phenanthrolin-5(6H)-

ylidene)isonicotinohydrazide (4.1, Figure 29):

(@] —
N
HN \_/
o N
/
N\
\ / \—
4.1

Figure 29: structure of (Z)-N'-(6-oxo-1,10-phenanthrolin-5(6H)-ylidene)isonicotinohydrazide (4.1):
Using an adaption of a reported procedure?®® to synthesise a related compound, 3.1
(0.210 g, 1.00 mmol) was added to a 25 mL EtOH solution of isonicotinic acid
hydrazide (0.137 g, 1.00 mmol). p-toluenesulfonic acid (0.020 g, 0.116 mmol) was
added to the resulting bright yellow solution and the solution was allowed to reflux
for 6 hours. The resulting suspension was hot-filtered to remove a minimal amount
of undesired 1,10-phenanthroline-5,6-diol (phendiol) and the bright orange filtrate
was allowed to stand overnight in the absence of light to give yellow needle like
crystals of 4.1. The product was filtered, washed with 3 x 10 mL washings of EtOH,

and air dried. The filtrate was allowed to stand in the dark.
Yield: 0.263 g, 79%

mp: 210-211 °C

CHN (%): Calculated (C1gH11N502.1/2H,0):

Carbon, 63.90; Hydrogen, 3.58; Nitrogen, 20.70. Found: Carbon, 63.84;
Hydrogen, 3.39; Nitrogen, 20.78
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MS: Calculated m/z for: (M+H)* 330.0986; Found: (M+H)* 330.0997; Difference
(ppm): 3.41

IR (KBr, cm™): 3424, 1723, 1635, 1576, 1557, 1509, 1445, 1407, 1223, 1180, 1064,
1011, 752, 686.

14 NMR (DMSO-d6, 500 MHz): & 15.13 (s, 1H, O--HN), 9.11 (dd, J = 4.5, 1.7 Hz, 1H,
PhenH), 8.94 (dd, J = 4.4, 1.6 Hz, 2H, PyH), 8.90 (dd, J = 4.5, 1.7 Hz, 1H, PhenH), 8.61
(dd, J = 7.9, 1.7 Hz, 1H, PhenH), 8.50 (d, J = 7.9 Hz, 1H, PhenH), 7.88 (dd, J= 4.4, 1.6
Hz, 2H, PyH), 7.75 (dd, J = 7.9, 4.5 Hz, 1H, PhenH), 7.67 (dd, J = 7.9, 4.5 Hz, 1H, PhenH)

13C NMR (DMSO-d6, 126 MHz): 6 181.9 (PhenC=0), 164.5 (C=0), 156.2 (PhenC), 152.7
(PhenC), 151.6 (PhenC), 151.4(PyrC), 147.1 (PhenC), 139.4 (PyrC), 136.3 (PhenC),
135.1 (PhenC-N), 132.2 (PhenC), 128.6 (PhenC), 127.8 (PhenC), 125.6 (PhenC), 125.3
(PhenC), 122.0 (PyrC).

2.4.2: Metal Complexation of 4.1

2.4.2A1: [Ag(4.1);](ClO,) (4.2a1):

A 20 mL EtOH solution of Ag(ClO4) (0.104 g, 0.501 mmol) was added to a heated 80
mL EtOH solution of 4.1 (0.329 g, 1.00 mmol). The resulting bright yellow suspension
was refluxed in the dark for 3 h. A bright orange suspension was observed and hot-
filtered to give a yellow-orange solid. The solid was washed with 3 x 20 mL portions

of hot EtOH and 3 x 20 mL portions of DCM.
Yield: 0.353 g, 82%
CHN (%): Calculated [Ag(C1gH11N503)2](ClO4):

Carbon, 49.93; Hydrogen, 2.56; Nitrogen, 16.18. Found: Carbon, 50.06;
Hydrogen, 2.66; Nitrogen, 16.34

IR (KBr, cm™): 3408, 1712, 1630, 1578, 1559, 1514, 1456, 1418, 1409, 1329, 1292,
1260, 1221, 1185, 1065, 1017, 820, 750, 679, 624.
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14 NMR (DMSO-d6, 500 MHz): & 15.12 (s, 2H, O--HN), 9.19 — 9.07 (m, 2H, PhenH),
8.96-8.92 (m, 6H, PhenH & 2PyH), 8.82 (d, J = 8.0 Hz, 2H, PhenH), 8.70 (d, J = 8.0 Hz,
2H, PhenH), 7.97 (dd, J = 8.0, 4.8 Hz, 2H, PhenH), 7.91-7.88 (m, 6H, PhenH & 2PyH).

13C NMR (DMSO-d6, 126 MHz): & 180.9 (C=0), 164.6 (C=0), 156.4 (PhenC), 152.2
(PhenC), 151.5 (PyrC), 149.7 (PhenC), 144.2 (PhenC), 139.3 (PyrC), 137.9 (PhenC),
134.6 (PhenC=N), 133.9 (PhenC), 130.0 (PhenC), 128.8 (PhenC), 127.2 (PhenC), 126.9
(PhenC), 122.0 (PyrC).

2.4.2A2: [Ag(4.1),](NO;) (4.2a2):

A 20 mL MeCN solution of Ag(NOs) (0.085 g, 0.500 mmol) was added to a heated 80
mL MeCN solution of 4.1 (0.329 g, 1.00 mmol). The resulting bright orange
suspension was refluxed in the dark for 3 h. A bright orange suspension was observed
and hot-filtered to give an orange solid. The solid was washed with 3 x 20 mL portions

of hot MeCN, 5 x 20 mL portions of hot DCM, and dried under vacuum.
Yield: 0.316 g, 76%
CHN (%): Calculated [Ag(CisH11Ns502)2](NO3).2H,0:

Carbon, 50.01; Hydrogen, 3.03; Nitrogen, 17.82. Found: Carbon, 50.44;
Hydrogen, 2.79; Nitrogen, 17.91

MS: Calculated m/z for [Ag(CigH11Ns02)2]*: (M)* 765.0876; Found: (M)* 765.0873;

Difference (ppm): -0.39

IR (KBr, cm™): 3412, 1712, 1631, 1578, 1564, 1510, 1455, 1409, 1340, 1217, 1187,
1068, 1048, 1020, 844, 830, 749, 679, 633.

IH NMR (DMSO-d6, 500 MHz): & 15.15 (s, 2H, O--HN), 9.14 (dd, J = 4.8, 1.7 Hz, 2H,
PhenH), 8.97-8.93 (m, 6H, PhenH & 2PyH), 8.84 (dd, J = 8.0, 1.7 Hz, 2H, PhenH), 8.73
(d, J = 8.0 Hz, 2H, PhenH), 7.98 (dd, J = 8.0, 4.8 Hz, 2H, PhenH), 7.93-7.90 (m, 6H,
PhenH & 2PyH).

13 NMR (DMSO-d6, 126 MHz): & 180.9 (PhenC=0), 164.5 (C=0), 156.4 (PhenC), 152.2
(PhenC), 151.5 (PyrC), 149.6 (PhenC), 144.1 (PhenC), 139.3 (PyrC), 137.9 (PhenC),
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134.7 (PhenC=N), 134.0 (PhenC), 130.1 (PhenC), 128.9 (PhenC), 127.3 (PhenC), 126.9
(PhenC), 122.1 (PyrC).

2.4.2A3: [Ag(4.1),](BFa4) (4.2a3):

A 20 mL MeCN solution of Ag(BF4) (0.097 g, 0.500 mmol) was added to a heated 80
mL MeCN solution of 4.1 (0.329 g, 1.00 mmol). The resulting bright yellow suspension
was refluxed in the dark for 3 h. A bright yellow suspension was observed and hot-
filtered to give a bright yellow solid. The solid was washed with 3 x 20 mL portions of

hot MeCN, 5 x 20 mL portions of hot DCM, and dried under vacuum.

Yield: 0.305 g, 72%

CHN (%):
Calculated [Ag(C18H11Ns02)2](BF4): Carbon, 50.67; Hydrogen, 2.60; Nitrogen, 16.41
Found: Carbon, 50.02; Hydrogen, 2.24; Nitrogen, 16.06

MS: Calculated m/z for [Ag(CigH11Ns02)2]*: (M)* 765.0876; Found: (M)* 765.0908;

Difference (ppm): 4.2

IR (KBr, cm): 3402, 1706, 1629, 1580, 1564, 1521, 1458, 1409, 1290, 1228, 1185,
1080-1030 [s. br v(BF4)], 1021, 846, 816, 747, 681, 631.

1H NMR (DMSO-d6, 500 MHz): & 15.14 (s, 2H, O--HN), 9.13 (dd, J = 4.8, 1.7 Hz, 2H,
PhenH), 8.95-8.92 (m, 6H, PhenH & 2PyH), 8.82 (dd, J = 8.0, 1.7 Hz, 2H, PhenH), 8.70
(d, J = 8.0 Hz, 2H, PhenH), 7.97 (dd, J = 8.0, 4.8 Hz, 2H, PhenH), 7.94 — 7.83 (m, 6H,
PhenH & 2PyH).

13C NMR (DMSO-d6, 126 MHz): & 180.5 (PhenC=0), 164.5 (€C=0), 156.0 (PhenC), 151.8
(PhenC), 151.1 (PyrC), 149.2 (PhenC), 143.6 (PhenC), 138.8 (PyrC), 137.5 (PhenC),
134.2 (PhenC=N), 133.5 (PhenC), 129.6 (PhenC), 128.3 (PhenC), 126.9 (PhenC), 126.5
(PhenC), 121.6 (PyrC).
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2.4.2B1: Attempted Synthesis of [Cu(4.1),](Cl04),.2H,0 (4.2b1):

A 5 mL EtOH solution of Cu(ClO4),.6H,0 (0.185 g, 0.500 mmol) was added to a heated
80 mL EtOH solution of 4.1 (0.329 g, 1.00 mmol). The resulting muddy brown
suspension was refluxed for 3 h. The resulting brown suspension was hot-filtered to
give a dark brown powder. The solid was washed with 3 x 20 mL portions of hot EtOH

and dried under vacuum.
Yield: 0.363 g, 72%

CHN (%): Calculated [Cu(C1gH11N502)2](ClO4)2.2H,0: Carbon, 45.18; Hydrogen, 2.74;
Nitrogen, 14.63. Found: Carbon, 45.65; Hydrogen, 2.64; Nitrogen, 14.95

IR (KBr, cm™): 3434, 2128, 1708, 1647, 1577, 1557, 1517, 1461, 1427, 1269, 1226,
1188, 1091, 1024, 817, 754, 730, 685, 623.

Kefi = 1.539 BM

2.4.2B2: Attempted Synthesis of [Cu(4.1)](BF4)2 (4.2b2):

A 20 mL MeCN solution of Cu(BF4)2.xH20 (0.237 g, 1.00 mmol) was added to a heated
80 mL MeCN solution of 4.1 (0.180 g, 0.550 mmol). The resulting brown solution was
stirred for 18 h. The resulting brown suspension was filtered to give a dark brown
powder. The solid was washed with 3 x 20 mL portions of cold MeCN and dried under

vacuum.
Yield: 0.121 g, 39%
CHN (%): Calculated [Cu(C18H11Ns502)]1(BFa)2:

Carbon, 38.17; Hydrogen, 1.96; Nitrogen, 12.36. Found: Carbon, 38.32;
Hydrogen, 2.29; Nitrogen, 11.80

IR (KBr, cm™): 3435, 2130, 1706, 1640, 1577, 1517, 1488, 1426, 1305, 1267, 1227,
1184, 1073-1054 [s. br v(BF4)], 818, 754, 738, 687.

Meti = 1.2 BM
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2.4.2C1: [Mn(4.1),](Cl04)>.H,0 (4.2c1):

A 10 mL EtOH solution of Mn(ClO4),.6H,0 (0.181 g, 0.500 mmol) was added to a
heated 80 mL EtOH solution of 4.1 (0.329 g, 1.00 mmol). The resulting reddish brown
suspension was refluxed for 3 h. The resulting red suspension was hot-filtered to give
a brick red powder. The solid was washed with 3 x 20 mL portions of hot EtOH and

dried under vacuum.
Yield: 0.303 g, 65%
CHN (%): Calculated [Mn(CigH11N502)2](ClO4)2.H20:

Carbon, 46.47; Hydrogen, 2.60; Nitrogen, 15.05. Found: Carbon, 46.29;
Hydrogen, 2.79; Nitrogen, 15.32

IR (KBr, cm™!): 3434, 1705, 1629, 1577, 1557, 1518, 1461, 1422, 1269, 1227, 1183,
1108, 1021, 818, 746, 734, 685, 624.

Meff = 6.5 BM

2.4.2C2: [Mn(4.1),](NOs),.2H,0 (4.2c2):

A 20 mL MecCN solution of Mn(NO3)2.4H,0 (0.126 g, 0.500 mmol) was added to a
heated 80 mL MeCN solution of 4.1 (0.329 g, 1.00 mmol). The resulting bright yellow
suspension was refluxed for 3 h. A bright orange suspension was observed and hot-
filtered to give an orange solid. The solid was washed with 3 x 20 mL portions of hot

MeCN, 5 x 20 mL portions of hot DCM, and dried under vacuum.
Yield: 0.310 g, 70%
CHN (%): Calculated [Mn(C18H11N502)2](NO3)2.2H0:

Carbon, 49.50; Hydrogen, 3.00; Nitrogen, 19.24. Found: Carbon, 49.67;
Hydrogen, 2.45; Nitrogen, 19.02

IR (KBr, cm™): 3422, 1719, 1642, 1575, 1520, 1443, 1421, 1385, 1303, 1265, 1225,
1186, 1071, 1020, 844, 819, 748, 682, 639.

Eeff = 62 BM
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2.4.3: Formation of (E)-6,6'-(diazene-1,2-diyl)bis(1,10-phenanthrolin-5-

ol), (4.3a), and N'-isonicotinoylisonicotinohydrazide, (4.3b), From the

Filtrate of 2.4.1 (Scheme 1)

N
| A
0] — F
N
HN( \ H'T‘ 0
XN EtOH +  Os _NH
—

Scheme 1: Formation of 4.3a and 4.3b

The filtrate from reaction 2.4.1 was allowed to stand in the dark for over 4 wks. The
bright orange filtrate changed to a dark green suspension. The suspension was
heated to reflux and filtered whilst hot to give a clear green filtrate and a dark purple
powder. The precipitate was crystallised from CHCIs to produce X-ray quality crystals.
The crystals were filtered and washed with 3 x 20 mL washings of CHClz and identified
to be 4.3a. Upon leaving the green filtrate to stand for a further few days, a white
solid was observed along the walls of the flask. The contents of the flask were
decanted and the white solid was dissolved in hot acetone to give a clear colourless
solution. This solution was reduced to dryness on a rotary evaporator to give the
white solid identified to be isoniazid diamide, 4.3b. The characterisation data for 4.3b

was consistent with the literature?.
Yield (4.3a): 0.026 g
CHN (%) (4.3a): Calculated (C24H14N60O2).2CHCls:

Carbon, 47.52; Hydrogen, 2.45; Nitrogen, 12.79. Found: Carbon, 47.73;
Hydrogen, 2.52; Nitrogen, 12.77

IR (KBr, cm™) (4.3a): 3434, 2951, 1626, 1506, 1467, 1418, 1341, 1262, 1106, 1026,
804, 751
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H NMR Protonated (4.3a)(CFsCOOD, 500 MHz): 6 9.60 (d, J = 8.5 Hz, 2H, PhenH 9.56
(d, J = 8.5 Hz, 2H, PhenH), 9.47 (d, J = 5.0 Hz, 2H, PhenH), 9.37 (d, J = 5.0 Hz, 2H,
PhenH), 8.57 (dd, J = 8.5, 5.0 Hz, 2H, PhenH), 8.38 (dd, J = 8.5, 5.0 Hz, 2H, PhenH),
4.12 (s, 2H, OH).

Yield: 0.015 g

MS: (4.3b): Calculated m/z for: (M+H)* 243.0877; Found: (M+H)* 243.0882;

Difference (ppm): 2.15
IR (KBr, cm?)(4.3b): 3435, 3210, 3045, 1682, 1642, 1546, 1489, 1406, 1299, 838, 751.

1H NMR (4.3b)(CDs0D, 500 MHz): & 9.03 — 8.66 (m, 4H, PyH), 8.15 — 7.74 (m, 4H,
PyH).

13C NMR (4.3b)( CDs0OD, 126 MHz): & 165.60 (C=0), 149.85 (PyrC), 140.52 (PyrC),
121.78 (PyrC).

2.4.3A: Synthesis of 6-nitroso-1,10-phenanthrolin-5-ol (4.3c, Figure 30):

Figure 30: 6-nitroso-1,10-phenanthrolin-5-ol (4.3c)

Following a reported procedure??®, a 4 mL H,O solution of hydroxylamine
hydrochloride (0.350 g, 5.04 mmol) was added dropwise to a refluxing 37 mL EtOH
solution of 3.1 (1.050 g, 5.01 mmol). The mixture was allowed to reflux for a further
5 min and allowed to stand overnight. The resulting precipitate was filtered, washed

with a large amount of hot EtOH, and dried to give a bright yellow precipitate.
Yield: 0.561 g, 50%

mp: 219-220 °C
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MS: Calculated m/z for: (M+H)* 226.0611; Found: (M+H)* 226.0622; Difference
(ppm): 4.95

14 NMR (DMSO-d6, 500 MHz): & 14.75 (s, 1H (major), O--HO), 9.53 (d, J = 8.3 Hz, 1H
(major), PhenH), 9.13 (d, J = 3.7 Hz, 1H (major), PhenH), 8.99 — 8.88 (m, 1H (major) +
1H (minor), PhenH), 8.79 (m, 2H (minor), PhenH), 8.72 — 8.60 (m, 1H (major) + 1H
(minor), PhenH), 8.02 — 7.81 (m, 2H (major) + 2H (minor), PhenH).

2.4.3B: Synthesis of 6-amino-1,10-phenanthrolin-5-ol (4.3d, Figure 31):

Figure 31: 6-amino-1,10-phenanthrolin-5-ol (4.3d)
To a suspension of 4.3c (0.225 g, 1.00 mmol) was added 0.1 g of 10% Pd/C in 50 mL
EtOH and refluxed for 1 h. The mixture was further refluxed for 6 h following the
addition of 4 mL hydrazine hydrate. The mixture was filtered through a celite cake
and the filtrate was reduced to dryness on rotary evaporator to yield a red

precipitate.
Yield: 0.196 g, 92%

MS: Calculated m/z for: (M+H)* 212.0817; Found: (M+H)* 212.0818; Difference
(ppm): 0.71

IR (KBr, cm™): 3434, 3344, 3196, 1633, 1569, 1487, 1462, 1437, 1410, 1305, 1227,
1013, 803, 735.

1H NMR (DMSO-d6, 500 MHz): & 8.93 (dd, J = 4.2, 1.7 Hz, 1H, PhenH), 8.79 (dd, J =
4.2,1.7 Hz, 1H, PhenH), 8.64 (dd, J = 8.4, 1.7 Hz, 1H, PhenH), 8.50 (dd, J = 8.4, 1.7 Hz,
1H, PhenH), 7.70 (dd, J = 8.4, 4.2 Hz, 1H, PhenH), 7.64 (dd, J = 8.4, 4.2 Hz, 1H, PhenH),
7.22 (br. s, 2H, NH>).

13C NMR (DMSO-d6, 126 MHz): & 147.21, 145.66, 142.28, 140.65, 130.95, 130.52,
128.95, 127.09, 125.17, 123.10 123.08, 122.62.
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2.5: Biological Screening of Compounds 3.3a-e and their Metal

Complexes 3.5a-e

2.5.1: Materials and Instruments

All growth media, pipette tips, and falcon vials used for preparation of test solution
for biological screening were sterilised in an autoclave (Dixons ST2228) at 120°C and
124 kPa for 30 minutes. All worktop benches, fume hoods, and analytical equipment
were sterilised by washing with 70% (v/v) EtOH/H0 prioir to use. The loading of 96-
well plate were carried out under sterile environment. Deionised water (dH;0) was

used to make all media.

Fungal density was measured using a Neubauer haemocytometer under a light
microscope. The bacterial density was measured using Eppendorf BioPhotometer
6131 Spectrophotometer at 600 nm. The growth of microbes in 96-well plate was

measured using the Synergy HT Bio-Tek plate reader.

Nutrient broth and PBS were obtained from Sigma Aldrich and prepared according to
the manufacturer’s instructions. Minimal Growth Media (MM) was made by
dissolving glucose (2% w/v), Yeast Nitrogen Base without amino acid (0.17% w/v),
and ammonium sulfate (0.5% w/v) in dH,0. Yeast Extract Peptone Dextrose (YEPD)
media composed of glucose (2% w/v), bacteriological peptone (2% w/v), and yeast

extract (1% w/v).

Sixt instar larvae of Galleria mellonella were obtained from the Mealworm Company,

Sheffield, England and stored in the dark at 15°C.

Myjector U100 insulin syringes used for administration of compound to G. mellonella

were obtained from Terumo Europe, Leuven, Belgium.
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2.5.2: Antimicrobial Susceptibility Testing Methods

2.5.2.1: in vitro Antimicrobial Susceptibility Testing Methods

2.5.2.1.1: Preparation of Test Compound Stock Solutions for Susceptibility Testing

Solution of the test compounds were prepared by two methods depending on the

solubility of the compound in aqueous media.

Water soluble compounds such as 3.1, AgClOs, Mn(ClO4),.6H,0, and Cu(ClO4),.6H,0
were dissolved in neat DMSO to yield 4 mM stock solutions. These stock solutions
were loaded onto the 96 well plate and doubly-diluted on the plate to give a
concentration range of 1 —0.0039 mM (results were obtained for 0.125 —0.0039 mM

doses which were the solution that contained the DMSO % below 5%).

Water insoluble compounds such as 3.3a-e, 3.5a-e and the known antibacterial
agents (ampicillin, doxycycline, streptomycin, tetracycline, and vancomycin) were
dissolved in neat DMSO to produce 600 uM solutions. These were then doubly-
diluted with neat DMSO to produce solutions with concentration range of 600 —4.69
KUM. Each solution was then diluted with growth media (1:5 dilution) to yield stock
solutions of concentration range of 120 — 0.94 uM. Each stock solution was then
loaded onto the 96-well plate, leading to the final concentration range of 30 —0.2344
UM being tested against microbial strains. This was 5% DMSO was present in each

well that contained compound solutions.

2.5.2.1.2: Determination of Bacterial Cell Minimum Inhibitory Concentrations

Cells (S. aureus and E. coli) were cultured overnight in an aerated conical flask in an
orbital shaker at 37 °C and 200 rpm in nutrient broth. The optical density at 600 nm
(ODsoo) of the bacterial culture was measured and the culture was diluted with

nutrient broth to produce a bacterial suspension with ODggo of 0.1.
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The 96-well plate was loaded with nutrient broth (100 plL) being pipetted into each
well. The stock solutions (100 pL) of the test compounds were then loaded onto the
96-well plate. In the case of the water soluble compounds, the 4mM stock solutions
were loaded and doubly-diluted on the 96-well plate to give a concentration range
of 2 — 0.0078 mM. The bacterial suspension with ODeggo of 0.1 was loaded (100 pL)
onto the appropriate wells of the plate and the bacterial growth was measured at
600 nm after 24 h at 37 °C using a spectrophotometer (BioPhotometer). The final
concentration range upon addition of bacterial suspension was 1 — 0.0039 mM
(results were obtained for 0.125 — 0.0039 mM ranges as the DMSO % was below 5%

for this range).

In the case of the water insoluble compounds, the stock solution prepared in neat
DMSO and diluted with media (1:5 dilution) to give a concentration range of 120 —
0.94 uM were loaded onto the 96-well plate (previously loaded with nutrient broth
(100 pL). The contents of the wells containing the solution of the test compounds
were halved, leading to each well containing 100 pL solutions. The bacterial
suspension with ODeoo of 0.1 was loaded (100 pL) onto the appropriate wells of the
plate and the bacterial growth was measured at 600 nm after 24 h at 37°C using a
spectrophotometer (BioPhotometer). The final concentration range of the test

compounds upon addition of bacterial suspension was 30 —0.23 uM.

For all compounds tested, the screening was carried out with a repetition of 2 and in

8 replicates.

2.5.2.1.3: Determination of Minimum Inhibitory Concentrations of 3.3a and its

Complexes 3.5a1-3 against Yeast Cells

Cells (C. albicans) were cultured overnight in an aerated conical flask in an orbital
shaker at 37 °C and 200 rpm in MM. The ODgoo of the yeast culture was measured
and the culture was diluted with MM to produce a yeast suspension with ODeoo of

0.1.

The 96-well plate was loaded with MM (100 uL) being pipetted into each well. The

stock solutions (100 uL) prepared in neat DMSO and diluted with media (1:5 dilution)
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to give a concentration range of 120 — 0.94 uM of the test compounds (3.3a and
3.5a1-3) were then loaded onto the 96-well plate. The contents of the wells
containing the solution of the test compounds were halved, leading to each well
containing 100 pL solutions. The yeast suspension with ODego of 0.1 was loaded (100
pL) onto the appropriate wells of the plate and the yeast growth was measured at
600 nm after 24 h at 37 °C using a spectrophotometer (BioPhotometer). The final
concentration range of the test compounds upon addition of yeast suspension was

30 -0.23 pM.

For all compounds tested, the screening was carried out with a repetition of 2 and in

8 replicates.

2.5.2.2: in vivo Antimicrobial Susceptibility Testing Methods

2.5.2.2.1: Inoculation of Galleria mellonella Larvae

Sixth instar larvae were used for this testing. The larvae of the same age were
weighed and the larvae with weight of 0.22g — 0.27g were used. Five larvae were
placed in a clean petri dish and innoculated with 20 uL solution of the appropriate
compounds. The dose was administered through the last pro-leg of the insect using

a Myjector U100 insulin syringe.

2.5.2.2.2: Survival rate of Galleria mellonella Infected with S. aureus and then

Treated with Compounds 3.3a-e, 3.5a-e

Cells (S. aureus) were cultured overnight in an aerated conical flask in an orbital
shaker at 37°C and 200 rpm in nutrient broth. The ODgoo of the bacterial culture was
measured and the culture was diluted with PBS to produce a bacterial suspension

with ODegoo of 0.1 and 0.25.

Larvae were injected with S. aureus as described above with S. aureus (20 puL) through
the last proleg. One hour post infection, the larvae were treated with solutions (20

ul) to test compounds 3.3a-e and 3.5a-e. DMSO (10% v/v), dH,0, PBS, and larvae
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innoculated with S. aureus were used as controls. The larvae were incubated for 24

h at 37°C. The survival rate of the insect was monitored at 24, 48 and 72 h.

2.5.3: in vivo Toxicity towards Galleria mellonella

Compounds 3.3a-e, 3.5a-e were dissolved in neat DMSO to produce 600 uM
solutions. These were then doubly-diluted with neat DMSO to produce solutions with
concentration range of 600 — 30 uM. Each solution was then diluted with dH,0 media
(1:10 dilution) to yield stock solutions within the concentration range of 60 — 3 uM
being. DMSO (10%) solution was also prepared using dH;0. The G. mellonella larvae
were then injected with 20 uL of stock solution, 10% DMSO solution, and dH,0O
solution through the last pro-leg as described in Section 2.5.2.2.1. The larvae were
incubated for 24 h at 37°C. The survival rate of the insect was monitored at 24, 48

and 72 h.

2.5.4: Cell Leakage Assay

Cells (S. aureus) were cultured overnight in an aerated conical flask in an orbital
shaker at 37°C and 200 rpm in nutrient broth. The stationary phase S. aureus cells
were harvested by centrifugation on a Beckman GS-6 bench centrifuge at 1850g for
5 min. The cell pellet were washed twice with PBS and re-suspended in 5 mL (30 uM
made up in 5% DMSO (v/v) solution) solution of 3.5a-c, [Cu(3.1)3].(ClOa),;, and 5%
DMSO (v/v). The cells were incubated at 37°C and 200 rpm for 1, 4 and 24 h. The cells
were harvested as before and the supernatant was collected. The free amine and the
protein content of the supernatant was determined using ninhydrin assay and

Bradsford assay, respectively.
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Chapter 3

Discussion of Synthesis,
Chraracterisation and
Biological Evaluation of
Oxazine-based ligands
(3.3a-g) and their Metal

Complexes (3.5a-¢)



3.1: Introduction

The synthesis, characterisation and biological screening of the oxazine-based phen
ligands 3.3a-e and their metal complexes 3.5a-e will be discussed in this chapter. The
synthesis and characterisation of starting materials necessary for the synthesis of
these ligands, which include 3.1 and 3.2a-e, will also be discussed. In addition, the
synthesis of further derivatives (3.3f-g) of the oxazine-based ligands will also be
discussed, alongside their respective starting materials 3.2f-g, as well as the
interesting side products, 3.4a-c, which are isolated from the reaction of 3.2f-h with

3.1.

The work presented in this chapter starts from discussing the synthesis and
characterisation of the quinone 3.1 and the amino acid ester based starting materials
3.2a-h, and then proceeds to the synthesis, reaction conditions optimization and
characterization of the oxazine-based ligands 3.3a-e. The synthesis and
characterization of the unexpected pyrido-type products 3.4a-c as well as the
concurrent formation of the oxazine-type products 3.3f-g is also discussed. The
mechanism of formation of these oxazine-based product as well as the pyrido-based
products is outlined and discussed. Finally, the synthesis and characterisation of the
metal complexes 3.5a-e, which arise from metal-complexation of 3.3a-e is discussed.
An overview of the chemical reactions and the chemicals used in this project is given

in (Scheme 2).

The oxazine-based ligands 3.3a-e and their metal complexes 3.5a-e are screened for

their anti-microbial activity and their results are discussed.
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Starting Materials (3.1 & 3.2a-h) Synthesis
R R' product
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Cu 2 1 3.3e 3.5e3

Oxazine-based product (3.3a-g) and
pyrido-based products (3.4a-c) synthesis
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product product
R R' product
-OH -CH, 3.3a
-OH -C3H, 3.3b
-OH -CgHy3 3.3c
-OH -CgHy; 3.3d
-OH -CyoHys 3.3e
-H -CH; 3.3f +3.4a
-H -C3H, 3.3g+3.4b
-NO, -C,H, 3.4c

Scheme 2: Overveiw of the the synthetic reactions and products. i) KBrO3/60% H»SOg; ii)MeCOCI/R’OH; iii) N-
methylmorpholine/DMSQO; iv) MeOH or MeCN
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3.2: Synthesis and Characterisation of Phenanthroline-Based

Oxazine and their Metal Complexes

3.2.1: Synthesis and Characterisation of Starting Materials 3.1 and
3.2a-h

1,10-phenanthroline-5,6-dione (3.1) was synthesised by following a reported
procedure?® to obtain the product with moderate yields (80%) and sufficient purity.
The product was characterised by NMR, IR, and MS and the results matched those

reported in the literature.

The synthesis of amino acid esters (3.2a-h) was carried out by modification of a
reported procedure?!’ (Scheme 3). By utilising acetyl chloride, HCl can be generated
in situ to facilitate acid catalysed esterification of the amino acid and to generate the
hydrochloride salts of the resulting esters. The ability of the alcohol to act as both as
a reactant and solvent allowed for the synthesis of pure, high yielding esters. In the
case where the more lipophilic alcohols were used, often the unreacted amino acid

could be easily removed via filtration of the cold reaction mixture.

99



0]

0 /)L\ 0
cl

OH ——— > ®) OR!'
NH, R'-OH I NH,
R 3hreflux R ®
3.2a-h
Stoichiometric Equivalents -R -R’ product | Yield
Amino acid | Acetyl chloride | R’-OH
1 5.51 ~127 |-OH | CH3 3.2a 94%
1 5.51 ~127 |-OH | CH; |3.2b 93%
1 5.51 ~57 -OH | CGeHiz | 3.2¢ 89%
1 5.51 ~43 -OH | CsHi7 | 3.2d 85%
1 5.51 ~30 -OH | Ci2Has | 3.2e 80%
1 5.51 ~125 | -H CHs 3.2f 94%
1 5.51 ~125 | -H CsH; | 3.2g 95%
1 5.51 ~125 | -NOz | C;Hs | 3.2h 93%

Scheme 3: Esterification of L-phenylalanine, L-tyrosine and their NO; substitute analogue to produce 3.2a-h

After removal of any unreacted amino acid, the precipitation of the amino acid ester
was achieved by addition of diethyl ether and/or petroleum ether. In the case of the
higher boiling point alcohols such as 1-hexanol, 1-octanol, and 1-dodecanol the
stoichiometric equivalents of alcohol used were lowered to allow precipitation of the
lipophilic product from these solvents. In addition, the removal of these solvents
from the final product required multiple washings of the product with warm diethyl
ether. The final products were characterised using NMR, IR and MS analysis. The IR
spectra of the final amino acid ester products show the presence of a band at 1740 -
1750 cm™ due to (C=0)ester stretch, which is not present in the amino acid precursor.
In addition, the broad band at 2600-3200 cm™ due to (—OH)coon stretch of the
carboxylic acid functionality of the amino acid is no longer present in the IR spectrum
of the respective amino acid ester. The HRMS analysis of the products 3.2a-h detects
the presence of the [amino acid ester + H]* cation. The solubility profile of the
products is also different from the starting amino acids which do not readily dissolve
in any organic solvent, whereas the products are easily soluble in most polar organic
solvents. In addition, the 'H NMR spectrum of the products 3.2a-h also display the
presence of the alkyl peaks associated with the ester group as well as the broad peak
arising from (NHs)* group which integrates to give a value of 3 H atoms.
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3.2.2: Synthesis of Ligands (3.3a-e) and their Characterisation

The synthesis of compounds 3.3a-e was carried out by reacting the respective amino
acid ester (3.2a-e) with 3.1 in the presence of a base (N-methylmorpholine).
Although the synthesis of the oxazine-based ligand 3.3a has previously been reported
by our group??}, due to the low yields reported and the failure to produce ligands
with varying lengths of ester groups by following the reported procedure, the ligands
3.3a-e (Scheme 4) were synthesised by an optimised procedure. Ligands 3.3a-e were
successfully synthesised with moderate yields, purified and characterised using NMR,

IR, MS and X-ray crystallography.

0
| RO
" 7
. [ ) A"
(0]
HO ® 24 h N N==
3.1 3.2a-e 75 °C 3.3a-e
-R product | Yield

CHs 3.3a 45%
CsH7 3.3b 41%
CeH1z | 3.3c 38%
CgHi7 | 3.3d 35%
Ci2Has | 3.3e 31%

Scheme 4: Synthesis of oxazine-based ligands 3.3a-e

The ligands 3.3a-e were moderately soluble in DMSO and sparingly soluble in organic
solvents such as alcohols, DCM, CHCl;, MeCN and acetone. These ligands were
completely insoluble in H,0, EtOAc, ether, toluene and highly hydrophobic solvents.

Due to their solubility profile, their NMR characterisation was carried out in DMSO.

The *H NMR spectrum of the ligands 3.3a-e shows clear differences from the spectra
of the starting materials. For example, the 'H NMR spectrum of 3.3a possesses 6
peaks within the region of 9.15 — 7.70 ppm which can be attributed to the 6 non-

equivalent protons of the phen moiety, demonstrating the loss of symmetry within
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the phen backbone which is present in the starting material. In addition, when
compared to the 'H NMR spectrum of the amino acid ester 3.2a, it is observed that
the signal (dd) attributed to the a-H (4.13 ppm) and the pair of signals (dd) attributed
to the diastereotopic B-H atoms (3.10 & 2.95 ppm) can no longer be observed due to
the formation of the C=N bond at the a-C atom and the C-O bond at the B-C atom.
Instead, the appearance of the signal (s) at 6.57 ppm in the 'H NMR spectra of 3.3a
is attributed to the B-H atom (j to carbonyl C) which is a characteristic signal of these
2,3 substituted 2H-1,4-oxazine derivatives. The 3C NMR spectra of the ligands

3.3a-e is also in agreement with the structure proposed.

The IR spectra of the ligands 3.3a-e display characteristic differences to those of the
respective amino acid ester starting material. For example, when comparing the
spectra of 3.2a and the corresponding oxazine-based product 3.3a, the band arising
from the v(C=0)ester stretch shifts from 1744 cm™ in the spectrum of starting material
3.2ato 1707 cm™ in that of 3.3a. This is to be expected due to the formation of C=N
bond at the a-C atom, leading to conjugation of the C=0 in the ligand. In addition,
the broad band at 614 cm™ assigned to the N-H torsional oscillation in the IR spectra
of 3.2a-e is absent from the IR spectra of the final products 3.3a-e. When the IR
spectra of the ligands 3.3a-e are compared to the spectrum of 3.1, the two
characteristic bands arising from the diketone functionality present in 3.1 are also

absent from the spectra of 3.3a-e.

The structure of the ligands 3.3b,c,e was also confirmed by X-ray crystallographic

analysis (Figure 32, Figure 33, Figure 34).

102



Figure 32: asymmetric unit of 3.3b with partial atom labelling for clarity. Atomic displacement shown at 50%
probability

Figure 33: disordered asymmetric unit of 3.3c with heteroatom labelling only for clarity. Moiety occupancy
54:46% for phenol ring and 50:25:25% for hexyl aliphatic arm. Atomic displacement shown at 50% probability.
Hydrogen atoms omitted for clarity.
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Figure 34: Molecular structure of 3.3e with atomic displacement shown at 50% probability. Only heteroatoms
labelled for clarity

3.2.3: Optimisation of Experimental Conditions for the Synthesis of

Oxazine-based Products 3.3a-g

The experimental conditions for the synthesis of the oxazine-based products 3.3a-g
(outlined in Scheme 4) were optimised by carrying out the synthesis of 3.3a with
minor variations in experimental conditions and monitoring the yields of the product.
Below is the presentation and discussion of the experimental conditions reported in
the literature??!, the limitation of the synthesis conditions and the modifications of
this protocol to optimise the yields of the product 3.3a, which eventually led to an

increase in the yield of 3.3b-g.

3.2.3.1: Synthetic Protocol for Synthesis of 3.3a in Literature and its Limitations

The experimental conditions reported in the literature for the formation of the ligand
3.3a involve the reaction of 3.1 with 3.2a by refluxing in MeOH for 24 h. Although
these conditions lead to the crystallisation of the desired product with purity, the
yield obtained was low (21%) and the same conditions did not lead to an appreciable
yield for the reaction to form the desired products 3.3b-g. In addition, the formation

of a significant amount of phendiol leads to the undesirable waste of 3.1.
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The proposed mechanism??! for the formation of the desired ligand in the literature
is given below (Scheme 5) and involves the formation of a single-Schiff base product
from the reaction of the 3.2a and 3.1. Upon the formation of the Schiff base imine, it
is proposed that a second 3.1 molecule acts as dehydrogenating agent to lead to

concerted ring formation by forming a bond between the O atom of 3.1 and the B-C

atom of the amino acid ester to yield 21% of 3.3a.

HQ

Scheme 5: reported proposed mechanism for 3.3a formation
The ability of 3.1 to act as dehydrogenating agent is to be expected due to the redox
behaviour of 3.1 observable through its conversion to the reduced phendiol in this
reaction. Indeed, even as early as 1983, it was reported that the reduction of 3.1 to
phendiol was observable when reacted with amines??2. In 2014, Alison Wendlandt
reported the conversion of 1,2,3,4-tetrahydroisoquinoline to  3,4-
dihydroisoquinoline (Scheme 6) in presence of 5% equivalent of 3.1, to give 7% of

the oxidised amine and the complete conversion of 3.1 to the reduced phendiol*>2.

0] O HQ OH

0, (1 atm)
+ +
— h— NH rt N N— N
3.1 1,2,3,4-tetrahydro- 24 h phendiol

3,4-

: inoli
Isoquinoline dihydroisoquinoline

Scheme 6: conversion of 1,2,3,4-tetrahydroisoquinoline to 3,4-dihydroquinoline by oxidative dehydrogenation
caused by 3.1

The ability of 3.1 to dehydrogenate amines with a negligible catalytic turnover
suggests that in the above proposed mechanism (Scheme 5), a maximum of 50% yield
of 3.3a is to be expected. A combination of the following factors may be responsible
for the low yield (21%) observed for the formation of 3.3a: 1) the initial Schiff base

imine intermediate is not present in a sufficiently high concentration for the
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maximum formation of the product 3.3a through the concerted mechanism
proposed above or; 2) the dehydrogenation of the Schiff-base imine may not occur
through a concerted mechanism and thus may lead to alternative products.
Interestingly, changing the stoichiometric equivalent of 3.1:3.2a from 1:1 to 2:1 does
not lead to an increase in the yield of the product, suggesting that the reduction of

3.1 to phendiol is not the sole cause for the low yields of the desired product.

3.2.3.2: Optimisation of 3.3a Synthesis via Base Catalysed Schiff Base Formation in
MeOH

In an attempt to enhance the Schiff base formation between the amino acid ester
3.2a and 3.1, the reaction was carried out with the addition of a 1.1 equivalents of
base (triethylamine, TEA). In MeOH this reaction resulted in the precipitation of a
yellow solid. Upon carrying out 'H NMR spectroscopy of the precipitate, it was
discovered that the desired product 3.3a co-precipitated with phendiol and 3.1. The
desired product along with 3.1 was isolated via soxhlet extraction using CHCls. The
residual 3.1 was removed by washing of the extracted product with hot CHCI; to yield
29% of the pure 3.3a and 40% phendiol. Although an increase in yield of the desired
product was observed along with a reduction in the amount of phendiol produced,
the yields were still fairly low. The use of higher equivalents of base resulted in the
formation of phendiol to a greater extent but produced 3.3a at a much lower yield.
Interestingly, the use of lower equivalents of base (0.1 equivalents) did result in the
formation of 3.3ain higher yields, demonstrating that the base is acting as a catalyst.
Attempts were also made to carry out the reaction in other common solvents (EtOAc,
acetone, MeCN, DCM, CHCls and toluene). However, due to solubility issues none of
these modifications proved to be more efficient. The use of other mild bases
(pyridine and N-methylmorpholine) did not lead to any significant increase in the
yield of 3.3a when using MeOH as a solvent. The results from these modifications are

summarised below (Table 1).
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Product | Base Base Reaction Reaction | Yield

equivs | Temperature | Time (%)
3.3a TEA 1.1 75°C 24 h 29%
3.3a TEA 0.1 75°C 24 h 27%
3.3a TEA 3 75°C 24 h 15%
3.3a TEA 5 75°C 24 h 5%
3.3a Pyridine 1.1 75°C 24 h 27%
3.3a N- 1.1 75°C 24 h 28%

methylmorpholine

Table 1: effect of use of various catalytic base on the yield of 3.3a in MeOH

3.2.3.3: Optimisation of 3.3a Synthesis by Variation of Reaction Temperature,

Solvent Dilution and Controlled Mixing of Starting Materials in MeOH.

To probe the reaction conditions further, a slow addition of 3.1 to a solution of 3.2a
with 1.1 equivalent of TEA base was attempted. A further change to the reaction
conditions was the use of a larger amount of the MeOH. A 250 mL solution of 3.1 (1
mmol, 0.210 g) was added dropwise over a few hours to a 60 °C, 250 mL solution of
3.2a (1 mmol, 0.237 g) and TEA (1.1 mmol). This method resulted in the formation of
a clear bright yellow solution which was reduced to 100 mL on a rotary evaporator
and allowed to stand over a fortnight. A bright yellow precipitate formed, which was
determined to be pure 3.3a at a 35% yield. This method not only resulted in a higher
yield of the product but also prevented the formation of phendiol. This may be
attributed to the lower concentration of 3.1 present in the reaction mixture which
would lead to a low concentration of phendiol being produced as part of the
dehydrogenating step. At low concentration, phendiol could remain in solution

allowing it to be then oxidised in situ to reproduce 3.1 by aerobic oxidation.

3.2.3.4: Use of DMSO as Reaction Solvent to Optimise Synthesis of 3.3a

In an attempt to facilitate the oxidation of phendiol back to 3.1 in situ during the
formation of 3.3a, the reaction was carried out in DMSO. Phendiol is more soluble in
DMSO over MeOH, making it easier to keep higher concentrations of phendiol in
solution, and the DMSO can also act as a very mild oxidant to lead to the oxidation

of phendiol back to 3.1. The reactants (3.1 and 3.2a, 1 mmol) and the TEA (1.1
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equivalents) were dissolved in 25 mL DMSO and heated for 24 hours at 75 °C. The
resulting clear bright red solution was allowed to cool to room temperature and the
desired product 3.3a can be extracted into the organic layer using a H,O and DCM
solvent mixture. This methodology produced vyields of 3.3a up to 39% and a very

minimal formation of phendiol.

Probing the reaction conditions further, the temperature of the reaction with DMSO
as a solvent was varied. It was discovered that carrying out the reaction below 60 °C
led to no observable formation of phendiol. However, the yield of the desired 3.3a
was also diminished when compare to carrying out the reaction at 75 °C. In contrast,
carrying out the reaction at higher temperatures leads to a greater formation of

phendiol (up to 50% yield) and other side products, with diminished yield of 3.3a.

By varying the amount of DMSO used, it was observed that by lowering the volume
of DMSO, a lower yield of 3.3a was obtained with an increased yield of phendiol. On
the other hand, if the reaction mixture was too dilute, no phendiol formation was
observed, however a lower quantity of 3.3a was obtained. This may be due to the
loss of the product during the liquid-liquid extraction stage. In addition, pyridine and
N-methylmorpholine were also used as bases. Although the difference in yields of
the product were minimal, the use of N-methylmorpholine produced the highest
yields and it was ultimately chosen as the base for the optimised conditions (Scheme

a).

The reaction was also carried out with lower equivalents of base. Interestingly, these
reaction conditions produced respectively comparable yields even when the base
was used at 0.1 equivalents, demonstrating that the base plays only a catalytic role.
When the reaction was carried out in DMSO without any presence of the base, the
reaction only produced the ligand at 21% yield. The results from these experiments

are given below (Table 2).
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Product | Solvent | Vol. Base Base Reaction Yield
Solvent equiv. | Temperature
(mL) (°9)
3.3a DMSO | 25 TEA 1.1 75 39%
3.3a DMSO | 25 TEA 0.1 75 36%
3.3a DMSO | 25 - - 75 21%
3.3a DMSO |50 TEA 1.1 75 30%
3.3a DMSO |10 TEA 1.1 75 15%
3.3a DMSO | 25 TEA 1.1 60 27%
3.3a DMSO | 25 TEA 1.1 90 19%
3.3a DMSO | 25 pyridine 1.1 75 40%
3.3a DMSO | 25 N-methyl- 1.1 75 45%
morpholine

Table 2: Synthesis Optimisation of 3.3a in DMSO reaction solvent and reaction time of 24 h.

3.2.3.5: Synthesis of 3.3b-e, the Lipophilic Derivatives of 3.3a

From the results of these studies the conditions used in Scheme 4 were applied to
form all of the products 3.3a-e. The products 3.3b-e were successfully synthesised,
purified and characterised. However, the yields of the ligands decreased with the
elongation of the ester chain. In addition, it was observed that the formation of the
products could be carried out at higher temperatures (up to 90 °C) in the case of

longer ester chains and often led to an increase in yield.

To measure the lipophilicity of these new derivatives, the experimental
determination of logP using octanol:water separation method was not possible due
to the insolubility of the compounds in the two solvents. As an alternative, reverse
phase HPLC analysis of these ligands was carried out using gradient elution of H;0
and MeCN. As expected, the retention time for the ligands 3.3a-e increased with
increasing ester chain. In addition, logP values were calculated using ChemDraw Ultra

16.1. The results are given below in Table 3.

Compound Retention time (min) Calculated LogP
3.3a 21.7 2.8
3.3b 22.5 3.6
3.3c 27.8 4.9
3.3d 30.7 5.7
3.3e 354 7.4

Table 3: retention time and theoretical logP values of the ligands 3.3a-e
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3.2.3.6: Synthesis of Pyrido-based Phenanthroline Derivatives 3.4a-c

In an attempt to produce a variety of oxazine-based products, modifications at the
aromatic ring of the amino acid ester were made and the synthesis was attempted.
Since the —OH of the L-tyrosine acts as an electron donating group (EDG), the natural
next derivative to use as a substitute for the oxazine formation was L-phenylalanine,
possessing neither an electron donating nor an electron withdrawing group (EWG).
For this reaction, L-phenyalanine esters 3.2f-g were synthesised, purified and fully
characterised using NMR, IR and MS analysis. These esters were then reacted with
3.1 under the optimised reaction conditions. Upon completion of the experiment for
the reaction of 3.1 with 3.2f, when the crude product was allowed to stand in MeOH
as per general procedure given in Section 2.3.3, no product precipitated. An NMR
study of the crude product was carried out and the desired oxazine was observed
alongside another prominent phen-based product as well as other impurities. To the
MeOH solution of the crude product EtOAc was added and the solution was allowed
to stand in a freezer. Bright yellow crystals were observed and filtered off. The NMR
characterisation of these crystals proved that this compound was not the desired
oxazine-based product (Figure 35) and the structure of this pyrido-based product was
solved using X-ray crystallography (Figure 36). A possible mechanism of formation of

this product is given in Section 3.2.4.
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Figure 35: Aromatic region of the 1H NMR spectrum of 3.3a (blue trace) and 3.4a (red trace), demonstrating the
absence of signal for both a phen H atom and the characteristic B-H atom.

N
o o . ()
(0]
— / \ + OR' ———
DMSO
// NH;
\ N N= R a s 24 h
3.1 3.2f-h 75 °C
R R' product
H -CH, 3.4a and 3.3f
H -C3H, 3.4b and 3.3g
NO, -C,Hg 3.4c

Scheme 7: Synthesis of pyrido-based products 3.4a-c
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Figure 36: Asymmetric unit of 3.4a with atomic displacement shown at 50% probability

Following the extraction of this novel product, the crude product was again studied
through NMR spectroscopy and the characteristic peaks expected from the oxazine-
based product, 3.3f, were the major peaks in the NMR spectrum. The presence of the
oxazine-based product was confirmed by HRMS. Many various methods for
crystallisation and precipitation were attempted in order to purify the oxazine-based
product which all ultimately proved unsuccessful. Fortunately, the lipophilic
derivative containing a propyl ester chain, 3.3g, was easily obtained with purity from
a solution of diethyl ether. Upon extraction of 3.4b from the reaction mixture, the
mother liquor was removed under vacuum and the residue was heated in diethyl
ether. Slow evaporation of the diethyl ether solution lead to the formation of pure

3.3g.

To further study the effects of substituents at para position of the benzyl ring of the
amino acid ester, 4-nitro-L-phenylalanine ethyl ester 3.2h was used for the above
reaction. Interestingly, this reaction yielded exclusively the formation of the pyrido-

type product 3.4c (Scheme 7). In addition, the NMR analysis of the crude product of
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this reaction revealed no observable formation of the oxazine-based product. This
would suggest that the formation of either the oxazine-type or pyrido-type product
depends on the electronic nature of the para-substituent of the phenyl ring of the
amino acid ester. This sheds further light on the mechanism of formation of these

products.

3.2.4: Mechanism of Formation of 3.3a-g and 3.4a-c

It is very likely that the first step (Step 1) of this reaction is the Schiff base imine
formation. However, upon the formation of this imine, the mechanism of formation
of the oxazine ring through a concerted ring formation due to dehydrogenation
proposed previously (Scheme 5), cannot account for the formation of the pyrido-
product which was also formed. Due to the formation of the pyrido-type co-product
alongside the oxazine-based product from the reaction of 3.2f and 3.1, it is very likely
that the two types of products derive their formation from a common intermediate.
A possible mechanism to account for the formation of both these products is given

below (Scheme 8).
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Scheme 8: Proposed mechanism of formation of 3.3a-g and 3.4a-c
Step 1 of the proposed mechanism is the formation of the Schiff-base product. This
intermediate then undergoes intramolecular H* transfer from the carbon a to the
ester group onto the carbonyl group of the phen unit (Step 2). The acidity of this a-

H atom allows for this 1,5-prototropic tautomerisation and has been proposed as the

115



223 catalysed by quinones. In Step 3 of the

step for the C-H oxidation of amine
mechanism, deprotonation of the H* ion from the C atom B to the ester group by
base (TEA, N-methylmorpholine, pyridine) leads to the formation of an a,-
unsaturated carbonyl and the subsequent Step 4 leads to the formation of a
secondary amine. This amine intermediate is proposed to exist as two conformers.
In the case where R is an EDG (electron donating group), conformer A is preferred
due to the delocalisation of the electrons donated into the aromatic ring which then
further delocalises across the a,B-unsaturated carbonyl. This leads to a net negative
charge over the alkene and the potential for a dipole-dipole interaction between the
alkene and the H atom of the —OH group of the phen, leading to the stabilisation of
conformer A. On the other hand, if the para-substituent is electron withdrawing, the
same stabilisation cannot be observed and conformer B can be stabilised due to

hydrogen bonding interaction between the H atom of the NH group and the O atom

of the OH group.

In Step 5, oxidation of conformer A by 3.1 present in solution leads to the formation
of intermediate A. It is proposed that this reaction is catalytic and this is supported
by the fact that only a small amount of the highly insoluble phendiol is separated
during the separation stage of the work-up of 3.3(a),(c),(f) and characterised using
NMR??4, In addition, the reaction mixture for the synthesis of 3.3a after 24 h reaction
was added to an excess of H,0 with the aim of fully precipitating out the phendiol
and the 3.3a present in the DMSO solution. Both of these products are extremely
insoluble in H20 and the composition of resulting precipitate was analysed using H
NMR. This precipitate contained an excess of 3.3a compared to phendiol with a very
rough phendiol:3.3a ratio being 1:7 (Figure 37). In a separate experiment, the
oxidation of phendiol back to 3.1 in DMSO solution heated for 6 hours at 75°C was
also observed using NMR (Figure 38). Following the oxidation of conformer A, the
resulting intermediate A then undergoes ring closure cyclization (Step 6). While
conformer A leads to the formation of the oxazine-based product, conformer B
undergoes cyclization and aromatization (step 5°,6’,7’) to produce the pyrido-type
intermediate B and H, gas. Intermediate B then undergoes a similar oxidation

process as shown in Step 5 to yield the pyrido-type product (Step 8’).
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Figure 37: 1H NMR spectrum of the reaction mixture for the formation of 3.3a precipitated over H,0 showing
phendiol present in much lower quantity than the stoichiometric equivalent to 3.3a
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Figure 38: 1H NMR spectra showing oxidation of phendiol (red trace contains peaks for phendiol and 3.1) to 3.1
(blue trace) in d6-DMSO over 6 h at 75°C
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3.2.5: Synthesis and Characterisation of Metal Complexes 3.5a-e

The metal complexes of the 3.3a-e were synthesised by heating a
solution/suspension of the ligand with the appropriate equivalent of the simple
metal perchlorate salts. The Ag(l), Cu(ll) and Mn(ll) complexes of the methyl ester
oxazine-based compound 3.3a were synthesised in MeOH and produced the Ag(l)
complex in good yield (70%), the Mn(ll) complex in moderate yield (52%), and the
Cu(ll) complex in low yields (29%). The Ag(l) complexes were characterised using MS,
CHN%, IR and NMR spectroscopy. The Cu(ll) complexes were characterised using
magnetic moments analysis, CHN%, FAAS, IR and NMR spectroscopy. The Mn(ll)
complexes were characterised using magnetic moment analysis, CHN% and IR
spectroscopy. Many crystallisation techniques, such as single-solvent crystallisation,
multi-solvent crystallisation, slow solvent evaporation, vapour diffusion, solvent
diffusion, were used in an attempt to grow crystals of these complexes which all

ultimately proved unsuccessful.

3.2.5.1: Synthesis and Characterisation of [Ag(3.3a).].ClO4 (3.5a1) Complex

Silver complexes are predominantly formed by complexation of ligands to the Ag(l)
ion, however Ag(ll) and Ag(Ill) complexes have also been reported??. Ag(l) is known
to form linear complexes with N-donor atoms, for example the stable bis-
coordinated linear complex [Ag(NHs)2]*. The stability of the linear complex can be
explained by examining the electronic structure of Ag(l). The energy gap between the
4d,? and 5s orbital is small; these hybridise to form 2 sd, hybrids orbitals. The electron
density is transferred from the z-axis to produce a ring of high electron density along
the xy plane. The donor ligands are repelled from this ring and align themselves along
the z-axis, where the electron density is reduced??®. Although linear is a common
geometry, other coordination geometries are known. For example, the tri-amine and

the tetra-amine geometries of NH; complexes of Ag(1)??.

In the case of phen related metal complexes the common geometries found are
tetrahedral or distorted tetrahedral. The crystal structure of [Ag(3.1)2]ClO4 shows the

metal complex adopting a pseudo-tetrahedral geometry, with each of the N atoms
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of the phen forming a bond with the Ag metal centre??8. In a similar metal complex,
where the phen ring possess methyl substituents at the 2 and 9 positions, the bulky
methyl group force the metal complex to adopt a tetrahedral geometry??°. When the
unsubstituted 1,10-phenanthroline ligand is used, [Ag(phen).](NOs) produces a

distorted tetrahedron?39.

The Ag(l) complex 3.5al1 was precipitated out of the MeOH solution and was easily
purified by washing of MeOH and characterized using NMR, IR, HRMS and CHN%.

The 'H NMR spectrum of the metal complex displays small but noticeable shifts in
the peaks assigned to the phen H atoms. The H atoms ortho- to the chelating N atoms
of the phen do not display a noticeable shift, whereas the H atoms meta- and para-
to the N atoms are deshielded and resonate downfield by a ppm difference of 0.15
ppm when compared to the 'H NMR spectrum of the free ligand. This slight
deshielding effect is consistent with values reported in the literature for related
complexes and suggests that the phen is coordinated to the Ag(l) metal centre?31-233,
It should also be noted that the peaks assigned to the phenolic H atoms and the H
atom B to the carbonyl group do not display a shift in ppm value, demonstrating that

it is the phen N atoms that the metal centre is coordinating to.

The IR spectrum of 3.5al also shows characteristic differences compared to the IR
spectrum of 3.3a and are to be expected upon complexation. The band at 741 cm™!
in the IR spectrum of 3.3a is assigned to the out-of-plane bending vibration of the
phen C-H bonds. Upon coordination with a metal centre, this band is expected to
appear at a lower wavenumber, and can be observed at 734 cm™ in the IR spectrum
of the Ag(l) complex 3.5al. A similar decrease in wavenumber for this band due to
complexation has been observed in metal complexes of phen with rare-earth
metals?34. The aromatic ring stretching bands which can be observed at 1609, 1586,
and 1502 cm™ in the spectrum of the ligand 3.3a are expected to increase in
wavenumbers upon coordination?3>. Very slight shifts can be observed for these
vibrations in the spectra of the Ag(l) metal complex with the respective bands being
observed at 1611, 1596 and 1509 cm™. The expected bands to arise from the ClO4
ion can be observed at 1098 and 622 cm™. In addition, no band is observed at 650

cm, suggesting that the ClO4 ion is not coordinated to the Cu(ll) metal centre?3®,

119



Accurate HRMS analysis of the sample 3.5al displays a peak that corresponds to the
[Ag(3.3a):]" species with the isotopic pattern expected for a Ag(l) species. The CHN%
is also in agreement with the proposed complexation of two ligands to one metal
centre and suggests the formulation [Ag(3.3a)2](ClO4).2MeOH.H;0 for the product

obtained.

3.2.5.2: Synthesis and Characterisation of [Cu(3.3a)3](Cl04)2 (3.5a2) Complex

Although copper in large excess is toxic to humans, it is considered as an essential
trace metal, being the third most abundant transition metal, after zinc and iron. The
most common oxidation states of copper are Cu(l) and Cu(ll), however, Cu(lll) and
Cu(IV) complexes have also been reported in the literature?®’. The coordination
numbers and geometries associated with copper complexes vary with the oxidation
state of the metal centre and can range from linear-two coordination number to
octahedral/distorted octahedral-6 coordination number as well as seven- and eight-
coordination number complexes?®’. In the case of Cu(l) complexes, which are often
colourless except where charge transfer bands occur, the most common geometries
are linear, trigonal planar, and tetrahedral with some distortions observed with
chelating ligands. In contrast, the d® Cu(ll) metal centre most commonly displays the
distorted octahedral geometry owing to the Jahn-Teller distortion, which leads to the
two longer axial bonds with four shorter equatorial bonds and, in some instances,
four longer equatorial bonds and two shorter axial bonds. However, tetrahedral,
square planar and trigonal bipyramidal complexes are also known for Cu(ll) metal
centre. Owing to its smaller size and greater charge density, the Cu(ll) ion is a harder
acid than the Cu(l) ion and can be considered as a borderline hard acid. Therefore,
ligands containing O and N donor atoms are the most favourable ligands in Cu(ll)

coordination chemistry.

In the case of Cu(ll) complexes of phen, homoleptic bis and tris-phen based metal
complexes have been reported in the literature. Heteroleptic complexes containing
phen-based ligands are also quite common. In the case of the homoleptic phen
complexes, the bis-complexes rarely demonstrate four-coordinate geometry, and
often a H,0, CH3COO", ClO4’, or BF4” counter ion will occupy a coordination site?38. An
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Example of such systems include the [Cu(3.1)2(OH;)(OClO3)](ClO4) complex, where an
extra H,0 molecule and the CIOs molecule coordinate to the Cu(ll) metal centre to
give rise to a six-coordinated tetragonal bipyramidal complex?3. In contrast, the
structure of very few four-coordinate complexes of Cu(ll) containing phen-based

238 ‘where the

ligands are known. An example of such was reported by Mark T. Miller
coordination sphere of the complex is almost square planar, but is described as a
flattened tetrahedral. In addition, the complex [Cu(phen);](PFs). is also four-
coordinated compressed tetrahedral species with the PF¢, not being a part of the
coordination sphere???, The solid-state structure of tris-phen-based Cu(ll) complexes
are generally thought to be of distorted octahedral geometry. In a report by
Polyanskaya and co-workers, a crystal structure of a bimetallic [Cu(phen)s]**{Co[n°-
(3)-1,2-dodecaborate]»},.2CHsCN was given and in this case the coordination
geometry of the Cu(ll) ion is that of a distorted octahedral possessing two equal short

axial bonds of 2.076 A length and four equal longer equatorial bonds of 2.147 A

length?42,

The tris-3.3a Cu(ll) complex was prepared by reaction of a MeOH solution of
Cu(Cl0O4)2.6H20 to a suspension of 3.3a in MeOH. The desired product 3.5a2 was
obtained in low yield (<30%) and characterized using IR, CHN% and magnetic

moment analysis.

As observed with the complexation of 3.3a with a Ag(l) metal centre, the band at 741
cmassociated with the out-of-plane bending vibration of phen C-H bonds, is shifted
to a lower wavenumber (732 cm™) upon complexation to the Cu(ll) centre. In
addition, the bands arising from the aromatic stretching vibrations also slightly shift
to higher wavenumbers. The bands associated with the v(ClO4’) counterion can also

be observed at 1085 cm™ and 6347

The CHN% of the sample is also in agreement with the proposed stoichiometry of 3
ligands to 1 Cu(ll) metal centre and suggest the formulation of
[Cu(3.3a)3](Cl04)2.2H20. HRMS analysis of the sample did not confirm this tris-3.3a
complex. The base peak observed is that of the ligand and it is suggested that the

coordination metal complex fragments upon being exposed to ionisation. Further
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proof for the proposed stoichiometry of the metal complex is discussed in Section

3.2.5.3.

3.2.5.3: Synthesis and Characterization of Cu(ll) Complexes 3.5b-el

The synthesis of the complexes 3.5b-el was carried out by refluxing a mixture of
Cu(ClO4)2.6H,0 with 3 equivalents of the ligands 3.3b-e in MeCN. The resulting
solution was concentrated under vacuum and the complexes were precipitated with
the addition of diethyl ether to produce good yields (70-80%). The final products
3.5b-el were characterised with the help of CHN%, IR and magnetic moment
analysis. Compound 3.5¢ and 3.5d were also analysed by atomic absorption

spectroscopy to determine %Cu of the sample.

Compounds 3.5¢, 3.5d and 3.5el were also analysed by IR (KBr), where the samples
of these complexes were doped with the respective free ligand and the spectra were
recorded at a high resolution in order to determine if any uncoordinated ligand was
present in the isolated product. In addition, complexes 3.5c, 3.5d and 3.5el were
studied using NMR. Discussion of the CHN% results of complexes 3.5b-el, MS results
of 3.5b-el, atomic absorption spectroscopic analysis of 3.5¢c, IR analysis of 3.5c, and

NMR analysis of 3.5el is given below.

For all complexes 3.5b-el the elemental analysis is in good agreement with the
proposed tris-complex and further proof for this was obtained by carrying out FAAS
analysis to check the Cu content of sample 3.5¢ complex. A solution of 3.5¢ was
prepared by dissolving 26.485 mg of 3.5c in 50 mL of 14% w/v HNOs. If we assume
that the molecular formula of the sample to be the tris-complex
[Cu(3.3c)3](Cl04)2.2H20, the concentration of Cu present would be 20 ppm.
Alternatively, if we assume that the sample is a bis- complex and assume the
molecular formula to be [Cu(3.3c)2](Cl04)2.2H,0 then the concentration of Cu would
be 27.4 ppm. The FAAS analysis reported the concentration of Cu to be 18 ppm.
Although this suggests that the Cu(ll) % is lower than expected for a tris-, it
demonstrates that the concentration of Cu(ll) is too low for the sample to be either

bis- or mono- complex.
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The HRMS analysis of these samples does not produce a conclusive result for the
characterisation of these samples. We propose that these metal complexes are not
stable when exposed to ESI conditions. The magnetic moment determined for 3.3a-
elweretobe 2.3,2.0,2.2,2.1,and 2.1 BM respectively. These values are comparable

to the value calculated using the spin-only formula which is 1.7 BM.

Although the CHN% supports the composition of the samples to be of tris-Cu(ll)
complex in all complexes 3.5b-el, it is uncertain whether all of these ligands are
coordinated to the Cu(ll) metal centre. In an attempt to provide further justification
for the proposed molecular formula for samples 3.5b-el to those of tris-Cu(ll)

complexes, IR studies were carried out on 3.5c and 3.5el.

The IR spectra of these metal complexes (3.5b-el) are similar to that obtained for
3.5a except for the increase in intensity of the bands ~2950 cm™ associated with the
C-H stretching mode. In addition, high resolution (0.5 cm™ resolution) spectra of
sample 3.5c-el were also carried out in the region 700-760 cm™ and were examined
for both the ligands, 3.3c-e, and their respective metal complexes, 3.5¢c-el. When
analysing the spectrum of both 3.5c and 3.3c, it can be observed that the band arising
from the out-of-plane bending vibration of the phen C-H bond moves downward in
wavenumber upon complexation. This band comes at 743 cm™ in the spectrum of
the ligand 3.3c, whereas in the metal complex 3.5¢ this band arises at 733 cm™. By
carrying out IR analysis at high resolution it was observed that no peak could be
observed at 743 cm™ in the IR spectrum of the 3.5¢c metal complex (Figure 39).
However, if a mixture of the metal complex and the ligand were mixed together in
the one KBr disc for IR analysis, a peak at 743 cm™ could be visibly observed. This
suggests that all of the ligand 3.3c is complexed to the Cu(ll) centre in the sample
3.5c. Due to this result, it can be proposed that no residual ligand could have co-
precipitated with the metal salt to account for the stoichiometry suggested by the

CHN%.
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Figure 39: High resolution IR spectrum of 3.5c (upper trace) and 3.5c doped with 3.3c (lower trace) showing the
region of 555-800 cm™!

The *H NMR spectrum of both 3.5el in de-DMSO shows severe broadening and shift
in peaks position which should be assigned to the H atoms of the phen ring. The 'H
NMR spectrum of 3.5e1 is given in Figure 40 along with the *H NMR spectrum of 3.3e.
In contrast, although the peaks assigned to the appended L-tyrosine ester are also
broadened, leading to the loss of multiplicity, these can be clearly seen and
integrated. The bis-Cu(ll) complex (3.5e2) of the ligand 3.3e and the mono-Cu(ll)
complex (3.5e3) of the same ligand were synthesised by reaction of the ligand 3.3e
in 2:1 (ligand:metal) and 1:1 ratio respectively. The CHN% analysis of complex 3.5e2
was in good agreement with the complex being 2:1 (ligand:metal). Unfortunately,
CHN% analysis could not be performed on 3.5e3 due to the sample being a sticky
solid. The samples 3.5e2 and 3.5e3 were analysed using *H NMR spectroscopy. For
the relatively sharp bands in the spectra, no significant ppm shifts can be observed
when comparing the bis- and tris-ligand complex. Interestingly, a very obvious ppm
shift can be observed for the signal arising from the H atom B to the carbonyl group
on the mono-ligand complex when compared to the bis- and tris-ligand complex
(Figure 41). In addition, some very minor peak differences can be observed when
examining the spectra of the mono-, bis- and tris- complex in the expanded region of

12-17 ppm (Figure 42). | would assign these as being peaks due the H-atoms of the
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phen ring which have significantly shifted in position due to being close to the

paramagnetic Cu(ll) centre.
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Figure 40: 1H NMR spectra of 3.5e1 (blue trace) and 3.3e (red trace)
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Figure 41: 1H NMR spectra of 3.5e1 (red trace), 3.5e2 (green trace) and 3.5e3 (blue trace) showing aromatic
region region of the spectra
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Figure 42: expanded 1H NMR spectrum of 3.5e1 (red trace), 3.5e2 (green trace) and 3.5e3 (blue trace) showing
the 12-17 ppm region of the spectrum
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To probe whether any uncoordinated ligand is present, free ligand was added to the
NMR tube of 3.5el and it was observed that broad peaks were observed in the region
of 7.5-9.5 ppm where the peaks for the uncoordinated phen ligand would be
expected to appear (Figure 43). A similar addition of ligand was made to the solution
of bis- complex and it was observed that no significant difference could be observed,
suggesting that the extra ligand may have become coordinated to the metal centre.
However, when further free ligand was added to the same solution, it was observed
that the broad peaks in the region of 7.5-9.5 ppm were seen and the *H NMR
spectrum resembled that of the tris- complex with additional ligand. In addition, a
similar process was carried out with the mono-ligand complex (3.5e3). When a small
amount of free ligand was added to the NMR sample of the mono-ligand complex,
and a 'H NMR experiment was carried out, the *H NMR spectrum of the solution
produced a spectrum identical to that of the spectrum of 3.5e2. When further
addition of free ligand was made to the same NMR sample and a *H NMR experiment
was carried out the new spectrum was identical to that of 3.5e1 complex (Figure 44).
Upon further additions of the free ligand into the same sample, the NMR spectrum
displayed the growth of broadened peaks in the 7.5-9.5 ppm region. Furthermore,
although the addition of ligand into the NMR sample leads to growth of peaks around
the aromatic region in the NMR spectrum, the broad peaks observed in the 12-17
ppm region do not display shifts in ppm. This suggest that the additional free ligand
which was added to the solution containing the tris-complex does not partake in a
ligand exchange reaction with the metal complex which is fast on the NMR timescale

(Figure 45).
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Figure 43: 1H NMR spectrum of 3.5e1 (blue trace) and spectrum of 3.5e1 with addition of extra uncoordinated
ligand 3.3e (red trace).
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Figure 44: 1H NMR spectrum of 3.5e3 (red trace) with addition of uncoordinated ligand 3.3e (green and blue
trace)
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Figure 45: 1H NMR spectra of 3.5e3 (red trace) with multiple additions of uncoordinated ligand 3.3e (gold,
green, blue and purple trace)

Similar broadening/disappearance of peaks can be observed in the 3C NMR spectra.

The stability of the metal complexes could also be monitored using *H NMR
spectroscopy. By carrying out the *H NMR analysis of 3.5e1l over a period of 10 days,
it was observed that a growth of extra peaks was observed (Figure 46). It is unclear
why these drastic changes occur, but the spectrum does not match those of the bis-
and mono- complex. Interestingly, when the same study was carried out with 3.5¢
complex, a similar behaviour was not observed and the spectra recorded on day 1
and day 10 were identical. It is currently not understood why the stability of the two
complexes differ but it could be established that these complexes do not immediately

speciate.
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Figure 46: 1H NMR spectra of 3.5e1 (red trace) and 3.5e1 after 10 days (blue trace) showing the aromatic region
of the spectra

3.2.5.4: Synthesis and Characterisation of [Mn(3.3a)3].(ClO4), Complex(3.5a3)

Manganese can exhibit many oxidation states ranging from +1 to +7. Of these, the +2
oxidation state is the most stable and common. The most common coordination
number across the oxidation states of Mn is six, and as the oxidation state increases
four-coordinate complexes are favoured which begins to become favoured at

oxidation number of +4.

Complexes of manganese(ll) prefer the octahedral geometry, however four-
coordinated tetrahedral complexes containing halides have been reported. The use
of tridentate ligands can also produce five-coordinated complex and square-planar
complexes alongside seven-coordinated and eight-coordinated complexes have also
been reported??®22>242_ Mn(ll) complexes of bis- and tris-phen, [Mn(phen)2(ClO4):]
and [Mn(phen)s](Cl04)..2H,CO3, have also be reported and characterised using X-ray
crystallography. In the case of the bis-phen complex, the metal centre is 6-
coordinated with 2 ClO4* ions being coordinated to the metal centre. However, the

geometry is not octahedral and this can be associated to the bite angel of the phen
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ligand. In the tris-complex, the metal centre possesses a distorted octahedral

geometry with each of the Mn-N bond length being almost equal?*3.

The tris-3.3a Mn(ll) complex was prepared by reaction of a MeOH solution of
Mn(ClO4),.6H,0 with a suspension of 3.3a in MeOH. The desired product was
obtained in 52% yield as a bright yellow solid and characterized using IR, CHN% and
magnetic moment analysis. The IR spectrum of the metal complex shows the
expected downward shift of the frequency associated with the out-of-plane bending
vibration of the phen C-H bonds from 741 to 734 cm™. In addition, the peaks assigned
to the ClO4 stretch can be clearly seen at 1100 and 623 cm™. The elemental analysis

is in agreement with the tris-3.3a complex.

No peaks corresponding to the [Mn(3.3a)3]%* ion were observed in the HRMS analysis.
We speculate that as with the Cu(ll) complexes, this Mn(ll) complex is also unstable
under ESI  conditions. The CHN% suggests the formulation of

[Mn(3.3a)3](Cl04)2.MeOH.2HO0.

3.3: Biological Activity of 3.33, its Derivatives and Ag(l), Mn(ll)

and Cu(ll) Complexes

The antimicrobial activity of compounds 3.3a-e, and their metal complexes as well as
the respective metal salts, known clinical antimicrobial agents (ampicillin,
doxycycline, streptomycin, tetracycline, and vancomycin), and 3.1 was studied in
vitro against S. aureus, E. coli, and for some compounds, against C. albicans. The in
vivo toxicity of compounds 3.3a-e and the metal complexes 3.5a-e1 was also studied

using G. mellonella insect as the model.

The broth microdilution method was used to study the antimicrobial effect of the
compounds mentioned above against S. aureus, E. coli and C. albicans. The
compounds (1 mg) were dissolved in 1 mL of sterile DMSO to yield the stock solution.
This was loaded onto the 96-well plate loaded with appropriate media (nutrient
broth for S. aureus and E. coli, and minimal media for C. albicans) onto 8 rows and

doubly-diluted over 9 columns to yield serial dilutions of the test compound loaded
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onto the plate. The plates were then loaded with the microbial solution and the
inhibitory effects of the test compounds was measured after 24 hours. Although this
protocol was appropriate for water soluble compounds (metal salts and 3.1), the
ligands 3.3a-e and the complexes 3.5a-el showed signs of precipitation upon double-

dilution of the DMSO concentration.

It was determined that the growth of the microbial strains was not inhibited when
treated with 5% DMSO solution. For this reason, all doses of the ligands 3.3a-e and
the metal complexes 3.5a-e1 were administered in 5% v/v DMSO solution. The initial
stock solution of these compounds were made up in neat DMSO and double diluted
to produce serial solutions of stock solutions. These diluted solutions were then
loaded individually onto the 96-well plates in adequate quantities to lead to the final
DMSO concentration (after fully loading the plate) to be 5% in each of the wells in

the 96 well plate.

The solubility of the ligands 3.3a-e and the metal complexes 3.5a-el limited the
antibacterial screening to be carried out at concentrations below 30 uM. It was
determined that the ligands and the metal complexes could precipitate out of 5%
DMSO solution if the concentration of the sample was >30 uM. The precipitation of
these compounds when loaded onto the 96 well plate could lead to irreproducible
results as the detection method used for the measure of bacterial growth was light
scattering and this will not distinguish between dead microbes and precipitate which
will lead to false results. The ability of compounds 3.5a-c to stay in solution was
examined by UV-Vis analysis. UV-Vis spectra of these compounds (solution made up
in 5% DMSO in nutrient broth) were compared to the UV-Vis spectra of nutrient broth
(5% DMSOQ). Presence of any precipitate would lead to scattering which would raise
the baseline. Through this analysis, it was determined that no solid particulates were
suspended in the tested solution. Complexes 3.5d-el showed visible precipitation at
30 uM concentration, however complex 3.5d-el did not precipitate at lower
concentrations. Although these complexes precipitate at the 30 uM dosage, this does
not affect their activity measured at lower concentrations. This is because the stock
solution for each dose is prepared separately from mixing of 100% DMSO solution of

the compound.
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3.3.1: Antimicrobial Activity of 3.3a and its Ag(l), Mn(ll) and Cu(ll)

Complexes

The inhibitory effects of 3.3a and its metal complexes, 3.5a1-3 were examined
against S. aureus, E. coli and C. albicans. The results from these tests are reported in
Figure 47, Figure 48, and Figure 49, with the MICgo and MICsg values (Appendix) being
reported in Table 4. For comparison, the antimicrobial effects of the simple metal
salts Ag(ClO4), Cu(ClOa4)2.6H20, Mn(ClOa4)2.6H,0, and 3.1 as well as the antibacterial
activity of commercially available drugs ampicillin, doxycycline, streptomycin,

tetracycline, and vancomycin is also summarised in Figure 50, Figure 51 and Table 4.

Compounds S. aureus MIC(uM) | E. coli MIC(uM) C. albicans
MIC(uM)
MICso MICso MICso MICso MICso MICso

3.3a ND ND ND ND ND ND
3.5a1 15 ND ND ND 5 6
3.5a2 9 12 24 28 ND ND
3.5a3 19 28 26 ND ND ND
Ag(ClO4) 72 188 83 125 NT 44*
Cu(ClO4),.6H,0 ND ND ND ND ND ND
Mn(ClOa4),.6H,0 ND ND 439 ND 358 ND
3.1 ND ND 5 8 NT 2.9*
Ampicillin ND ND ND ND NT NT
Doxycycline 9 ND 5 ND NT NT
Streptomycin 10 ND 1 3 NT NT
Tetracycline 6 ND ND ND NT NT
Vancomycin 2 3 20 ND NT NT

Table 4: in vitro inhibitory effects of 3.3a, 3.5a1-3, Ag(ClO,4), Cu(ClO4),.6H,0, Mn(ClO,4),.6H0, 3.1, ampicillin,
doxycycline, streptomycin, tetracycline, and vancomycin. NT = Not Tested. ND = Not Determined. MICsp and
MICgp values are determined by ploting the data given in Figure 47, Figure 48, Figure 49, Figure 50, and Figure

51 and fitting it to a curve. *values taken from publication by McCann et al??2.
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Inhibitory Effect of 3.3a, 3.5al, 3.5a2, and 3.5a3 on S.
aureus Growth
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Figure 47: inhibitory effects of 3.3a and its metal complexes 3.5a1-3 against S. aureus. n=2 (8 replicates)

Inhibitory Effect of 3.3a, 3.5a1, 3.5a2, and 3.5a3 on E.
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Figure 48: inhibitory effects of 3.3a and its metal complexes 3.5a1-3 against E. coli. n=2 (8 replicates)
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Figure 49: inhibitory effects of 3.3a and its metal complexes 3.5a1-3 against C. albicans. n=2 (8 replicates)
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3.3.1.1: Inhibitory Effect against S. aureus Growth

The screening of 3.3a and its Ag(l), Cu(ll), Mn(ll) complexes against S. aureus revealed
that all three metal complexes show promising inhibitory effects towards S. aureus
growth at 30 uM dose. Out of the three metal complexes, the Cu(ll) complex exhibits
the greatest activity, with excellent inhibitory effects towards S. aureus growth being
observed at the 15 uM dose. The Mn(ll) complex also shows excellent inhibitory
effects towards bacterial growth, but at the higher dose of 30 uM. At the 15 uM dose,
the Mn(ll) complex only shows moderate inhibitory effects. The Ag(l) complex only
exhibits moderate antibacterial effects at 30 and 15 uM doses. In comparison, the
ligand 3.3a only exhibits very low antibacterial activity towards S. aureus at 30 uM.
Although the activity of the ligand is poor, it does lead to ~35% reduction in bacterial
growth at 30 uM dose, suggesting that the ligand itself could potentially lead to

promising antibacterial effects at higher concentrations.

The Cu(ll) complex displays a MICgo value at 12 uM dose and the MICso value of 9 uM.
In comparison the MICsgp and the MICsp values of the Mn(ll) complex are determined
to be 28 uM and 19 uM respectively. Although the Ag(l) complex does not display a
MICgo within the 30 uM range, its MICso values is determined to be 15 uM. It is
noteworthy that when compared to the activity of just the respective metal cation,
these complexes display superior antibacterial activity against S. aureus. Whereas the
AgClO4 metal salt has a MICg value of 188 uM, and a MICsp value of 72 uM, which is
almost twice as much as the MIC value exhibited by Ag(l) metal complex of 3.3a. In
addition, the Cu(ll) and Mn(ll) simple ClOs salts display no noticeable inhibitory
activity at <500 uM range, whereas the metal complexes incorporating these metal

cations show promising activity.

For comparison, the antibacterial screening of clinically used antibiotics was also
examined following our protocol. It was discovered that out of the five antibiotics
studied, namely ampicillin, doxycycline, streptomycin, tetracycline, and vancomycin,
the greatest inhibitory effect towards S. aureus was exhibited by vancomycin. The
MICsgo value exhibited by vancomycin was determined to be 3 uM and the MICsp value
was determined to be 2 uM. The MICsg value of the remaining antibiotics, ampicillin,

doxycycline, streptomycin, and tetracycline were determined to be ND, 9, 10, and 6
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UM respectively, with none of these antibiotics exhibiting MICgo values below a
concentration of 30 uM. The activity displayed by 3.3a and its metal complexes
compares competitively with the activity displayed by these clinical drugs and

demonstrates that these complexes are promising agents to target S. aureus.

3.3.1.2: Inhibitory Effect against E. coli Growth

A similar trend of activity is observed against E. coli by the metal complexes when
compared to S. aureus. The Cu(ll) complex again is the most active complex, and the
Ag(l) complex being the least active. However, in contrast to the activity against S.
aureus, these metal complexes are less active towards E. coli. Whereas the Cu(ll)
complex exhibited MICsgp value at 12 uM and MICsp value of 9 uM against S. aureus,
against E. coli the MICgo value is reduced to 28 uM and the MICsp value to 24 uM.
Although the decrease in anti-bacterial activity against E. coli is not as significant for
the Mn(ll) and Ag(l) complex, the activity of these complexes are also reduced. E. coli
belongs to the Gram-negative category of bacteria and the intrinsic resistance of
these bacteria towards harmful agents has been outlined in Section 1.1.2.3. The
outer membrane of the Gram-negative bacteria acts as an additional permeability
barrier which further prevents the uptake of harmful substances. Another major
factor which confers protection upon Gram-negative cells from harmful substances
is the presence of efflux pumps, which can pump harmful agents from the periplasm

and the cytoplasm across the cell envelope and into the extracellular environment.

It is interesting to note that although the metal complexes 3.5al-3 demonstrate
inhibitory effects towards E. coli growth at doses below 30 uM, the respective
starting metal salts for these complexes do not display the same characteristic. Out
of the metal complexes tested, it was the Cu(ll) complexes which showed the
greatest activity towards E. coli displaying MICgo value at 28 uM and the MICsp value
at 24 uM. In comparison, the simple Cu(ClO4),.6H,0 metal salt displays no inhibitory
effect towards E. coli at the tested concentration range of <1200 uM. The
Mn(ClO4)2.6H,0 metal salt also displays poor antibacterial activity, possessing an
MICso value at 439 uM, whereas in comparison the metal complex 3.5a3 possess a
MICsp value at 26 uM. These results suggest that the complexation of the metal
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centre with the ligand 3.3a is essential for the antibacterial activity of these
complexes. In addition, the ligand 3.3a itself does not display any promising
inhibitory effects towards E. coli at the 30 UM dose. A possible explanation of why
complexation can either enhance the activity of the metal centre or that of the ligand
is given in Section 1.2. In summary, the metal centre may reduce the lipophilic nature
of the ligand upon complexation, and in return, the ligand can mask the cationic
nature of the metal centre, and therefore prevent the complexation of the metal
centre to the anionic species present in the cell envelope of the bacteria. In this way,
both the ligand and the metal centre can be taken up by the cell in larger quantities,
leading to an increase in antibacterial effects of the metal centre as well as that of

the ligand.

In the case of the AgClO4 metal salt, the MICgp and MICsp values were determined to
be 105 and 69 uM respectively. Unfortunately, due to solubility issues which limited
the range of doses tested for the Ag(ll) metal complex (3.5al) we were unable to
determine MICsp and MICsp values. Although these values could not be determined,
the complex 3.5al does indeed inhibit ~35% bacterial growth at 30 uM dose,

suggesting that the metal complex does possess some antibacterial effects.

The same antibiotics that were tested against S. aureus were also tested against E.
coli. Whereas vancomycin was the most effective antibiotic tested against S. aureus,
it was streptomycin which possessed the lowest MIC values. In this case, tetracycline
also displayed excellent inhibitory effect against S. aureus displaying MICso value of
5.8 uM, but against E. coli its MIC values could not be determined below the 30 uM

dose.

3.3.1.3: Inhibitory Effect against C. albicans

The activity of Ag(l) ion and its metal complexes against C. albicans is well
known1%0244.245 " Ag expected, out of the Cu(ll), Mn(ll) and Ag(l) metal complexes
tested, it was the Ag(l) complex (3.5al) which presented the highest activity. In
addition, the Cu(ll) and the Mn(ll) complexes exhibited no inhibitory effects within

the 30 — 3.75 uM concentration range. The free ligand itself (3.3a) was ineffective
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also below a 30 uM concentration, suggesting that the ligand acts as a carrier of the
Ag(l) metal ion into the candida cell. The reported MICsgo for AgClO4.H,0 metal salt is
44 uM?%8, In comparison, the MICgo value for the Ag(l) complex is determined to be

6.4 uM and the MICso value is 4.6 uM.

Although the incorporation of the ligand with the Ag(l) metal centre confers
enhanced anti-Candida activity upon the metal cation, it is noteworthy that the
activity exhibited by this metal complex is far lower than that of the Ag(l) complex of
3.1. The reported activity of the [Ag(3.1)2](ClO4) metal complex is 0.5 uM doses for
MICgo effect??®. In addition, the reported activity of [Ag(phen)2](ClO4) complex is 8.8
UM for a MICgo effect which is quite similar to that of the Ag(l) complex 3.5a1,
suggesting that both phen and 3.3a are acting as carrier ligands. A further support
for this can be observed from the differences in activity of the ligand 3.3a and 3.1 as
well as the Cu(ll) complexes of these two ligands. The anti-Candida activity of 3.1 and
[Cu(3.1)3](Cl04)2.4H,0 exhibit MICgo effects at 2.9 and 1.3 uM doses respectively,
whereas the ligand 3.3a and its Cu(ll) complex exhibit no anti-Candida activity. The
better activity observed for 3.1 and its Cu(ll) complex may be due to the presence of
the redox-active carbonyl groups on the back-bone, suggesting that appropriate
chemical modifications to the ligand can lead to a significant increase in its potency

as an antimicrobial agent.

3.3.1.4: In vivo Toxicity Studies of 3.3a and its Ag(l), Mn(ll) and Cu(ll) Complexes in

Galleria Mellonella

The in vivo toxicity of the Ag(l), Mn(Il) and Cu(ll) complexes of the ligand 3.3a as well

as that of the free ligand were studied in the wax moth larvae of G. mellonella.

G. mellonella is a greater wax moth insect which belong to the order of Lepidoptera
and it has been utilised in various biological screening studies such as testing for
virulence, pathogenicity and antimicrobial efficacy?*®. The use of G. mellonella as an
in vivo model can provide a great deal of useful information about the

pharmacokinetic and pharmacodynamics associated with the administered agent. In
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addition, the immune system found within this insect resembles very closely the

innate immune system of mammals?*’.

The toxicity of the agent of interest can be studied by injecting a solution of the agent
into the last left pro-leg of the insect which directly leads to the haemocoel (body
cavity). Upon squeezing the insect gently from the sides, the pro-leg alongside the
cavity can be exposed and easily accessed. The solution can be injected at this stage
and upon removal of the pressure, the cavity will close without leading to scaring or
damaging of the exterior of the insect. The insect can then be monitored at 37°C. The
immune response towards injected agent can be easily monitored by visually
observing the formation of melanisation on the exterior of the insect?*8. In addition,

the LDso (lethal dosage) can be deduced by carrying out a dose dependant study.

The use of G. mellonella as an in vivo model offers many practical advantages?*°.
Alongside being a cheaper alternative to mammalian (mice, hamster, rabbits and
dogs) models, the use of this insect requires minimal training. The defence of the
insect cells against pathogens is carried out through the haemocytes, which act
similarly to macrophages and neutrophils. These larvae can be easily maintained in a
laboratory at ambient temperature, easily procured, do not require complicated pre-
treatment operations and offer quick administration of agents and therefore lead to
a faster screening of a large number of compounds. In addition, the ethical approval
required for the use of mammalian models is not necessary for the use of these

insects.

Solutions of the free ligand 3.3a and its Ag(l), Cu(ll) and Mn(ll) complexes 3.5a1-3
were made up with a 5% DMSO solution in PBS to yield 30, 15 and 7.5 uM solutions.
These solutions were injected into a batch of 5 larvae each which were then
monitored every 24 hours over a period of 72 hours. Positive controls were set up
using PBS 5% v/v DMSO solution. The results from this experiment are tabulated in

Table 5.
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Compound Survival rate (%)
24 h 48 h 72 h
3.3a 30 uM 100% 100% 100%
15 uM 100% 100% 100%
7.5 uM 100% 100% 100%
3.5a1 30 uM 100% 100% 100%
15 uM 100% 100% 100%
7.5 uM 100% 100% 100%
3.5a2 30 uM 100% 100% 100%
15 uM 100% 100% 100%
7.5 uM 100% 100% 100%
3.5a3 30 uM 100% 100% 100%
15 uM 100% 100% 100%
7.5 uM 100% 100% 100%
Table 5: Survival rate of G. mellonella administered with 30, 15, 7.5 uM doses of 3.3a and its metal complexes
3.5a1-3

It was discovered that all of the larvae survived the treatment of each of the injected
solution. All of the larvae exhibited movements similar to that of the healthy larvae
and in addition, none of the larvae exhibited any signs of melanisation over the
period of 72 hours, indicating that the injected solutions do not lead to an immune
response within the larvae. Upon leaving the treated larvae at 37 °C for a further 2
weeks, it was observed that the larvae had entered the pupal stage, forming pupae
which then proceeded to the development of the adult moths. These results indicate
that the injected solution also do not lead to long-term disruption of the life cycle of
G. mellonella. The results indicate that these compounds are well tolerated in vivo by
G. mellonella and therefore have potential to be tolerated by mammalian models
also. In addition, the effect of these compounds as antimicrobial agents can also be

monitored in vivo at these doses.

3.3.2: Antibacterial Activity of Lipophilic Derivatives of 3.3a and their

Cu(ll) Complexes

Following the promising results displayed by the Cu(ll) complex of 3.3a against S.

aureus and E. coli, it was decided that the ligand will be further modified with the
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aim of potentially increasing antibacterial activity. A straightforward approach to
enhance the antibacterial effect of an agent is to increase the uptake of the anti-
bacterial compound. As mentioned in Section 1.1.2.2, the bacterial cell envelope of
Gram-positive bacteria consists of the peptidoglycan layer and TAs entrapped within
the peptidoglycan layer. It is therefore postulated that by increasing the lipophilicity
of the anti-bacterial agent, its uptake by Gram-positive bacteria will also be increased
and thus this will lead to an increase in its antibacterial effect. In a report by Kumar
et al modifications were made to the pyridyl-based ligands via elongation of the alkyl
chain on the N-atom of the triazole moiety (Figure 52) to lead to the formation of
lipophilic ligands?°. It was discovered that the elongation of the alkyl chain lead to
an enhancement of the activity of the Ru(ll) based metal complexes against S. aureus

and its resistant strain MRSA.

|
N=< —

R = Bn, Ph, C4Hg, CcHyay CoHys
C12Has CiHas
Figure 52: tris-homoleptic Ruthenium(ll) 2-pyridyl-1,2,3-triazole complexes

The ester chain of the ligand 3.3a was modified to yield propyl, hexyl, octyl and
dodecyl ester derivatives (3.3b-e). These ligands were fully characterized and
purified, and their tris-Cu(ll) (3.5b-e) complexes were formed. The free ligands along
with their Cu(ll) complexes were tested for their inhibitory effects with doses below
30 uM against S. aureus and E. coliin an in vitro screening. The ligands and their metal
complexes were dissolved in neat DMSO and doubly diluted with DMSO to yield a
series of stock solutions. These were then loaded onto the 96 well plate for
antibacterial screening using appropriate dilutions to keep the final DMSO

concentration to be 5% when the plates were fully loaded. The results obtained from
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these studies are displayed in Figure 53, Figure 54, Figure 55, and Figure 56 and the

MIC values obtained for the ligand as well as the metal complexes are presented in

Table 6.

Compounds S. aureus MIC(uM) | E. coli MIC(uM)
Retention Calculated logP | MICsg MICsgo MICso | MICsgo
time (min)

3.3a 21.7 2.8 ND ND ND ND

3.3b 22.5 3.6 8 9 ND ND

3.3c 27.8 4.9 2 4 ND ND
3.3d 30.7 5.7 2 3 ND ND
3.3e 354 7.4 ND ND ND ND

3.5a2 ND ND 9 12 24 28

3.5b ND ND 4 4 22 28

3.5¢ ND ND 1 2 ND ND

3.5d ND ND 1 2 ND ND
3.5el ND ND ND ND ND ND

Table 6: minimum inhibitory concentration (MIC) of ligands 3.3a-e and their tris-Cu(ll) complexes and the
retention times and theoretical logP values of the ligands. ND = Not Determined. MICso and MICg values are
determined by ploting the data given in Figure 53, Figure 54, Figure 55, and Figure 56 and fitting it to a curve.
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Figure 53: inhibitory effects of ligands 3.3a-e against S. aureus. n = 2 (8 replicate)
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Figure 54: inhibitory effects of tris-Cu(ll) complexes of ligands 3.3a-e against S. aureus. n = 2 (8 replicate)
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Figure 56: inhibitory effects of tris-Cu(ll) complexes of ligands 3.3a-e against E. coli. n =2 (8 replicate)

3.3.2.1: Inhibitory Effect against S. aureus

As expected, the activity of the ligand and their respective metal complexes increases
with an increase in lipophilicity. Out of the free ligands tested the hexyl ester and
octyl ester derivatives (3.3c and 3.3d) were the most active as these two derivative
demonstrate excellent inhibitory effects towards S. aureus growth at the 3.75 uM
dose. The next most active derivative is the propyl ester derivative (3.3b) which
displayed excellent inhibitory effects at the 30 uM dose. Interestingly, the most
lipophilic derivative tested, the dodecyl ester derivative (3.3e), only showed poor

activity against bacterial growth, with similar growth inhibition to that caused by
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3.3a. A similar trend is observed when the tris-homoleptic Cu(ll) complexes of these
ligands are screened against S. aureus. The Cu(ll) complexes of the octyl ester
derivative (3.5d) and the hexyl ester derivative (3.5¢) were also the most active out
of the five metal complexes, exhibiting excellent antibacterial activity towards S.
aureus at 1.875 uM dose. The next most active complex is that of the propyl ester
derivative (3.5b), displaying excellent antibacterial activity at 7.5 uM dose. Unlike the
trend observed in the series of the ligand, the Cu(ll) complex of the dodecyl ester
ligand (3.5e1) did not exhibit the same activity as that of the Cu(ll) complex of the
methyl ester ligand. Whereas the Cu(ll) complex of the methyl ester ligand (3.5a2)
displays excellent activity at the 15 uM dose, the Cu(ll) complex 3.5el does not

display any promising activity at concentrations lower than 30 uM.

It is evident that the increase in lipophilicity of the ligand 3.3a leads to a significant
increase its antibacterial activity since even a slight increase in lipophilicty by the
formation of the propyl ester ligand 3.3b, also leads to a significant increase in
activity. The MICgo and MICsp for 3.3b being determined to be 19 and 8 uM whereas
the MIC values of the original ligand 3.3a cannot be determined under 30 uM doses.
The activity of the octyl ester ligand (3.3d) and the hexyl ester ligand (3.3c) is
extremely similar with the MICgo and MICsg values for 3.3d being determined to be 3
and 2 uM, respectively, while the MICgo and MICsg values for 3.3c are determined to
be 4 and 2 uM. Interestingly, the increase in lipophilicity to yield the dodecyl ester
leads to a severe decrease in the antibacterial activity with the MICgo and MICsg
values both not being observed at doses below 30 uM. In addition, the Cu(ll) complex
of this ligand also does not demonstrate any antibacterial activity within this range.
A similar trend with a ‘sweet spot’ in lipophilicity leading to good activity was
observed in the study reported by Kumar et a/?*°. This trend of increase in lipophilicty
leading to increase in antibacterial activity demonstrates that the ligand itself possess
antibacterial activity and requires further modification to increase its bioavailability

which is accomplished by increasing the lipophilicty of the ligand.

As observed with the ligand 3.3a, metal complexation of these ligands also leads to
a significant increase in their inhibitory effect towards S. aureus growth. Whereas the

MICso (MICsp) value of the ligands 3.3c and 3.3d are 4 (2) and 3 (2) uM respectively,
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the respective Cu(ll) complexes of these ligands display MICgo (MICsg) values
determined to be 2 (1) and 2 (1) uM respectively. A similar twofold decrease is
observed in the MIC values of the propyl ester ligand (3.3b) upon complexation with
Cu(ll) metal centre. Whereas the MICso (MICsp) values of the ligand 3.3b are 19 (8)
KM, its Cu(ll) metal complex 3.5b displays MICgo (MICsp) values at 4 (4) uM.

In comparison to the results obtained from clinically relevant antibiotics reported in
Section 3.3.1, these modifications to the ligand 3.3a have significantly increased the
antibacterial activity against S. aureus, making the newly synthesised ligands and
complexes even more active than most of the antibiotics tested. The most active of
the antibiotic was found to be vancomycin, exhibiting MICgo and MICso values of 3
and 2 uM respectively. In comparison, the free ligand 3.3d performed equally to
vancomycin. Additionally, the metal complexes of the ligands 3.3b-d all perform

equally if not better when compared to vancomycin.

3.3.2.2: Inhibitory Effect towards E. coli Growth

Although increasing the alkyl chain led to an increase in activity towards S. aureus,
the same was not observed in the case of E. coli. Apart from the Cu(ll) complexes of
methyl ester (3.5a2) and the propyl ester ligand (3.5b), none of the ligand or their
metal complexes were active towards E. coli. In the case of the Cu(ll) complex 3.5b,
the MICgo value was 28 uM and the MICsp value was 22 uM. Although the cell
envelope of the Gram-negative bacterial cell also consists of lipophilic components,
the multi-layered envelope of the bacterial cell possesses various inherent defensive
mechanisms as well as the multi-component efflux pumps which are responsible for

protecting the bacterial cell from lipophilic substances.

3.3.2.3: In vivo Biological Profile of Lipophilic Derivatives of 3.3a

The in vivo biological profile of the lipophilic derivatives of 3.3a and their Cu(ll)

complexes was studied using G. mellonella.

149



Just as the original free ligand 3.3a and its metal complexes were non-toxic towards
G. mellonella, the lipophilic derivatives of the free ligands 3.3b-e and their Cu(ll)
complexes 3.5b-e were also non-toxic towards the larvae. The larvae not only
survived the treatment with these compounds at 30, 15, 3 uM doses (in 5% v/v DMSO
PBS solution) but also proceeded to form pupae and form the adult moth without
any disruption to their normal life-cycle. In addition, 60 and 120 uM solution were
also made for the free ligands in 10% DMSO solution in PBS. The larvae also tolerated

these solutions without showing any signs of toxicity.

Having established the non-toxic nature of these ligands and their metal complexes,
their ability to inhibit S. aureus in vivo was studied according to the procedure outline
in Section 2.5.2.2.2. The larvae were injected with various doses of S. aureus. The
culture of S. aureus was cultivated according to the procedure in Section 2.5.2.1.2.
From this culture, a sample was taken and diluted with PBS or dH;0 to produce
cultures of ODeoo 1.00, 0.50, 0.25 and 0.10. Healthy larvae were inoculated with 20
uL solution of these cultures and allowed to rest at 37 °C for 72 hours. It was
discovered that the larvae injected with culture of ODeoo 1 displayed no survivors
after 1 hour, and the larvae injected with ODeoo 0.10 did not display any toxicity or
immune response towards treatment with S. aureus. The larvae infected with S.
aureus culture with ODeoo 0.50 showed 60% survival rate after 24 hours and 0%
survival rate after 48 hours, and those infected with ODgoo 0.25 showed 80% survival
rated after 24 hours, 60% survival rate after 48 hours and 40% survival rate after 72
hours. For this reason, the culture of ODsgo 0.50 and 0.25 were used to study in vivo

antibacterial activity of the free ligands and their metal complexes.

The results obtained from these studies are reported in Table 7. Unfortunately, none
of the ligands and their Cu(ll) complexes led to an inhibition of S. aureus infection in
vivo, however, there are certain factors which could have led to this lack of activity.
One major factor to consider is the concentration of the administered compound in
the in vivo system. Although the administered dose of the free ligands and their Cu(ll)
complexes were 30, 15 and 3 uM, all doses which present antibacterial activity in
vitro, upon being administered into the insect, these concentrations are expected to

be lowered by a factor of approximately 5. In addition, the ODgoo of the bacterial dose
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administered in vivo is higher than that of the ODesgo used for the in vitro testing.
Therefore, it can be speculated that a higher concentration dose of the ligand and
the metal complexes needs to be administered to lead to observable in vivo
antibacterial activity. This issue cannot be resolved without increasing the solubility
of the ligands and the metal complexes. One further study which could be performed
to check the in vivo activity of the free ligands and their Cu(ll) complexes is to first
administer the compound solution to the larvae and then inoculate the larvae with
the S. aureus isolate cultivated in nutrient broth. Although the current results
obtained do not demonstrate promising in vivo activity for the free ligands and their
metal complexes, further tests and modifications need to be carried out to fully rule

out these compounds as effective antibacterial agents.

Compounds Strains In vivo toxicity In vivo
(% survival) activity at
30 pM
S. aureus E. coli MIC | C albicans | 30 60 120 | S .aureus
MIC (M) (1M) MIC (uM) uM UM | pM | (OD)

MICso | MICgo | MICso | MICgo | MICsg | MICgo 0.5 | 0.25
oD | OD
3.3a ND ND ND ND ND ND 100 100 | 100 | No | No
3.5a1 15 ND ND ND 5 6 100 NT NT NT | NT
3.5a2 9 12 24 28 ND ND 100 NT NT No | No
3.5a3 19 28 26 ND ND ND 100 NT NT NT | NT
3.3b 8 19 ND ND NT NT 100 100 | 100 | No | No
3.3c 2 ND ND NT NT 100 100 | 100 | No | No
3.3d 2 3 ND ND NT NT 100 100 | 100 | No | No
3.3e ND ND ND ND NT NT 100 100 | 100 | No | No
3.5b 4 4 22 28 NT NT 100 NT NT No | No
3.5¢ 1 2 ND ND NT NT 100 NT NT No | No
3.5d 1 2 ND ND NT NT 100 NT NT No | No
3.5el ND ND ND ND NT NT 100 NT NT No | No
Ag(ClO,) 72 188 83 125 NT 44* NT NT NT NT | NT
Cu(ClO4)2.6H,0 ND ND ND ND ND ND NT NT NT NT | NT
Mn(ClO,4),.6H,0 | ND ND 439 ND 358 ND NT NT NT NT | NT
3.1 NT NT 5 8 NT 2.9% NT NT NT NT | NT
Ampicillin ND ND ND ND NT NT NT NT NT NT | NT
Doxycycline 9 ND 5 ND NT NT NT NT NT NT | NT
Streptomycin 10 ND 1 3 NT NT NT NT NT NT | NT
Tetracycline 6 ND ND ND NT NT NT NT NT NT | NT
Vancomycin 2 3 20 ND NT NT NT NT NT NT | NT

Table 7: overview of results from biological screening of the oxazine-based ligands and their metal complexes NT
= Not Tested. ND = Not Determined. *values taken from publication by McCann et al??.

3.3.3: Cell Leakage Assay

Phen-based metal complexes can exhibit antibacterial activity through various

modes of actions such as:
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e DNA binding and/or DNA damage
e Cell wall damage
e Generation of reactive oxygen species

e Enzyme inhibition

The various complexes which have exhibited antibacterial activity reported in the
literature by the above mechanisms have been discussed in Section 1.2.2.3. For the
bis-Cu(ll) and bis-Ag(l) complexes of the ligand 3.3a it has been reported that these
complexes along with the ligand possess DNA binding capabilities. Although the
ligand itself does not bind very strongly to DNA, the metal complexes have been
reported to have a higher-binding capacity than known groove binding drugs
netropsin and pentamidine??!. Although the DNA binding capabilities of the ligand
and its metal may be a factor conferring antibacterial activity upon these
compounds, it is often the case that these compounds can have multiple modes of
actions. A potential mode of action of an active complex is to cause cell wall damage
which eventually leads to cell wall leakage. The cell wall permeabilisation capabilities

of the complexes of 3.3a, 3.3b and 3.3c were tested.

A culture of S. aureus was grown according to procedure in Section 2.5.2.1.2. The
culture was harvested at ~1850 rpm for 5 min to form a pellet of the bacterial cell.
The nutrient broth was decanted and the pellet was washed with PBS. The bacterial
cells were then suspended in 5 ml solution (5% DMSO in PBS/dH,0) of compound
tested at 30 uM solution and incubated at 37 °C at 200 rpm. Aliquots were taken
from this solution at 1 hour, 4 hours and 24 hours time points and checked for their
amine (including o amino acids) contents via the ninhydrin test®*!, and protein
content using the Bradford protein assay?>2. An increase in absorbance at A = 600
nm indicated the presence of amine functional groups in the supernatant. The

results from these tests are reported in Figure 57 and Figure 58.

It can be observed from the results from the Bradford protein assay that the level of
proteins released from the cell overtime does in fact increases, yet the protein
leakage caused by the metal complexes 3.5a2, 3.5b and 3.5c is not significantly
different from that caused by the control 5% DMSO solution. A similar observation

is made when the amine leakage is measured by mixing the supernatant mention
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above with ninhydrin solution. From these results it can be deduced that cell wall

damage is not a significant mode of antibacterial action utilised by these

compounds.
Ninhydrin Assay for Amine Leakage

1.4

1.2

1.0 +
g m PBS
508 ¢ = 5% DMSO
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3.5b
H 3.5a2
I| |I = [Cu(3.1)3].(ClO4)2
00 [ T T [ I
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Time Point

Figure 57: amine leakage from S. aureus measured by ninhydrin assay.
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Figure 58: Respective protein leakage measured by Bradsford assay. *protein content at T = 0 h is taken to be

100%

3.4: Conclusion

From the results discussed in this chapter, it can be concluded that 3.1 reacts with

ester derivatives (3.2a-g) of L-tyrosine and L-phenylalanine to give oxazine-based

derivatives 3.3a-g. It is thought that these unusual products form through a multistep

mechanism and the first step is a Schiff-base condensation and the resulting imine

product then undergoes H-transfer to yield a secondary amine. This intermediate

then undergoes oxidation to yield an a,B-unsaturated intermediate which undergoes

an intramolecular ring formation reaction to yield the final oxazine-based product.

The formation 3.4a-c also shows that the initial Schiff base product formed from the

reaction of 3.1 and amine acid ester derivatives can also follow an alternative path

depending on the electron withdrawing nature of the para-substitiuent on the

aromatic ring of the amino acid.
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The oxazine-based derivative 3.3a was used to form Ag(l), Cu(ll) and Mn(ll)
complexes which were characterised. The screening of these complexes against S.
aureus, E. coli, and C. albicans revealed that the Cu(ll) complex 3.5a2 is the most
active against S. aureus and E. coli, displaying inhibitory action below a 30 uM
concentration, and the Ag(l) comple 3.5al is the most active against C. albicans,

displaying inhibitory effects below a 5 uM concentration.

The Cu(ll) complexes of the lipophilic derivatives of 3.3a were also screened against
S. aureus and E. coli. Against S. aureus these ligands and their complexes displayed
excellent inhibitory effects which increased with increasing lipophilicity. However,
the inhibitory action of these ligands and their metal complexes plateaued at the
octyl ester derivative and next more lipophilic derivative studied, the dodecyl ester
derivative, displayed negligible inhibitory effects. The ligands 3.3b-d and their Cu(ll)
complexes displayed inhibitory effects below 10 uM concentrations, with the Cu(ll)
complexes of the 3.3c and 3.3d displaying MICeo below 2 uM concentrations. Against
E. coli, increasing lipophilicity of the ligand led to a severe decrease in the inhibitory

effects of the ligands.

These ligands and their metal complexes were also tested for their toxicity toward G.
mellonella and the complexes did not display any toxic effects towards the larvae at
30 uM doses administered and the ligands were well tolerated even at 120 uM doses.
The cell permeabilisation ability of the Cu(ll) complexes 3.3a2, 3.3b and 3.3c was
studied and it was observed that cell wall damage is not the major mode of action
toward bacteria possessed by these complexes. These results suggest that these
ligands and their metal possess excellent antibacterial propterties and are well

tolerated by G. mellonella.
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Chapter 4

Discussion of Synthesis,
Characterisation and
Biological Evaluation of 4.1
and its Metal Complexes

(4.2a-c)



4.1: Introduction

The work presented in this chapter consists of the results and discussion of the
synthesis, characterisation and biological screening of a hydrazone based ligand, 4.1,
and its Ag(l), Cu(ll) and Mn(ll) metal complexes 4.2a-c. An outline of the chemicals
used as well as the synthetic protocols utilised for the synthesis of 4.1 and metal

complexation to yield 4.2a-c is given below (Scheme 9).

The synthesis of 4.1 involves reaction of 3.1 with INH through Schiff-base
condensation. The stability of 4.1 towards hydrolysis is discussed. The formation of
an azo-type product, 4.3a, and the diamide 4.3b, indicates the possible degradation
of 4.1 through a radical reaction when left in MeOH/EtOH solution over 4 weeks. The
synthesis of 4.3a through conventional azo-coupling protocol was also attempted

and is discussed here.

The products of metal complexation of the ligand 4.1 to Ag(l), Cu(ll) and Mn(ll) metal
ions and the stability of the Ag(l) complexes are also discussed. Finally, the results
from biological screening of the ligand 4.1 and some of its metal complexes against
Gram-positive, Gram-negative, fungal, various M. tb cell lines, and a human lung

cancer cell line (A549), are presented and discussed.
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Synthesis of
Hydrazone-based o
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M n y X product Formation of 4.3a-b from MeOH/EtOH solution of 4.1
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Scheme 9: Overview of synthesis of 4.1, its metal complexes 4.2a-c and attempted synthsis of 4.3a.
i)EtOH/6h/10% p-TSA; ii) EtOh (for X = ClO4) or MeCN (for X = BF; and NOs’); iii) MeOH or EtOH; iv)
KOH/DMF/150 °C%53 or NaOH/EtOH/80 °C** or acetic acid/rt?>. *Cu(ll) stoichiometry not fully determined from

the characterisation data.
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4.2: Synthesis and Characterisation of 4.1 and its Metal

Complexes (4.2a-c)

4.2.1: Synthesis and Characterisation of 4.1

The synthesis of 4.1 was carried out by adopting a reported procedure?!®, The desired
product was isolated with purity and high yield (80%) and fully characterised using
IR, NMR, CHN%, and HRMS analysis.

Our intention was to produce the di-imine product of the Schiff-base condensation
reaction between 3.1 and INH. Although the reaction of 3.1 with INH was carried out
with much higher equivalents of INH (up to 1:4 equivalents for 3.1:INH) the double
Schiff-base product was not observed. We propose that the inability of the second
carbonyl to undergo Schiff-base condensation is due to the keto-enol
tautomerisation that has been reported to take place for structurally similar
hydrazones?°®. Although the presence of this keto-enol tautomerisation cannot be
observed using NMR spectroscopy in d6-DMSO, d3-MeCN and CDCls, it can however
be observed that there are two sets of peaks in the 'H NMR spectrum of 4.1 in d4-
MeOD solution indicating that tautomerisation is taking place. Further support for
the possibility of keto-enol tautomerisation of 4.1 can be seen in the *H NMR spectra
of 4.1 in DMSO, MeCN and CDCls solutions. The uncharacteristic downfield resonance
of the amide H atom at 15.13 ppm suggests that intramolecular H-bonding is taking
place between this H atom and the O atom of the carbonyl group of the phen moiety,
leading to severe deshielding of the H atom. Due to this H-bonding interaction and
keto-enol tautomerisation of 4.1, it is proposed that the carbonyl C atom of the phen
moiety is no longer a strong enough electrophile to lead to a second nucleophilic
attack from the INH. Interestingly, the band arising from the v(C=0) stretch of the
C=0 functional group on the phen moiety, comes at 1723 cm™ in the IR spectrum. In
comparison, the v(C=0) in the starting material 3.1, comes at 1686 cm™. The increase
of ~35 cm® for the band arising from C=0 stretch from the phen moiety going from
3.1 to 4.1 suggests that C=0 from the phen moiety of 4.1 is no longer conjugated.

Generally H-bonding causes a downward shift of the v(C=0) stretch®? , but in this
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case the loss of conjugation predominates and lead to an upward shift of the v(C=0)

stretching band.

4.2.2: Stability Studies of 4.1

4.2.2.1: Stability of 4.1 towards Hydrolysis

The chemical stability of hydrazone has been known to be compromised by
hydrolysis reaction to yield the starting materials when in the presence of H,02°82%9,
Interestingly, the synthesis of 4.1 was not carried out under anhydrous conditions
suggesting that the product is not susceptible to immediate hydrolysis. In addition,
the stability of 4.1 towards hydrolysis was also monitored using NMR analysis over 1
week at ambient temperature in a DMSO solution with the addition of a few drops

of D20. No additional peaks suggesting the hydrolysis of 4.1 were observed.

4.2.2.2: Decomposition of 4.1 in MeOH/EtOH over 4 weeks

Although the hydrazone product 4.1 is stable to hydrolysis, a methanolic/ethanolic
solution of 4.1 does not remain stable over a period of 4 weeks. The fresh alcohol
solution of 4.1 is clear yellow in appearance. However, over a period of 4 weeks, the
bright clear yellow solution changes to a dark green suspension. This behaviour was
observed in both the presence, and absence of light. The green suspension was
heated to reflux and filtered hot to yield a green filtrate and a dark precipitate. The
dark precipitate was dissolved in CHCI; to produce a dark purple solution, which
yielded needle like crystals of the azo compound 4.3a in very small quantities. This
product was then further characterised using IR and CHN% analysis. Furthermore,
the diamide 4.3b was also obtained from the green filtrate and characterised by IR,

HRMS and NMR analysis.

Although the mechanism of formation of 4.3a is currently unknown, INH, a prodrug,
has been reported to produce the activated isonictinic radical species in the presence

of KatG enzyme within M. tb (Section 1.3.1.2 (Figure 19)). In addition, the
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decomposition of INH under various conditions such as exposure to light, heat, mild
oxidation and hydrolysis has been studied?'2%0 and the results reported suggest that
INH is susceptible to decomposition to produce a range of products such as
isonicotinic acid, isonicotinamide, isonicatinaldehyde and the diamide 4.3b as well as

other products.

4.2.2.2.a: Attempted Synthesis of 4.3a

To probe the mechanism of formation of 4.3a and increase the yield of this highly

conjugated product, various experiments were attempted.

The ability of INH to form radical species is well reported and we suspected that the
formation of 4.3a possibly occurs through a radical mechanism. To facilitate this
process, a solution of 4.1 in MeOH was treated with the radical initiators
azobiisobutyronitrile and 2,2’-azobis(2-amidinopropane). The solution of 4.1 and the

radical initiators did not produce the desired purple product 4.3a.

The linker between the two phen rings in the 4.3a is an azo linker. There are
numerous methodologies which involve coupling between an aromatic primary
amine and an aromatic nitroso derivative to produce the corresponding azo
compound. | synthesised the nitroso derivative 4.3c and the amino derivative 4.3d
and attempted to produce 4.3a?°32>4, Three reactions were attempted using reaction
conditions reported in the literature to couple 4.3c and 4.3d to produce 4.3a and
these are summarised in Scheme 9. Unfortunately, none of these coupling reactions

produced the desired product 4.3a.

4.2.2.2.b: Structural analysis of 4.3a

The characterisation of 4.3a was carried out using CHN%, IR and X-ray
crystallography. The X-ray crystal structure of 4.3a is shown in Figure 59. The
compound 4.3a is a fully conjugated bis-phenanthroline molecule containing an azo
linker connecting the two phenanathroline moieties. 4.3 crystallises with two

molecules of CHCl3 molecules per diazo-diphenanthroline. There are hydrogen bonds

161



between the OH groups and the diazo linker. The CHN% is in good agreement with
the proposed composition of the sample containing 4.3a with two CHClz molecules
being present. The sharp band in the IR spectrum arising at 1418 cm™ is assigned to
the v(N=N) stretch. Carrying out HRMS analysis on the sample did not provide useful

information as under typical ESI conditions it appears that 4.3a is not stable.

Figure 59: Perspective view of 4.3a.2CHCl; showing the labelling scheme for the asymmetric unit with
displacement ellipsoids drawn at the 50% probability level. Hydrogen atoms are shown as spheres of arbitrary
radius and hydrogen bonds are indicated by dashed red lines.

Further characterisation of 4.3a was limited by its lack of solubility in common
organic solvents. Although the 4.3a presents a clear purple/blue solution in
CDCl3/MeOD, only a very poorly resolved *H NMR spectrum was obtained. To form a
more concentrated solution of 4.3a for NMR analysis, the sample was dissolved in
CFsCOOD to produce a red solution. Six signals were observed in the 'H NMR
spectrum in the aromatic region which can be attributed to the 6 H-atoms of the
phen ring. We deduce that 4.3a dissolves in this solvent with ease due to protonation

of the compound at one or more N atoms.

The sample 4.3a was also dissolved in various organic solvents at lower
concentrations. It was observed that 4.3a displayed solvatochromism. UV-Vis
analysis of 4.3a dissolved in CHCl3, CHCl,, MeOH and EtOH was carried out and the
spectra are shown in Figure 60. The solutions of 4.3a in CHCl; and CHCI; gives rise to

a broad band with Amax at 543 nm. However, in an alcoholic solution, this band
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undergoes a bathochromic shift and separates into two bands with Amax at 643 nm
and 600 nm. As the compound 4.3a is very sparingly soluble in the organic solvents,

no accurate measurements of the extinction coefficient could be made.

UV-Vis spectra of 4.3a in EtOH, MeOH, CHCl; and CH,Cl,

0.7
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0.1
DCM
0
o — (@] o — — (V] o o < < N
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Figure 60: UV/vis spectra of 4.3 in (grey) CHCIs, (orange) ethanol, (yellow) CH,Cl,, and (blue) methanol. The
absorbance axis is x10 for the CHCl; and CHCl; solutions.

4.2.3: Metal Complexation of 4.1

Metal complexes of 4.1 were formed by reacting 4.1 in appropriate stoichiometric
amounts with various Ag(l), Cu(ll) and Mn(ll) metal salts. The complexation of 4.1
with NOs3™ and BFs metal salts was carried out in MeCN whereas the complexation
with ClO4 salts was carried out in EtOH. With the exception of the metal
complexation with (CuBF4)2.xH20, these reactions generally gave good vyield (70-
80%). The complexation with (CuBF4)2.xH20 only yielded a metal complex in relatively
low vields (39%) and we propose it has the composition of [Cu(4.1)](BF4)2. The Ag(l)
metal complexes were characterised with the help of CHN%, HRMS, IR, and NMR
analysis. The Cu(ll) and Mn(ll) complexes were characterised with CHN%, IR and

magnetic moments analysis.

163



4.2.3.1: Synthesis and Characterisation of Ag(l) Complexes of 4.1 (4.2a1-3)

The Ag(l) complexes of 4.1 were prepared by refluxing a EtOH/MeCN solution of 4.1
and Ag(l) metal salts (NOs", BF4, ClO47) in a 2:1 stoichiometric ratio of 4.1:Ag(l) salts.

The HRMS analysis of the Ag(l) complexes 4.2a2 and 4.2a3 shows the presence of a
peak that corresponds to the [Ag(4.1):]* species with the isotopic pattern expected
for a Ag(l) species. The CHN% analysis is also in good agreement of complexation of

2 ligands to 1 metal centre.

The IR spectra of the Ag(l) complexes reveals slight shifts in various bands. As
expected upon complexation, the band arising from the out-of-plane bending of the
phen C-H bonds shifts to lower wavenumber. The presence of the counter ions was
also confirmed by IR with the v(NOs’) band appearing at 1340 cm™%, the v(CIO4’) band
appearing at 1100-1065 and 624 cm™, and the v(BFs) band coming at 1080-1030 cm"
1. The IR band for v(C=0) stretch of the ketone group shifts to a lower wavenumber
going from 1723 cm™ for the ligand to 1712, 1712, and 1706 cm* for the NOs’, ClOy,
and BF4 complexes respectively. This indicates that in both the free ligand and the
Ag(l) metal complexes, the keto form dominates in the solid state and that the C=0

bond is localised.

The *H NMR spectra of the Ag(l) complexes also revealed slight shifts in ppm of the
peaks arising from the ligand 4.1. When analysing the 'H NMR spectra, for the phen
H-atoms, the H atoms ortho- to the ring N atoms do not show any significant shifts.
Similarly, the peaks assigned to H-atoms of the pyridine ring only shift by <0.1 ppm.
Significant shifts of 0.3 ppm can be seen in signals for the meta- and para- H atom of
the phen ring. These shifts indicate that the ligand binds to the metal centre
predominantly through the phen N atoms. Similar shifts can be observed in the 13C

spectra of the ligand when compared to the Ag(l) complexes 4.2a1-3.

The stability of the metal complexes 4.2a1-3 was studied using 'H NMR. Solutions of
the metal complexes were prepared in d6-DMSO and analysed using *H NMR over 3
days at 24 hour intervals. Although the Ag(l) complexes containing BF4” and ClO4
counter ions did not display any changes in their H NMR spectrum, the Ag(l) complex

containing the NO3™ counterion displayed the growth of a series of small peaks in its
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H NMR spectrum. The growth of these peaks could be observed from the 12 hour
time point and the intensitiy of these peaks increased as the experiment carried on.
The same stability analysis was carried out in the dark and it was observed that the
same behaviour was exhibited by the metal complexes. We are uncertain why the
[Ag(4.1)2](NOs) complex is unstable whereas the other two complexes do not show
any signs of decomposition over the 3 days. Interestingly, when a DMSO solution of
[Ag(4.1),](NOs3) was allowed to stand over a prolonged period of time for
crystallisation under DCM vapour diffusion into the solution, X-ray crystallography
quality crystals were produced and these show the formation of a polymeric chain
with Ag(1):4.1 present in a 1:1 ratio with the NOs™ ion taking up a coordination site

around the Ag(l) metal centre (Figure 61 and Figure 62).

028

027

029

Figure 61: Asymmetric unit of {[Ag(4.1)(NOs)]}n with selected atom numbering. Atomic displacement shown at
50% probability. Intramolecular hydrogen bonding shown as a dotted line.

165



Figure 62: Symmetry generated (symmetry code used to generate equivalent atoms i = x-1, y+1, z-1) chain for
{[Ag(4.1)(NOs)]}n with intramolecular hydrogen bonding showing the Ag(l) coordination by the nitrate anion.

4.2.3.2: Synthesis and Characterisation of Cu(ll) Complexes of 4.1 (4.2b1-2)

The Cu(ll) complex 4.2b1 was formed by reaction of Cu(ClO4),.6H,0 with 4.1ina 1:2
ratio in an EtOH solution. The resulting brown precipitate was characterised using
CHN%, IR and magnetic moments analysis. The CHN% analysis indicates the
composition to be [Cu(4.1):](Cl04)2.2H20. The IR spectrum shows the shifting of the
v(C=0) stretch from 1723 cm™, found in IR spectrum of 4.1, to 1708 cm™. The
presence of the ClO4 counterion was determined by the presence of a bands arising
at 1091 and 623 cm™. Interestingly, the magnetic moment determined for this
sample was 1.5 BM which is much lower than the 1.7 BM value calculated by using
the spin-only formula. Although HRMS analysis of the sample was attempted, we
were unable to determine the accurate mass value for the sample. We propose this

is due to the complex being unstable under ESI conditions.

The Cu(ll) complex 4.2b2 was also prepared by stirring a solution of Cu(BF4)2.xH20 (in
excess, an exact stoichiometry cannot be defined as the salt is hydrated) with a
solution of 4.1 in MeCN. The resulting suspension was filtered to produce a brown
solid which was characterised using CHN%, IR and magnetic moment analysis. The
CHN% analysis is in good agreement with the formation of a 1:1 complex of

metal:ligand. The IR spectrum shows a decrease in wavenumbers of the band arising
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from the v(C=0) stretch going from 1723 cm™ in the IR spectrum of the ligand 4.2 to
1706 cm™ in the spectrum of 4.3b2. The presence of the counterion was determined
by the presence of a broad band ranging from 1073-1054 cm™ arising from the
v(BF4) stretch. The magnetic moment determined for the sample was 1.2 BM and
like the sample 4.2b1 it is well below the calculated value of 1.7 BM. Although the
elemental analysis suggest the composition to be [Cu(4.1)](BF4)2 the characterisation
of this complex is not complete. Due to this we are unsure of the composition of this

product the complete characterisation of this sample will require further work.

4.2.3.3: Synthesis and Characterisation of Mn(ll) Complexes of 4.1 (4.2c1-2)

Two Mn(ll) complexes were prepared by reacting the ligand 4.1 in a 2:1 ratio
(4.1:Mn(Il) salt) with Mn(ClO4),.6H20 and Mn(NOs3),.4H,0. The bis-complexes were
obtained in high yields with the [Mn(4.1)2](ClOa4)2.H,0 (4.2c1) being isolated at 65%
yield and the [Mn(4.1):](NOs),.2H,0 (4.2c2) being obtained in 70% yield. These

complexes were characterised using CHN%, IR and magnetic moment analysis.

The CHN% analysis displays the formation of a bis-homoleptic Mn(ll) complexes with
one H;0 molecule being present in 4.2c1 and two H,O molecules being present in
4.2c2. The IR spectrum of the two metal complexes display shifts in the band arising
from out-of-plane C-H bend going from 752 cm™ in the IR spectrum of the ligand to
746 and 748 cm* for 4.2c1 and 4.2c2 respectively. The presence of the counterion
was determined by the presence of broad bands arising from v(ClO4") stretch at 1108
and 624 cm, and the sharp band arising from the v(NOs") stretch at 1385 cm™. The
magnetic moment determined for 4.2cl and 4.2c2 are 6.5 BM and 6.22 BM

respectively and the expected value calculated value (by spin only formula) is 5.9 BM.

4.3: Biological Screening of 4.1 and its Metal Complexes

4.2a-c

The ligand 4.1 and its metal complexes (4.2al, 4.2a1, 4.2b2 and 4.2c2) were screened

for their antimicrobial activity towards M. tb (four strains), S. aureus, P. aeruginosa
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and C. albicans. These compounds were also screened for their toxicity towards
mammalian cells by measuring their CCso against A549 cell line. For comparison, the
simple metal salts (AgBFs, Cu(BFa4)2.H,0, Mn(NO3),.4H,0), phen, INH, and known
clinical drugs (ciprofloxacin, ceftazidime, amphotericin B) were also screened for
their antimicrobial activity. The results from this screening are summarised below in
Table 8. These studies were carried out by the groups of Professor Maria Cristina
Lourengo (Fundag¢do Oswaldo Cruz) and Professor André Luis Souza dos Santos

(Federal University of Rio de Janeiro) in Rio de Janeiro, Brazil.
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Compound A549 M.tuberculosis | M.tuberculosis | M.tuberculosis | M.tuberculosis S. aureus P. C. albicans
CCso (M) H37RV 665/0514° SR SR aeruginosa
ATCC 27294° Cult 84/17¢ 2571/0215¢
4.1 157.3 15.18 (10.4) <9.5 (>16.6) <9.5 (>16.6) <9.5 (>16.6) 48.6 (3.2) 388.7 (0.4) | 12.2(12.9)
4.2a2 50.6 3.02 (16.8) <3.8 (>13.3) <3.8 (>13.3) <3.8 (>13.3) 19.3 (2.6) 9.7 (5.2) 2.4 (21.1)
4.2a3 44.1 2.93 (15.0) <3.7 (>11.0) <3.7 (>11.0) <3.7 (>11.0) 9.4 (4.7) 9.4 (4.7) 2.3(19.2)
4.2b2* 109.8 17.65 (6.3) <5.5 (>19.9) <5.5 (>19.9) <5.5 (>19.9) 56.5 (1.9) 451.9 (0.2) 14.1 (7.8)
4.2¢c2 56.6 2.99 (18.9) <3.7 (>15.3) <3.7 (>15.3) <3.7 (>15.3) 19.1 (2.9) 611.3 (0.1) 19.1 (2.9)
AgBF; 95.5 51.36 (1.9) 32.1(2.9) 32.1(2.9) 32.1(2.9) 20.5 (4.7) 10.3(9.3) | <5.1(>18.7)
Cu(BFa)2.H20 458.8 52.71(8.7) 26.4 (17.4) 26.4 (17.4) 26.4 (17.4) >2158.8 >2158.8 269.9 (1.7)
(<0.2) (<0.2)
Mn(NO3),.4H,0 ND >558.82 >558.8 >558.8 >558.8 >2861.1 >2861.1 >2861.1
Phen 2422.7 13.87 (174.7) | <17.3 (>140.0) | <17.3 (>140.0) | <17.3 (>140.0) | 355.1 (6.8) 355.1 (6.8) <5.6
(>432.6)
INH 3500.1 11.38 (307.6) | >729.0 (<4.8) | >729.0(<4.8) | >729.0 (<4.8) ND ND ND
Ciprofloxacin ND ND ND ND ND 12.1 12.1 ND
Ceftazidime ND ND ND ND ND 29.3 7.3 ND
Amphotericin B ND ND ND ND ND ND ND 0.07

Table 8: In vitro anti-A549 (CCso) and antimicrobial activity (MIC) values (uM). Sl value in parenthesis. (a) Rifampicin and INH sensitive strain. (b) Rifampicin and INH resistant strain (katG). (c)
Rifampicin and INH resistant strain. (d) Rifampicin and INH resistant strain (katG and inhA). *concentration based on the proposed [Cu(4.1)](BF4), formulation.
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4.3.1: Inhibitory Effect against M. tuberculosis Growth

The antimycobacterial activity the ligand 4.1 and its metal complexes (4.2a2, 4.2a3,
4.2b2 and 4.2c2) was studied against four M. tb strains: M. tb H3;RV ATCC 27294 (INH
and rifampicin sensitive); M. tb 665/0514 (INH and rifampicin resistant); M. tb SR Cult
84/17 (INH and rifampicin resistant); M. tb SR 2571/0215 (INH and rifampicin
resistant). The general results from these studies suggest that the Ag(l) and Mn(ll)
based complexes were the most active, displaying almost equal inhibitory effects,
followed by the Cu(ll) complex which is the least active of the metal complexes
tested. Interestingly, the ligand itself, which was less active than most of the metal

complexes, displayed activity similar to that of the clinical drug INH.

4.3.1.1: Inhibitory Effect against Drug Sensitive M. tuberculosis Growth

Against the INH and rifampicin sensitive strain, M. tb H3;RV ATCC 27294, the Ag(l)
metal complexes 4.2a2 and 4.2a3 were extremely active, displaying MIC values at
3.02 and 2.93 uM respectively. It is interesting to note that both of the individual
starting materials for the complex 4.2a3 are also active, with 4.1 displaying an MIC
value of 15.18 uM and the simple metal salt AgBF4 displaying an MIC value of 52.71
UM. Although these two starting materials are active, their activity can be clearly
seen to be enhanced upon complexation to each other with the metal complex 4.2a3
displaying inhibitor effects at a fifth and a sixteenth times lower concentration
towards M. tb when compared to 4.1 and AgBF4 respectively. Not only is the
metal complex 4.2a3 more active toward inhibition of M. tb when compared to the
ligand and the metal salt, it is also less toxic towards the mammalian cell line A549,
displaying Sl value of 15.0 which slightly higher than the Sl value of 4.1 (SI = 10.4) and
significantly higher than the SI value of AgBFs (SI = 1.9). A similar effect can be
observed with the biological screening of the Ag(l) complex 4.2a2 which presents an
Sl value of 16.8. The reported CCso value of AgNOs is <30 pM?61, making its Sl value
<1.5. To the best of our knowledge the most active Ag(l) complexes towards M. tb

exhibit MIC at >10 uM dosage and possess very low S| values <7°. In comparison,
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the Ag(l) complexes tested (4.2a2 and 4.2a3) exhibit greater inhibitory effects

towards M. tb as well as less toxicity towards mammalian cells.

Although the excellent activity of Ag(l) complexes can be expected due to the activity
of the Ag(l) metal salt, the excellent activity exhibited by the Mn(ll) complex 4.2¢2 is
quite surprising. Whereas the simple Mn(ll) salts, Mn(NO3s)..4H,0, does not exhibit
any noticeable inhibitory effects at doses below 558.8 UM the metal complex 4.2c2
displays MIC value of 2.99 uM. In addition, out of all of the complexes tested, this
complex presented the highest Sl value of 18.9. In comparison, the Cu(ll) complex
does not exhibit a similar activity profile. The complexation of Cu(ll) to 4.1 to produce
4.2b2, not only leads to an increase in the MIC value of the complex when compared
to the ligand, it also leads to the complex being more toxic towards the mammalian
cells. The MIC value towards M. tb exhibited by 4.2b2 is 17.65 uM with an Sl value of
6.3. Although the MIC value of this complex is lower than that of the simple metal
salt Cu(BF4)2.H20 (MIC = 52.71), the Sl value of the complex is lower than that of the
simple metal salt (SI = 8.7) indicating that the complexation of the ligand does not

allow the metal complex to be more selective towards M. tb cells.

With the exception of the Cu(ll) complex, all of the complexes generated were more
active than the ligand 4.1 as well as their respective metal salts. In addition, these
complexes also exhibit competitive MIC values when compared to the clinical drug
INH and a known anti-TB agent phen. The biological screening found the MIC value
for phen and INH to be 13.87 and 11.87 uM respectively. The reported MIC value for
INH is 0.2 - 0.02 pg/mL™. The results from this study suggest that the metal
complexes possess lower MIC values than those of phen and INH. Although our
complexes are more active, they are not as selective towards M. tb over mammalian
cells as phen and INH. Whereas the highest SlI value observed from the metal
complexes studied in this study is that of 4.2c2, displaying Sl of 18.9, the Sl values

possessed by phen and INH are 174.7 and 307.6 respectively.
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4.3.1.2: Inhibitory Effect against Drug Resistant M. tuberculosis Growth

The inhibitory effects of 4.1 and its complexes, 4.2a2, 4.2a3, 4.2b2 and 4.2c2, were
also studied against INH and rifampicin resistant strains. The three strains used for
this screening were M. tb 665/0514; M. tb SR Cult 84/17; M. tb SR 2571/0215.
Unfortunately, the MIC values were not observed within the results displayed in
Table 8. The results from these screenings show that the clinical drug, INH, possesses
no antimycobacterial activity towards these strains at doses below 729.0 uM. On the
other hand, similar to the activity observed towards the drug sensitive strain, the
simple metal salts tested display good activity in the case of AgBF4 and Cu(BF4)2.H.0O
(MIC = 32.1 and 26.4 uM respectively), or non-existant activity in the case of
Mn(NO3)2.4H,0 (MIC >558.8 uM). Although the INH was inactive towards these
strains, the metal complexes display excellent activity with the Ag(l) and Mn(ll)
complexes being extremely active, and the Cu(ll) complex also displaying activity.
Against all of the strains, all of the metal complexes possess inhibitory effects at
doses lower than 10 uM with the Ag(l) and Mn(ll) complexes possessing activity at
<4 uM doses. Additionally, the ligand itself also possesses inhibitory effects at <9.5
MM doses. Although INH possesses no activity towards these strains, the INH-phen
hybrid retains it activity towards the M. tb. This suggests that the ligand 4.1 possesses
an alternative mode of action to inhibit M. tb growth. Additionally, these compounds
are not only active towards these resistant strains of M. tb they also maintain their
selectivity toward the mycobacterial cells over mammalian cells. All of the new
compounds tested display S| values >10 indicating that they classify as potential

therapeutics for further development in the pharmaceutical industry?¢2,

4.3.2: Inhibitory Effect against S. aureus Growth

The broad spectrum antimicrobial activity of the ligand 4.1 and its metal complexes,
4.2a2, 4.2a3, 4.2b2 and 4.2c2, were tested against a Gram-positive and negative
strain of bacteria as well as a yeast strain. For the Gram-positive strain, S. aureus was
the bacterial strain used for screening the inhibitory activity of the ligand and its

complexes.
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The ligand 4.1 exhibited MIC at 48.6 UM dosage and possessed an Sl value of 3.2. Out
of the metal complexes tested, the Ag(l) complexes were the most active, followed
by the Mn(ll) complex and then finally the Cu(ll) complex. The Ag(l) complexes 4.2b2
and 4.2b3 display MIC values at 19.3 and 9.4 uM respectively. Although these MIC
values are very competitive with the MIC value determined for the clinically used
drugs, Ciprofloxacin (MIC = 12.1 uM) and Ceftazidime (MIC = 29.3 uM), these
complexes displayed very low Sl values (2.6 and 4.7 for 4.2b2 and 4.2b3 respectively).
Interestingly, the activity of the Ag(l) complex is only very slightly better than the
Ag(l) salt AgBF4. The simple Ag(l) salt displays MIC value at 20.5 uM dosage and
possesses an S| value of 4.7. These values are extremely similar to the metal
complexes, suggesting that complexation of the ligand on the Ag(l) metal salt does

not change its activity profile towards S. aureus cells.

The next most active metal complex was the Mn(ll) complex, 4.2c2, which displayed
MIC at 19.1 uM and a Sl value of 2.9. This complex, too, inhibits the growth of S.
aureus at a competitive dose with the known clinical drugs Ciprofloxacin and
Ceftazidime. Additionally, when compared to the simple metal salt, Mn(NO3),.4H,0,
the activity of the metal complex is far superior as the simple metal salt does not
exhibit any inhibitory effects at doses below 2861.1 pM. Finally, the Cu(ll) complex
4.2b2 exhibits a MIC value of 56.6 UM and possesses a Sl of 1.9. Although this is an
enhancement of inhibitory effects when compared to the simple metal salt
Cu(BF4)2.H20 (MIC >2159 uM), this complex possesses a higher MIC value than the

free ligand 4.1 and possesses a lower Sl value than the ligand also.

4.3.3: Inhibitory Effect against P. aeruginosa Growth

To measure the inhibitory effects of the ligand 4.1 and its metal complexes towards
Gram-negative bacteria, these compounds were screened against the Gram-negative
Bacterium P. geruginosa. Similar to the Gram-positive bacterium, the growth of P.
aeruginosa was inhibited most by the Ag(l) complexes 4.2b2 and 4.2b3 which
displayed MIC values 9.7 and 9.4 uM respectively. These values are competitive with

the clinically used drugs tested, Ciprofloxacin (MIC = 12.1 uM) and Ceftazidime (MIC
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= 7.3 uM). Although the Ag(l) complexes are active, their Sl values are very low being
5.2.and 4.7 for 4.2b2 and 4.2b3 respectively. For the simple metal salt AgBF4, the MIC
values are similar to the complexes as the MIC value possessed by the simple metal
saltis 10.3 uM. Although the inhibitory effects of the Ag(l) complexes and the simple
salt are similar towards P. aeruginosa, the Sl of the metal salt is roughly twice (9.3)
that of the metal complexes, demonstrating that the complexation of the Ag(l) metal
with the ligand has increased the toxicity of the metal complex towards mammalian
cells. Surprisingly, the Cu(ll) and the Mn(ll) complexes, 4.2b2 and 4.2c2, display no
significant inhibitory effects, possessing MIC values of 451.9 and 611.3 uM
respectively. The free ligand 4.1 itself also does not display a promising inhibitory

effects and possesses a MIC value of 389 uM.

4.3.4: Inhibitory Effect against C. albicans Growth

The ligand 4.1 and its Ag(l), Cu(ll) and Mn(ll) complexes display promising activity
towards C. albicans. The two Ag(l) complexes, 4.2a2 and 4.2a3, were the most active
and exhibited MIC values of 2.4 and 2.3 uM respectively and possessed Sl of 21.1 and
19.2 respectively. These values display an improvement upon the potency of the free
ligand 4.1 which possesses MIC value of 12.2 uM and SI of 12.9. Although these
values are promising, they are to be expected as Ag(l) metal centre is extremely
active towards C. albicans and the AgBF4 metal salt possesses MIC value <5.1 and SI
greater than 18.7. The Cu(ll) and Mn(Il) complexes also show promising inhibitory
effects and possess MIC values of 14.1 and 19.1 uM respectively. Although these
complexes show good anti-candida effects, their SI values are low, with the Cu(l)
complex possessing Sl of 7.8 and the Mn(ll) complexes possessing Sl of 2.9. Although
the ligand 4.1 and its complexes displayed promising effect against C. albicans, they

were much less effective than the clinical drug Amphotericin B (MIC = 0.07 uM).
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4.4: Conclusion

Although Schiff-base condensation products are normally unstable and readily
hydrolyse back to the starting materials, the novel phen-INH hydrazone hybrid 4.1
was easily synthesised and it displayed excellent stability towards hydrolysis. The
formation of the highly conjugated azo derivative 4.3a and the isonictinic diamide
4.3b from methanolic/ethanolic solution of 4.1 suggests that the hybrid can
potentially produce radicals in situ which lead to the formation of 4.3a and 4.3b. In
addition, this radical formation could offer INH a self-activating mechanism to
produce radicals that can have anti-TB effects. The chemical structure of 4.1, 4.3a,
and 4.3b was characterised using HRMS, NMR and IR spectroscopy and 4.3a was also

characterised using X-ray crystallography.

In addition, 7 novel metal complexes of 4.1 were produced using Ag(l), Cu(ll) and
Mn(ll) metal salts with ClO4,, NOs", and BF4 counter ions. The compositions of these
metal complexes was derived using elemental analysis and IR spectroscopy, and in
the case of the Ag(l) complexes NMR and HRMS spectroscopy was also used. The
stability of the Ag(l) complexes 4.2a-c was also studied using *H NMR and it was
determined that while 4.2a and 4.2c were stable in a DMSO solution over 72 hr, 4.2b
([Ag(4.1)2]NO3) was unstable in a DMSO solution. This also confirmed through the X-
ray crystallography analysis of the crystals formed from a DMSO solution of 4.2b

which possessed the chemical composition [Ag(4.1)(NOs)].

Four of the metal complexes prepared as well as the ligand were screened against
drug sensitive and resistant M. tb strains. The metal complexes tested (4.2a2, 4.2a3,
4b2 and 4.2c2) along with free ligand displayed excellent anti-tuberculosis activity
regardless of the sensitivity of these strains towards clinically used drugs. The
complexes possessed MIC values <10 uM, with the Ag(l) complexes possessing MIC
values <4 uM. In addition, the free ligand itself also displayed MIC values at 15 uM
concentration. All of the novel compounds tested displayed Sl values >10. The Ag(l)
complexes also displayed good broad-spectrum antimicrobial activity when tested

against S. aureus, P. aeruginosa and C. albicans.
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Future Work

As mentioned in the outline of the thesis, the research presented in this thesis can
be divided into two parts. The first part of the work presented in this thesis focuses
on the synthesis, characterisation and biological screening oxazine-based phen
derivatives and their metal complexes. The least liphophilic derivative out of the
ligands, 3.3a, and its Ag(l), Mn(ll) and Cu(ll) complexes were screened against a
Gram-positive, Gram-negative and a fungal strain. From these results it was observed
that the Cu(ll) complex was the most active against the Gram-positive and Gram-
negative bacterial strains and the Ag(l) complex was the most active against the
fungal strain. To enhance the activity of the Cu(ll) complex against the Gram-positive
bacterial strain, S. aureus, the lipophilicity of the ligand was increased which in turn
increased the lipophilicity of the Cu(ll) complex of these ligands. Unsurprisingly, the
activity of the ligands as well as the Cu(ll) complexs increase with an increase in
liphophilicty. As shown in a recent study?%32%4, specific increase in lipophilicity leads
to an increase in inhibitory activity towards specific bacterial and fungal strains.
Therefore, an interesting study which could be carried out is screening of these
ligands, and their metal complexes (Cu(ll), Mn(ll) and Ag(l)) against various bacterial
strains. As seen by the results from the biological screening of the Ag(l) complex,
3.5al, against C. albicans, it is a logical next step to screen the inhibitory effects of
the more lipophilic derivatives and their Ag(l) complexes against C. albicans. In
addition, a more threatening strain of S. aureus is the Methicillin Resistant
Staphylococcus aureus (MRSA). As seen in a recent study, lipophilic derivatives of
Ru(ll) complexes of a 2-pyridyl-1,2,3-triazole based ligands were shown to possess
excellent inhibitory effects towards MRSA?>°. Therefore, a further study could be to
measure the inhibitory effects of the ligands and the Cu(ll) complexes presented in

this work towards MRSA.

The ligand 3.3a was published by the McCann group and the work carried out by
these researchers showed that the bis-Ag(l) and bis-Cu(ll) complexes of this ligand
possessed DNA binding capabilities stronger than those of the known groove-binding
agents pentamidine and netropsin. Interestingly, these complexes did not display any

DNA nuclease mimetic activity, even though the DNA nuclease activity of
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(Cu(phen),)?* in the presence of an oxidant and/or reductant is well known. Although
the complexes reported by the McCann group does not possess DNA nuclease
activity, their DNA binding activity makes them potential therapeutics for anticancer
studies. Therefore, the ligands and the Cu(ll) complexes presented in this work could

also be promising candidates for anti-cancer studies.

The formation of the co-products 3.4a-c forms products with a scaffold of
pyridoacridin. The derivatives of pyridoacridine are difficult to synthesize and often
require multiple steps with expensive starting materials. Fortunately, the derivatives
of this natural product possess anti-tumour activity at low pM ranges. The formation
of the products 3.4a-c, through the simple reaction of amino acid ester derivatives
(3.2f-h) with 3.1, offers a simple and desirable route to the synthesis of
pyridoacridine derivatives. It is also suspected that metal complexation of these

ligands could produce highly active therapeutics.

The second part of the work presented in this thesis focuses on the formation of a
phen-INH hybrid and its metal complexes and studying the anti-mycobacterial
activity of these compounds. As seen in Chapter 4, these compounds possessed
excellent inhibitory effects towards M. tB. Additionally, their inhibitory effect did not
decrease when tested against INH and rifampicin resistant strains of M. tb. Further
biological studies can be carried out to examine the in vivo activity of these
compounds towards M. tb. In addition, the mechanism of action of these compounds
is clearly not reliant of the presence of KatG enzyme. Therefore, further studies on
the mechanism of action of these compounds for causing anti-mycobacterial activity
could offer beneficial insight into development of further therapeutic compounds. A
problem displayed by using INH as treatment for TB is the hepacytoxicity,
mutagenicity and carcinogenicity caused as a side-effect’?®. Therefore, the
hepacytotoxic, mutagenic and carcinogenic nature of the ligand 4.1 and its
complexes should be studied to determine the potential of developing these

compounds further as anti-TB agents.
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Appendix

Biology MIC determination graphs
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Crystallographic Data

A clear yellow fragment-like specimen of C24H19N304, approximate dimensions 0.110
mm x 0.120 mm x 0.160 mm, was used for the X-ray crystallographic analysis. The X-
ray intensity data were measured at 100(2)K on a Bruker D8 Quest ECO with an
Oxford Cryosystems low temperature device using a MiTeGen micromount. See
Table 1 for collection parameters and exposure time. Bruker APEX software was used

to correct for Lorentz and polarization effects.

A total of 936 frames were collected. The total exposure time was 7.80 hours. The
frames were integrated with the Bruker SAINT software package using a narrow-
frame algorithm. The integration of the data using a monoclinic unit cell yielded a
total of 27938 reflections to a maximum 6 angle of 26.50° (0.80 A resolution), of
which 4010 were independent (average redundancy 6.967, completeness = 99.9%,
Rint = 7.02%, Rsig = 4.95%) and 2840 (70.82%) were greater than 2¢(F?). The final cell
constants of a = 5.9471(2) A, b = 16.7869(4) A, ¢ = 19.4373(6) A, B = 96.2126(16)°,
volume = 1929.10(10) A3, are based upon the refinement of the XYZ-centroids of
7671 reflections above 20 o(l) with 6.430° < 26 < 59.61°. Data were corrected for
absorption effects using the Multi-Scan method (SADABS). The ratio of minimum to
maximum apparent transmission was 0.945. The calculated minimum and maximum

transmission coefficients (based on crystal size) are 0.7051 and 0.7462.

The structure was solved with the XT structure solution program using Intrinsic
Phasing and refined with the XL refinement package using Least Squares
minimisation with Olex2, using the space group P21/n, with Z = 4 for the formula unit,
C24H19N304. The final anisotropic full-matrix least-squares refinement on F? with 282
variables converged at R1 = 5.26%, for the observed data and wR2 = 11.85% for all
data. The goodness-of-fit was 1.060. The largest peak in the final difference electron
density synthesis was 0.290 e’/A3? and the largest hole was -0.210 e’/A3 with an RMS
deviation of 0.052 e”/A3. On the basis of the final model, the calculated density was

1.423 g/cm3 and F(000), 864 e".
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Crystal Data for C2aH19N304 (M =413.42 g/mol): monoclinic, space group P21/n (no.

14),a= 5.9471(2) A, b= 16.7869(4) A, c =

19.4373(6) A, 8=

96.2126(16)°, V =

1929.10(10) A3, Z= 4, T= 100(2) K, p(MoKa)= 0.099 mm?, Dcalc = 1.423 g/cm3,

27938 reflections measured (4.854° < 20 < 52.998°), 4010 unique (Rint = 0.0702,

Rsigma = 0.0495) which were used in all calculations. The final R1 was 0.0526 (I > 20(l))

and wR; was 0.1185 (all data).

Crystal data and structure refinement for 3.3b.

Empirical formula
Formula weight
Temperature
Wavelength
Crystal system
Space group

Unit cell dimensions

Volume

Density (calculated)

Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Index ranges

Reflections collected

C24H19N304
413.42

100(2) K
0.71073 A
Monoclinic
P21/n
a=5.9471(2) A
b =16.7869(4) A
c=19.4373(6) A
1929.10(10) A3

4
1.423 Mg/m3

0.099 mm-1

864

0.16 x0.12 x0.11 mm3

2.427 to 26.499°.

a= 90°.
B=96.2126(16)".

y =90°.

-7<h<7, -20<k<21, -24<1<22

27938

203



Independent reflections
Completeness to theta = 25.242°
Absorption correction

Max. and min. transmission

Refinement method

Data / restraints / parameters
Goodness-of-fit on F2

Final R indices [I>2a(1)]

R indices (all data)

Largest diff. peak and hole

4010 [R(int) = 0.0702]
99.9 %
Semi-empirical from equivalents

0.7462 and 0.7051

Full-matrix least-squares on F2

4010/0/ 282

1.060
R1=0.0526, wR2 = 0.1066

R1=0.0875, wR2 =0.1185

0.290 and -0.210 e.A-3

Atomic coordinates ( x 10%) and equivalent isotropic displacement parameters

(A2x 103) for 3.3b. U(eq) is defined as one third of the trace of the orthogonalized

Uil tensor.

X y z U(eq)
N(1) 10362(3) 7579(1) 4950(1) 19(1)
C(2) 11840(4) 7028(1) 5187(1) 22(1)
C(3) 11545(4) 6210(1) 5064(1) 22(1)
C(4) 9603(4) 5964(1) 4682(1) 20(1)
C(5) 7980(4) 6525(1) 4430(1) 17(1)
C(6) 5890(4) 6299(1) 4041(1) 17(1)
N(7) 5280(3) 5490(1) 4019(1) 18(1)
C(8) 3567(4) 5297(1) 3601(1) 18(1)
C(9) 2436(4) 5872(1) 3081(1) 18(1)
0(10) 2425(2) 6667(1) 3401(1) 19(1)
C(11) 4399(4) 6869(1) 3772(1) 17(1)
C(12) 4761(4) 7704(1) 3924(1) 18(1)
C(13) 3153(4) 8292(1) 3718(1) 22(1)
C(14) 3605(4) 9069(1) 3910(1) 26(1)
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C(15)
N(16)
C(17)
C(18)
C(19)
C(20)
C(21)
C(22)
0(23)
C(24)
C(25)
C(26)
0(27)
0(28)
C(29)
C(30)
C(31)

5663(4)
7230(3)
6773(4)
8432(4)
3577(4)
5675(4)
6698(4)
5645(4)
6746(3)
3524(4)
2520(4)
2855(4)
3898(3)

975(3)

252(4)

-2024(4)
-2888(4)

9242(1)
8704(1)
7935(1)
7336(1)
5889(1)
5535(1)
5575(1)
5979(1)
6026(1)
6320(1)
6270(1)
4434(1)
3916(1)
4318(1)
3488(1)
3468(1)
2615(1)

4297(1)
4500(1)
4324(1)
4572(1)
2424(1)
2370(1)
1766(1)
1192(1)

624(1)
1236(1)
1841(1)
3594(1)
3919(1)
3171(1)
3105(1)
2705(1)
2656(1)

24(1)
22(1)
18(1)
17(1)
17(1)
18(1)
19(1)
20(1)
27(1)
20(1)
20(1)
20(1)
31(1)
24(1)
24(1)
28(1)
32(1)
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Bond lengths [A] and angles [°] for 3.3b.

N(1)-C(2) 1.325(3) C(22)-0(23) 1.345(3)
N(1)-C(18) 1.357(3) C(22)-C(24) 1.396(3)
C(2)-H(2) 0.9500 0(23)-H(23) 0.8400
C(2)-C(3) 1.401(3) C(24)-H(24) 0.9500
C(3)-H(3) 0.9500 C(24)-C(25) 1.378(3)
C(3)-C(4) 1.368(3) C(25)-H(25) 0.9500
C(4)-H(4) 0.9500 C(26)-0(27) 1.206(3)
C(4)-C(5) 1.399(3) C(26)-0(28) 1.329(3)
C(5)-C(6) 1.434(3) 0(28)-C(29) 1.459(2)
C(5)-C(18) 1.408(3) C(29)-H(29A) 0.9900
C(6)-N(7) 1.404(3) C(29)-H(29B) 0.9900
C(6)-C(11) 1.369(3) C(29)-C(30) 1.487(3)
N(7)-C(8) 1.276(3) C(30)-H(30A) 0.9900
C(8)-C(9) 1.502(3) C(30)-H(30B) 0.9900
C(8)-C(26) 1.509(3) C(30)-C(31) 1.522(3)
C(9)-H(9) 1.0000 C(31)-H(31A) 0.9800
C(9)-0(10) 1.473(2) C(31)-H(31B) 0.9800
C(9)-C(19) 1.510(3) C(31)-H(31C) 0.9800
0(10)-C(11) 1.353(3)

C(11)-C(12) 1.443(3) C(2)-N(1)-C(18) 117.94(18)
C(12)-C(13) 1.402(3) N(1)-C(2)-H(2) 118.0
C(12)-C(17) 1.409(3) N(1)-C(2)-C(3) 124.0(2)
C(13)-H(13) 0.9500 C(3)-C(2)-H(2) 118.0
C(13)-C(14) 1.376(3) C(2)-C(3)-H(3) 120.9
C(14)-H(14) 0.9500 C(4)-C(3)-C(2) 118.2(2)
C(14)-C(15) 1.396(3) C(4)-C(3)-H(3) 120.9
C(15)-H(15) 0.9500 C(3)-C(4)-H(4) 120.1
C(15)-N(16) 1.327(3) C(3)-C(4)-C(5) 119.7(2)
N(16)-C(17) 1.355(3) C(5)-C(4)-H(4) 120.1
C(17)-C(18) 1.454(3) C(4)-C(5)-C(6) 122.09(18)
C(19)-C(20) 1.396(3) C(4)-C(5)-C(18) 118.2(2)
C(19)-C(25) 1.392(3) C(18)-C(5)-C(6) 119.72(19)
C(20)-H(20) 0.9500 N(7)-C(6)-C(5) 118.59(18)
C(20)-C(21) 1.382(3) C(11)-C(6)-C(5) 120.24(18)
C(21)-H(21) 0.9500 C(11)-C(6)-N(7) 120.65(19)
C(21)-C(22) 1.396(3) C(8)-N(7)-C(6) 116.83(18)
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N(7)-C(8)-C(9)
N(7)-C(8)-C(26)
C(9)-C(8)-C(26)
C(8)-C(9)-H(9)
C(8)-C(9)-C(19)
0(10)-C(9)-C(8)
0(10)-C(9)-H(9)
0(10)-C(9)-C(19)
C(19)-C(9)-H(9)
C(11)-0(10)-C(9)
C(6)-C(11)-C(12)
0(10)-C(11)-C(6)
0(10)-C(11)-C(12)
C(13)-C(12)-C(11)
C(13)-C(12)-C(17)
C(17)-C(12)-C(11)
C(12)-C(13)-H(13)
C(14)-C(13)-C(12)
C(14)-C(13)-H(13)
C(13)-C(14)-H(14)
C(13)-C(14)-C(15)
C(15)-C(14)-H(14)
C(14)-C(15)-H(15)
N(16)-C(15)-C(14)
N(16)-C(15)-H(15)
C(15)-N(16)-C(17)
C(12)-C(17)-C(18)
N(16)-C(17)-C(12)
N(16)-C(17)-C(18)
N(1)-C(18)-C(5)
N(1)-C(18)-C(17)
C(5)-C(18)-C(17)
C(20)-C(19)-C(9)
C(25)-C(19)-C(9)
C(25)-C(19)-C(20)
C(19)-C(20)-H(20)
C(21)-C(20)-C(19)
C(21)-C(20)-H(20)

122.23(18)
116.99(18)
120.48(18)
108.3
111.75(18)
108.75(16)
108.3
111.29(16)
108.3
114.12(16)
121.7(2)
121.14(18)
116.96(18)
122.9(2)
118.40(19)
118.60(19)
120.5
119.0(2)
120.5
120.8
118.5(2)
120.8
117.8
124.4(2)
117.8
117.3(2)
119.87(18)
122.43(19)
117.70(19)
121.96(19)
118.37(18)
119.65(19)
122.88(19)
119.54(19)
117.6(2)
119.2
121.5(2)
119.2
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C(20)-C(21)-H(21)
C(20)-C(21)-C(22)
C(22)-C(21)-H(21)
0(23)-C(22)-C(21)
0(23)-C(22)-C(24)
C(24)-C(22)-C(21)
C(22)-0(23)-H(23)
C(22)-C(24)-H(24)
C(25)-C(24)-C(22)
C(25)-C(24)-H(24)
C(19)-C(25)-H(25)
C(24)-C(25)-C(19)
C(24)-C(25)-H(25)
0(27)-C(26)-C(8)
0(27)-C(26)-0(28)
0(28)-C(26)-C(8)
C(26)-0(28)-C(29)
0(28)-C(29)-H(29A)
0(28)-C(29)-H(29B)
0(28)-C(29)-C(30)
H(29A)-C(29)-H(29B)
C(30)-C(29)-H(29A)
C(30)-C(29)-H(29B)
C(29)-C(30)-H(30A)
C(29)-C(30)-H(30B)
C(29)-C(30)-C(31)
H(30A)-C(30)-H(30B)
C(31)-C(30)-H(30A)
C(31)-C(30)-H(30B)
C(30)-C(31)-H(31A)
C(30)-C(31)-H(31B)
C(30)-C(31)-H(31C)
H(31A)-C(31)-H(31B)
H(31A)-C(31)-H(31C)
H(31B)-C(31)-H(31C)

119.9
120.2(2)
119.9
117.96(19)
123.30(19)
118.7(2)
109.5
119.8
120.3(2)
119.8
119.2
121.6(2)
119.2
124.1(2)
124.7(2)
111.22(17)
114.48(16)
110.1
110.1
108.10(17)
108.4
110.1
110.1
109.7
109.7
109.61(19)
108.2
109.7
109.7
109.5
109.5
109.5
109.5
109.5
109.5



Anisotropic displacement parameters (A2x 103) for 3.3b. The anisotropic

displacement factor exponent takes the form: -2rn2[ hZ2a*2ull+ . +2hka* b*

ul2)

yll uy22 u33 u23 ul3 ul2
N(1) 22(1) 19(1) 17(1) -2(1) 3(1) -4(1)
C(2) 22(1) 28(1) 15(1) -1(1) 3(1) -5(1)
C(3) 22(1) 23(1) 22(1) 1(1) 3(1) 2(1)
C(4) 23(1) 17(1) 20(1) -1(1) 1(1) -1(1)
C(5) 20(1) 17(1) 13(1) 0(1) 4(1) -1(1)
C(6) 21(1) 16(1) 15(1) -1(1) 4(1) -1(1)
N(7) 19(1) 15(1) 21(1) -1(1) 3(1) -1(1)
C(8) 17(1) 19(1) 18(1) -1(1) 4(1) 1(1)
C(9) 18(1) 15(1) 20(1) -3(1) 0(1) -3(1)
0(10) 20(1) 15(1) 22(1) -3(1) 0(1) 1(1)
C(11) 19(1) 19(1) 13(1) -1(1) 4(1) -3(1)
C(12) 25(1) 16(1) 13(1) 1(1) 6(1) -1(1)
C(13) 27(1) 20(1) 19(1) 2(1) 3(1) 1(1)
C(14) 36(1) 17(1) 25(1) 4(1) 6(1) 5(1)
C(15) 40(2) 12(1) 22(1) -1(1) 8(1) -2(1)
N(16) 33(1) 16(1) 17(1) -1(1) 5(1) -3(1)
C(17) 26(1) 15(1) 13(1) 1(1) 8(1) -2(1)
C(18) 23(1) 18(1) 13(1) -1(1) 7(1) -4(1)
C(19) 17(1) 14(1) 19(1) -3(1) 0(1) -3(1)
C(20) 19(1) 14(1) 20(1) 1(1) -4(1) 0(1)
C(21) 22(1) 14(1) 22(1) -2(1) 4(1) 2(1)
C(22) 24(1) 16(1) 19(1) 0(1) 4(1) 1(1)
0(23) 32(1) 28(1) 20(1) 8(1) 7(1) 13(1)
C(24) 23(1) 19(1) 18(1) 3(1) -1(1) 4(1)
C(25) 19(1) 17(1) 24(1) -2(1) 0(1) 2(1)
C(26) 23(1) 19(1) 17(1) 2(1) 4(1) 0(1)
0(27) 33(1) 20(1) 37(1) 5(1) -9(1) -5(1)
0(28) 25(1) 17(1) 28(1) 2(1) -4(1) -6(1)
C(29) 32(1) 16(1) 26(1) 2(1) 3(1) -5(1)
C(30) 26(1) 19(1) 38(2) 4(1) 0(1) -2(1)
C(31) 28(1) 22(1) 43(2) 3(1) -6(1) -5(1)
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Hydrogen coordinates ( x 104) and isotropic displacement parameters (A2x 10 3)

for 3.3b.
X y z U(eq)

H(2) 13183 7197 5457 26
H(3) 12663 5837 5241 27
H(4) 9357 5413 4588 24
H(9) 833 5699 2962 22
H(13) 1774 8155 3451 26
H(14) 2540 9479 3782 31
H(15) 5963 9781 4423 29
H(20) 6416 5261 2758 22
H(21) 8123 5327 1742 23
H(23) 6009 6316 327 40
H(24) 2769 6588 846 24
H(25) 1070 6501 1860 24
H(29A) 184 3252 3569 29
H(29B) 1340 3177 2863 29
H(30A) -1934 3683 2234 33
H(30B) -3085 3805 2936 33
H(31A) -1846 2286 2420 47
H(31B) -4391 2603 2394 47
H(31C) -2982 2405 3123 47
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Torsion angles [°] for 3.3b.

N(1)-C(2)-C(3)-C(4)
C(2)-N(1)-C(18)-C(5)
C(2)-N(1)-C(18)-C(17)
C(2)-C(3)-C(4)-C(5)
C(3)-C(4)-C(5)-C(6)
C(3)-C(4)-C(5)-C(18)
C(4)-C(5)-C(6)-N(7)
C(4)-C(5)-C(6)-C(11)
C(4)-C(5)-C(18)-N(1)
C(4)-C(5)-C(18)-C(17)
C(5)-C(6)-N(7)-C(8)
C(5)-C(6)-C(11)-0(10)
C(5)-C(6)-C(11)-C(12)
C(6)-C(5)-C(18)-N(1)
C(6)-C(5)-C(18)-C(17)
C(6)-N(7)-C(8)-C(9)
C(6)-N(7)-C(8)-C(26)
C(6)-C(11)-C(12)-C(13)
C(6)-C(11)-C(12)-C(17)
N(7)-C(6)-C(11)-0(10)
N(7)-C(6)-C(11)-C(12)
N(7)-C(8)-C(9)-0(10)
N(7)-C(8)-C(9)-C(19)
N(7)-C(8)-C(26)-0(27)
N(7)-C(8)-C(26)-0(28)
C(8)-C(9)-0(10)-C(11)
C(8)-C(9)-C(19)-C(20)
C(8)-C(9)-C(19)-C(25)
C(8)-C(26)-0(28)-C(29)
C(9)-C(8)-C(26)-0(27)
C(9)-C(8)-C(26)-0(28)
C(9)-0(10)-C(11)-C(6)
C(9)-0(10)-C(11)-C(12)
C(9)-C(19)-C(20)-C(21)
C(9)-C(19)-C(25)-C(24)
0(10)-C(9)-C(19)-C(20)

-0.7(3)
0.0(3)
178.50(19)
-0.2(3)
-178.4(2)
1.0(3)
11.6(3)
-176.5(2)
-0.9(3)

-179.38(19)
-171.34(19)

179.62(18)
-6.1(3)
178.55(19)
0.1(3)
8.4(3)

-177.86(18)

-173.0(2)
4.0(3)
-8.7(3)
165.59(19)
-37.9(3)
85.4(2)
-5.7(3)
176.00(19)
43.4(2)
-12.0(3)
167.95(18)
176.54(18)
168.1(2)
-10.2(3)
-23.5(3)
161.97(17)

-178.59(19)

178.12(19)
109.8(2)
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0(10)-C(9)-C(19)-C(25)
0(10)-C(11)-C(12)-C(13)
0(10)-C(11)-C(12)-C(17)
C(11)-C(6)-N(7)-C(8)
C(11)-C(12)-C(13)-C(14)
C(11)-C(12)-C(17)-N(16)
C(11)-C(12)-C(17)-C(18)
C(12)-C(13)-C(14)-C(15)
C(12)-C(17)-C(18)-N(1)
C(12)-C(17)-C(18)-C(5)
C(13)-C(12)-C(17)-N(16)
C(13)-C(12)-C(17)-C(18)
C(13)-C(14)-C(15)-N(16)
C(14)-C(15)-N(16)-C(17)
C(15)-N(16)-C(17)-C(12)
C(15)-N(16)-C(17)-C(18)
N(16)-C(17)-C(18)-N(1)
N(16)-C(17)-C(18)-C(5)
C(17)-C(12)-C(13)-C(14)
C(18)-N(1)-C(2)-C(3)
C(18)-C(5)-C(6)-N(7)
C(18)-C(5)-C(6)-C(11)
C(19)-C(9)-0(10)-C(11)
C(19)-C(20)-C(21)-C(22)
C(20)-C(19)-C(25)-C(24)
C(20)-C(21)-C(22)-0(23)
C(20)-C(21)-C(22)-C(24)
C(21)-C(22)-C(24)-C(25)
C(22)-C(24)-C(25)-C(19)
0(23)-C(22)-C(24)-C(25)
C(25)-C(19)-C(20)-C(21)
C(26)-C(8)-C(9)-0(10)
C(26)-C(8)-C(9)-C(19)
C(26)-0(28)-C(29)-C(30)
0(27)-C(26)-0(28)-C(29)
0(28)-C(29)-C(30)-C(31)

-70.3(2)
1.5(3)
178.46(18)
16.8(3)
177.4(2)

-178.88(19)

0.2(3)
0.6(3)
179.33(19)
-2.1(3)
-1.8(3)
177.27(19)
-0.4(4)
-0.8(3)
2.0(3)

-177.13(19)

-1.5(3)
177.02(19)
0.5(3)
0.8(3)

-167.82(19)

4.0(3)
-80.2(2)
0.4(3)
-1.9(3)
177.62(19)
-1.7(3)
1.3(3)
0.6(3)
-178.0(2)
1.4(3)
148.60(18)
-88.1(2)
171.71(19)
-1.7(3)
-177.2(2)



Hydrogen bonds for 3.3b [A and °].

D-H...A d(D-H) d(H...A) d(D...A) <(DHA)
C(3)-H(3)...0(27)#1 0.95 2.51 3.184(3) 128
C(15)-H(15)...0(23)#2  0.95 2.50 3.365(3) 151
0(23)-H(23)...N(1)#3 0.84 2.02 2.763(2) 148
0(23)-H(23)...N(16)#3  0.84 2.62 3.305(3) 140

Symmetry transformations used to generate equivalent atoms:
#1 -x+2,-y+1,-z+1 #2 -x+3/2,y+1/2,-z+1/2 #3 x-1/2,-y+3/2,z-1/2

3.3c

A clear yellow block-like specimen of C27H25N304, approximate dimensions 0.100 mm
x 0.120 mm x 0.270 mm, was used for the X-ray crystallographic analysis. The X-ray
intensity data were measured at 100(2)K with an Oxford Cryosystems low
temperature device using a MiTeGen micromount. See Table 1 for collection
parameters and exposure time. Bruker APEX software was used to correct for Lorentz

and polarization effects.

A total of 1532 frames were collected. The total exposure time was 18.28 hours. The
frames were integrated with the Bruker SAINT software package using a narrow-
frame algorithm. The integration of the data using a monoclinic unit cell yielded a
total of 31792 reflections to a maximum 6 angle of 26.09° (0.81 A resolution), of
which 4522 were independent (average redundancy 7.031, completeness = 99.5%,
Rint = 3.56%, Rsig = 2.53%) and 3412 (75.45%) were greater than 2¢(F?). The final cell
constants of a = 26.313(5) A, b = 9.7065(19) A, c = 21.789(4) A, B = 124.545(4)°,
volume = 4583.8(15) A3, are based upon the refinement of the XYZ-centroids of 9710
reflections above 20 o(l) with 6.21° < 28 < 52.09°. Data were corrected for absorption
effects using the Multi-Scan method (SADABS). The ratio of minimum to maximum
apparent transmission was 0.953. The calculated minimum and maximum

transmission coefficients (based on crystal size) are 0.7103 and 0.7453.
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The structure was solved with the XT structure solution program using Intrinsic
Phasing and refined with the XL refinement package using Least Squares
minimisation with Olex2, using the space group C2/c, with Z = 8 for the formula unit,
C27H25N304.The final anisotropic full-matrix least-squares refinement on F2 with 449
variables converged at R1 = 5.01%, for the observed data and wR2 = 13.42% for all
data. The goodness-of-fit was 1.047. The largest peak in the final difference electron
density synthesis was 0.462 e'/A3 and the largest hole was -0.241 e /A3 with an RMS
deviation of 0.073 e”/A3. On the basis of the final model, the calculated density was

1.320 g/cm? and F(000), 1920 e".

Refinement Note: Phenol ring disordered and modelled in two positions (56:44%
occupancy) with restraints (SIMU) and constraints (EADP). Aliphatic hexyl chain was
also disordered and modelled in 3 positions (50:25:25%) with restraints (SADI, SIMU).

Crystal Data for Cy7H25N304 (M =455.50 g/mol): monoclinic, space group C2/c (no.
15),a= 26.313(5)A, b= 9.7065(19)A, c= 21.789(4)A, 8= 124.545(4)°, V=
4583.8(15) A3, 7=8, T=100(2) K, p(MoKa) = 0.090 mm, Dcalc = 1.320 g/cm3, 31792
reflections measured (5.58° < 20 < 52.178°), 4522 unique (Rint = 0.0356, Rsigma =
0.0253) which were used in all calculations. The final Ry was 0.0501 (I > 20o(l))
and wR; was 0.1342 (all data).

Crystal data and structure refinement for 3.3c.

Empirical formula Ca7H25N304

Formula weight 455.50

Temperature 100(2) K

Wavelength 0.71073 A

Crystal system Monoclinic

Space group C2/c

Unit cell dimensions a=26.313(5) A a=90°.
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Volume

Density (calculated)

Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to theta = 25.242°
Absorption correction

Max. and min. transmission
Refinement method

Data / restraints / parameters
Goodness-of-fit on F2

Final R indices [I>20(1)]

R indices (all data)

Extinction coefficient

b =9.7065(19) A B=124.545(4)°.
c=21.789(4) A y = 90°.
4583.8(15) A3

8
1.320 Mg/m3

0.090 mm-1

1920

0.27 x0.12 x 0.1 mm3

2.790 to 26.089°.

-32<h<31, -11<k<11, -26<1<26
31792

4522 [R(int) = 0.0356]

99.9 %

Semi-empirical from equivalents

0.7453 and 0.7103

Full-matrix least-squares on F2

4522 /176 / 449

1.047
R1=0.0501, wR2 =0.1198
R1=0.0708, wR2 = 0.1342

0.0014(2)

Largest diff. peak and hole  0.462 and -0.241 e.A-3

Atomic coordinates ( x 104) and equivalent isotropic displacement parameters

(A2x 103) for 3.3c. U(eq) is defined as one third of the trace of the orthogonalized
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Uil tensor.

X y z U(eq)
0(10) 6111(1) 7308(1) 3754(1) 31(1)
0(23) 7651(3) 6495(6) 7227(3) 50(1)
0(23A) 7725(4) 5875(7) 7239(5) 50(1)
0(27) 6264(1) 2386(2) 3636(1) 50(1)
0(28) 7061(1) 3824(1) 4020(1) 40(1)
N(1) 3650(1) 6925(2) 2754(1) 32(1)
N(7) 5571(1) 4678(2) 3483(1) 30(1)
N(16) 4177(1) 9436(2) 2936(1) 32(1)
c(2) 3391(1) 5701(2) 2650(1) 34(1)
c(3) 3705(1) 4460(2) 2779(1) 34(1)
C(4) 4317(1) 4494(2) 3032(1) 32(1)
C(5) 4609(1) 5775(2) 3154(1) 28(1)
C(6) 5250(1) 5888(2) 3413(1) 27(1)
C(8) 6152(1) 4798(2) 3775(1) 31(1)
C(9) 6516(1) 6115(2) 4109(1) 33(1)
C(11) 5514(1) 7154(2) 3529(1) 28(1)
C(12) 5170(1) 8402(2) 3379(1) 27(1)
C(13) 5430(1) 9715(2) 3483(1) 31(1)
C(14) 5062(1) 10850(2) 3308(1) 33(1)
C(15) 4439(1) 10652(2) 3031(1) 34(1)
C(17) 4537(1) 8311(2) 3106(1) 27(1)
C(18) 4256(1) 6970(2) 3003(1) 27(1)
C(19) 6804(4) 6328(8) 4939(6) 28(2)
C(19A) 6875(6) 5917(9) 4949(7) 22(2)
C(20) 7428(7) 6040(20) 5426(12) 24(2)
C(20A) 7516(10) 6090(30) 5419(15) 24(2)
C(21) 7730(11) 6070(30) 6181(17) 32(2)
C(21A) 7796(14) 6090(40) 6190(20) 32(2)
C(22) 7391(3) 6424(6) 6485(4) 36(1)
C(22A) 7466(4) 5883(8) 6479(5) 34(2)
C(24) 6766(2) 6768(6) 6002(2) 49(1)
C(24A) 6835(2) 5700(6) 6021(2) 32(1)
C(25) 6481(2) 6706(6) 5243(2) 44(1)
C(25A) 6541(2) 5687(5) 5262(2) 25(1)
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C(26) 6485(1) 3522(2) 3799(1) 36(1)
C(29) 7427(1) 2668(2) 4054(1) 50(1)
C(30) 8039(2) 3340(6) 4287(4) 30(1)
C(30A) 8136(4) 3064(13)  4584(6) 42(3)
C(30B) 7935(3) 3048(9) 3922(5) 34(2)
Cc(31) 8452(2) 2145(4) 4385(2) 33(1)
C(31A) 8247(4) 3969(11)  4072(5) 48(2)
C(31B) 8406(4) 3966(9) 4578(5) 41(2)
C(32) 9098(2) 2615(7) 4649(3) 41(1)
C(32A) 8983(4) 3973(12)  4575(8) 50(3)
C(328B) 8916(5) 4565(12)  4495(8) 50(3)
C(33) 9540(2) 1378(5) 4885(2) 46(1)
C(33A) 9369(5) 2591(15)  4868(8) 55(3)
C(338B) 9387(4) 3383(12)  4755(5) 46(2)
C(34) 10186(2) 1808(7) 5172(2) 60(2)
C(34A) 10036(5) 2911(13)  5074(5) 53(2)
C(34B) 10030(4) 3934(14)  5008(6) 63(3)
Bond lengths [A] and angles [°] for 3.3c.

0(10)-C(9) 1.463(2) C(3)-H(3) 0.9500
0(10)-C(11) 1.3642(19) C(3)-C(4) 1.376(2)
0(23)-H(23) 0.8400 C(4)-H(4) 0.9500
0(23)-C(22) 1.353(10) C(4)-C(5) 1.405(3)
0(23A)-H(23A) 0.8400 C(5)-C(6) 1.447(2)
0(23A)-C(22A) 1.388(13) C(5)-C(18) 1.403(3)
0(27)-C(26) 1.202(2) C(6)-C(11) 1.363(2)
0(28)-C(26) 1.338(2) C(8)-C(9) 1.513(3)
0(28)-C(29) 1.452(2) C(8)-C(26) 1.500(3)
N(1)-C(2) 1.323(2) C(9)-H(9B) 1.0000
N(1)-C(18) 1.363(2) C(9)-H(9A) 1.0000
N(7)-C(6) 1.405(2) C(9)-C(19) 1.528(11)
N(7)-C(8) 1.285(2) C(9)-C(19A) 1.523(13)
N(16)-C(15) 1.323(2) C(11)-C(12) 1.435(3)
N(16)-C(17) 1.351(2) C(12)-C(13) 1.403(3)
C(2)-H(2) 0.9500 C(12)-C(17) 1.419(2)
C(2)-C(3) 1.395(3) C(13)-H(13) 0.9500
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C(13)-C(14)
C(14)-H(14)
C(14)-C(15)
C(15)-H(15)
C(17)-C(18)
C(19)-C(20)
C(19)-C(25)
C(19A)-C(20A)
C(19A)-C(25A)
C(20)-H(20)
C(20)-C(21)
C(20A)-H(20A)
C(20A)-C(21A)
C(21)-H(21)
C(21)-C(22)
C(21A)-H(21A)
C(21A)-C(22A)
C(22)-C(24)
C(22A)-C(24A)
C(24)-H(24)
C(24)-C(25)
C(24A)-H(24A)
C(24A)-C(25A)
C(25)-H(25)
C(25A)-H(25A)
C(29)-H(29C)
C(29)-H(29D)
C(29)-H(29E)
C(29)-H(29F)
C(29)-H(29A)
C(29)-H(29B)
C(29)-C(30)
C(29)-C(30A)
C(29)-C(30B)
C(30)-H(30A)
C(30)-H(30B)
C(30)-C(31)
C(30A)-H(30C)

1.370(3)
0.9500
1.403(2)
0.9500
1.450(2)
1.386(18)
1.390(12)
1.40(2)
1.404(15)
0.9500
1.36(4)
0.9500
1.41(5)
0.9500
1.42(4)
0.9500
1.34(5)
1.399(8)
1.381(10)
0.9500
1.376(5)
0.9500
1.372(6)
0.9500
0.9500
0.9900
0.9900
0.9900
0.9900
0.9900
0.9900
1.533(6)
1.587(8)
1.565(7)
0.9900
0.9900
1.520(6)
0.9900
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C(30A)-H(30D)
C(30A)-C(31A)
C(30B)-H(30E)
C(30B)-H(30F)
C(30B)-C(31B)
C(31)-H(31A)
C(31)-H(31B)
C(31)-C(32)
C(31A)-H(31C)
C(31A)-H(31D)
C(31A)-C(32A)
C(31B)-H(31E)
C(31B)-H(31F)
C(31B)-C(32B)
C(32)-H(32A)
C(32)-H(32B)
C(32)-C(33)
C(32A)-H(320)
C(32A)-H(32D)
C(32A)-C(33A)
C(32B)-H(32E)
C(32B)-H(32F)
C(32B)-C(33B)
C(33)-H(33A)
C(33)-H(33B)
C(33)-C(34)
C(33A)-H(33C)
C(33A)-H(33D)
C(33A)-C(34A)
C(33B)-H(33E)
C(33B)-H(33F)
C(33B)-C(34B)
C(34)-H(34A)
C(34)-H(34B)
C(34)-H(34C)
C(34A)-H(34D)
C(34A)-H(34E)
C(34A)-H(34F)

0.9900
1.572(8)
0.9900
0.9900
1.537(8)
0.9900
0.9900
1.525(6)
0.9900
0.9900
1.606(8)
0.9900
0.9900
1.562(8)
0.9900
0.9900
1.542(7)
0.9900
0.9900
1.578(9)
0.9900
0.9900
1.542(8)
0.9900
0.9900
1.501(6)
0.9900
0.9900
1.575(9)
0.9900
0.9900
1.548(8)
0.9800
0.9800
0.9800
0.9800
0.9800
0.9800



C(34B)-H(34G)
C(34B)-H(34H)
C(34B)-H(341)

C(11)-0(10)-C(9)
C(22)-0(23)-H(23)
C(22A)-0(23A)-H(23A)
C(26)-0(28)-C(29)
C(2)-N(1)-C(18)
C(8)-N(7)-C(6)
C(15)-N(16)-C(17)
N(1)-C(2)-H(2)
N(1)-C(2)-C(3)
C(3)-C(2)-H(2)
C(2)-C(3)-H(3)
C(4)-C(3)-C(2)
C(4)-C(3)-H(3)
C(3)-C(4)-H(4)
C(3)-C(4)-C(5)
C(5)-C(4)-H(4)
C(4)-C(5)-C(6)
C(18)-C(5)-C(4)
C(18)-C(5)-C(6)
N(7)-C(6)-C(5)
C(11)-C(6)-N(7)
C(11)-C(6)-C(5)
N(7)-C(8)-C(9)
N(7)-C(8)-C(26)
C(26)-C(8)-C(9)
0(10)-C(9)-C(8)
0(10)-C(9)-H(9B)
0(10)-C(9)-H(9A)
0(10)-C(9)-C(19)
0(10)-C(9)-C(19A)
C(8)-C(9)-H(9B)
C(8)-C(9)-H(9A)
C(8)-C(9)-C(19)
C(8)-C(9)-C(19A)

0.9800
0.9800
0.9800

116.62(13)
109.5
109.5
115.56(16)
117.98(16)
116.89(16)
117.23(14)
118.2
123.54(15)
118.2
120.5
118.94(17)
120.5
120.4
119.15(18)
120.4
122.13(16)
117.98(15)
119.88(16)
118.45(15)
121.36(14)
119.99(16)
124.45(17)
116.66(17)
118.87(14)
109.98(13)
106.8
108.9
104.0(3)
120.3(4)
106.8
108.9
115.9(4)
105.3(4)
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C(19)-C(9)-H(9A)
C(19A)-C(9)-H(9B)
0(10)-C(11)-C(12)
C(6)-C(11)-0(10)
C(6)-C(11)-C(12)
C(13)-C(12)-C(11)
C(13)-C(12)-C(17)
C(17)-C(12)-C(11)
C(12)-C(13)-H(13)
C(14)-C(13)-C(12)
C(14)-C(13)-H(13)
C(13)-C(14)-H(14)
C(13)-C(14)-C(15)
C(15)-C(14)-H(14)
N(16)-C(15)-C(14)
N(16)-C(15)-H(15)
C(14)-C(15)-H(15)
N(16)-C(17)-C(12)
N(16)-C(17)-C(18)
C(12)-C(17)-C(18)
N(1)-C(18)-C(5)
N(1)-C(18)-C(17)
C(5)-C(18)-C(17)
C(20)-C(19)-C(9)
C(20)-C(19)-C(25)
C(25)-C(19)-C(9)
C(20A)-C(19A)-C(9)
C(20A)-C(19A)-C(25A)
C(25A)-C(19A)-C(9)
C(19)-C(20)-H(20)
C(21)-C(20)-C(19)
C(21)-C(20)-H(20)
C(19A)-C(20A)-H(20A)
C(19A)-C(20A)-C(21A)
C(21A)-C(20A)-H(20A)
C(20)-C(21)-H(21)
C(20)-C(21)-C(22)
C(22)-C(21)-H(21)

108.9
106.8
115.99(15)
121.92(16)
121.98(15)
122.93(15)
118.29(16)
118.78(16)
120.6
118.86(15)
120.6
120.7
118.58(17)
120.7
124.53(18)
117.7
117.7
122.49(16)
117.82(14)
119.69(16)
122.41(16)
117.96(16)
119.62(14)
117.1(12)
117.8(12)
125.0(7)
122.2(15)
119.3(15)
118.2(9)
118.4
123.2(19)
118.4
120.9
118(2)
120.9
120.8
118.4(18)
120.8



C(20A)-C(21A)-H(21A)
C(22A)-C(21A)-C(20A)
C(22A)-C(21A)-H(21A)
0(23)-C(22)-C(21)
0(23)-C(22)-C(24)
C(24)-C(22)-C(21)
C(21A)-C(22A)-0(23A)
C(21A)-C(22A)-C(24A)
C(24A)-C(22A)-0(23A)
C(22)-C(24)-H(24)
C(25)-C(24)-C(22)
C(25)-C(24)-H(24)
C(22A)-C(24A)-H(24A)
C(25A)-C(24A)-C(22A)
C(25A)-C(24A)-H(24A)
C(19)-C(25)-H(25)
C(24)-C(25)-C(19)
C(24)-C(25)-H(25)
C(19A)-C(25A)-H(25A)
C(24A)-C(25A)-C(19A)
C(24A)-C(25A)-H(25A)
0(27)-C(26)-0(28)
0(27)-C(26)-C(8)
0(28)-C(26)-C(8)
0(28)-C(29)-H(29C)
0(28)-C(29)-H(29D)
0(28)-C(29)-H(29E)
0(28)-C(29)-H(29F)
0(28)-C(29)-H(29A)
0(28)-C(29)-H(29B)
0(28)-C(29)-C(30)
0(28)-C(29)-C(30A)
0(28)-C(29)-C(30B)
H(29C)-C(29)-H(29D)
H(29E)-C(29)-H(29F)
H(29A)-C(29)-H(29B)
C(30)-C(29)-H(29C)
C(30)-C(29)-H(29D)

119.4
121(2)
119.4
122.9(12)
118.0(6)
119.1(12)
123.0(16)
121.1(16)
115.9(8)
120.0
120.1(5)
120.0
120.1
119.8(5)
120.1
119.3
121.3(5)
119.3
119.9
120.3(6)
119.9
124.54(19)
124.89(16)
110.57(17)
111.1
111.1
109.9
109.9
108.6
108.6
103.2(3)
108.7(6)
114.8(4)
109.1
108.3
107.6
111.1
111.1
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C(30A)-C(29)-H(29E)
C(30A)-C(29)-H(29F)
C(30B)-C(29)-H(29A)
C(30B)-C(29)-H(29B)
C(29)-C(30)-H(30A)
C(29)-C(30)-H(30B)
H(30A)-C(30)-H(30B)
C(31)-C(30)-C(29)
C(31)-C(30)-H(30A)
C(31)-C(30)-H(30B)
C(29)-C(30A)-H(30C)
C(29)-C(30A)-H(30D)
H(30C)-C(30A)-H(30D)
C(31A)-C(30A)-C(29)
C(31A)-C(30A)-H(30C)
C(31A)-C(30A)-H(30D)
C(29)-C(30B)-H(30E)
C(29)-C(30B)-H(30F)
H(30E)-C(30B)-H(30F)
C(31B)-C(30B)-C(29)
C(31B)-C(30B)-H(30E)
C(31B)-C(30B)-H(30F)
C(30)-C(31)-H(31A)
C(30)-C(31)-H(31B)
C(30)-C(31)-C(32)
H(31A)-C(31)-H(31B)
C(32)-C(31)-H(31A)
C(32)-C(31)-H(31B)
C(30A)-C(31A)-H(31C)
C(30A)-C(31A)-H(31D)
C(30A)-C(31A)-C(32A)
H(31C)-C(31A)-H(31D)
C(32A)-C(31A)-H(31C)
C(32A)-C(31A)-H(31D)
C(30B)-C(31B)-H(31E)
C(30B)-C(31B)-H(31F)
C(30B)-C(31B)-C(32B)
H(31E)-C(31B)-H(31F)

109.9
109.9
108.6
108.6
110.8
110.8
108.9
104.8(4)
110.8
110.8
111.0
111.0
109.0
103.6(7)
111.0
111.0
110.4
110.4
108.6
106.7(7)
110.4
110.4
109.1
109.1
112.4(4)
107.9
109.1
109.1
111.9
111.9
99.2(8)
109.6
111.9
111.9
108.8
108.8
113.6(8)
107.7



C(32B)-C(31B)-H(31E)
C(32B)-C(31B)-H(31F)
C(31)-C(32)-H(32A)
C(31)-C(32)-H(32B)
C(31)-C(32)-C(33)
H(32A)-C(32)-H(32B)
C(33)-C(32)-H(32A)
C(33)-C(32)-H(32B)
C(31A)-C(32A)-H(32C)
C(31A)-C(32A)-H(32D)
H(32C)-C(32A)-H(32D)
C(33A)-C(32A)-C(31A)
C(33A)-C(32A)-H(32C)
C(33A)-C(32A)-H(32D)
C(31B)-C(32B)-H(32E)
C(31B)-C(32B)-H(32F)
H(32E)-C(32B)-H(32F)
C(33B)-C(32B)-C(31B)
C(33B)-C(32B)-H(32E)
C(33B)-C(32B)-H(32F)
C(32)-C(33)-H(33A)
C(32)-C(33)-H(33B)
H(33A)-C(33)-H(33B)
C(34)-C(33)-C(32)
C(34)-C(33)-H(33A)
C(34)-C(33)-H(33B)
C(32A)-C(33A)-H(33C)
C(32A)-C(33A)-H(33D)
H(33C)-C(33A)-H(33D)
C(34A)-C(33A)-C(32A)
C(34A)-C(33A)-H(33C)
C(34A)-C(33A)-H(33D)
C(32B)-C(33B)-H(33E)
C(32B)-C(33B)-H(33F)
C(32B)-C(33B)-C(34B)
H(33E)-C(33B)-H(33F)
C(34B)-C(33B)-H(33E)
C(34B)-C(33B)-H(33F)

108.8
108.8
109.4
109.4
111.1(5)
108.0
109.4
109.4
107.0
107.0
106.7
121.4(9)
107.0
107.0
110.9
110.9
108.9
104.2(8)
110.9
110.9
109.1
109.1
107.8
112.6(5)
109.1
109.1
110.2
110.2
108.5
107.3(11)
110.2
110.2
109.4
109.4
111.3(9)
108.0
109.4
109.4
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C(33)-C(34)-H(34A)
C(33)-C(34)-H(34B)
C(33)-C(34)-H(34C)
H(34A)-C(34)-H(34B)
H(34A)-C(34)-H(34C)
H(34B)-C(34)-H(34C)
C(33A)-C(34A)-H(34D)
C(33A)-C(34A)-H(34E)
C(33A)-C(34A)-H(34F)
H(34D)-C(34A)-H(34E)
H(34D)-C(34A)-H(34F)
H(34E)-C(34A)-H(34F)
C(33B)-C(34B)-H(34G)
C(33B)-C(34B)-H(34H)
C(33B)-C(34B)-H(34I)
H(34G)-C(34B)-H(34H)
H(34G)-C(34B)-H(34l)
H(34H)-C(34B)-H(34l)

109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5



Anisotropic displacement parameters (A2x 103) for 3.3c. The anisotropic

displacement factor exponent takes the form: -2n2[ hZ2a*2ull+ . +2hka* b*

ul2)

yll uy22 u33 u23 ul3 ul2
0(10) 20(1) 47(1) 28(1) -1(1) 15(1) -6(1)
0(23) 32(2) 83(4) 24(1) 17(3) 10(1) -19(3)
O(23A) 32(2) 83(4) 24(1) 17(3) 10(1) -19(3)
0(27) 31(1) 44(1) 71(1) 20(1) 27(1) 2(1)
0(28) 24(1) 48(1) 50(1) 10(1) 22(1) 2(1)
N(1) 21(1) 50(1) 26(1) -16(1) 14(1) -10(1)
N(7) 23(1) 46(1) 23(1) 4(1) 15(1) -2(1)
N(16) 24(1) 43(1) 27(1) -9(1) 14(1) -7(1)
C(2) 23(1) 51(1) 32(1) -20(1) 18(1) -14(1)
C(3) 29(1) 46(1) 34(1) -18(1) 21(1) -15(1)
C(4) 28(1) 43(1) 28(1) -11(1) 19(1) -8(1)
C(5) 23(1) 44(1) 19(1) -10(1) 14(1) -8(1)
C(6) 21(1) 42(1) 19(1) -4(1) 13(1) -4(1)
C(8) 23(1) 49(1) 23(1) 10(1) 14(1) -1(1)
C(9) 20(1) 54(1) 28(1) 7(1) 15(1) -3(1)
C(11) 21(1) 46(1) 19(1) -6(1) 13(1) -7(1)
C(12) 23(1) 43(1) 18(1) -8(1) 13(1) -8(1)
C(13) 23(1) 48(1) 21(1) -5(1) 13(1) -9(1)
C(14) 30(1) 40(1) 27(1) -3(1) 16(1) -9(1)
C(15) 27(1) 42(1) 31(1) -6(1) 14(1) -6(1)
C(17) 23(1) 42(1) 18(1) -10(1) 13(1) -7(1)
C(18) 21(1) 45(1) 18(1) -12(1) 12(1) -8(1)
C(19) 17(3) 37(4) 28(2) 10(3) 10(2) 0(3)
C(19A) 19(3) 28(4) 25(3) 6(3) 16(2) 4(3)
C(20) 17(4) 23(2) 33(1) 9(1) 16(3) 1(3)
C(20A) 17(4) 23(2) 33(1) 9(1) 16(3) 1(3)
C(21) 21(4) 34(1) 32(1) 13(1) 9(3) -1(2)
C(21A) 21(4) 34(1) 32(1) 13(1) 9(3) -1(2)
C(22) 28(2) 49(3) 27(2) 10(3) 13(2) -8(3)
C(22A) 25(3) 49(4) 23(2) 10(3) 10(2) -9(3)
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C(24) 24(2) 93(4) 32(2) 5(2) 18(1) -5(2)

C(24A)  23(2) 54(3) 26(2) 6(2) 17(2) -8(2)
c(25)  20(2) 81(4) 29(2) 8(2) 12(1) 2(2)
C(25A)  16(2) 35(3) 22(2) 4(2) 10(1) -3(2)
c(26)  24(1) 51(1) 33(1) 16(1) 16(1) 1(1)
C(29)  32(1) 48(1) 74(2) 12(1) 32(1) 5(1)
C(30)  29(3) 29(3) 38(4) 1(3) 22(3) 8(2)
C(30A)  35(5) 54(6) 44(6) 17(5) 26(4) 8(4)
C(30B)  26(4) 35(5) 37(5) 5(4) 16(4) 8(3)
C(31)  29(2) 43(2) 28(2) 9(2) 17(1) 16(2)
C(31A) 36(4) 75(6) 32(4) 7(4) 18(3) -2(4)
C(31B) 38(4) 54(5) 35(4) -3(4) 23(3) -5(4)
C(32)  32(2) 63(3) 26(2) -1(2) 16(2) 14(3)
C(32A)  40(5) 61(7) 58(5) -1(5) 33(4) -5(5)
C(32B) 40(4) 66(6) 55(5) -12(5) 33(4) -15(4)
C(33)  35(2) 79(3) 30(2) 13(2) 22(2) 27(2)
C(33A) 52(6) 62(7) 48(6) 8(6) 26(5) 14(7)
C(33B) 31(4) 72(6) 40(5) -25(5) 22(4) -19(5)
C(34)  32(2) 122(5) 28(2) 10(3) 18(2) 22(3)
C(34A) 65(6) 68(7) 35(5) 12(5) 32(4) 23(6)
C(34B) 33(4) 122(10) 38(5) -16(6) 22(4) -15(6)

Hydrogen coordinates ( x 104) and isotropic displacement parameters (A2x 10 3)

for 3.3c.
X y z U(eq)

H(23) 8023 6720 7448 74
H(23A) 8109 5773 7473 74
H(2) 2970 5666 2479 41
H(3) 3498 3606 2694 41
H(4) 4540 3663 3123 38
H(9B) 6826 6151 3982 40
H(9A) 6849 6153 4020 40
H(13) 5854 9815 3671 37
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H(14)

H(15)

H(20)

H(20A)
H(21)

H(21A)
H(24)

H(24A)
H(25)

H(25A)
H(29C)
H(29D)
H(29E)
H(29F)
H(29A)
H(29B)
H(30A)
H(30B)
H(30C)
H(30D)
H(30E)
H(30F)
H(31A)
H(31B)
H(31C)
H(31D)
H(31E)
H(31F)
H(32A)
H(32B)
H(320)
H(32D)
H(32E)
H(32F)
H(33A)
H(33B)
H(33C)
H(33D)

5226
4187
7655
7755
8157
8228
6539
6605
6055
6109
7228
7489
7317
7342
7146
7628
7978
8220
8222
8399
8138
7751
8262
8482
8075
8075
8607
8185
9259
9080
9118
9122
8741
9110
9545
9383
9392
9170

11752
11447
5815
6204
5856
6249
7046
5583
6925
5521
2213
1981
2450
1845
1980
2228
3981
3854
3595
2230
2204
3548
1655
1487
4908
3533
3422
4740
3251
3123
4460
4549
4815
5390
854
759
2257
1872
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3373
2902
5223
5221
6497
6521
6198
6231
4920
4947
3563
4427
3549
4251
3676
4550
3898
4760
5021
4759
3904
3445
3904
4751
4000
3580
5043
4623
5076
4242
4286
5017
3971
4812
5278
4452
5312
4478

39
41
28
28
39
39
59
39
53
30
60
60
60
60
60
60
36
36
50
50
40
40
39
39
58
58
49
49
49
49
60
60
60
60
55
55
66
66



H(33E) 9240 2720 4342 55

H(33F) 9421 2888 5174 55

H(34A) 10190 2247 4769 90

H(34B) 10454 995 5350 90

H(34C) 10336 2462 5583 90

H(34D) 10015 3092 4617 80

H(34E) 10305 2118 5333 80

H(34F) 10202 3722 5398 80

H(34G) 10004 4365 4584 95

H(34H) 10325 3169 5195 95

H(341) 10169 4617 5404 95

Torsion angles [°] for 3.3c.

0(10)-C(9)-C(19)-C(20) -138.2(11) C(2)-C(3)-C(4)-C(5) 0.0(2)
0(10)-C(9)-C(19)-C(25) 45.8(8) C(3)-C(4)-C(5)-C(6) -179.49(15)
0(10)-C(9)-C(19A)-C(20A) -108.9(16) C(3)-C(4)-C(5)-C(18) -0.6(2)
0(10)-C(9)-C(19A)-C(25A) 64.8(8) C(4)-C(5)-C(6)-N(7) 5.6(2)
0(10)-C(11)-C(12)-C(13) -2.6(2) C(4)-C(5)-C(6)-C(11) -179.41(15)
0(10)-C(11)-C(12)-C(17)  176.74(13) C(4)-C(5)-C(18)-N(1) 0.7(2)
0(23)-C(22)-C(24)-C(25) -179.7(5) C(4)-C(5)-C(18)-C(17) -178.69(15)
0(23A)-C(22A)-C(24A)-C(25A) C(5)-C(6)-C(11)-0(10) -178.12(14)
179.7(5) C(5)-C(6)-C(11)-C(12) -2.0(2)
0(28)-C(29)-C(30)-C(31) 176.0(3) C(6)-N(7)-C(8)-C(9) 6.0(2)
0(28)-C(29)-C(30A)-C(31A)  -80.0(9) C(6)-N(7)-C(8)-C(26) -175.86(13)
0(28)-C(29)-C(30B)-C(31B) 65.5(7) C(6)-C(5)-C(18)-N(1) 179.63(14)
N(1)-C(2)-C(3)-C(4) 0.4(3) C(6)-C(5)-C(18)-C(17) 0.3(2)
N(7)-C(6)-C(11)-0O(10) -3.3(2) C(6)-C(11)-C(12)-C(13) -178.89(15)
N(7)-C(6)-C(11)-C(12) 172.82(14) C(6)-C(11)-C(12)-C(17) 0.4(2)
N(7)-C(8)-C(9)-0(10) -27.4(2) C(8)-N(7)-C(6)-C(5) -174.18(14)
N(7)-C(8)-C(9)-C(19) 90.2(4) C(8)-N(7)-C(6)-C(11) 10.9(2)
N(7)-C(8)-C(9)-C(19A) 103.6(5) C(8)-C(9)-C(19)-C(20) 100.9(12)
N(7)-C(8)-C(26)-0(27) -7.8(3) C(8)-C(9)-C(19)-C(25) -75.1(7)
N(7)-C(8)-C(26)-0(28) 171.60(14) C(8)-C(9)-C(19A)-C(20A) 126.4(16)
N(16)-C(17)-C(18)-N(1) -1.2(2) C(8)-C(9)-C(19A)-C(25A) -60.0(7)
N(16)-C(17)-C(18)-C(5) 178.18(14) C(9)-0(10)-C(11)-C(6) -20.6(2)
C(2)-N(1)-C(18)-C(5) -0.2(2) C(9)-0(10)-C(11)-C(12) 163.10(14)
C(2)-N(1)-C(18)-C(17) 179.14(15) C(9)-C(8)-C(26)-0(27) 170.49(17)
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C(9)-C(8)-C(26)-0(28) -10.1(2)
C(9)-C(19)-C(20)-C(21) -174.0(16)
C(9)-C(19)-C(25)-C(24) 174.7(5)

C(9)-C(19A)-C(20A)-C(21A) 170.5(19)

C(9)-C(19A)-C(25A)-C(24A)  -170.6(5)
C(11)-0(10)-C(9)-C(8) 32.97(18)
C(11)-0(10)-C(9)-C(19) -91.8(5)
C(11)-0(10)-C(9)-C(19A) -89.5(6)
C(11)-C(12)-C(13)-C(14)  178.48(15)
C(11)-C(12)-C(17)-N(16) -178.51(14)
C(11)-C(12)-C(17)-C(18) 1.5(2)
C(12)-C(13)-C(14)-C(15) -0.1(2)
C(12)-C(17)-C(18)-N(1)  178.76(14)
C(12)-C(17)-C(18)-C(5) -1.9(2)
C(13)-C(12)-C(17)-N(16) 0.8(2)
C(13)-C(12)-C(17)-C(18)  -179.13(14)
C(13)-C(14)-C(15)-N(16) 1.3(3)
C(15)-N(16)-C(17)-C(12) 0.2(2)
C(15)-N(16)-C(17)-C(18) -179.83(15)
C(17)-N(16)-C(15)-C(14) -1.3(3)
C(17)-C(12)-C(13)-C(14) -0.8(2)
C(18)-N(1)-C(2)-C(3) -0.3(3)
C(18)-C(5)-C(6)-N(7) -173.34(14)
C(18)-C(5)-C(6)-C(11) 1.7(2)
C(19)-C(20)-C(21)-C(22) -1(3)
C(19A)-C(20A)-C(21A)-C(22A)  3(4)
C(20)-C(19)-C(25)-C(24) -1.3(14)
C(20)-C(21)-C(22)-0(23)  -179.2(14)
C(20)-C(21)-C(22)-C(24) -2(3)

C(20A)-C(19A)-C(25A)-C(24A) 3.2(17)

C(20A)-C(21A)-C(22A)-0(23A)  180(2)
C(20A)-C(21A)-C(22A)-C(24A)  -2(4)
C(21)-C(22)-C(24)-C(25) 2.7(15)
C(21A)-C(22A)-C(24A)-C(25A)  2(2)
C(22)-C(24)-C(25)-C(19) -1.2(9)
C(22A)-C(24A)-C(25A)-C(19A)  -2.7(9)
C(25)-C(19)-C(20)-C(21) 2(2)
C(25A)-C(19A)-C(20A)-C(21A)  -3(3)
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C(26)-0(28)-C(29)-C(30) 177.7(3)
C(26)-0(28)-C(29)-C(30A)  -159.8(4)
C(26)-0(28)-C(29)-C(30B)  151.2(4)
C(26)-C(8)-C(9)-0(10) 154.47(14)
C(26)-C(8)-C(9)-C(19) -87.9(4)
C(26)-C(8)-C(9)-C(19A) -74.5(5)
C(29)-0(28)-C(26)-0(27) 0.3(3)
C(29)-0(28)-C(26)-C(8)  -179.13(15)
C(29)-C(30)-C(31)-C(32) -177.8(4)

C(29)-C(30A)-C(31A)-C(32A) -166.0(9)
C(29)-C(30B)-C(31B)-C(32B) -174.3(7)
C(30)-C(31)-C(32)-C(33) 169.2(4)
C(30A)-C(31A)-C(32A)-C(33A) 52.4(14)
C(30B)-C(31B)-C(32B)-C(33B) -81.5(10)

C(31)-C(32)-C(33)-C(34) -178.2(3)
C(31A)-C(32A)-C(33A)-
C(34A) 159.7(11)

C(31B)-C(32B)-C(33B)-C(34B) -157.6(8)



Hydrogen bonds for 3.3¢ [A and °].

D-H...A d(D-H) d(H...A) d(D...A) <(DHA)
0(23)-H(23)...N(1)#1 0.84 1.91 2.676(6) 151
0(23A)-H(23A)..N(1)#1  0.84 2.53 2.940(8) 111
0(23A)-H(23A)...N(16)#1 0.84 2.40 3.228(9) 170
C(14)-H(14)...0(27)#2  0.95 2.53 3.189(2) 127
C(21A)-H(21A)...0(10)#3 0.95 2.55 3.21(4) 126

Symmetry transformations used to generate equivalent atoms:
#1 x+1/2,-y+3/2,2+1/2 #2x,y+1,z #3 -x+3/2,-y+3/2,-2+1

#H4 -x+3/2,-y+1/2,-z+1

3.3e
A clear yellow plate-like specimen of C33H37N304, approximate dimensions 0.060 mm

x 0.160 mm x 0.420 mm, was used for the X-ray crystallographic analysis. The X-ray
intensity data were measured at 100(2)K on a Bruker D8 Quest ECO with an Oxford
Cryostream low temperature device using a MiTeGen micromount. See Table 1 for
collection parameters and exposure time. Bruker APEX software was used to correct

for Lorentz and polarization effects.

A total of 1047 frames were collected. The total exposure time was 5.24 hours. The
frames were integrated with the Bruker SAINT software package using a narrow-
frame algorithm. The integration of the data using a monoclinic unit cell yielded a
total of 53584 reflections to a maximum 6 angle of 26.91° (0.79 A resolution), of
which 6045 were independent (average redundancy 8.864, completeness = 99.7%,
Rint = 5.88%, Rsig = 3.06%) and 4665 (77.17%) were greater than 2¢(F?). The final cell
constants of a =31.9437(14) A, b =9.7362(5) A, c = 22.5164(10) A, B = 126.9651(12)°,
volume = 5595.3(5) A3, are based upon the refinement of the XYZ-centroids of 9927
reflections above 20 ofl) with 5.434° < 20 < 53.70°. Data were corrected for
absorption effects using the Multi-Scan method (SADABS). The ratio of minimum to
maximum apparent transmission was 0.924. The calculated minimum and maximum

transmission coefficients (based on crystal size) are 0.6890 and 0.7454.
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The structure was solved with the XT structure solution program using Intrinsic
Phasing and refined with the XL refinement package using Least Squares
minimisation with Olex2, using the space group C2/c, with Z = 8 for the formula unit,
C33H37N304. The final anisotropic full-matrix least-squares refinement on F? with 351
variables converged at R1 = 4.67%, for the observed data and wR2 = 11.63% for all
data. The goodness-of-fit was 1.053. The largest peak in the final difference electron
density synthesis was 0.305 e”/A3 and the largest hole was -0.276 e /A3 with an RMS
deviation of 0.055 e”/A3. On the basis of the final model, the calculated density was

1.281 g/cm3 and F(000), 2304 e".

Crystal data and structure refinement for 3.3e.

Empirical formula C33H37N304
Formula weight 539.65
Temperature 100(2) K
Wavelength 0.71073 A
Crystal system Monoclinic
Space group C2/c

Unit cell dimensions

Volume

VA
Density (calculated)

Absorption coefficient
F(000)

Crystal size

a=31.9437(14) A
b =9.7362(5) A
c=22.5164(10) A
5595.3(5) A3

8

1.281 Mg/m3

0.085 mm-1

2304

a=90°.
B=126.9651(12)°.

y=90°.

0.42 x0.16 x 0.06 mm3

226



Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to theta = 25.242°
Absorption correction

Max. and min. transmission
Refinement method

Data / restraints / parameters
Goodness-of-fit on F2

Final R indices [I>20(l)]

R indices (all data)

2.574 t0 26.910°.

-40<h<40, -12<k<12, -28<1<28
53584

6045 [R(int) = 0.0588]

99.9 %

Semi-empirical from equivalents

0.7454 and 0.6890
Full-matrix least-squares on F2
6045 /0 /351

1.053
R1=0.0467, wR2 = 0.1040

R1=0.0662, wR2 =0.1163

Largest diff. peak and hole0.305 and -0.276 e.A-3

Atomic coordinates ( x 104) and equivalent isotropic displacement parameters

(A2x 103) for 3.3e. U(eq) is defined as one third of the trace of the orthogonalized

Uil tensor.

X y z U(eq)
0(10) 5167(1) 4691(1) 6428(1) 18(1)
0(23) 6570(1) 2959(2) 5389(1) 32(1)
0(27) 4831(1) -190(1) 6131(1) 24(1)
0(28) 4595(1) 1252(1) 5192(1) 21(1)
N(1) 6282(1) 4376(1) 9482(1) 20(1)
N(7) 5333(1) 2077(1) 7079(1) 17(1)
N(16) 6050(1) 6857(1) 8806(1) 21(1)
C(2) 6389(1) 3162(2) 9807(1) 22(1)
C(3) 6228(1) 1913(2) 9425(1) 22(1)
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C(4) 5947(1) 1926(2) 8665(1) 20(1)
c(5) 5835(1) 3191(2) 8298(1) 16(1)
c(6) 5546(1) 3286(2) 7502(1) 16(1)
c(8) 5103(1) 2186(2) 6380(1) 16(1)
C(9) 5093(1) 3470(2) 5993(1) 17(1)
c(11) 5446(1) 4543(2) 7174(1) 16(1)
C(12) 5600(1) 5798(2) 7593(1) 16(1)
C(13) 5471(1) 7108(2) 7261(1) 20(1)
C(14) 5632(1) 8249(2) 7704(1) 25(1)
C(15) 5922(1) 8069(2) 8473(1) 26(1)
c(17) 5888(1) 5720(2) 8375(1) 16(1)
C(18) 6009(1) 4391(2) 8734(1) 17(1)
C(19) 5493(1) 3383(2) 5842(1) 16(1)
C(20) 6015(1) 3036(2) 6397(1) 20(1)
c(21) 6372(1) 2920(2) 6243(1) 23(1)
C(22) 6213(1) 3134(2) 5523(1) 22(1)
C(24) 5693(1) 3472(2) 4963(1) 19(1)
C(25) 5340(1) 3588(2) 5125(1) 18(1)
C(26) 4834(1) 929(2) 5905(1) 18(1)
C(29) 4304(1) 171(2) 4640(1) 22(1)
C(30) 4091(1) 829(2) 3897(1) 24(1)
C(31) 3670(1) 1900(2) 3661(1) 26(1)
C(32) 3508(1) 2732(2) 2981(1) 27(1)
C(33) 3041(1) 3665(2) 2701(1) 31(1)
C(34) 2924(1) 4691(2) 2104(1) 33(1)
C(35) 2783(1) 4057(2) 1388(1) 28(1)
C(36) 2635(1) 5128(2) 798(1) 28(1)
c(37) 2492(1) 4518(2) 74(1) 29(1)
C(38) 2327(1) 5583(2) -522(1) 27(1)
C(39) 2208(1) 4994(2) -1232(1) 37(1)
C(40) 2012(1) 6053(2) -1837(1) 43(1)
Bond lengths [A] and angles [°] for 3.3e.
0(10)-C(9) 1.4657(17) 0(27)-C(26) 1.2041(19)
0(10)-C(11) 1.3568(17) 0(28)-C(26) 1.3355(18)
0(23)-H(23) 0.8400 0(28)-C(29) 1.4588(18)
0(23)-C(22) 1.3533(19) N(1)-C(2) 1.322(2)
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N(1)-C(18)
N(7)-C(6)
N(7)-C(8)
N(16)-C(15)
N(16)-C(17)
C(2)-H(2)
C(2)-C(3)
C(3)-H(3)
C(3)-C(4)
C(4)-H(4)
C(4)-C(5)
C(5)-C(6)
C(5)-C(18)
C(6)-C(11)
C(8)-C(9)
C(8)-C(26)
C(9)-H(9)
C(9)-C(19)
C(11)-C(12)
C(12)-C(13)
C(12)-C(17)
C(13)-H(13)
C(13)-C(14)
C(14)-H(14)
C(14)-C(15)
C(15)-H(15)
C(17)-C(18)
C(19)-C(20)
C(19)-C(25)
C(20)-H(20)
C(20)-C(21)
C(21)-H(21)
C(21)-C(22)
C(22)-C(24)
C(24)-H(24)
C(24)-C(25)
C(25)-H(25)
C(29)-H(29A)

1.3530(19)
1.4064(19)
1.2814(19)
1.324(2)
1.354(2)
0.9500
1.398(2)
0.9500
1.373(2)
0.9500
1.404(2)
1.442(2)
1.408(2)
1.364(2)
1.512(2)
1.509(2)
1.0000
1.509(2)
1.437(2)
1.408(2)
1.415(2)
0.9500
1.370(2)
0.9500
1.399(2)
0.9500
1.450(2)
1.397(2)
1.392(2)
0.9500
1.380(2)
0.9500
1.393(2)
1.393(2)
0.9500
1.381(2)
0.9500
0.9900
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C(29)-H(298) 0.9900

C(29)-C(30) 1.517(2)
C(30)-H(30A) 0.9900
C(30)-H(30B) 0.9900
C(30)-C(31) 1.523(2)
C(31)-H(31A) 0.9900
C(31)-H(31B) 0.9900
C(31)-C(32) 1.522(2)
C(32)-H(32A) 0.9900
C(32)-H(32B) 0.9900
C(32)-C(33) 1.521(2)
C(33)-H(33A) 0.9900
C(33)-H(33B) 0.9900
C(33)-C(34) 1.530(2)
C(34)-H(34A) 0.9900
C(34)-H(34B) 0.9900
C(34)-C(35) 1.519(2)
C(35)-H(35A) 0.9900
C(35)-H(35B) 0.9900
C(35)-C(36) 1.524(2)
C(36)-H(36A) 0.9900
C(36)-H(36B) 0.9900
C(36)-C(37) 1.524(2)
C(37)-H(37A) 0.9900
C(37)-H(37B) 0.9900
C(37)-C(38) 1.518(2)
C(38)-H(38A) 0.9900
C(38)-H(38B) 0.9900
C(38)-C(39) 1.516(2)
C(39)-H(39A) 0.9900
C(39)-H(39B) 0.9900
C(39)-C(40) 1.512(3)
C(40)-H(40A) 0.9800
C(40)-H(40B) 0.9800
C(40)-H(40C) 0.9800
C(11)-0(10)-C(9) 117.56(11)
C(22)-0(23)-H(23) 109.5



C(26)-0(28)-C(29)
C(2)-N(1)-C(18)
C(8)-N(7)-C(6)
C(15)-N(16)-C(17)
N(1)-C(2)-H(2)
N(1)-C(2)-C(3)
C(3)-C(2)-H(2)
C(2)-C(3)-H(3)
C(4)-C(3)-C(2)
C(4)-C(3)-H(3)
C(3)-C(4)-H(4)
C(3)-C(4)-C(5)
C(5)-C(4)-H(4)
C(4)-C(5)-C(6)
C(4)-C(5)-C(18)
C(18)-C(5)-C(6)
N(7)-C(6)-C(5)
C(11)-C(6)-N(7)
C(11)-C(6)-C(5)
N(7)-C(8)-C(9)
N(7)-C(8)-C(26)
C(26)-C(8)-C(9)
0(10)-C(9)-C(8)
0(10)-C(9)-H(9)
0(10)-C(9)-C(19)
C(8)-C(9)-H(9)
C(19)-C(9)-C(8)
C(19)-C(9)-H(9)
0(10)-C(11)-C(6)
0(10)-C(11)-C(12)
C(6)-C(11)-C(12)
C(13)-C(12)-C(11)
C(13)-C(12)-C(17)
C(17)-C(12)-C(11)
C(12)-C(13)-H(13)
C(14)-C(13)-C(12)
C(14)-C(13)-H(13)
C(13)-C(14)-H(14)

117.75(12)
117.23(14)
116.71(13)
117.85(13)
118.0
124.07(14)
118.0
120.6
118.80(15)
120.6
120.5
119.07(15)
120.5
122.28(14)
117.60(13)
120.11(13)
118.35(13)
121.58(13)
119.82(13)
125.06(14)
117.70(13)
117.22(12)
110.33(11)
107.8
112.19(12)
107.8
110.82(12)
107.8
122.15(14)
115.65(13)
122.07(13)
123.15(13)
118.17(14)
118.67(13)
120.4
119.11(14)
120.4
120.7
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C(13)-C(14)-C(15)
C(15)-C(14)-H(14)
N(16)-C(15)-C(14)
N(16)-C(15)-H(15)
C(14)-C(15)-H(15)
N(16)-C(17)-C(12)
N(16)-C(17)-C(18)
C(12)-C(17)-C(18)
N(1)-C(18)-C(5)
N(1)-C(18)-C(17)
C(5)-C(18)-C(17)
C(20)-C(19)-C(9)
C(25)-C(19)-C(9)
C(25)-C(19)-C(20)
C(19)-C(20)-H(20)
C(21)-C(20)-C(19)
C(21)-C(20)-H(20)
C(20)-C(21)-H(21)
C(20)-C(21)-C(22)
C(22)-C(21)-H(21)
0(23)-C(22)-C(21)
0(23)-C(22)-C(24)
C(24)-C(22)-C(21)
C(22)-C(24)-H(24)
C(25)-C(24)-C(22)
C(25)-C(24)-H(24)
C(19)-C(25)-H(25)
C(24)-C(25)-C(19)
C(24)-C(25)-H(25)
0(27)-C(26)-0(28)
0(27)-C(26)-C(8)
0(28)-C(26)-C(8)
0(28)-C(29)-H(29A)
0(28)-C(29)-H(29B)
0(28)-C(29)-C(30)

H(29A)-C(29)-H(29B)

C(30)-C(29)-H(29A)
C(30)-C(29)-H(29B)

118.59(15)
120.7
124.20(15)
117.9
117.9
122.07(14)
118.07(13)
119.85(14)
123.21(14)
117.39(14)
119.39(13)
121.92(13)
119.97(13)
118.04(14)
119.5
121.07(14)
119.5
119.9
120.20(15)
119.9
118.36(14)
122.26(14)
119.34(15)
120.0
119.90(14)
120.0
119.3
121.44(14)
119.3
125.20(14)
125.49(13)
109.31(13)
110.6
110.6
105.61(12)
108.7
110.6
110.6



C(29)-C(30)-H(30A)
C(29)-C(30)-H(30B)
C(29)-C(30)-C(31)
H(30A)-C(30)-H(30B)
C(31)-C(30)-H(30A)
C(31)-C(30)-H(30B)
C(30)-C(31)-H(31A)
C(30)-C(31)-H(31B)
H(31A)-C(31)-H(31B)
C(32)-C(31)-C(30)
C(32)-C(31)-H(31A)
C(32)-C(31)-H(31B)
C(31)-C(32)-H(32A)
C(31)-C(32)-H(32B)
H(32A)-C(32)-H(32B)
C(33)-C(32)-C(31)
C(33)-C(32)-H(32A)
C(33)-C(32)-H(32B)
C(32)-C(33)-H(33A)
C(32)-C(33)-H(33B)
C(32)-C(33)-C(34)
H(33A)-C(33)-H(33B)
C(34)-C(33)-H(33A)
C(34)-C(33)-H(33B)
C(33)-C(34)-H(34A)
C(33)-C(34)-H(34B)
H(34A)-C(34)-H(34B)
C(35)-C(34)-C(33)
C(35)-C(34)-H(34A)
C(35)-C(34)-H(34B)
C(34)-C(35)-H(35A)
C(34)-C(35)-H(35B)
C(34)-C(35)-C(36)
H(35A)-C(35)-H(35B)
C(36)-C(35)-H(35A)
C(36)-C(35)-H(35B)
C(35)-C(36)-H(36A)
C(35)-C(36)-H(36B)

109.0
109.0
112.98(14)
107.8
109.0
109.0
108.7
108.7
107.6
114.21(14)
108.7
108.7
109.0
109.0
107.8
113.01(14)
109.0
109.0
108.6
108.6
114.54(15)
107.6
108.6
108.6
108.5
108.5
107.5
115.26(16)
108.5
108.5
109.1
109.1
112.69(15)
107.8
109.1
109.1
108.8
108.8
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C(35)-C(36)-C(37)
H(36A)-C(36)-H(36B)
C(37)-C(36)-H(36A)
C(37)-C(36)-H(36B)
C(36)-C(37)-H(37A)
C(36)-C(37)-H(37B)
H(37A)-C(37)-H(37B)
C(38)-C(37)-C(36)
C(38)-C(37)-H(37A)
C(38)-C(37)-H(37B)
C(37)-C(38)-H(38A)
C(37)-C(38)-H(38B)
H(38A)-C(38)-H(38B)
C(39)-C(38)-C(37)
C(39)-C(38)-H(38A)
C(39)-C(38)-H(38B)
C(38)-C(39)-H(39A)
C(38)-C(39)-H(39B)
H(39A)-C(39)-H(39B)
C(40)-C(39)-C(38)
C(40)-C(39)-H(39A)
C(40)-C(39)-H(39B)
C(39)-C(40)-H(40A)
C(39)-C(40)-H(40B)
C(39)-C(40)-H(40C)
H(40A)-C(40)-H(40B)
H(40A)-C(40)-H(40C)
H(40B)-C(40)-H(40C)

113.73(15)
107.7
108.8
108.8
108.8
108.8
107.7
113.60(15)
108.8
108.8
108.8
108.8
107.6
114.01(15)
108.8
108.8
108.9
108.9
107.7
113.42(17)
108.9
108.9
109.5
109.5
109.5
109.5
109.5
109.5



Anisotropic displacement parameters (A2x 103) for 3.3e. The anisotropic

displacement factor exponent takes the form: -2rn2[ hZ2a*2ull+ . +2hka* b*

ul2)

yll uy22 u33 u23 ul3 ul2
0(10) 25(1) 17(1) 11(1) 1(1) 10(1) 3(1)
0(23) 24(1) 52(1) 24(1) 15(1) 17(1) 11(1)
0(27) 31(1) 18(1) 20(1) 1(1) 13(1) 0(1)
0(28) 25(1) 20(1) 14(1) -1(1) 10(1) -2(1)
N(1) 20(1) 27(1) 12(1) 2(1) 9(1) 1(1)
N(7) 18(1) 18(1) 16(1) 0(1) 10(1) 0(1)
N(16) 26(1) 21(1) 16(1) -2(1) 13(1) 0(1)
C(2) 21(1) 32(1) 14(1) 4(1) 10(1) 2(1)
C(3) 23(1) 25(1) 20(1) 9(1) 13(1) 4(1)
C(4) 21(1) 21(1) 18(1) 2(1) 11(1) 1(1)
C(5) 16(1) 21(1) 14(1) 1(1) 10(1) 2(1)
C(6) 16(1) 18(1) 14(1) -1(1) 10(1) 0(1)
C(8) 18(1) 17(1) 15(1) 1(1) 10(1) 2(1)
C(9) 20(1) 17(1) 12(1) 0(1) 8(1) 1(1)
C(11) 16(1) 23(1) 11(1) 1(1) 8(1) 2(1)
C(12) 16(1) 21(1) 14(1) 1(1) 10(1) 2(1)
C(13) 23(1) 22(1) 16(1) 2(1) 12(1) 2(1)
C(14) 33(1) 19(1) 22(1) 3(1) 17(1) 4(1)
C(15) 35(1) 20(1) 21(1) -3(1) 16(1) 0(1)
C(17) 16(1) 21(1) 14(1) 1(1) 10(1) 2(1)
C(18) 16(1) 22(1) 14(1) 1(1) 10(1) 2(1)
C(19) 20(1) 14(1) 14(1) 0(1) 10(1) -1(1)
C(20) 21(1) 24(1) 12(1) 2(1) 8(1) 0(1)
C(21) 18(1) 29(1) 17(1) 5(1) 8(1) 2(1)
C(22) 23(1) 24(1) 20(1) 5(1) 14(1) 2(1)
C(24) 23(1) 21(1) 14(1) 4(1) 11(1) 3(1)
C(25) 19(1) 17(1) 13(1) 2(1) 7(1) 2(1)
C(26) 18(1) 20(1) 15(1) 0(1) 9(1) 2(1)
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C(29) 26(1) 20(1) 16(1) -4(1) 10(1) -2(1)

C(30)  28(1) 26(1) 16(1) -3(1) 11(1) 0(1)
C(31)  24(1) 33(1) 18(1) 2(1) 12(1) 3(1)
c(32)  27(1) 32(1) 20(1) 2(1) 14(1) 3(1)
C(33)  30(1) 38(1) 24(1) 5(1) 16(1) 7(1)
C(34)  36(1) 32(1) 26(1) 4(1) 15(1) 8(1)
C(35)  25(1) 29(1) 22(1) 1(1) 10(1) -2(1)
c(36)  28(1) 29(1) 22(1) 3(1) 12(1) 3(1)
c(37)  29(1) 28(1) 23(1) 2(1) 12(1) 0(1)
c(38)  23(1) 32(1) 24(1) 4(1) 12(1) 4(1)
C(39)  46(1) 33(1) 26(1) 2(1) 18(1) 2(1)
C(40)  49(1) 47(1) 29(1) 8(1) 21(1) 7(1)

Hydrogen coordinates ( x 104) and isotropic displacement parameters (A2x 10 3)
for 3.3e.

X y z U(eq)
H(23) 6441 3222 4955 47
H(2) 6588 3138 10333 27
H(3) 6312 1069 9686 27
H(4) 5829 1091 8391 24
H(9) 4739 3535 5504 20
H(13) 5275 7199 6738 24
H(14) 5548 9144 7494 30
H(15) 6035 8867 8776 31
H(20) 6127 2876 6889 24
H(21) 6726 2694 6629 28
H(24) 5581 3623 4470 23
H(25) 4986 3813 4738 21
H(29A) 4015 -171 4645 27
H(29B) 4538 -608 4740 27
H(30A) 3943 104 3512 29
H(30B) 4383 1270 3928 29
H(31A) 3356 1429 3555 31
H(31B) 3800 2537 4081 31
H(32A) 3808 3300 3107 32
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H(32B) 3419 2095 2578 32

H(33A) 3106 4182 3128 37
H(33B) 2727 3086 2497 37
H(34A) 2630 5286 1981 40
H(34B) 3234 5286 2314 40
H(35A) 2486 3417 1190 34
H(35B) 3086 3519 1499 34
H(36A) 2933 5768 999 34
H(36B) 2334 5668 691 34
H(37A) 2797 4005 178 35
H(37B) 2201 3855 -119 35
H(38A) 2012 6066 -642 33
H(38B) 2611 6272 -320 33
H(39A) 2530 4566 -1118 45
H(39B) 1941 4264 -1417 45
H(40A) 1962 5621 -2268 64
H(40B) 2268 6798 -1652 64
H(40C) 1677 6426 -1983 64

Torsion angles [°] for 3.3e.

0(10)-C(9)-C(19)-C(20) 73.24(18) C(2)-N(1)-C(18)-C(17) 179.57(14)
0(10)-C(9)-C(19)-C(25) -109.86(15) C(2)-C(3)-C(4)-C(5) 0.8(2)
0(10)-C(11)-C(12)-C(13) 0.4(2) C(3)-C(4)-C(5)-C(6) 179.44(14)
0(10)-C(11)-C(12)-C(17) 179.34(13) C(3)-C(4)-C(5)-C(18) -1.6(2)
0(23)-C(22)-C(24)-C(25) 177.56(15) C(4)-C(5)-C(6)-N(7) 5.3(2)
0(28)-C(29)-C(30)-C(31) -68.47(17) C(4)-C(5)-C(6)-C(11) 179.69(15)
N(1)-C(2)-C(3)-C(4) 0.8(3) C(4)-C(5)-C(18)-N(1) 1.0(2)
N(7)-C(6)-C(11)-0(10) -4.5(2) C(4)-C(5)-C(18)-C(17) -178.05(14)
N(7)-C(6)-C(11)-C(12) 171.21(14) C(5)-C(6)-C(11)-0(10) -178.65(13)
N(7)-C(8)-C(9)-0(10) -24.9(2) C(5)-C(6)-C(11)-C(12) -3.0(2)
N(7)-C(8)-C(9)-C(19) 99.97(17) C(6)-N(7)-C(8)-C(9) 6.6(2)
N(7)-C(8)-C(26)-0(27) -2.8(2) C(6)-N(7)-C(8)-C(26) -175.20(13)
N(7)-C(8)-C(26)-0(28) 176.75(13) C(6)-C(5)-C(18)-N(1) 179.99(14)
N(16)-C(17)-C(18)-N(1) -0.6(2) C(6)-C(5)-C(18)-C(17) 0.9(2)
N(16)-C(17)-C(18)-C(5) 178.49(14) C(6)-C(11)-C(12)-C(13) -175.53(15)
C(2)-N(1)-C(18)-C(5) 0.5(2) C(6)-C(11)-C(12)-C(17) 3.4(2)
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C(8)-N(7)-C(6)-C(5)
C(8)-N(7)-C(6)-C(11)
C(8)-C(9)-C(19)-C(20)
C(8)-C(9)-C(19)-C(25)
C(9)-0(10)-C(11)-C(6)
C(9)-0(10)-C(11)-C(12)
C(9)-C(8)-C(26)-0(27)
C(9)-C(8)-C(26)-0(28)
C(9)-C(19)-C(20)-C(21)
C(9)-C(19)-C(25)-C(24)
C(11)-0(10)-C(9)-C(8)
C(11)-0(10)-C(9)-C(19)
C(11)-C(12)-C(13)-C(14)
C(11)-C(12)-C(17)-N(16)
C(11)-C(12)-C(17)-C(18)
C(12)-C(13)-C(14)-C(15)
C(12)-C(17)-C(18)-N(1)
C(12)-C(17)-C(18)-C(5)
C(13)-C(12)-C(17)-N(16)
C(13)-C(12)-C(17)-C(18)
C(13)-C(14)-C(15)-N(16)
C(15)-N(16)-C(17)-C(12)
C(15)-N(16)-C(17)-C(18)
C(17)-N(16)-C(15)-C(14)
C(17)-C(12)-C(13)-C(14)
C(18)-N(1)-C(2)-C(3)
C(18)-C(5)-C(6)-N(7)
C(18)-C(5)-C(6)-C(11)
C(19)-C(20)-C(21)-C(22)
C(20)-C(19)-C(25)-C(24)
C(20)-C(21)-C(22)-0(23)
C(20)-C(21)-C(22)-C(24)
C(21)-C(22)-C(24)-C(25)
C(22)-C(24)-C(25)-C(19)
C(25)-C(19)-C(20)-C(21)
C(26)-0(28)-C(29)-C(30)
C(26)-C(8)-C(9)-0(10)
C(26)-C(8)-C(9)-C(19)

-176.23(13)

9.5(2)
-50.58(19)
126.32(15)

-16.2(2)
167.83(12)
175.61(15)

-4.87(18)
178.00(15)

-177.88(14)

28.23(17)
-95.86(15)
179.57(15)
179.49(14)

-1.6(2)
0.4(2)

-179.58(13)

-0.5(2)
-1.5(2)
177.37(14)
-0.7(3)
1.3(2)

-177.62(15)

-0.2(3)
0.6(2)
-1.4(2)

-173.60(13)

0.8(2)
-0.8(3)
-0.9(2)

-177.47(16)

0.3(3)
-0.1(2)
0.4(2)
1.0(2)

-178.72(13)

156.84(12)
-78.29(16)
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C(29)-0(28)-C(26)-0(27)
C(29)-0(28)-C(26)-C(8)

C(29)-C(30)-C(31)-C(32)
C(30)-C(31)-C(32)-C(33)
C(31)-C(32)-C(33)-C(34)
C(32)-C(33)-C(34)-C(35)
C(33)-C(34)-C(35)-C(36)
C(34)-C(35)-C(36)-C(37)
C(35)-C(36)-C(37)-C(38)
C(36)-C(37)-C(38)-C(39)
C(37)-C(38)-C(39)-C(40)

0.3(2)

-179.19(12)

171.08(14)
172.80(15)
170.23(16)

61.8(2)
176.13(15)

-179.90(16)

178.11(15)
177.30(16)
176.31(17)



Hydrogen bonds for 3.3e [A and °].

D-H...A d(D-H) d(H...A) d(D...A) <(DHA)
0(23)-H(23)...N(1)#1 0.84 2.49 3.0806(19) 128
0(23)-H(23)...N(16)#1  0.84 2.09 2.8928(17) 160

Symmetry transformations used to generate equivalent atoms:
#1 x,-y+1,z-1/2

3.4a
A clear pale yellow plate-like specimen of C22H13N303, approximate dimensions 0.060

mm x 0.080 mm x 0.130 mm, was used for the X-ray crystallographic analysis. The X-
ray intensity data were measured at 100(2)K on a Bruker D8 Quest ECO with an
Oxford Cryostream low temperature device using a MiTeGen micromount. See Table
1 for collection parameters and exposure time. Bruker APEX software was used to

correct for Lorentz and polarization effects.

A total of 424 frames were collected. The total exposure time was 7.07 hours. The
frames were integrated with the Bruker SAINT software package using a narrow-
frame algorithm. The integration of the data using a monoclinic unit cell yielded a
total of 10619 reflections to a maximum 6 angle of 25.69° (0.82 A resolution), of
which 3144 were independent (average redundancy 3.378, completeness = 99.8%,
Rint = 11.23%, Rsig = 10.11%) and 1637 (52.07%) were greater than 20(F?). The final
cell constants of a = 11.2937(10) A, b = 16.2786(15) A, ¢ = 9.2757(10) A, B =
103.225(3)°, volume = 1660.1(3) A3, are based upon the refinement of the XYz-
centroids of 1647 reflections above 20 of(l) with 5.718° < 26 < 50.79°. Data were
corrected for absorption effects using the Multi-Scan method (SADABS). The ratio of
minimum to maximum apparent transmission was 0.909. The calculated minimum
and maximum transmission coefficients (based on crystal size) are 0.6775 and

0.7453.
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The structure was solved with the XT structure solution program using Intrinsic
Phasing and refined with the XL refinement package using Least Squares
minimisation with Olex2, using the space group P21/c, with Z = 4 for the formula unit,
C22H13N30s3. The final anisotropic full-matrix least-squares refinement on F? with 254
variables converged at R1 = 6.03%, for the observed data and wR2 = 14.99% for all
data. The goodness-of-fit was 0.993. The largest peak in the final difference electron
density synthesis was 0.260 e”/A3 and the largest hole was -0.275 e /A3 with an RMS
deviation of 0.065 e”/A3. On the basis of the final model, the calculated density was

1.470 g/cm3 and F(000), 760 e".

Crystal Data for C;2H13N303 (M =367.35 g/mol): monoclinic, space group P21/c (no.
14), a = 11.2937(10) A, b = 16.2786(15) A, ¢ = 9.2757(10) A, 8 = 103.225(3)°, V =
1660.1(3) A3, Z=4, T=100(2) K, w(MoKa) = 0.101 mm-?, Dcalc = 1.470 g/cm3, 10619
reflections measured (6.228° < 20 < 51.374°), 3144 unique (Rint = 0.1123, Rsigma =
0.1011) which were used in all calculations. The final R1 was 0.0603 (I > 20(l))

and wR; was 0.1499 (all data).
Crystal data and structure refinement for 3.3e.

Empirical formula C22H13N303

Formula weight 367.35

Temperature 100(2) K

Wavelength 0.71073 A

Crystal system Monoclinic

Space group P21/c

Unit cell dimensions a=11.2937(10) A a=90°.
b =16.2786(15) A B=103.225(3)°.
c=9.2757(10) A y =90°.

Volume 1660.1(3) A3

z 4

Density (calculated) 1.470 Mg/m3
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Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to theta = 25.242°
Absorption correction

Max. and min. transmission
Refinement method

Data / restraints / parameters
Goodness-of-fit on F2

Final R indices [I>20(1)]

R indices (all data)

0.101 mm-1

760

0.13 x 0.08 x 0.06 mm3

3.114 to 25.687°.

-13<h<13, -19<k<19, -11<I<11
10619

3144 [R(int) = 0.1123]

99.8 %

Semi-empirical from equivalents

0.7453 and 0.6775
Full-matrix least-squares on F2
3144 /0/ 254

0.993
R1=0.0603, wR2 =0.1181

R1=0.1408, wR2 = 0.1499

Largest diff. peak and hole0.260 and -0.275 e.A-3

Atomic coordinates ( x 104) and equivalent isotropic displacement parameters

(A2x 103) for 3.4a. U(eq) is defined as one third of the trace of the orthogonalized

Uil tensor.

X y z U(eq)
C(2) 1238(3) 3461(2) -2102(4) 31(1)
C(3) 1462(3) 2651(2) -2363(4) 31(1)
C(4) 2497(3) 2292(2) -1555(4) 27(1)
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c(5) 3293(3) 2764(2) -509(4) 20(1)
c(6) 4385(3) 2377(2) 445(4) 21(1)
c(7) 5154(3) 2906(2) 1601(4) 21(1)
C(8) 4896(3) 3756(2) 1639(4) 20(1)
C(9) 5681(3) 4249(2) 2683(4) 21(1)
c(10) 5412(3) 5095(2) 2702(4) 22(1)
c(11) 4441(3) 5389(2) 1689(4) 25(1)
C(13) 3878(3) 4125(2) 666(4) 21(1)
C(14) 3026(3) 3596(2) -359(4) 21(1)
c(17) 6808(3) 3031(2) 3548(4) 19(1)
c(18) 6686(3) 3869(2) 3673(4) 20(1)
C(19) 7508(3) 4362(2) 4843(4) 22(1)
C(20) 7575(3) 4196(2) 6329(4) 25(1)
c(21) 8295(3) 4677(2) 7400(4) 29(1)
Cc(22) 8955(3) 5324(2) 7004(4) 29(1)
C(23) 8891(3) 5489(2) 5534(4) 29(1)
C(24) 8167(3) 5012(2) 4452(4) 25(1)
C(25) 7858(3) 2577(2) 4515(4) 22(1)
C(28) 8445(3) 1378(2) 5913(4) 27(1)
N(1) 1997(3) 3943(2) -1146(3) 29(1)
N(12) 3673(2) 4924(2) 670(3) 25(1)
N(16) 6061(2) 2548(2) 2540(3) 21(1)
0(15) 4637(2) 1657(1) 293(3) 26(1)
0(26) 8899(2) 2806(1) 4771(3) 32(1)
0(27) 7491(2) 1872(1) 5009(3) 25(1)
Bond lengths [A] and angles [°] for 3.4a.

C(2)-H(2) 0.9500 C(6)-C(7) 1.490(5)
C(2)-C(3) 1.374(5) C(6)-0(15) 1.222(4)
C(2)-N(2) 1.337(4) C(7)-C(8) 1.415(4)

C(3)-H(3) 0.9500 C(7)-N(16) 1.319(4)
C(3)-C(4) 1.368(5) C(8)-C(9) 1.406(4)

C(4)-H(4) 0.9500 C(8)-C(13) 1.422(4)
C(4)-C(5) 1.394(5) C(9)-C(10) 1.411(4)
C(5)-C(6) 1.484(4) C(9)-C(18) 1.429(4)
C(5)-C(14) 1.400(4) C(10)-H(10) 0.9500
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C(10)-C(11)
C(11)-H(11)
C(11)-N(12)
C(13)-C(14)
C(13)-N(12)
C(14)-N(1)
C(17)-C(18)
C(17)-C(25)
C(17)-N(16)
C(18)-C(19)
C(19)-C(20)
C(19)-C(24)
C(20)-H(20)
C(20)-C(21)
C(21)-H(21)
C(21)-C(22)
C(22)-H(22)
C(22)-C(23)
C(23)-H(23)
C(23)-C(24)
C(24)-H(24)
C(25)-0(26)
C(25)-0(27)
C(28)-H(28A)
C(28)-H(28B)
C(28)-H(28C)
C(28)-0(27)

C(3)-C(2)-H(2)
N(1)-C(2)-H(2)
N(1)-C(2)-C(3)
C(2)-C(3)-H(3)
C(4)-C(3)-C(2)
C(4)-C(3)-H(3)
C(3)-C(4)-H(4)
C(3)-C(4)-C(5)
C(5)-C(4)-H(4)
C(4)-C(5)-C(6)

1.357(4)
0.9500
1.358(4)
1.467(4)
1.322(4)
1.347(4)
1.379(4)
1.507(4)
1.358(4)
1.489(4)
1.390(5)
1.387(5)
0.9500
1.375(5)
0.9500
1.388(5)
0.9500
1.375(5)
0.9500
1.381(5)
0.9500
1.203(4)
1.336(4)
0.9800
0.9800
0.9800
1.447(4)

117.8
117.8
124.4(3)
120.6
118.9(3)
120.6
120.7
118.6(3)
120.7
119.7(3)
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C(4)-C(5)-C(14)
C(14)-C(5)-C(6)
C(5)-C(6)-C(7)
0(15)-C(6)-C(5)
0(15)-C(6)-C(7)
C(8)-C(7)-C(6)
N(16)-C(7)-C(6)
N(16)-C(7)-C(8)
C(7)-C(8)-C(13)
C(9)-C(8)-C(7)
C(9)-C(8)-C(13)
C(8)-C(9)-C(10)
C(8)-C(9)-C(18)
C(10)-C(9)-C(18)
C(9)-C(10)-H(10)
C(11)-C(10)-C(9)
C(11)-C(10)-H(10)
C(10)-C(11)-H(11)
C(10)-C(11)-N(12)
N(12)-C(11)-H(11)
C(8)-C(13)-C(14)
N(12)-C(13)-C(8)
N(12)-C(13)-C(14)
C(5)-C(14)-C(13)
N(1)-C(14)-C(5)
N(1)-C(14)-C(13)
C(18)-C(17)-C(25)
N(16)-C(17)-C(18)
N(16)-C(17)-C(25)
C(9)-C(18)-C(19)
C(17)-C(18)-C(9)
C(17)-C(18)-C(19)
C(20)-C(19)-C(18)
C(24)-C(19)-C(18)
C(24)-C(19)-C(20)
C(19)-C(20)-H(20)
C(21)-C(20)-C(19)
C(21)-C(20)-H(20)

118.9(3)
121.3(3)
116.8(3)
121.5(3)
121.7(3)
119.6(3)
117.1(3)
123.3(3)
122.6(3)
118.3(3)
119.1(3)
117.5(3)
118.7(3)
123.8(3)
120.7
118.6(3)
120.7
117.6
124.9(3)
117.6
118.6(3)
122.1(3)
119.4(3)
120.5(3)
122.1(3)
117.4(3)
120.9(3)
125.1(3)
114.0(3)
120.4(3)
116.9(3)
122.6(3)
119.9(3)
120.3(3)
119.8(3)
120.2
119.6(3)
120.2



C(20)-C(21)-H(21)
C(20)-C(21)-C(22)
C(22)-C(21)-H(21)
C(21)-C(22)-H(22)
C(23)-C(22)-C(21)
C(23)-C(22)-H(22)
C(22)-C(23)-H(23)
C(22)-C(23)-C(24)
C(24)-C(23)-H(23)
C(19)-C(24)-H(24)
C(23)-C(24)-C(19)
C(23)-C(24)-H(24)
0(26)-C(25)-C(17)
0(26)-C(25)-0(27)
0(27)-C(25)-C(17)

H(28A)-C(28)-H(28B)
H(28A)-C(28)-H(28C)
H(28B)-C(28)-H(28C)

0(27)-C(28)-H(28A)

0(27)-C(28)-H(28B)

0(27)-C(28)-H(28C)
C(2)-N(1)-C(14)
C(13)-N(12)-C(11)
C(7)-N(16)-C(17)
C(25)-0(27)-C(28)

119.8
120.4(4)
119.8
120.0
120.1(3)
120.0
120.0
119.9(3)
120.0
119.9
120.2(3)
119.9
124.5(3)
124.3(3)
111.2(3)
109.5
109.5
109.5
109.5
109.5
109.5
117.0(3)
117.8(3)
117.7(3)
115.3(2)
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Anisotropic displacement parameters (A2x 103) for 3.4a. The anisotropic

displacement factor exponent takes the form: -2n2[ hZ2a*2ull+ | +2 hka* b*

yl2 ]

yll u22 u33 u23 ul3 ul2
C(2) 18(2) 35(2) 37(2) 6(2) -3(2) 0(2)
C(3) 22(2) 30(2) 34(2) 2(2) -4(2) -4(2)
C(4) 27(2) 19(2) 32(2) 1(2) 3(2) -2(2)
C(5) 17(2) 20(2) 25(2) 1(2) 5(2) 1(1)
C(6) 23(2) 20(2) 20(2) 3(2) 3(2) 0(1)
C(7) 17(2) 21(2) 23(2) 1(2) 4(2) 1(1)
C(8) 20(2) 18(2) 22(2) 0(2) 6(2) 3(1)
C(9) 20(2) 21(2) 22(2) 3(2) 5(2) -1(2)
C(10) 23(2) 17(2) 26(2) -4(2) 5(2) 0(1)
C(11) 28(2) 18(2) 31(2) -1(2) 7(2) 6(2)
C(13) 20(2) 20(2) 22(2) 1(2) 4(2) 4(2)
C(14) 17(2) 21(2) 22(2) 3(2) 1(2) 0(1)
C(17) 16(2) 17(2) 23(2) 2(2) 2(2) 1(1)
C(18) 20(2) 19(2) 21(2) 2(2) 5(2) 0(1)
C(19) 18(2) 15(2) 30(2) -2(2) 2(2) 2(1)
C(20) 21(2) 23(2) 29(2) 2(2) 3(2) -1(2)
C(21) 23(2) 36(2) 25(2) 3(2) 0(2) 2(2)
C(22) 19(2) 26(2) 38(2) -11(2) -2(2) -1(2)
C(23) 27(2) 25(2) 34(2) 0(2) 2(2) -5(2)
C(24) 26(2) 23(2) 24(2) -2(2) 1(2) 0(2)
C(25) 20(2) 20(2) 25(2) -1(2) 0(2) 0(2)
C(28) 27(2) 22(2) 27(2) 5(2) -4(2) 3(2)
N(1) 24(2) 27(2) 31(2) 4(1) -2(2) 2(1)
N(12) 24(2) 22(2) 29(2) 1(1) 6(1) 4(1)
N(16) 17(2) 18(1) 25(2) 1(1) 1(1) 0(1)
0(15) 27(1) 18(1) 31(2) 0(1) 1(1) 2(1)
0(26) 21(1) 25(1) 44(2) 7(1) -2(1) 0(1)
0(27) 21(1) 21(1) 30(1) 6(1) -1(1) 2(1)
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Hydrogen coordinates ( x 104) and isotropic displacement parameters (A2x 10 3)

for 3.4a.
X y z U(eq)

H(2) 496 3694 -2636 37

H(3) 906 2346 -3091 37

H(4) 2671 1731 -1705 32

H(10) 5899 5451 3407 27

H(11) 4287 5963 1694 31

H(20) 7126 3752 6603 30

H(21) 8341 4565 8417 35

H(22) 9452 5654 7749 34

H(23) 9344 5932 5264 35

H(24) 8119 5128 3436 30

H(28A) 9129 1337 5430 40

H(28B) 8130 828 6034 40

H(28C) 8720 1636 6887 40

Torsion angles [°] for 3.4a.
C(2)-C(3)-C(4)-C(5) -0.6(6) C(6)-C(7)-C(8)-C(9) -176.1(3)
C(3)-C(2)-N(1)-C(14) -2.2(6) C(6)-C(7)-C(8)-C(13) 4.0(5)
C(3)-C(4)-C(5)-C(6) 176.3(3) C(6)-C(7)-N(16)-C(17) 176.5(3)
C(3)-C(4)-C(5)-C(14) -2.3(5) C(7)-C(8)-C(9)-C(10) 179.9(3)
C(4)-C(5)-C(6)-C(7) -176.3(3) C(7)-C(8)-C(9)-C(18) -1.3(5)
C(4)-C(5)-C(6)-0(15) 3.3(5) C(7)-C(8)-C(13)-C(14) 3.5(5)
C(4)-C(5)-C(14)-C(13) -176.3(3) C(7)-C(8)-C(13)-N(12) -177.2(3)
C(4)-C(5)-C(14)-N(2) 3.1(5) C(8)-C(7)-N(16)-C(17) -2.8(5)
C(5)-C(6)-C(7)-C(8) -6.7(5) C(8)-C(9)-C(10)-C(11) -2.1(5)
C(5)-C(6)-C(7)-N(16) 173.9(3) C(8)-C(9)-C(18)-C(17) -0.5(5)
C(5)-C(14)-N(1)-C(2) -0.9(5) C(8)-C(9)-C(18)-C(19) -177.4(3)
C(6)-C(5)-C(14)-C(13) 5.2(5) C(8)-C(13)-C(14)-C(5) -8.1(5)
C(6)-C(5)-C(14)-N(12) -175.4(3) C(8)-C(13)-C(14)-N(1) 172.4(3)

243



C(8)-C(13)-N(12)-C(11)
C(9)-C(8)-C(13)-C(14)
C(9)-C(8)-C(13)-N(12)
C(9)-C(10)-C(11)-N(12)
C(9)-C(18)-C(19)-C(20)
C(9)-C(18)-C(19)-C(24)
C(10)-C(9)-C(18)-C(17)
C(10)-C(9)-C(18)-C(19)
C(10)-C(11)-N(12)-C(13)
C(13)-C(8)-C(9)-C(10)
C(13)-C(8)-C(9)-C(18)
C(13)-C(14)-N(1)-C(2)
C(14)-C(5)-C(6)-C(7)
C(14)-C(5)-C(6)-0(15)
C(14)-C(13)-N(12)-C(11)
C(17)-C(18)-C(19)-C(20)
C(17)-C(18)-C(19)-C(24)
C(17)-C(25)-0(27)-C(28)
C(18)-C(9)-C(10)-C(11)
C(18)-C(17)-C(25)-0(26)
C(18)-C(17)-C(25)-0(27)
C(18)-C(17)-N(16)-C(7)
C(18)-C(19)-C(20)-C(21)
C(18)-C(19)-C(24)-C(23)
C(19)-C(20)-C(21)-C(22)
C(20)-C(19)-C(24)-C(23)
C(20)-C(21)-C(22)-C(23)
C(21)-C(22)-C(23)-C(24)
C(22)-C(23)-C(24)-C(19)
C(24)-C(19)-C(20)-C(21)
C(25)-C(17)-C(18)-C(9)
C(25)-C(17)-C(18)-C(19)
C(25)-C(17)-N(16)-C(7)
N(1)-C(2)-C(3)-C(4)
N(12)-C(13)-C(14)-C(5)
N(12)-C(13)-C(14)-N(1)
N(16)-C(7)-C(8)-C(9)
N(16)-C(7)-C(8)-C(13)

-2.9(5)

-176.5(3)

2.8(5)
2.1(5)
116.0(4)
-61.0(4)
178.2(3)
1.3(5)
0.5(5)
-0.2(5)
178.6(3)
178.5(3)
2.2(5)

-178.2(3)

176.3(3)
-60.7(5)
122.3(4)
178.1(3)
179.2(3)
-44.9(5)
137.4(3)

0.7(5)

-177.1(3)

177.3(3)
-0.2(5)
0.3(5)
0.1(5)
0.1(5)
-0.4(5)
-0.1(5)
178.2(3)
-5.1(5)

-176.7(3)

3.1(6)
172.6(3)
-6.9(5)
3.2(5)

-176.7(3)
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N(16)-C(17)-C(18)-C(9)
N(16)-C(17)-C(18)-C(19)
N(16)-C(17)-C(25)-0(26)
N(16)-C(17)-C(25)-0(27)
0(15)-C(6)-C(7)-C(8)
0(15)-C(6)-C(7)-N(16)
0(26)-C(25)-0(27)-C(28)

0.9(5)
177.7(3)
132.6(4)
-45.1(4)
173.7(3)

-5.7(5)

0.4(5)



Hydrogen bonds for 3.4a [A and °].

D-H...A d(D-H) d(H...A) d(D...A) <(DHA)

C(10)-H(10)...0(15)#1  0.95 2.45 3.158(4) 131

Symmetry transformations used to generate equivalent atoms:

#1 -x+1,y+1/2,-z+1/2

[Ag(4.1)(NOs)]

A specimen of C1gH11AgNeOs, approximate dimensions 0.050 mm x 0.120 mm x 0.130
mm, was used for the X-ray crystallographic analysis. The X-ray intensity data were
measured at 100(2)K on a Bruker APEX Kappa Duo with an Oxford Cobra low
temperature device using a MiTeGen micromount. See Table 1 for collection
parameters and exposure time. Bruker APEX software was used to correct for Lorentz

and polarization effects.

A total of 514 frames were collected. The total exposure time was 1.71 hours. The
frames were integrated with the Bruker SAINT software package using a wide-frame
algorithm. The integration of the data using a triclinic unit cell yielded a total of 11367

reflections to a maximum 6 angle of 27.19° (0.78 A resolution), of which 3790 were

independent (average redundancy 2.999, completeness = 99.8%, Rint = 6.21%, Rsig
7.59%) and 2908 (76.73%) were greater than 20(F?). The final cell constants of a

8.3219(15) A, b = 10.3830(18) A, c= 10.5249(19) A, o = 73.092(2)°, B = 80.063(3)°, v

79.284(3)°, volume = 848.1(3) A3, are based upon the refinement of the XYZ-centroids
of 3004 reflections above 20 o(l) with 5.021° < 20 < 54.12°. Data were corrected for
absorption effects using the Multi-Scan method (SADABS). The ratio of minimum to
maximum apparent transmission was 0.868. The calculated minimum and maximum

transmission coefficients (based on crystal size) are 0.8560 and 0.9410.
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The structure was solved with the XT structure solution program using Intrinsic
Phasing and refined with the XL refinement package using Least Squares
minimisation with Olex2, using the space group PT, with Z = 2 for the formula unit,
C1sH11AgN60s. The final anisotropic full-matrix least-squares refinement on F? with
275 variables converged at R1 = 4.19%, for the observed data and wR2 = 7.19% for
all data. The goodness-of-fit was 1.025. The largest peak in the final difference
electron density synthesis was 0.533 e’/A3 and the largest hole was -0.875 e’/A3 with
an RMS deviation of 0.126 e /A3. On the basis of the final model, the calculated
density was 1.955 g/cm3 and F(000), 496 e".

Refinement Note: Amide hydrogen atom located and refined with restraints (DFIX).

Refined distances: 2.6468 (0.0028) A Agl - 028; 2.7822 (0.0027) A Ag1 - 027.

Crystal Data for C1sH11AgNsOs (M =499.20 g/mol): triclinic, space group P-1 (no.

2), a=8.3219(15) A, b = 10.3830(18) A, c = 10.5249(19) A, a = 73.092(2)°, 8 =
80.063(3)°, y = 79.284(3)°, V= 848.1(3) A3,Z=2, T=100(2) K, p(MoKa) = 1.239 mm"
1, Dcalc = 1.955 g/cm?3, 11367 reflections measured (4.078° < 20 < 54.372°), 3790
unique (Rint = 0.0621, Rsigma = 0.0759) which were used in all calculations. The

final R1 was 0.0419 (I > 20(l)) and wR> was 0.0719 (all data).

Crystal data and structure refinement for [Ag(4.1)(NOs3)].

Empirical formula CisH11AgN6Os
Formula weight 499.20
Temperature 100(2) K
Wavelength 0.71073 A
Crystal system Triclinic
Space group P1
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Unit cell dimensions

Volume

VA
Density (calculated)

Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to theta = 25.242°
Absorption correction

Max. and min. transmission

Refinement method

Data / restraints / parameters

Goodness-of-fit on F2
Final R indices [I>2a(1)]

R indices (all data)

Largest diff. peak and hole

a=8.3219(15) A a= 73.092(2)°.

b =10.3830(18) A B=80.063(3)".
c=10.5249(19) A y=79.284(3)".
848.1(3) A3

2

1.955 Mg/m3

1.239 mm-1

496

0.13 x 0.12 x 0.05 mm3

2.039 to 27.186°.

-10<h<10, -13<k<13, -13<1<13
11367

3790 [R(int) = 0.0621]

100.0 %

Semi-empirical from equivalents

0.7455 and 0.6472

Full-matrix least-squares on F2

3790/1/275

1.025
R1=0.0419, wR2 = 0.0659

R1=0.0685, wR2 =0.0719

0.533 and -0.875 e.A-3

Atomic coordinates ( x 104) and equivalent isotropic displacement parameters
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(A2x 103) for [Ag(4.1)(NO3)]. U(eq) is defined as one third of the trace of the

orthogonalized Uij tensor.

X y z U(eq)
Ag(1) 105(1) 9396(1) -2004(1) 20(1)
0(8) 5781(3) 8002(3) 2767(3) 25(1)
0(25) 5637(3) 3256(3) 3000(3) 26(1)
N(1) 2116(4) 8583(3) -714(3) 16(1)
N(9) 5796(4) 5789(3) 2801(3) 18(1)
N(10) 6666(4) 5343(3) 3851(3) 18(1)
N(16) 9483(4) 1849(3) 7095(3) 16(1)
N(19) 8527(4) -121(3) 6263(3) 17(1)
c(2) 2653(5) 9428(4) -190(4) 17(1)
c(3) 3708(4) 8992(4) 786(3) 16(1)
C(4) 4284(4) 7605(4) 1219(3) 15(1)
C(5) 3764(4) 6729(4) 650(3) 17(1)
C(6) 2665(5) 7244(4) -286(4) 17(1)
c(7) 5378(5) 7183(4) 2309(4) 18(1)
C(11) 7035(4) 4038(4) 4358(4) 16(1)
C(12) 8007(4) 3636(4) 5497(3) 15(1)
C(13) 8429(4) 4603(4) 6031(4) 18(1)
C(14) 9374(4) 4180(4) 7065(4) 17(1)
C(15) 9904(4) 2792(4) 7550(3) 17(1)
C(17) 8525(4) 2253(4) 6092(3) 14(1)
C(18) 8058(4) 1193(4) 5623(3) 16(1)
C(20) 8098(4) -1094(4) 5848(4) 17(1)
C(21) 7215(4) -841(4) 4771(4) 19(1)
C(22) 6718(4) 497(4) 4118(4) 19(1)
C(23) 7113(4) 1533(4) 4546(3) 16(1)
C(24) 6525(4) 2972(4) 3892(4) 17(1)
0(27) -292(4) 6729(3) -1758(3) 30(1)
0(28) -1833(3) 7726(3) -325(3) 30(1)
0(29) -2245(4) 5747(3) -374(3) 44(1)
N(26) -1473(4) 6726(3) -814(3) 23(1)
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Bond lengths [A] and angles [°] for [Ag(4.1)(NO3)].

Ag(1)-N(1)

Ag(1)-N(16)#1
Ag(1)-N(19)#1

0(8)-C(7)
0(25)-C(24)
N(1)-C(2)
N(1)-C(6)
N(9)-N(10)
N(9)-C(7)
N(9)-H(9)
N(10)-C(11)
N(16)-C(15)
N(16)-C(17)
N(19)-C(18)
N(19)-C(20)
C(2)-H(2)
C(2)-C(3)
C(3)-H(3)
C(3)-C(4)
C(4)-C(5)
C(4)-C(7)
C(5)-H(5)
C(5)-C(6)
C(6)-H(6)
C(11)-C(12)
C(11)-C(24)
C(12)-C(13)
C(12)-C(17)
C(13)-H(13)
C(13)-C(14)
C(14)-H(14)
C(14)-C(15)
C(15)-H(15)
C(17)-C(18)
C(18)-C(23)
C(20)-H(20)

2.225(3)
2.434(3)
2.314(3)
1.212(4)
1.230(4)
1.336(4)
1.347(5)
1.347(4)
1.386(5)
0.899(10)
1.303(5)
1.331(4)
1.354(4)
1.351(4)
1.336(4)
0.9500
1.387(5)
0.9500
1.396(5)
1.388(5)
1.502(5)
0.9500
1.383(5)
0.9500
1.477(5)
1.487(5)
1.405(5)
1.407(5)
0.9500
1.373(5)
0.9500
1.395(5)
0.9500
1.466(5)
1.414(5)
0.9500

C(20)-C(21)
C(21)-H(21)
C(21)-C(22)
C(22)-H(22)
C(22)-C(23)
C(23)-C(24)
0(27)-N(26)
0(28)-N(26)
0(29)-N(26)

N(1)-Ag(1)-N(16)#1
N(1)-Ag(1)-N(19)#1
N(19)#1-Ag(1)-N(16)#1
C(2)-N(1)-Ag(1)
C(2)-N(1)-C(6)
C(6)-N(1)-Ag(1)
N(10)-N(9)-C(7)
N(10)-N(9)-H(9)
C(7)-N(9)-H(9)
C(11)-N(10)-N(9)
C(15)-N(16)-Ag(1)#2
C(15)-N(16)-C(17)
C(17)-N(16)-Ag(1)#2
C(18)-N(19)-Ag(1)#2
C(20)-N(19)-Ag(1)#2
C(20)-N(19)-C(18)
N(1)-C(2)-H(2)
N(1)-C(2)-C(3)
C(3)-C(2)-H(2)
C(2)-C(3)-H(3)
C(2)-C(3)-C(4)
C(4)-C(3)-H(3)
C(3)-C(4)-C(7)
C(5)-C(4)-C(3)
C(5)-C(4)-C(7)
C(4)-C(5)-H(5)
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1.391(5)
0.9500

1.379(5)
0.9500

1.391(5)
1.480(5)
1.271(4)
1.255(4)
1.236(4)

118.56(10)
163.08(10)
70.24(10)
118.8(2)
117.7(3)
122.8(2)
117.7(3)
121(2)
121(2)
119.0(3)
126.2(2)
118.7(3)
115.0(2)
118.9(2)
122.4(2)
118.7(3)
118.3
123.4(3)
118.3
120.7
118.6(3)
120.7
116.5(3)
118.1(3)
125.4(3)
120.3



C(6)-C(5)-C(4)

C(6)-C(5)-H(5)

N(1)-C(6)-C(5)

N(1)-C(6)-H(6)

C(5)-C(6)-H(6)

0(8)-C(7)-N(9)

0(8)-C(7)-C(4)

N(9)-C(7)-C(4)

N(10)-C(11)-C(12)
N(10)-C(11)-C(24)
C(12)-C(11)-C(24)
C(13)-C(12)-C(11)
C(13)-C(12)-C(17)
C(17)-C(12)-C(11)
C(12)-C(13)-H(13)
C(14)-C(13)-C(12)
C(14)-C(13)-H(13)
C(13)-C(14)-H(14)
C(13)-C(14)-C(15)
C(15)-C(14)-H(14)
N(16)-C(15)-C(14)
N(16)-C(15)-H(15)
C(14)-C(15)-H(15)
N(16)-C(17)-C(12)
N(16)-C(17)-C(18)
C(12)-C(17)-C(18)
N(19)-C(18)-C(17)
N(19)-C(18)-C(23)
C(23)-C(18)-C(17)
N(19)-C(20)-H(20)
N(19)-C(20)-C(21)
C(21)-C(20)-H(20)
C(20)-C(21)-H(21)
C(22)-C(21)-C(20)
C(22)-C(21)-H(21)
C(21)-C(22)-H(22)
C(21)-C(22)-C(23)
C(23)-C(22)-H(22)

119.5(3)
120.3
122.6(3)
118.7
118.7
123.0(3)
122.1(3)
114.8(3)
115.5(3)
124.9(3)
119.6(3)
121.8(3)
117.8(3)
120.3(3)
120.2
119.6(3)
120.2
120.6
118.7(3)
120.6
123.1(3)
118.5
118.5
122.0(3)
117.6(3)
120.5(3)
118.3(3)
120.7(3)
121.0(3)
118.0
124.0(3)
118.0
121.1
117.8(3)
121.1
120.2
119.6(3)
120.2
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C(18)-C(23)-C(24)
C(22)-C(23)-C(18)
C(22)-C(23)-C(24)
0(25)-C(24)-C(11)
0(25)-C(24)-C(23)
C(23)-C(24)-C(11)
0(28)-N(26)-0(27)
0(29)-N(26)-0(27)
0(29)-N(26)-0(28)

120.7(3)
119.2(3)
120.1(3)
122.0(3)
120.3(3)
117.8(3)
119.1(3)
120.5(3)
120.4(4)



Symmetry transformations used to generate equivalent atoms:
#1 x-1,y+1,z-1 #2 x+1,y-1,z+1

Anisotropic displacement parameters (A2x 103) for [Ag(4.1)(NO3)]. The anisotropic

displacement factor exponent takes the form: -2n2[ hZ2a*2ull+ . +2hka* b*
ul2 ]

yll u22 u33 u23 ul3 ul2
Ag(1) 22(1) 19(1) 20(1) -2(1) -12(1) 1(1)
0(8) 30(2) 21(2) 26(2) -5(1) -14(1) -4(1)
0(25) 33(2) 24(2) 23(2) -5(1) -19(1) 2(1)
N(1) 16(2) 16(2) 15(2) -1(1) -6(1) -2(1)
N(9) 19(2) 18(2) 14(2) -1(1) -7(1) 1(1)
N(10) 15(2) 23(2) 13(2) -2(1) -4(1) 0(1)
N(16) 17(2) 17(2) 14(2) -4(1) -6(1) 0(1)
N(19) 17(2) 18(2) 17(2) -6(1) -6(1) 0(1)
C(2) 20(2) 10(2) 18(2) 1(2) -4(2) -1(2)
C(3) 18(2) 18(2) 14(2) -4(2) -3(2) -6(2)
C(4) 12(2) 18(2) 13(2) -2(2) -4(2) -1(2)
C(5) 19(2) 13(2) 16(2) -2(2) -4(2) 4(2)
C(6) 19(2) 16(2) 19(2) -6(2) -4(2) -3(2)
C(7) 18(2) 21(2) 15(2) -6(2) -3(2) -1(2)
C(11) 13(2) 19(2) 16(2) -4(2) -3(2) 1(2)
C(12) 12(2) 20(2) 13(2) -4(2) -1(1) -2(2)
C(13) 18(2) 17(2) 17(2) 1(2) -2(2) -3(2)
C(14) 15(2) 17(2) 20(2) -6(2) -3(2) -3(2)
C(15) 15(2) 23(2) 10(2) -1(2) -4(2) -2(2)
C(17) 8(2) 19(2) 13(2) -4(2) -4(1) 2(2)
C(18) 14(2) 19(2) 14(2) -6(2) 1(2) -2(2)
C(20) 18(2) 13(2) 20(2) -5(2) -3(2) 0(2)
C(21) 16(2) 22(2) 21(2) -9(2) -3(2) -4(2)
C(22) 17(2) 26(2) 14(2) -5(2) -4(2) -2(2)
C(23) 15(2) 21(2) 13(2) -3(2) -7(2) 0(2)
C(24) 16(2) 19(2) 14(2) -3(2) -3(2) 0(2)
0(27) 37(2) 26(2) 28(2) -6(1) -12(1) -3(1)
0(28) 35(2) 26(2) 34(2) -15(1) -6(1) -6(1)
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0(29)  49(2)
N(26)  33(2)

20(2)
13(2)

63(2) -6(2) -6(2)
26(2) -3(2) -14(2)

-16(2)

-3(2)

Hydrogen coordinates ( x 104) and isotropic displacement parameters (A2x 10 3)

for [Ag(4.1)(NO3)].

X y z U(eq)

H(2) 2293 10376 -502 21

H(3) 4033 9625 1152 19

H(5) 4159 5782 901 20

H(6) 2284 6630 -640 21

H(13) 8062 5544 5679 22

H(14) 9662 4820 7442 20

H(15) 10599 2506 8238 20

H(20) 8414 -2015 6316 20

H(21) 6964 -1566 4494 22

H(22) 6109 709 3380 23

H(9) 5520(40) 5210(30) 2420(30) 20(11)

Torsion angles [°] for [Ag(4.1)(NO3s)].
Ag(1)-N(1)-C(2)-C(3) 169.6(3) N(10)-N(9)-C(7)-C(4) -174.9(3)
Ag(1)-N(1)-C(6)-C(5) -171.6(3) N(10)-C(11)-C(12)-C(13) 3.0(5)
Ag(1)#2-N(16)-C(15)-C(14) -173.8(3) N(10)-C(11)-C(12)-C(17) -177.8(3)
Ag(1)#2-N(16)-C(17)-C(12) 177.7(3) N(10)-C(11)-C(24)-0(25) -3.0(6)
Ag(1)#2-N(16)-C(17)-C(18) -3.3(4) N(10)-C(11)-C(24)-C(23) 177.5(3)
Ag(1)#2-N(19)-C(18)-C(17) -2.2(4) N(16)-C(17)-C(18)-N(19) 3.7(5)
Ag(1)#2-N(19)-C(18)-C(23) 179.1(3) N(16)-C(17)-C(18)-C(23) -177.6(3)
Ag(1)#2-N(19)-C(20)-C(21) -176.9(3) N(19)-C(18)-C(23)-C(22) -2.3(5)
N(1)-C(2)-C(3)-C(4) 2.0(5) N(19)-C(18)-C(23)-C(24) 176.8(3)
N(9)-N(10)-C(11)-C(12) 179.3(3) N(19)-C(20)-C(21)-C(22) -1.8(6)
N(9)-N(10)-C(11)-C(24) -1.9(5) C(2)-N(1)-C(6)-C(5) -0.8(5)
N(10)-N(9)-C(7)-0(8) 1.2(5) C(2)-C(3)-C(4)-C(5) -0.2(5)

252



C(2)-C(3)-C(4)-C(7)
C(3)-C(4)-C(5)-C(6)
C(3)-C(4)-C(7)-0(8)
C(3)-C(4)-C(7)-N(9)
C(4)-C(5)-C(6)-N(1)
C(5)-C(4)-C(7)-0(8)
C(5)-C(4)-C(7)-N(9)
C(6)-N(1)-C(2)-C(3)
C(7)-N(9)-N(10)-C(11)
C(7)-C(4)-C(5)-C(6)
C(11)-C(12)-C(13)-C(14)
C(11)-C(12)-C(17)-N(16)
C(11)-C(12)-C(17)-C(18)
C(12)-C(11)-C(24)-0(25)
C(12)-C(11)-C(24)-C(23)
C(12)-C(13)-C(14)-C(15)
C(12)-C(17)-C(18)-N(19)
C(12)-C(17)-C(18)-C(23)
C(13)-C(12)-C(17)-N(16)
C(13)-C(12)-C(17)-C(18)
C(13)-C(14)-C(15)-N(16)
C(15)-N(16)-C(17)-C(12)
C(15)-N(16)-C(17)-C(18)
C(17)-N(16)-C(15)-C(14)
C(17)-C(12)-C(13)-C(14)
C(17)-C(18)-C(23)-C(22)
C(17)-C(18)-C(23)-C(24)
C(18)-N(19)-C(20)-C(21)
C(18)-C(23)-C(24)-0(25)
C(18)-C(23)-C(24)-C(11)
C(20)-N(19)-C(18)-C(17)
C(20)-N(19)-C(18)-C(23)
C(20)-C(21)-C(22)-C(23)
C(21)-C(22)-C(23)-C(18)
C(21)-C(22)-C(23)-C(24)
C(22)-C(23)-C(24)-0(25)
C(22)-C(23)-C(24)-C(11)
C(24)-C(11)-C(12)-C(13)

-178.1(3)

-2.0(5)
-1.9(5)
174.1(3)
2.6(6)

-179.7(4)

-3.6(5)
-1.5(5)
178.1(3)
175.7(3)

-178.1(3)

176.8(3)
-2.2(5)
175.7(3)
-3.8(5)
0.6(5)

-177.3(3)

1.4(5)
-3.9(5)
177.1(3)
-2.8(5)
1.9(5)

-179.1(3)

1.6(5)
2.6(5)
179.0(3)
-1.9(5)
1.2(5)

-176.4(3)

3.1(5)
179.6(3)
0.9(5)
0.2(5)
1.7(5)

-177.4(3)

2.6(6)

-177.8(3)
-175.8(3)
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C(24)-C(11)-C(12)-Cc(17)

3.4(5)



Symmetry transformations used to generate equivalent atoms:
#1 x-1,y+1,z-1 #2 x+1,y-1,z+1

Hydrogen bonds for [Ag(4.1)(NO3)] [A and °].

D-H...A d(D-H) d(H...A) d(D...A) <(DHA)
C(2)-H(2)...0(28)#3 0.95 2.32 3.090(5) 138
C(6)-H(6)...0(29)#4 0.95 2.39 3.053(5) 127
C(20)-H(20)...0(27)#2  0.95 2.38 3.159(5) 139
C(21)-H(21)...0(8)#5 0.95 2.39 3.192(4) 142

Symmetry transformations used to generate equivalent atoms:
#1 x-1,y+1,z-1 #2 x+1,y-1,z+1 #3 -x,-y+2,-z

#4 -x,-y+1,-z #5x,y-1,z

4.3a.2CHCls

Crystal data

C24H14N602-2(CHCl3) F(000) = 664

M, =657.15 Dx=1.604 Mg m?3

Monoclinic, P21/c Mo Ko radiation, A = 0.71073 A

a =5.9406 (7) A Cell parameters from 5155 reflections
b=18.856(2) A 0=27-26.1°

c=12.2375(16) A p=0.67 mm?

B =96.863 (4)° T=150K

V=1361.0 (3) A3 Lath, red

Z=2 0.43 x 0.05 x 0.04 mm

Data collection
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Bruker-Nonius X8APEX-Il CCD

diffractometer

Radiation source: fine-focus sealed-

tube
Detector resolution: 9.1 pixels mm™

thin—slice w and ¢ scans

Absorption correction: multi-scan
SADABS v2012/1, Sheldrick, G.M.,
(2012)

Tmin = 0.657, Tmax =0.745

18529 measured reflections

Refinement

Refinement on F2

Least-squares matrix: full

R[F? > 20(F?)] = 0.044

wR(F?) = 0.111

$=1.02

2732 reflections
184 parameters

0 restraints

Special details

2732 independent reflections

2068 reflections with /> 2B(/)

Rint = 0.045

emax = 26.20, emin = 2.7o

h=-5>7
k=-23523
I=-15>14

Primary atom site location: dual

Secondary atom site location:

difference Fourier map
Hydrogen site location: mixed

H atoms treated by a mixture of
independent and constrained

refinement

w = 1/[0%(Fo?) + (0.0444P)? + 1.8407P]
where P = (Fo? + 2F?)/3

(A/G)max = 0.001
A)max = 0.87 e A3

A)min = -0.59 e A3
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Geometry. All esds (except the esd in the dihedral angle between two |.s. planes)
are estimated using the full covariance matrix. The cell esds are taken into
account individually in the estimation of esds in distances, angles and torsion
angles; correlations between esds in cell parameters are only used when they
are defined by crystal symmetry. An approximate (isotropic) treatment of cell

esds is used for estimating esds involving l.s. planes.

Fractional atomic coordinates and isotropic or equivalent isotropic displacement

parameters (A2) for 4.3a.2CHCl3

X y z Uiso®/Ueq

N1 0.3174 (4) 0.63628 (11)  0.66898 (18)  0.0216 (5)
c1 0.3648 (5) 0.69741 (14)  0.6234(2) 0.0240 (6)
H1 0.269904 0.736919 0.632910 0.029*

c2 0.5456 (5) 0.70706 (14)  0.5623 (2) 0.0255 (6)
H2 0.572645 0.752054 0.531450 0.031*

3 0.6846 (4) 0.65044 (14)  0.5473 (2) 0.0219 (6)
H3 0.810516 0.656051 0.507047 0.026*

C4 0.6383 (4) 0.58421 (13)  0.5923(2) 0.0174 (5)
s 0.7702 (4) 0.52078 (13)  0.5757 (2) 0.0177 (5)
N2 0.9396 (3) 0.52817 (11)  0.50912 (17)  0.0195 (5)
6 0.7175 (4) 0.45623 (14) 0.6231(2) 0.0195 (5)
01 0.8303 (3) 0.39726 (10)  0.61010(16)  0.0246 (4)
H1A 0.937 (6) 0.4088 (17)  0.569 (3) 0.037*

c7 0.5313 (4) 0.45226 (13)  0.6889 (2) 0.0191 (5)
cs 0.4726 (5) 0.38783 (14)  0.7366 (2) 0.0239 (6)
H8 0.554738 0.345644 0.726050 0.029*

o) 0.2948 (5) 0.38714 (15)  0.7985 (2) 0.0274 (6)
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H9

C10

H10

N3

C11

C12

Cc21

H21

Cl1

Cl2

CI3

0.251833
0.1781 (5)
0.057433
0.2257 (4)
0.4006 (4)
0.4522 (4)
0.0382 (5)

0.087592

-0.23375 (13)

0.03861 (18)

0.23081 (12)

0.344474
0.45015 (15)
0.449191
0.51143 (12)
0.51294 (13)
0.58002 (13)
0.64497 (15)
0.621547
0.61485 (6)
0.73803 (4)

0.62261 (4)

Atomic displacement parameters (A2) for 4.3a.2CHCl3

N1

C1

c2

C3

ca

C5

N2

lel

0.0234
(11)

0.0290
(14)

0.0330
(15)

0.0231
(13)

0.0192
(13)

0.0158
(12)

0.0180

L/ZZ

0.0211
(12)

0.0208
(15)

0.0159
(13)

0.0216
(14)

0.0169
(13)

0.0196
(13)

0.0213

L/33

0.0208
(12)

0.0229
(14)

0.0279
(15)

0.0219
(14)

0.0160
(12)

0.0169
(13)

0.0193
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0.831710 0.033*
0.8118 (2) 0.0253 (6)
0.856178 0.030*
0.76615 (18)  0.0224 (5)
0.7050 (2) 0.0182 (5)
0.6541 (2) 0.0185 (5)
0.8784 (2) 0.0271 (6)
0.811921 0.032*
0.89683(7)  0.0493 (3)
0.85952 (7)  0.0508 (3)
0.99506 (6)  0.0333(2)
leZ leS L/23
0.0047 (9) 0.0050 (9) -0.0007
(9)
0.0070  0.0065  -0.0003
(11) (11) (11)
0.0000  0.0054  0.0012
(11) (12) (11)
-0.0011  0.0064  -0.0016
(11) (11) (11)
0.0001  0.0008  -0.0016
(10) (10) (10)
0.0011  -0.0011  -0.0021
(10) (10) (10)

0.0023 (8) 0.0020 (9) -0.0036



Ccé

01

c7

C8

C9

C10

N3

C11

C12

Cc21

cin

Cl2

Cl3

Geometric parameters (A, 2) for 4.3a.2CHCls

(11)
0.0192
(13)
0.0258
(10)
0.0212
(13)
0.0277
(14)
0.0319
(15)
0.0244
(14)
0.0235
(11)
0.0207
(13)
0.0199
(13)

0.0290
(15)

0.0258 (4) 0.0875 (7) 0.0346 (5)

0.0818 (7) 0.0295 (4) 0.0438 (5)

0.0273 (4) 0.0379 (4) 0.0339 (4)

(11)
0.0203
(14)
0.0197
(10)
0.0203
(13)
0.0199
(14)
0.0274
(15)
0.0290
(15)
0.0250
(12)
0.0198
(13)
0.0196
(13)

0.0290
(16)

(11)

0.0180
(13)

0.0293
(11)

0.0151
(13)

0.0236
(14)

0.0230
(14)

0.0236
(14)

0.0190
(11)

0.0141
(12)

0.0156
(13)

0.0242
(15)
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0.0023
(10)

0.0053 (8)

0.0003
(10)

0.0023
(11)
-0.0046
(12)
-0.0027
(11)
-0.0009
(9)

0.0010
(10)
0.0008
(10)
0.0014
(12)
-0.0121
(4)

0.0156 (4)
-0.0051
(3)

-0.0011
(10)

0.0072 (8)

-0.0007
(10)

0.0004
(11)

0.0036
(12)

0.0077
(11)

0.0039 (9)

0.0016
(10)

0.0008
(10)

0.0077
(12)

0.0037 (3)

0.0196 (5)

0.0008 (3)

(9)
-0.0020
(10)

0.0007 (8)

0.0007
(10)

0.0027
(11)

0.0063
(12)

0.0032
(12)

0.0005 (9)

-0.0020
(10)

-0.0015
(10)

-0.0021
(12)

-0.0095
(4)
0.0009 (4)

0.0002 (3)



N1—C1
N1—C12
c1—C2
Cl1—H1
c2—C3
C2—H2
C3—C4
C3—H3
C4—C12
C4—C5
C5—N2
C5—C6
N2—N2'
C6—01

c6—C7

C1—N1-—-C12
N1—C1—C2
N1—Cl1—H1
C2—Cl1—H1
c3—C2—C1
C3—C2—H2
C1—C2—H2
C2—C3—-C4

C2—C3—H3

1.326 (3)
1.355 (3)
1.392 (4)
0.9500

1.375 (4)
0.9500

1.405 (4)
0.9500

1.414 (3)
1.457 (3)
1.376 (3)
1.400 (4)
1.316 (4)
1.318 (3)

1.446 (4)

117.7 (2)
123.8 (2)
118.1
118.1
118.9 (3)
120.5
120.5
119.3 (2)

120.3

O1—H1A

c7—C11

C7—C8

c8—C9

C8—H8

C9—C10

C9—H9

C10—N3

C10—H10

N3—C11

C11—C12

c21—Cl1

C21—CI2

C21—CI3

C21—H21

C8—C7—C6

C9—C8—C7

C9—C8—H8

C7—C8—H8

C8—C9—C10

C8—C9—H9

C10—C9—H9

N3—C10—C9

N3—C10—H10
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0.88 (3)

1.409 (4)
1.409 (4)
1.371 (4)
0.9500

1.395 (4)
0.9500

1.328 (3)
0.9500

1.352 (3)
1.459 (4)
1.752 (3)
1.770 (3)
1.771 (3)

1.0000

121.2 (2)
118.8 (2)
120.6
120.6
118.9 (3)
120.6
120.6
123.9 (2)

118.0



C4—C3—H3
C3—C4—C12
C3—C4—C5
C12—C4—C5
N2—C5—C6
N2—C5—C4
C6—C5—C4
N2'—N2—C5
01—-C6—C5
01—-C6—C7
C5—C6—C7
C6—01—HI1A
C11—-C7—C8
C11—C7—C6

Symmetry code

120.3
117.4 (2)
122.8 (2)
119.8 (2)
123.3 (2)
116.3 (2)
120.4 (2)
118.1 (3)
122.8 (2)
117.2 (2)
120.0 (2)
106 (2)
118.3 (2)

120.4 (2)

2 (i) -x+2, -y+1, -z+1.

C9—C10—H10

C10—N3—C11

N3—C11—C7

N3—C11—C12

C7—C11—-C12

N1—C12—C4

N1—C12—C1l1

C4—Cl12—C11

Cl1—C21—Cl2

Cl1—C21—CI3

Cl2—C21—CI3

Cl1—C21—H21

Cl2—C21—H21

CI3—C21—H21

Hydrogen-bond geometry (A, 2) for 4.3a.2CHCls

D—H-A
01—H1A--N2!
C21—H21-+N1

C21—H21--N3

Symmetry code

D—H H--A
0.88 (3) 1.74 (3)
1.00 2.36
1.00 2.33

(i) x+2, -y+1, -z+1.

DA

2.540 (3)
3.219 (3)

3.136 (4)
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118.0
117.9 (2)
122.2 (2)
118.0 (2)
119.8 (2)
122.7 (2)
117.6 (2)
119.6 (2)
110.73 (16)
109.64 (15)
109.29 (16)
109.1
109.1

109.1



'H NMR Spectral Data from Stability Testing of 4.2a1, 4.2a1, 4.2al

4.2al d6-DMSO solution 1 week
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4.2a3 d6-DMSO solution 72 hour

i

=
_—

4.2a3 d6-DMSO solution 48 hour

4.2a3 d6-DMSO solution 24 hour
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