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Progressing the synthesis, coordination chemistry and biological evaluation of phenanthrolines

Abstract

The work described in this thesis concerns: (i) the synthesis and characterisation of
ternary 1,10-phenenthroline/dicarboxylate Ag(l), Cu(ll) and Mn(11) complexes and their
in vitro/in vivo antifungal, antibacterial and antineoplastic capabilities; (ii) the
development of a novel, high yielding, rapid and chromatography-free synthetic protocol
for the formation of families of existing and new imidazo-phenanthroline ligands that
allow for the modular assembly and covalent inclusion of an ensemble of varied
functional groups and cellular targeting molecules; (iii) the synthesis of Cu(ll) complexes
incorporating these imidazo-phenanthroline ligands and their assessment as artificial
mellonucleases; (iv) the synthesis of phenanthroline-oxazine (phenoxazine) ligands via
an unusual cyclisation reaction with 1,10-phenanthroline-5,6-dione and specific aromatic
amino acid esters; (v) the synthesis of a novel imidazo-pheanthroline-folic acid-appended
ligand and its corresponding metal complexes with the view to selectively target folate

receptor expressing cancer cells and activated macrophages.

A selection of complexes were screened, in vitro, for growth inhibition activity against a
range of fungal and bacterial pathogens and were found to have broad spectrum activity.
The most active complexes were then tested, in vivo, for cytotoxicity and antifungal
activity using the Galleria mellonella insect model. Healthy G. mellonella larvae
appeared to be unaffected by the complexes at concentrations up to 500 pg/cm?. The most
active  complex,  [Mna(n1n1p2-oda)(phen)s(H20)2][Mna(n1n1p2-oda)(phen)a(n1-
oda)2].4H.0 (13), increased the survival rate of larvae administered with a lethal dose of
C. albicans and was much more efficacious than the clinically used antifungal drug,

ketoconazole.

Against two different Mycobacterium tuberculosis strains, the Mn(ll) complexes
exhibited potent antimycobacterial activity, with 13 being 3-fold more active than the
prescription drug, isoniazid. This Mn(Il) complex was also highly cytotoxic towards other
bacterial cells. The Cu(ll) bis-imidazo-phenanthroline complexes proved to be effective
nuclease mimetic agents. In particular, a heteronuclear, ferrocene-appended imidazo-
phenanthroline Cu(ll) complex, displayed potent DNA scission activity and retained this
activity in the presence of a large excess of the powerful metal ion sequestrant, EDTA.
Cu(I)-based complexes were generally the most effective anticancer agents (in vitro),
and [Cuz(oda)(phen)s](Cl0O4)..2.76H20.EtOH (14) was particularly cytotoxic towards the
cancerous A549 alveolar cell line.
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Symbols and Abbreviations

Lefr (B.M.)
Av

Mg

pl

Y
1,10-phen
3,6,9-tddaH:
5FC

A

A

acacH
AIDS
AMB
AMR
ApG
ApXpG
ATCC
ATP
bdoaH:
bipy

BLM

wavenumber (cm™)

effective magnetic moment (Bohr magneton)
wavenumber separation in cm*

Micro gram

Micro litre

Micromolar

1,10-phenanthroline
3,6,9-trioxaundecandioic acid

Flucytosine

adenine

Angstrom (1071° m)

acetylacetone

acquired immune deficiency syndrome
amphotericin B

antimicrobial resistance
adenine-cisplatin-guanine 1,2-intrastrand adduct
adenine-cisplatin-any base-cisplatin-guanine intrastrand adduct
American Type Culture Collection
adeninetriphosphate
benzene-1,2-dioxyacetic acid

bipyridine

bloemycin

Xiv
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bttn

C

ca.
CAN
carboplatin
CAT
CBM
CDC
CF

CFG
cisplatin
CcVv
DEPT
DMF
dmphen
dmphendio
DMSO
DNA
dppn
dppz
dpqg
ECso

EDTA

7a,12c-(2,2'-bipyridin-3,3'-diyl)-1,2,7a,12c-tetrahydro-7H,8H-
2a,7,8,12b-tetraazacyclopenta(fg)tetracene ethanol (1:1)
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Chapter 1 Aims, structure and general introduction to the thesis

1.1 Aims of this project

One major objective of the work was to expand the range of ternary 1,10-
phenanthroline/dicarboxylate metal complexes by synthesising novel analogues and to
overcome previous water-solubility issues, inherent with certain metal phenanthroline
complexes, via the coordination of hydrophilic dicarboxylates. The in vitro/in vivo
antimicrobial and antineoplastic capabilities of the phenanthroline ligands and their metal

complexes were then to be investigated.

A second major objective was to attempt to develop a more facile method of preparing
phenanthroline derivatives, with particular emphasis on incorporating biologically
relevant and targeting functional groups onto the backbone of the chelate ligand. The
new phenanthrolines would be coordinated to transition metals and their bioactivity

probed.

Thirdly, the scope of phenoxazine synthesis and concomitant coordination chemistry
would be expanded beyond the first known example which was prepared by reacting 1,10-
phenanthroline-5,6-dione with the methyl ester of L-tyrosine. The same synthetic

protocol would be employed using related amino acids.

The fourth and final goal was to synthesise an imidazo-pheanthroline-folic acid-appended
ligand and its corresponding Cu(ll) and Mn(ll) complexes. The intention would be to
selectively target folate receptor expressing cancer cells and also activated macrophages

which act as reservoirs for Mycobacterium tuberculosis bacteria.

1.2 Layout/structure of the thesis

This thesis has been structured with a brief introduction in Chapter 1 to the history of
metal complexes with particular emphasis on those containing nitrogen-substituted
phenanthrene-based ligands and their broad-spectrum of applications focusing primarily
on their medicinal properties. Each subsequent Chapter contains a very detailed
introduction and explanation to the area of interest in that particular chapter. Detailed,
relevant background information on the topic in question is given so as to familiarise the
reader with the many and varied terms referred to throughout the thesis. A general review

of previous relevant work carried out in our laboratory has been outlined to allow the
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reader to gain an insight into the background of this research and any previous successes

that have directed the current work.

Chapters 3, 4 and 5 are divided into the three main topics of antifungal, antibacterial and
anticancer activities of the complexes of interest. Chapter 5 also explores the artificial
metallonuclease capabilities that is inherently linked to the anticancer activities of the
metal complexes. Finally, the various ligands used in the complexation reactions are
highlighted in order to acquaint the reader with the types of metal complexes each one
forms. Inaddition, any previously reported biological activity associated with each ligand

or complex is also summarised for comparison were necessary.
1.3 Introduction

Metals are ubiquitous in natural and many play a vital role within living organisms, due
in part to their redox capabilities and formation of positively charged ions which facilitate
solubility in biological fluids.! The electron deficient cationic form of metals is of vital
importance to their biological role, being strongly attracted to the numerous biological
molecules such as proteins and DNA which are often electron rich and/or negatively
charged, resulting in metal ions interacting with/binding to these biological molecules.?
Considering the wide range of interaction capabilities of metals in biology, it is only
logical that natural evolution has incorporated metals to such a large extent into essential

biological functions such as oxygen transport and electron shuttling.>

Man has known and utilised various metals for medicinal purposes for almost 5000
years.>* The sterilization of water was achieved by the Egyptians through the use of
copper (circa 3000 BC) and gold was applied to limited effect in various remedies almost
3500 years ago in China and Arabia.> Around 1500 BC in Egypt iron was used in a
variety of medicines and at approximately the same time zinc was found to aid in wound
healing.! It could be argued though, that the rational design, development and medicinal
deployment of inorganic compounds started in the 1900s. At this time the German
physician Robert Koch discovered that a gold complex, K[Au(CN)2], was bacteriostatic
towards Mycobacterium tuberculosis bacteria, the causative agents of tuberculosis.t In
addition around this time various antimony compounds were being utilised for the
treatment of the protozoan disease leishmaniasis.! Furthermore in 1929, the French
physician Jacques Forestier reported that gold complexes (sodium aurothiopropanol
sulfonate) had anti-arthritic activity and represented a possible treatment for rheumatic
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arthritis, since that time gold complexes have proven effective treatments for a variety of

other rheumatic diseases.’

In the early 1900°s (1907 - 1910) Dr. Paul Ehrlich devised the concept of high throughput
biological screening of numerous compounds in order to elucidate any agents with
antimicrobial activity and from this, that a lead compound with selective toxicity towards
a pathogen and not the host could be identified.® Importantly he theorised that any lead
compounds from initial screening could be developed and optimised via rational
systematic chemical modification using a structure activity relationship (SAR) model.*
He referred to these selectively toxic agents or “drugs” as a "magic bullet” and as a
consequence formed the basis for nearly all modern pharmaceutical research, hence
appropriately he is referred to as the father/founder of chemotherapy.® Utilising this
method in 1909 he and his colleague Dr. Sahachiro Hata developed the first inorganic
compound Arsphenamine (first synthesised in 1907, also known as Salvarsan or Ehrlich
606, Figure 1.1) as a highly effective treatment for syphilis.®*®

(A)
OH
H,N As_ /@
2 :@/ SAs NH,
HO
Arsphenamine (Salvarsan)
(B) ©)
H
NH,
As
HoN As—A
:©/ As As
HO OH
NH,
Arsphenamine (Salvarsan) Arsphenamine (Salvarsan)
(Trimer As; ring structure) (Pentamer Ass ring structure)

Fig. 1.1: (A) Previously accepted structure of Salvarsan. Recent published ESI mass spectral data suggests

actual structure is a mixture of trimer (B) and pentamer (C) structures.”
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This was the first example of a medicinal agent created on the basis of rational theoretical
considerations which had a specific therapeutic effect. Ehrlich’s ideas have become
fundamental concepts of medicinal chemistry, which are often predominately associated
with organic molecules but it is interesting to note that the first structure activity

relationship was developed from a medicinal inorganic molecule, Salvarsan.

In 1965, the physicist Dr. Barnett Rosenberg et al discovered that a soluble platinum
complex was generated during the electrolysis of platinum electrodes.** This platinum
complex was later found to be cis-diamminedichloroplatinum(Il) (Cisplatin, Figure 1.2)
and Rosenberg further noted that this soluble platinum complex affected the growth of
Escherichia coli bacteria; although their growth continued resulting in long filaments of
bacteria, crucially their cell division had been arrested.!!  That complex Ccis-
diamminedichloroplatinum(ll) (Cisplatin) had previously first been synthesised by
Michele Peyrone in 1845 (Peyrone’s salt) and later its structure was deduced by Alfred
Werner in 1893 as part of his work that would earn him a noble prize in 1913.2 Following
this discovery Rosenberg and some new collaborators decided to test cisplatin (cis-
[PtCI2(NHs)2]) against certain cancer cell types and found that cis-[PtCl2(NHs)2] was
highly effective at reducing the tumour volume of sarcomas in rats.*®* This ultimately lead
to cisplatin entering clinical trials as an antineoplastic agent in 1971, eventually being
approved for human use and introduced into clinical practise in 1978.1* It has since been
employed in the treatment of various solid neoplastic malignancies including sarcomas
and carcinomas such as small cell lung cancer, testicular, ovarian, cervical, endometrial,
bladder, head and neck, gastroesophageal and germ cell cancers/tumours.***> It has
proven highly effective against testicular cancer in combination with other agents such as

bleomycin with cure rates up to 85%.6

Cisplatin was the first platinum based solid tumour treatment and it is still extensively
utilised, being a major component in first, second and third line treatment regimens for
the aforementioned cancer types.!” Cisplatin forms intrastrand (1,2-GG and 1,3-GTG)
and interstrand (1,2-GpC) crosslinks with DNA leading to apoptosis and a cytotoxic
effect.®® Unfortunately it is poorly cell selective and hence the dosage and efficacy of
cisplatin are often limited by its side effects on normal cells/tissue; the most prominent
of which being nephrotoxicity.’® Numerous other derivatives of cisplatin have been
synthesised over the many years since its discovery in an effort to ameliorate its dose

limiting side effects (nephrotoxicity), improve its oral applicability (cisplatin itself is
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administered intravenously) and consequently improve its efficacy. In addition to
cisplatin, three of these 2" generation platinum based anti-cancer agents (Figure 1.2
Group 1: carboplatin, oxaliplatin and nedaplatin) are currently clinically available for the
treatment of various cancers, whilst others are currently undergoing development or in

various stages of clinical phase trials (Figure 1.2, Group 2).%°

'Groupl
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Fig. 1.2: Groupl shows the structure of cisplatin and some examples of the 2" generation of approved
platinum based anticancer drugs. Group 2 shows the structure of new platinum based agents which are
currently undergoing development or in various stages of clinical phase trials. Satraplatin is the only Pt(1V)

complex shown,9-20

It should also be mentioned that Satraplatin (Figure 1.2, Group 2) is a Pt(IV) based
complex unlike that of cisplatin or the other analogues and was designed to be the first
orally active platinum-based chemotherapeutic drug, in contrast to cisplatin, carboplatin,
oxaliplatin and nedaplatin which are administered intravenously.’® Satraplatin was
designed to be metabolized resulting in the loss of its acetate groups (becoming a Pt(11)

complex) and then consequently be structurally similar to cisplatin except for replacement

—
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of one of the amine groups with a cyclohexylamine group.*® The proposed mode of action
of cisplatin (its derivatives function similarly) as mentioned earlier is via DNA
intrastrand/interstrand adduct formation and it is kown that cisplatin can be deactivated
by the action of by L-glutathione (Figure 1.3).%°

(A) o) (B)
o l\a
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» A > \....
"""><€- L l iy
l e | °~T'~$
:Fﬂzﬁ :;:}’:
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--%ﬁ::.. %‘jﬁ
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(©)

0.
09,04
"""’NH/Z \O

Fig. 1.3: (A) Simplified biological processing of cisplatin inside cells showing (blue) drug aquation, (red)
DNA binding through the N7 of guanine and (green) deactivation and degradation by the tripeptide L-
glutathione. Charges have been omitted for charity.?® (B) Crystal structure at 2.6 A resolution of the
intrastrand crosslink between cisplatin and the N7 atoms of adjacent guanines.?* (C) Examples of 1,2-
intrastrand adducts formed between DNA and cisplatin (left) and oxaliplatin (right), and an illustration of

the numerous types of possible adduct formations (right).??

The clinical success of the platinum(ll) drugs is immense, as they are among the most
effective anticancer cytotoxins available and are currently utilised in 50% of all treatment

regimes for solid tumours. This constitutes the most impressive contribution to the use

—
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of metals in modern cancer chemotherapy but issues still remain. Platinum(Il) drugs have
severe side-effects, such as dose-limiting toxicity (nephrotoxicity), resistance to
apoptosis, poor cancer cell selectivity and high mutagenicity, all of which are impeding

factors in the abrogation of human cancer.?

The rigid, planar, aromatic and hydrophobic phenanthrene molecule (Figure 1.4) is highly
conserved in nature being widely distributed and forming the parent structure or backbone
of numerous natural and semi-synthetic alkaloids and opiates, including ascididemin,
morphine, codeine and naloxone.?* There are numerous other heteroaromatic derivatives
of phenanthrene, one noteworthy molecule is 1,10-phenanthroline (1,10-phen, (1) Figure
1.4) which in addition to the aforementioned characteristics of planarity and
hydrophobicity is also able to efficiently chelate numerous metals resulting in inorganic
complexes such as [M(phen)(H20)4]™, [M(phen)2(H20)2]™ and [M(phen)s]™*.%
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Fig. 1.4: Molecular structure of Phenanthrene, its many known and novel derivatives and also the chelating

ligand 2,2-bipyridine. Novel molecules detailed later in this thesis are highlighted in blue.
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In addition, the quinone derivatives especially that of 1,10-phenanthroline-5,6-dione
(phendione, (2) Figure 1.4) are of particular interest, as although they have lost the
aromaticity of their central ring, they still retain their rigidity, planarity and
lipophilicity/hydrophobicity whilst also having a redox active O,0'-quinonoid moiety.
Metal complexes of phenanthrene derivatives such as 1,10-phen (1) and phendione (2)
which contain an N,N'-diimine chelation moiety have been extensively reported in the
literature and have demonstrated significant potential as broad-spectrum cytotoxic agents
towards diseases and infections manifested by cancer, viruses, bacteria and fungi.?*?

Over 60 years ago, in 1952 Dr. Francis P. Dwyer and his co-workers published what
became a landmark study on the biological activity of transition metal polypyridyl
complexes, the most active of which were tris-1,10-phenanthroline and bis-1,10-
phenanthroline metal complexes (Figure 1.5).?” These complexes exhibited diverse
biological activities, including toxicity in mice, inhibition of the enzyme
acetylchlolinesterase, antiviral activities (in vitro/ in vivo activity against Herpes simplex,
Vacinia, Polio and Adeno viruses), bacteriostatic/bacteriocidal activity against

Escherichia coli and Staphyloccus haemolyticus and in vivo anticancer activity.2’-8

(€29}

™M = Co(l1l) and Ru(ll)
R = H. Methyl, Ethyl, Phenyl

»)
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Fig. 1.5: (A) Graphical overview of results obtained by Dwyer, Shulman et al utilising 1,10-phenanthroline

metal complexes. (B) Structure of their most active Cu(ll) and Ru(Il) 1,10-phen complexes.

Dwyer and his co-workers studied and evaluated these polypyridyl transition metal
complexes frequently as chemically, redox, and configurationally stable ruthenium(ll)

complexes.?’

Furthermore Dwyer, Shulman and others noted that the choice of ligand determines many
pharmacological properties, as the binding of hydrophobic complexes to biomolecular
entities is entropically favoured (dehydration processes) and that the higher complex
cation lipophilicity increases the penetration of complexes through biological
membranes.?” In particular the antibacterial activity of 1,10-phen complexes was found
to increase with increasing hydrophobicity of the methyl-, ethyl-, and phenylated
derivatives of 1,10-phen such as 3,4,7,8-tetramethyl-1,10-phenanthroline (3,4,7,8-
Mesphen) (Figure 1.5 (B)).2” 2° In addition, complexes such as [Cu(3,4,7,8-
Mesphen)s]Cl. and [Ru(3,4,7,8-Measphen)s]Cl. (Figure 1.5 (B)) displayed remarkable in
vivo anticancer activity against Landshutz ascites tumour cells xenografted into the
peritoneal cavity in mice.*® The potency/efficacy of these complexes (in a similar manner
as that observed for their antibacterial and antiviral activities) correlated with increasing
hydrophobicity of the ligands and decreasing stability of the metal complex.?’3* The
copper(ll) complex [Cu(3,4,7,8-Mesphen)z]Cl, displayed the greatest in vivo
antitumoural activity, a single 5mg/kg intraperitoneal dose of which was sufficient to halt
tumour growth in mice.?”-3% In an effort to elucidate the mode of action of these cytotoxic
tris-1,10-phenanthroline metal complexes, Dwyer, Shulman and Mayhew incubated cells
with [Ru(3,4,7,8-Mesphen)s]Cl, and observed the localisation of this complex using
fluorescence microscopy.®! The metal complex localised within the mitochondria and
also the nucleus, suggesting that respiratory depression (which had been observed
previously for virus infected cell lines treated with similar complexes) and reduction of

mitochondrial oxidation as possible modes of action.?” 3t

The extraordinary stability of phosphodiester bonds is implicated in the preservation of
genetic information with estimated half-lives of 200 x 10° and 800 years for DNA and
RNA respectively (extrapolated from physiological stability data).>> Despite the
remarkable stability of nucleic acids, they can undergo facile cleavage (within minutes)
in the presence of highly specialised protein based enzymes.® A nuclease is an enzyme

capable of cleaving the phosphodisester bonds between the nucleotide subunits of nucleic

( ]
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acids (see Chapter 5, section 5.3 for a more detailed discussion).®® The first artificial
nuclease was described by Sigman et al in 1979, which was a bis(1,10-phenanthroline)

copper(l) complex, [Cu(phen)2]?* (Figure 1.6).3*

— —/ 2+
(A)
1,10-phenanthroline
(Phen)
(B)
(> OH"
oL H,O,
o~ _ ne+ -
! =N .-"N‘ > N -= -_-
s CU—nZ S Scission
/’e—_\
Cu(ll) Cu((h)

DNA

Fig. 1.6: (A) Molecular structure of 1,10-phenanthroline (phen) and the first artificial small molecule
metallonuclease, [Cu(phen),]?*. Schematic representation of ROS generation and DNA scission by the first

known synthetic artificial metallonuclease, [Cu(phen),]?*.343%

This complex, [Cu(phen)2]?*, can cleave DNA via a non-covalent binging mode known
as intercalation, inserting into the hydrophobic space between the base pairs of DNA
(Figure 1.7 (A), = — = stacking interactions), then in the presence of oxygen and a
reductant generate reactive oxygen species (ROS) which induce chemical
scission/cleavage of the DNA phosphodiester backbone (see Chapter 5, section 5.3).34 3
This complex has several limitations which prevent it being utilised as a possible

anticancer agent, such as, poor aqueous solubility, the need for both exogenous reductant

11
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(e.g. L-ascorbic acid) and oxidant (e.g. Oz or H202) and indiscriminate/ non-sequence

specific DNA scission.

(A)

(D)

Fig. 1.7: The three binding modes of metal complexes with DNA: (A) intercalation, (B) insertion and (C)
groove binding. (D) X-ray crystal structure of the complex rac-[Ru(phen)2(dppz)]?* intercalated with the
DNA sequence d(ATGCAT),.2> %7

Metallonucleases are capable of two types of nucleic acid cleavage, hydrolytic and
oxidative cleavage.® Metallonucleases with redox-inert metal ions usually cleave nucleic
acids hydrolytically whilst those comprised of redox-active metal ions usually cleave
oxidatively (e.g. Bleomycin, see Chapter 5, section 5.3).%%% Depending on the ligand
moiety hydrolytic or oxidative (or both) reaction pathways can occur (Cu'/Cu' redox
potential depends on its ligands).®*° Cu(ll) containing complexes are particularly
interesting as they are capable of both DNA hydrolysis as well as oxidation due to Cu(ll)
Lewis acidity and redox behaviour. The development of new and improved artificial
small molecule chemical nucleases is an area of particular interest to molecular biologists

and medicinal chemists. The site-selective scission of DNA is one particular goal of novel

12
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artificial metallonucleases, as the cleavage of specific motifs or regions of DNA of

viruses, bacteria or fungi might lead to the development of anti-infective agents.®

Another desirable attribute of artificial metallonuclease complexes is the cleavage of both
DNA strands (double strand scission) as this usually results in irreparable damage to the
cell. Improved solubility particularly aqueous solubility is highly desirable, as is a ‘self-
activating” mechanism of cleavage, which is a complex having no requirement for
exogenous oxidant or reductant. A ‘self-activating’” complex could therefore be
theoretically capable of DNA strand scission in low oxygen or hypoxic environments
such as those present within cancerous cells of neoplastic tumours.*> Many cytotoxic
copper(1l) complexes have been shown to possess DNA cleavage activity and as such
there appears to be a relationship between these two properties.® %% 4! From a medicinal
viewpoint metal complexes which are capable of different modes of interaction with DNA
such as DNA cleavage, DNA intercalation, DNA insertion and minor/major groove
binding (Figure 1.7), in comparison to that of cisplatin could possibly possess a broader
spectrum of antitumour activity and perhaps also diminished systemic toxicity and

improved cytoselectivity.

Our research group has extensive experience in the synthetic development and use of
phenanthrolines, particularly 1,10-phenanthroline, and their various metal complexes as
antimicrobial and anticancer agents.?** 3 -2 \We have also developed various 1,10-
phenanthroline metal complexes as small molecule enzyme mimetics with particular
focus on their nuclease capability as it relates to their cancer cell cytotoxicity.3> 4142 43
One such complex previously synthesised by our research group was a ternary copper(ll)
1,10-phen terephthalate complex, [Cu(tereph)(phen)4]?* (Figure 1.8).%

13
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[Cus(tereph)(phen),]**

Fig. 1.8: Structure of cytotoxic, copper(ll) 1,10-phen terephthalate complex, [Cu(tereph)(phen)4]%*.*

This complex, [Cu(tereph)(phen)s]?* (Figure 1.8), displayed excellent in vitro
cytotoxicity towards intrinsically cisplatin-resistant ovarian cancer cells (SK-OV-3),
produced intracellular ROS at nano-molar exposure and was a powerful, self-activating,
non-sequence-specific, minor-groove oxidizer of duplex DNA.** Some of its limitations
were poor solubility (organic and aqueous) non-specific DNA scission and it lacked any

targeting moiety or cellular recognition functionality.

Building upon our previous successes we wished to synthesis novel analogues of ternary
1,10-phenanthroline/dicarboxylate metal complexes to overcome previous water-
solubility issues, the in vitro/in vivo antimicrobial and antineoplastic capabilities of which
will be discussed later. Secondly to develop a more facile method of preparing 1,10-
phenanthroline derivatives namely imidazo[4,5-f][1,10]phenanthrolines which can
incorporate various biologically relevant and targeting functional groups onto the
backbone of the chelate ligand and then to coordinate these novel ligands to transition
metals and test their bioactivity. Also to expand the scope of the synthesis of a novel
phenoxazine molecule (Figure 1.4) to produce novel derivatives and investigate their
concomitant coordination chemistry. Lastly our aim was to synthesise an imidazo-
pheanthroline-folic acid-appended ligand and its corresponding Cu(ll) and Mn(ll)
complexes. We hypothesised that this molecule and its complexes would be capable of
selectively targeting the folate receptor expressed by certain cancer cell types and
activated macrophages.*® Macrophages are of interest as they act as reservoirs for

Mycobacterium tuberculosis bacteria in infected individuals.*®
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Chapter 2 Experimental methods and instrumentation

2.1 Chemicals
The following chemicals were purchased and used as received:

1,10-phenanthroline, KBrOs, L-dopa (L-3,4-dihydroxyphenylalanine), L-tyrosine (4-
hydroxyphenylalanine), sulfuric Acid (H2SOa), nitric acid, 1-propanol, cerium (IV)
ammonium nitrate (CAN), Ag(ClOs), Mn(ClO4)2.6H20, Cu(ClO4)2.6H20, 5-nitro-2-
furaldehyde, 3-thiophenecarboxaldehyde, 2-thiophenecarboxaldehyde, 3-hydroxy-4-

nitrobenzaldehyde, terephthalaldehyde, diphenylacetaldehyde, 4-
(trifluoromethyl)benzaldehyde, 4-benzyloxy-3-methoxybenzaldheyde, 4-
formylbenzonitrile, fluorene-2-carboxaldehyde, 1-pyrenecarboxyaldehyde,
Ferrocenecarboxaldehyde, biphenyl-3-caboxyaldehyde, 3,5-

bis(trifluoromethyl)benzaldehyde, hydrazine monohydrate, acetyl chloride, ammonium
acetate, palladium on carbon (10% and 5% loading), neocuproine hemihydrate, potassium

bromide.

2.1.2 Chemicals for the preparation of biological preparations — Candida
Albicans

Candida ATCC 10231 was obtained from the American Type Culture Collection
(ATCC), Manassas, VA, USA.

Yeast Extract Peptone Dextrose (YEPD) media was composed of 2% (w/v) glucose, 2%
(w/v) bacteriological peptone and 1% (w/v) yeast extract. To solidify the media to make
agar plates 2% (w/v) bacteriological agar was added to the above mixture when required.

Minimal Growth Media (MM) was composed of 2% (w/v) glucose, 0.5% (w/v)
ammonium sulphate and 0.17% (w/v) yeast nigtogen base (without amino acids or

ammonium sulphate).

Phosphate Buffered Saline (PBS) was obtained from Aldrich and made up according to
the manufacturer’ s instructions (1 tablet in 200 cm3 deionised water). Deionised water

was used to make up all media.
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2.1.3 Chemicals for the preparation of biological preparations: Bacteria

Chemicals were purchased from commercial sources and were used without further

purification. Deionised water was used to make up all media.

The nutrient broth medium containing peptone, yeast extract and nutrient agar was
purchased from Scharlau Microbiology and made up using the manufacturer’s

instructions in sterilised water (13 g in 1 L of deionised water).

Escherichia coli (E.coli) were supplied as a clinical isolate by the Clinical Microbiology
Laboratory, St. James’ Hospital, Dublin, Ireland and were originally isolated from a

Gastro-intestinal tract infection.

Staphylococcus aureus were supplied as a clinical isolate by the Clinical Microbiology
Laboratory, St. James’ Hospital, Dublin, Ireland and was originally isolated from a

Urinary tract infection.

Methicillin resistant Staphyloccoccus aureus (MRSA) was obtained as a clinical isolate
from Microbiologics, North St. Cloud Mn, USA and was originally isolated from a wound

infection.

Pseudonomas aeruginosa 27853 and 10145 were both obtained from the American Type
Culture Collection (ATCC) Marassas, VA, USA.

2.2 Instrumentation
Melting points were measured on a Stuart melting point apparatus.

Nuclear Magnetic Resonance (NMR) spectra were measured on a Bruker Avance 300
spectrometer using tetramethylsilane as an internal reference for *H shifts. Coupling
constants J are given in Hz. Multiplicity as follows: s (singlet), d (doublet), appd (apparent

doublet), t (triplet), appt (apparent triplet), m (multiplet).

Electrospray (ESI) mass spectra were collected on an Agilent Technologies 6410 Time
of Flight LC/MS. The interpretation of mass spectra was aided by the program “Agilent
Masshunter Workstation” software. Yields refer to isolated amount of compound unless

stated otherwise. Solvents were purified according to literature procedures.

24

—
| —



Chapter 2 Experimental methods and instrumentation

Infrared Spectra (IR) were obtained within the region of 4000-400 cm*on a Perkin Elmer

System 2000 FT-IR spectrometer. The samples were prepared by KBr method.

The CHN elemental analysis was carried out using a FLASH EA 1112 Series Elemental

Analyser with Eager 300 operating software.

Magnetic moment measurement was conducted using a Johnson Matthey Magnetic
Susceptibility Balance with Hg[Co(SCN)4] used as a reference standard.

Sterilisation of microbiological equipment and media was carried out in a Dixons ST2228
autoclave at 121 °C and 124 kPa for 20 min. Solutions that were susceptible to
decomposition during autoclaving were sterilised by membrane filtration using 0.45 pum
Millipore membrane filters. All worktops and benches were sterilised by washing with
70% (v/v) EtOH/water prior to use.

Fungal cell density was measured using a Neubauer hemocytometer under a light
microscope at a magnification of x400. Bacterial cell density was recorded at an optical

density of 600 nm using an Eppendorf Biophotometer.

Significance of the survival rates of G. mellonella larvae was analysed at 24, 48 and 72 h
intervals using the log rank (Mantel-Cox) method utilising GraphPad Prism software
(version 6). Three categories of significance were used (* = p<0.05, ** = p<0.01 and ***
= p<0.001).

2.3 Synthesis of 1, 10-phenanthroline phthalate complexes.
2.3.1 Synthesis of [Mn(ph)]0.5H20 (PC 1)*

Please note that throughout the thesis all coordination complex formulations are based on
IR, microanalytic and mass spectral data were available. Coordination complex formulas

based on X-Ray crystallographic data will be clearly indicated.

The synthesis of this complex is as per previously published! with the following

modifications:

A solution of 1.25 g (7.52 mmol) phthalic acid (phH2) in 20 cm® EtOH was added to a
solution of 2.00 g (8.16 mmol) manganese(I1) acetate in 80 cm?® EtOH in a 250 cm® RB
flask. The resulting pink mixture was then refluxed for 2 hrs before being allowed to cool
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to room temperature, and then cooled further on an ice bath. A white solid precipitated

which was then filtered and washed with 80 cm® EtOH in two portions and air dried.

Product formula weight (PC 1) = 228.06g/mol

Yield:

% Calculated:

% Found:

IR (KBI') Vmax-

Meff:

Solubility:

1.25g (72.89%)
C: 42.13, H: 2.21
C: 42.40, H: 1.92

34089, 3073, 1555, 1488, 1420, 1361, 1260, 1146, 1092,
1052, 951, 856, 830, 808, 735, 695, 649, 595 cm™

5.91 B.M.

Soluble in dist. H20, ether (partially). Insoluble in EtOH,
MeOH, acetone and CHCla.

IR (KBr): [Mn(ph)]0.5H20 (PC 1)

2

% T

N

ST

cm”

2.3.2 Synthesis of [Mn(isoph)]2H20 (PC 2)!

The synthesis of this complex is as per previously published! with the following

modifications:
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A solution of 1.10 g (6.62 mmol) isophthalic acid (isophH2) in 25 cm® EtOH was added
to a solution of 1.78 g (7.26 mmol) manganese(l1) acetate in 75 cm® EtOH in a 250 cm?
round bottomed flask. The resulting pale orange mixture was then refluxed for 2 hrs
before being allowed to cool to room temperature, and then cooled further on an ice bath.
A white solid precipitated which was then filtered and washed with 80 cm® EtOH in two

portions and allowed to air dry.

Product formula weight (PC 2) = 255.08g/mol

Yield: 1.66g (98.31%)

% Calculated: C:37.67,H: 3.16

% Found: C: 37.35,H: 2.90

IR (KBT) Vmax: 3315, 2281, 1649, 1616, 1548, 1481, 1455, 1381, 1166,
1085, 1005, 944, 816, 808, 736, 696, 541, 447 cm™

Ueff: 5.74 B.M.

Solubility: Soluble in H20 (hot), MeOH (hot). Insoluble in EtOH,

ether, acetone and CHCls.

IR (KBr): [Mn(isoph)]2H20 (PC 2)

cm”
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2.3.3 Synthesis of [Mn(terph)]2.5H20 (PC 3)}

The synthesis of this complex is as per previously published! with the following

modifications:

A solution of 0.51 g (3.07 mmol) terephthalic acid (terphHz) in 25 cm® EtOH was added
to a solution of 0.83 g (3.39 mmol) manganese(l1) acetate in 75 cm® EtOH in a 250 cm?
round bottomed flask. The resulting pale orange mixture was then refluxed for 2 hrs
before being allowed to cool to room temperature, and then cooled further on an ice bath.
A white solid precipitated which was then filtered and washed with 80 cm® EtOH in two
portions and allowed to air dry.

Product formula weight (PC 3) = 264.09g/mol

Yield: 0.68g (83.87%)

% Calculated: C:36.38, H: 3.43

% Found: C:36.37,H: 351

IR (KBT) Vmax: 3416, 3255, 1636, 1555, 1495, 1387, 1313, 1152, 1105,

1025, 816, 756, 514 cm’
Mefr: 6.17 B.M.

Solubility: Soluble in H20 (hot), partially soluble in hot MeOH, EtOH,

ether, acetone and CHCls.

IR (KBr): [Mn(terph)]2.5H20 (PC 3)

%T !\H
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Chapter 2 Experimental methods and instrumentation

2.3.4 Synthesis of [Mn(ph)(phen)]2H20 (8) and [Mn(ph)(phen)2(H20)]4H20 (9)
(Crystal structure formulation)?!

The synthesis of these complexes is as per previously published! with the following

modifications:

A solution of 0.50 g (2.19 mmol) [Mn(ph)]0.5H20 (PC 1) in 25 cm® EtOH was added to
asolution of 0.81 g (4.50 mmol) 1,10-phenanthroline in 25 cm® EtOH in a 250 cm? round
bottomed flask. The resulting yellow mixture was then refluxed for 2 hrs before being
allowed to cool to room temperature, and then cooled further on an ice bath. A yellow
solid precipitated which was then filtered and washed with 80 cm® EtOH in two portions
and allowed to air dry.

Product formula weight (8) = 435.29g/mol

Yield (8): 0.369 (37.76%)

% Calculated: C:55.18, H: 3.70, N: 6.44

% Found: C: 55,51, H: 3.52, N: 6.48

IR (KBT) Vmax: 3409, 3073, 1549, 1515, 14078, 1146, 1112, 1085, 857,

769, 729, 696, 649 cm’!
Hefr: 5.94 B.M.

Solubility: Soluble in DMSO. Partially soluble in hot H,O, MeOH,
EtOH, ether, acetone and CHCla.

The yellow filtrate, upon standing for several days, yielded yellow crystals (9).

Product formula weight (9) = 669.54g/mol

Yield (9): 0.39g (26.60%)

% Calculated: C:57.40, H: 4.52, N: 8.37
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% Found: C:59.81, H: 9.04, N: 8.57

IR (KBr) vmax: 3415, 3046, 2979, 1608, 1408, 1575, 1508, 1488, 1420,
1380, 1219, 1145, 1098, 861, 847, 790, 778, 762, 728, 722,
693, 652, 637 cm™™

Ue: 5.87 B.M.

Solubility: Soluble in DMSO. Partially soluble in hot EtOH. Insoluble
in H20, MeOH, ether, acetone and CHCla.

2.3.5 Synthesis of [Mnz(isoph)2(phen)s]4H20 (10) and
{IMn(phen)2(H20)2]}2(isoph)2(phen)s12H20 (11) (Crystal structure formulation)!

The synthesis of these complexes is as per previously published! with the following

modifications:

A solution of 0.50 g (1.96 mmol) [Mn(isoph)]2H-0 (PC 2) in 50 cm? distilled water was
added to a solution of 0.78 g (4.33 mmol) 1,10-phenanthroline in 50 cm? distilled water
in a 250 cm?® round bottomed flask and was stirred continuously for 2 hrs at ambient
temperature. A yellow solid precipitated which was then filtered and allowed to air dry.
Product formula weight (10) = 1050.78g/mol

Yield (10): 1.129 (54.38%)

% Calculated: C:59.44, H: 3.84, N: 8.00

% Found: C:58.24, H: 3.14, N: 8.60

IR (KBr) vmax: 3550, 3476, 3415, 3053, 1643, 1608, 1575, 1514, 1448,
1428, 1384, 1367, 1219, 1146, 1105, 1078, 857, 756, 728,
642 cm*

Meff. 5.65 B.M.

Solubility: Soluble in DMSO, MeOH, acetone and hot ether. Partially

soluble in hot EtOH and CHCls. Insoluble in H20.
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The yellow filtrate from the reaction was reduced in volume to approximately 10 cm?.
Upon standing at room temperature for a week complex 11 deposited as yellow crystals.
The crystals were filtered, washed with water and then EtOH and allowed to dry in air.
Product formula weight (11) = 1627.38g/mol

Yield (11): 0.32g (10.03%)

% Calculated: C:56.09, H: 4.95, N: 8.61

% Found: C:60.84, H: 4.60, N: 9.75

IR (KBr) vmax: 3415, 1602, 1562, 1515, 1421, 1367, 863, 843, 749, 729
cm?

Meff: 6.16 B.M.

Solubility: Soluble in DMSO. Insoluble in H,O, MeOH, EtOH, ether,

acetone and CHCls.

2.3.6 Synthesis of [Mn(terph)(phen)2]5H20 (12)

A solution of 0.50 g (1.89 mmol) [Mn(terph)]2.5H20 (PC 3) in 50 cm? distilled water
was added to a solution of 0.76 g (4.22 mmol) 1,10-phenanthroline in 50 cm? distilled
water in a 250 cm?® round bottomed flask and was stirred continuously for 2 hrs at ambient
temperature. A yellow solid precipitated which was then filtered and allowed to dry in

air.

Product formula weight (12) = 669.54g/mol

Yield (12): 1.15g (90.88%)

% Calculated: C:57.40, H: 452, N: 8.37

% Found: C:57.63, H: 4.20, N: 8.27

IR (KBr) vmax: 3422, 1649, 1619, 1562, 1514, 1434, 1405, 1226, 1146,

1100, 1019, 844, 825, 755, 727, 637, 507 cm™*
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Hefr: 6.15 B.M.

Solubility: Soluble in DMSO, MeOH and acetone. Partially soluble in
hot EtOH, ether and CHCls. Insoluble in H2O.

2.4 Synthesis of 1, 10-phenanthroline octanedioate (suberate) complexes.

2.4.1 Synthesis of [Mn2(nlnlpz-oda)(phen)s(H20)2][Mn2(nl1nlp2-oda)(phen)s(nl-
oda)2]4H20 (13) (Crystal structure formulation)?

The synthesis of this complex is as per previously published? with the following

modifications:

0.50 g (2.04 mmol) [Mn(oda]H20 and 1.13 g (6.27 mmol) 1,10-phenanthroline was
dissolved in 50 cm? of EtOH and refluxed for 45 mins. The resulting solution was then
filtered hot.

Product formula weight (13) = 2458.23g/mol

Yield (13): 1.15g (22.93%)

% Calculated: C:64.43, H: 4.90, N: 9.39

% Found: C:64.25, H: 5.15, N: 9.47

IR (KBT) Vmax: 3422, 1649, 1619, 1562, 1514, 1434, 1405, 1226, 1146,

1100, 1019, 844, 825, 755, 727, 637, 507 cm!

Meft: 5.91 B.M.
Solubility: Soluble in H.0O, MeOH, EtOH, DMF, DMSO, MeCN and
acetone.
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2.4.2 Synthesis of [Cuz(oda)(phen)s](ClOa4)202.76H20EtOH (14) (Crystal structure

formulation)®

The synthesis of this complex is as per previously published® with the following

modifications:

0.736 g (1 mmol) [Cu(oda)(phen).].8H20 was added to an EtOHic solution of sodium
perchlorate (50 cm3, 0.4 M) and the resulting mixture was refluxed for 1 hr. The solution
was allowed to stand for 10 days resulting in the formation of a green/blue precipitate
which was filtered and air dried. The solid was recrystallized from an EtOH: water (1:1)

mixture to yield dark blue crystals.

Product formula weight (14) = 1309.23g/mol

Yield (14): 0.45g (34.37%)

% Calculated: C:52.80,H: 4.3, N: 85

% Found: C:52.60, H: 4.20, N: 8.10

IR (KBr) vmax: 3420, 2939, 1560, 1516, 1430, 1406, 1098, 849, 723, 658,
621 cm™

Meft: 1.91 B.M.

Solubility: Soluble in H20, MeOH, EtOH, DMF, DMSO, MeCN and
acetone.

2.5 Synthesis of 1, 10-phenanthroline 3,6,9-trioxaundecanedioate complexes
2.5.1 Synthesis of [Mn(3,6,9-tdda)]*H20

The synthesis of this complex is as per previously published* with the following

modifications:

2.33 g (7.34 mmol) of 3,6,9-trioxaundecanedioic acid (> 70%) (3,6,9-tdda) was dissolved
in 20 cm? of EtOH in a 250 cm? round bottomed flask. To this was added a solution of

1.50 g (6.12 mmol) of manganese(ll) acetate in 50 cm® EtOH and the resulting mixture
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refluxed for 1 hr. The reaction mixture was allowed to cool to room temperature before

being filtered through a membrane filter to yield a fine white powder, which was washed

with two 10cm? portions of cold EtOH and then air dried.

Product formula weight = 293.13g/mol

Yield:

% Calculated:

% Found:

IR (KBI') Vmax.

Meff:

Solubility:

1.65g (76.69%)
C:32.78, H: 4.81
C: 32.20, H: 4.60

3423, 2925, 1591, 1423, 1330, 1112, 1011, 949, 887, 729,
601 cm

5.41 B.M.

Soluble in H20, MeOH, EtOH. Insoluble in CHCI3, ethyl

acetate and acetone.

IR (KBr): [Mn(3,6,9-tdda)]*H20

100

2

%T
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2.5.2 Synthesis of [Cu(3,6,9-tdda)]*H20 (Novel)

1.50 g (7.51 mmol) of copper(ll) acetate was dissolved in 50 cm® EtOH in a 250 cm?®
round bottomed flask. To this was added a solution of 2.84 g (8.95 mmol) of 3,6,9-tdda
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in 25 cm® EtOH and the resulting light green mixture refluxed for 1 hr. The reaction
mixture was allowed to cool to room temperature before being filtered through a
membrane filter to yield a light green powder.

Product formula weight = 301.74g/mol

Yield:
% Calculated:
% Found:

IR (KBI') Vmax.

Meff:

Solubility:

1.889 (82.97%)
C: 31.84, H: 4.68
C: 32.20, H: 4.60

3280, 2930, 1585, 1430, 1330, 1250, 1130, 1090, 1055,
965, 920, 840, 720, 475 cm™*

1.93 B.M.

Soluble in H20, MeOH, EtOH. Insoluble in CHCI3, ethyl

acetate and acetone.

IR (KBr): [Cu(3,6,9-tdda)]*H20

100
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2.5.3 Synthesis of [Agz(3,6,9-tdda]2H20 (Novel)

3.00 g (17.97 mmol) of silver(l) acetate was dissolved in 30 cm® EtOH in a 250 cm? round
bottomed flask. To this was added a solution of 2.85 g (8.98 mmol) of 3,6,9-tdda in 20
cm?® EtOH and the resulting mixture refluxed for 3 hr. The reaction mixture was allowed
to cool to room temperature before being filtered to yield a light orange/brown powder,

which was washed with EtOH and air dried.

Product formula weight = 471.94g/mol

Yield: 3.79 g (44.69%)

% Calculated: C: 20.36, H: 2.56

% Found: C:20.34,H: 2.51

IR (KBr) Vimax: 3425, 2896, 1614, 1406, 1116 cm.
IH NMR: (D20) & = 3.81 (s, 4H), 3.56 (s, 8H)
Solubility: Soluble in hot H20 and hot DMSO.

IR (KBr): [Aga(3,6,9-tdda]e2H20

100

8

8

%T \[

cm”

36

—
| —



Chapter 2 Experimental methods and instrumentation

2.5.4 Synthesis of {{Mn(3,6,9-tdda)(phen)2]*3H20<EtOH}n (15) (Crystal structure

formulation)*

The synthesis of this complex is as per previously published* with the following

modifications:

0.65 g (2.22 mmol) [Mn(3,6,9-tdda)].H.O was dissolved in 30 cm® EtOH in a 250 cm?
RB flask. To this was added a solution of 1.50 g (7.57 mmol) of 1,10-phenanthroline in
30 cm?® EtOH and the resulting yellow mixture was stirred at 30 °C for 2 hrs. The reaction

mixture was then filtered and the yellow precipitate washed with cold EtOH and air dried.

Product formula weight (15) = 735.64g/mol

Yield: 1.05 g (64.29%)

% Calculated: C:55.51, H: 5.48, N: 7.47

% Found: C:55.15, H: 5.20, N: 7.40

IR (KBr) vmax: 417,507,577, 619, 634, 702, 720, 730, 774, 849, 875, 912,

972, 1020, 1046, 1090, 1101, 1114, 1138, 1218, 1265,
1320, 1340, 1403, 1421, 1513, 1587, 1616, 1818, 1997,
2870, 2918, 2962, 3054, 3384 cm™*

Meff. 6.0 B.M.
Solubility: Soluble in H2O, MeOH, EtOH. Insoluble in EtOAc and
acetone.

IR (KBr): {{Mn(3,6,9-tdda)(phen)223H20]*EtOH}n (15)

100
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2.5.5 Synthesis of [Cu(3,6,9-tdda)(phen)z]*3H20<EtOH (16) (Novel)

1.00 g (3.31 mmol) [Cu(3,6,9-tdda)].H.0 was dissolved in 30 cm?® EtOH in a 250 cm® RB
flask. To this was added a solution of 2.39 g (13.26 mmol) of 1,10-phenanthroline in 50
cm?® EtOH and the resulting dark green mixture was refluxed at 30 °C for 2 hrs. The
reaction mixture was then filtered and the green precipitate washed with cold EtOH and

air dried.

Product formula weight (16) = 744.25g/mol

Yield: 1.63 g (66.09%)

% Calculated: C:54.87,H:5.42, N: 7.53

% Found: C: 54.65, H: 5.63, N: 7.39

IR (KBr) Vmax: 426, 507, 555, 573, 603, 619, 643, 704, 720, 770, 847, 893,

934, 1011, 1077, 1090, 1101, 1121, 1221, 1252, 1320,
1421, 1513, 1587, 1618, 1752, 1989, 2901, 3041, 3415,

3982 cm'?
Heff: 1.92 B.M.
Solubility: Soluble in H20, MeOH, EtOH. Insoluble in ethyl acetate

and acetone.

IR (KBr): [Cu(3,6,9-tdda)(phen)2]+3H20+EtOH (16)

100
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2.5.6 Synthesis of [Ag2(3,6,9-tdda)(phen)s]sEtOH (17) (Novel)

0.50 g (1.06 mmol) [Ag2(3,6,9-tdda)].2H,0 was dissolved in 20 cm® EtOH in a 250 cm?®
round bottomed flask. To this was added a solution of 0.827 g (4.589 mmol) of 1,10-

phenanthroline in 20 cm?® EtOH and the resulting mixture was refluxed overnight in the

absence of light. The solution was allowed to cool to room temperature, and cooled on an

ice bath resulting in the formation of a green precipitate which was then filtered (0.832 g,

60.15 %).

Product formula weight (17) = 1202.80g/mol

Yield:

% Calculated:

% Found:

IR (KBr) Vimax:

Solubility:

0.83 g (65.10%)
C:57.92, H: 4.19, N: 9.32
C: 57.75, H: 5.16, N: 9.02

413, 465, 621, 726, 838, 890, 932, 1018, 1077, 1121, 1215,
1263, 1322, 1421, 1509, 1585, 1618, 1804, 1978, 2905,
3046, 3380 cm™

Soluble in H20, MeOH, EtOH. Insoluble in ethyl acetate
and acetone.

IR (KBr): [Agz(3,6,9-tdda)(phen)z]*3H20+EtOH (17)

100
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2.6 Synthesis of 1, 10-phenanthroline-5, 6-dione (phendione) (2)°

5.00g (0.03 mol) of phenanthroline monohydrate was added to 60 cm? of 60 % H2SOa4.
When fully dissolved, 6.68 g (0.04 mol) of KBrOs was added over a period of 30 mins

and the resulting red/brown solution stirred at 30°C for 20 hrs. The resulting mixture was

poured over ice and neutralized to pH 7 using a saturated NaOH solution. The resulting

solution was then filtered and extracted with dichloromethane and the solvent removed

under reduced pressure. The resulting off yellow powder was recrystallized from MeOH

to yield a bright yellow powder product.®

Product formula weight (2) = 210.19g/mol

Yield:

IR (KBr) Vmax-

'H NMR:

LC/TCOF-MS:

Solubility:

4.78g (90.16 %)

3413, 3061, 1703, 1685, 1561, 1459, 1414, 1316, 1293,
1205, 1115, 1010, 925, 807, 739 cm™*

(CHCI3-d3) § = 7.58(dd, J1= 4.5 Hz, J2= 7.8 Hz, 2H), 8.49
(dd, J1= 1.8 Hz, J2= 7.95 Hz, 2H), 9.11 (dd, J1= 1.8 Hz,
2= 4.65 Hz, 2H).

Calcd for C12HeN202 [M+H]* 211.05017, found 211.0502.

Soluble in MeOH (hot), EtOH (hot), MeCN, DCM, CHCl3,
DMSO.

40

—
| —



Chapter 2 Experimental methods and instrumentation

IR (KBr): Phendione (2)

100+

- o
\‘_, f P e DI g ﬂw

cm”

'H NMR (CHClIs-d3): Phendione (2)

2.00 g (9.21 mmol) of neocuprine hemihydrate and 6.80 g (57.14 mmol) of potassium

bromide (KBr) were added to a 500 cm? round bottom flask and the flask placed on ice
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to cool. To this was slowly added 44 cm?® of conc. sulfuric acid (H2SO4) to produce a

thick orange / red paste which was stirred for 5 mins before the slow addition of 24 cm?

of 70 % HNOs. The resulting red reaction mixture was then heated to 90 °C and reacted

for 16 hrs before being poured into 1200 cm® of Millipore water to produce a yellow

solution which was carefully neutralized by the addition of sodium hydroxide, extracted

with DCM and the solvent removed under reduced pressure. The residue was then

recrystallized from MeOH to produce 2,9-dimethyl-1,10-phenanthroline-5,6-dione.

Product formula weight (4) = 238.07g/mol.

Yield:

IR (KBI') Vmax.

'H NMR:

LC/TCOF-MS:

Solubility:

1.75 g (79.80 %)

3468, 3058, 1694, 1650, 1582, 1470, 1445, 1368, 1307,
1228, 1132, 1097, 1020, 925, 841, 745, 559 cm™*

(DMSO-d6) & = 2.68 (s, 6H), 7.53 (d, J1 = 27 Hz, 2H) 8.27
(d, J= 27 Hz, 2H).

Calcd for Ci4H1oN20O2 [M+H]* 239.08147, found
239.0817.

Soluble in MeOH (hot), EtOH (hot), MeCN, DCM, CHCl3,
DMSO.

IR (KBr): 2,9-dimethyl-1,10-phenanthroline-5,6-dione (dmphendio) (4)

100
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'H NMR (CHCl3-d3): 2,9-dimethyl-1,10-phenanthroline-5,6-dione (dmphendio) (4)

R
0
R
CAN <
5 mol %

Methanol

> HN” SN OR HN” N
1 - 10 mins Microwave \ ! —

+

R'=H, CH,

Ammonium Acetate (NH;)OAc

90 - 98% yield

2.8.1 Microwave synthesis of 4-(1H-imidazo[4,5-f][1,10]phenanthrolin-2-yl)phenol
(4phip) (18) (Novel method)

OH
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0.40 g (1.90 mmol) of phendione was dissolved in 15 cm? of hot dry MeOH, to which
0.052 g (9.52x10° mol) CAN in 2 cm?® of hot MeOH was added. To the resulting orange
reaction mixture was added 1.47 g (0.02 mol) NH4OAc in one portion followed by 0.23g
(1.90 mmol) of 4-hydroxybenzaldehyde in one portion to produce a dark red solution
which was reacted in the microwave at 70 °C (300W, 1 bar) for 5 mins. The resulting
solution was then added to 100 cm?® of deionized water and stirred for 2 mins before being
filtered. The resulting yellow powder was washed with more deionized water and then
MeOH and dried overnight in an oven at 70 °C.

Product formula weight (18) = 312.33g/mol.

Yield: 0.546 g (91.86 %)

Mp: > 250°C.

% Calculated: C:73.07,H: 3.87,N: 17.94

% Found: C:73.12,H: 3.93, N: 17.87

IR (KBT) Vmax: 433, 475, 528, 557, 623, 648, 698, 723, 741, 808, 844, 929,

958, 982, 1052, 1079, 1107, 1178, 1237, 1273, 1366, 1407,
1457, 1483, 1526, 1611, 1774, 1907, 2018, 2168, 2330,

2699, 2890, 2936, 3083, 3299, 3386, 3608, 3750, 3836 cm’
1

IH NMR: (DMSO-d6) & = 6.91-7.01 (m, 2H), 7.76-7.8 (m, 2H), 8.10-
8.2 (m, 2H), 8.86-8.89 (m, 2H), 8.97-8.98 (m, 2H), 10.06
(bs, 1H).

13C NMR: (75 MHz DMSO-d6) 5 = 115.77, 120.95, 123.27, 127.99,

129.59, 143.11, 147.55, 151.23, 158.93.

LC/TCOF-MS: Calcd for C19H12N4O [M+H]* 313.1105, found 313.1105.
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IR (KBr): 4phip (18)
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2.8.2 Microwave Synthesis of 2-(naphthalen-1-yl)-1H-imidazo[4,5-
f][1,10]phenanthroline (nip) (19) (Novel method)

0.40 g (1.90 mmol) of phendione was dissolved in 40 cm? of hot dry MeOH in a
microwave vial. To this was added 0.052 g (9.52x10° mol) of CAN in 2 cm® of MeOH
and the resulting in a yellow solution. To this was added 1.47 g (0.02 mol) of NH4sOAc
and 0.264 cm?® (1.94x10° mol) of 1-naphthaldehyde, and the resulting yellow solution
was reacted in the microwave at 70 °C (300W, 1 bar) for 10 mins. The reaction mixture
was then allowed to cool to room temperature, then added to 100 cm?® of deionized water
and stirred for 2 mins before being filtered and washed with deionized water and MeOH.

The resulting orange powder was then dried overnight in an oven at 70 °C.

Product formula weight (19) = 346.38g/mol.

Yield: 0.655 g (84.54 %)

Mp: > 250°C.

% Calculated: C:79.75, H: 4.07, N: 16.17

% Found: C:79.71, H: 4.10, N: 16.20

IR (KBr) Vmax: 427,459, 523,558, 621, 656, 686, 740, 778, 804, 869, 939,

1029, 1071, 1131, 1188, 1217, 1260, 1296, 1351, 1400,
1426, 1450, 1497, 1511, 1541, 1564, 1578, 1606, 1622,
3047, 3433 cm’t

IH NMR: (DMSO-d6): & = .61-7.76 (m, 3H), 7.83-7.86 (m, 2H),
8.06-8.14 (m, 3H), 8.95-8.97 (m, 2H), 9.04-9.08 (m, 3H).
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13C NMR: (75 MHz DMSO-d6) & = 123.40, 125.29, 126.13, 126.42,
127.21, 127.33, 127.96, 128.42, 129.78, 130.11, 130.45,
133.58, 135.66, 143.44, 147.87, 150.46

LC/TCOF-MS: Calcd for C2sH1aN4 [M+H]* 347.1403, found 347.1403.

IR (KBr): nip (19)

00-

W«‘\/"\ Py
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IH (DMSO-d6) (19) nip
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Chapter 2 Experimental methods and instrumentation

13C (DMSO-d6) (19) nip

PEOUIPIY 0 | SURASRRPORNE SO B ..n.LJ'w»n.:_ - SUR————.

T T T T T T T T T T T T T T
180 155 150 145 140 135 130 125 120 115 110 105 100 (=1=1

2.8.3 Microwave Synthesis of 2-(anthracen-9-yl)-1H-imidazo[4,5-
f][1,10]phenanthroline (aip) (20) (Novel method)

0.40 g (1.90 mmol) of phendione was dissolved in 40 cm?® of hot dry MeOH in a
microwave vial. To this was added 0.052 g (9.52x10° mol) CAN in 2.00 cm?® of MeOH
resulting in a yellow solution. To which 1.47 g (0.02 mol) of NHsOAc was added in one
portion. To the resulting yellow solution was added 0.392 g (1.90x10° mol) of 9-
anthracenecarboxaldehyde in one portion and the resulting orange solution was reacted
in the microwave at 70 °C (300W, 1 bar) for 10 mins. The reaction mixture was allowed
to cool to room temperature then added to 100 cm? of deionized water and stirred for 2
mins before being filtered and washed with deionized water and MeOH. The resulting
orange powder was then dried overnight in an oven at 70 °C. (0.605 g, 80.19 %).

Product formula weight (20) = 396.44g/mol.
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Yield: 0.605 g (80.19 %)

Mp: > 250°C.

% Calculated: C:81.80, H: 4.07, N: 14.13

% Found: C:81.75, H: 4.10, N: 14.15

IR (KBT) Vmax: 3426, 3049, 1606, 1566, 1543, 1503, 1442, 1407, 1393,

1349, 1298, 1172, 1067, 1030, 951, 918, 890, 841, 806,
731, 657, 622, 545, 456, 426 cm™

IH NMR: (DMSO-d6): & = 7.52-7.64 (m, 4H), 7.64-7.87 (m, 4H),
8.24-8.27 (m, 2H), 8.91 (s, 3H), 9.07-9.08 (m, 2H)

13C NMR: (75 MHz DMSO-d6) & = 123.39, 125.36, 125.63, 125.74,
127.08, 128.55, 129.06, 129.66, 130.67, 130.88, 143.59,
147.92, 148.35

LC/TCOF-MS: Calcd for C27H16N4 [M+H]" 397.14427, found 397.1442

IR (KBr): aip (20)

100-

%T

cm”
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'H (DMSO0-d6) (20) aip

13C (DMSO-d6) (20) aip

1280 170 160 150 140 130 120 110 100 20 a0

2.8.4 Microwave synthesis of 2-(1H-indol-3-yl)-1H-imidazo[4,5-
f][1,10]phenanthroline (Hz11P) (21) (Novel method)
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0.40 g (1.90 mmol) of phendione was dissolved in 15 cm? of hot dry MeOH, to which
0.052 g (9.52x10° mol) CAN in 2 cm?® of hot MeOH was added. To the resulting orange
reaction mixture was added 1.47 g (0.02 mol) NH4OAc in one portion followed by 0.28
g (1.90 mmol) of indole-3-carboxaldehyde in one portion to produce an orange solution
which was reacted in the microwave at 75 °C (300W, 1 bar) for 10 mins. The resulting
solution was then added to 100 cm?® of deionized water and stirred for 2 mins before being
filtered. The resulting yellow powder was washed with more deionized water and MeOH
allowed to air dry followed by drying in an oven at 70 °C overnight. (0.619 g, 97.07 %).

Product formula weight (21) = 335.36g/mol.

Yield: 0.619 g (97.07 %)

Mp: > 250°C.

% Calculated: C:75.21, H: 3.91, N: 20.88

% Found: C: 75.21, H: 3.87, N: 20.92

IR (KBT) Vmax: 409, 429, 450, 488, 569, 621, 649, 682, 734, 749, 772, 795,

877,926, 968, 10006, 1035, 1072, 1131, 1198, 1259, 1297,
1354, 1396, 1428, 1454, 1482, 1505, 1577, 1620, 1727,
1785, 1856, 1929, 2909, 3053, 3133, 3280, 3388, 3513,
3616, 3909 cm™

IH NMR: (DMSO-d6): § = 7.25-7.28 (m, 2H), 7.54-7.57 (m, 1H),
7.85-7.86 (m, 2H), 8.23 (s, 1H), 8.68-8.7 (m, 1H), 8.84-
9.03 (M, 4H), 11.72 (s, 1H), 13.41 (s, 1H).

13C NMR: (75 MHz DMSO-d6) & = 106.58, 111.93, 119.09, 120.28,
121.46, 122.31, 123.01, 123.27, 123.69, 124.82, 125.10,
125.5, 129.18, 129.6, 135.68, 136.46, 143.24, 147.18,
147.39, 148.84.

LC/TCOF-MS: Calcd for C21H13Ns [M+H]" 336.12297, found 336.123
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IR (KBr): HalIP (21)
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Chapter 2 Experimental methods and instrumentation

2.8.5 Microwave synthesis of 2-ferroceny-1H-imidazo[4,5-f][1,10]-phenanthroline
(ferrip) (22) (Novel method)

0.40 g (1.90 mmol) of phendione was dissolved in 15 cm? of hot dry MeOH, to which
0.052 g (9.52x10°° mol) CAN in 2 cm? of hot MeOH was added. To the resulting orange
reaction mixture was added 1.47 g (0.02 mol) NH4OAc in one portion followed by 0.407
g (1.90 mmol) of ferrocenecarboxaldehyde in one portion. The resulting red mixture was
then reacted in the microwave at 75 °C (300W, 1 bar) for 10 mins. The resulting deep red
coloured solution was allowed to cool to room temperature and 150 cm® of Millipore
water was added resulting in a bright orange coloured precipitate which was filtered and
washed with millipore water before being dried in an oven at 70 °C overnight (0.70 g, 91
%).

Product formula weight (22) = 404.25g/mol.

Yield: 0.70 g (91 %)

Mp: > 250°C.

% Calculated: C: 68.34, H: 3.99, N: 13.86

% Found: C:68.39, H: 4.10, N: 13.77

IR (KBr) vmax: 415, 433, 481, 523, 624, 681, 697, 742, 807, 880, 971,

1002, 1072, 1106, 1122, 1149, 1187, 1217, 1261, 1297,

1353, 1420, 1439, 1505, 1520, 1570, 1606, 3094, 3417 cm
1

IH NMR: (DMSO-d6): & = 4.09 (s, 5H), 4.48 (s, 2H), 5.15 (s, 2H),
7.79-7.83 (m, 2H), 8.89-9.01 (m, 4H)
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13C NMR: (75 MHz DMSO-d6) 6 = 67.07, 67.30, 69.28, 69.42, 69.73,
74.06, 121.12, 123.22, 123.54, 129.65, 130.34, 132.15,
133.31, 143.07, 147.50, 152.34

LC/TCOF-MS: Calcd for C2sHisFeNs [M+H]* 405.0797, found 405.0805

IR (KBr): ferrip (22)

w00

cm”

'H (DMSO-d6) (22) ferrip
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13C (DMSO-d6) (22) ferrip
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2.8.6 Microwave synthesis of 1,4-bis(1H-imidazo[4,5-f][1,10]phenanthrolin-2-
yl)benzene (bpibHz2) (23) (Novel method)

0.40 g (1.90 mmol) of phendione was dissolved in 15 cm? of hot dry MeOH, to which
0.0104 g (1.90x10* mol) CAN in 2 cm?® of hot MeOH was added. To the resulting orange
reaction mixture was added 1.47 g (0.02 mol) NH4OAc in one portion followed by 0.128
g (9.52x10* mol) of terephthaldehyde in one portion. The resulting yellow mixture was
then reacted in the microwave at 75 °C (300W, 1 bar) for 10 mins. The yellow solution
was then allowed to cool to room temperature, filtered and washed with Millipore water
and then MeOH to yield a pale yellow solid. The product was then dried in an oven at 70
°C overnight.

Product formula weight (23) = 514.54g/mol.
Yield: 0.402 g (82.10 %)

Mp: > 250°C.
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% Calculated:

% Found:

IR (KBI') Vmax.

'H NMR:

13C NMR:

LC/TCOF-MS:

IR (KBr): bpibH: (23)

C:74.70, H: 3.53, N: 15.04
C:74.74,H: 3.52, N: 15.01

4009, 430, 487, 557, 625, 636, 705, 726, 735, 804, 846, 958,
1079, 1192, 1259, 1318, 1360, 1384, 1402, 1452, 1476,
1513, 1565, 1609, 3412, 3855

(DMSO-d6): 5 = 7.81-7.85 (m, 4H), 8.42 (s, 4H), 8.91-8.94
(m, 4H), 9.01-9.02 (m, 4H).

(75 MHz TFA-d): & = 122.2, 128.5, 128.7, 129.7, 132.4,
139.0, 139.4, 150.2, 151.5,

Calcd for C2sHisN4 [M+H]*515.17267, found 515.1727

w00

Yo'l’

'H (DMSO-d6) (23) bpibH:
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2.8.7 Microwave synthesis of 2-(4-(trifluoromethyl)phenyl)-1H-imidazo[4,5-
f][1,10]phenanthroline (24) (Novel method)

F
F| _F

N7 “NH

0.40 g (1.90 mmol) of phendione was dissolved in 15 cm? of hot dry MeOH, to which
0.052 g (9.52x10° mol) CAN in 2 cm? of hot MeOH was added. To the resulting orange
reaction mixture was added 1.47 g (0.02 mol) NH4OAc in one portion followed by 0.26
cm?® (1.90 mmol) of 4-(trifluoromethyl)benzaldehyde in one portion. The resulting orange
mixture was then reacted in the microwave at 75 °C (300W, 1 bar) for 10 mins. The
resulting yellow coloured solution was allowed to cool to room temperature then added
to 100 cm?® of Millipore water which resulted in the formation of light yellow precipitate
which was filtered and washed with water and acetone before being dried in an oven at
70 °C.

Product formula weight (24) = 364.32g/mol.

Yield: 0.605 g (87.25 %)

Mp: > 250°C.

% Calculated: C:65.93, H: 3.04, N: 15.38

% Found: C:65.89, H: 3.02, N: 15.45

IR (KBr) Vmax: 406, 474, 521, 595, 622, 646, 705, 740, 805, 850, 959,

1017, 1032, 1065, 1117, 1169, 1324, 1383, 1398, 1454,
1486, 1507, 1526, 1565, 1621, 1678, 1929, 2215, 2807,
2912, 3180, 3395, 3690, 3871
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IH NMR: (DMSO-d6): & = 7.78-7.82 (m, 2H), 7.92-7.95 (m, 2H),
8.41-8.44 (m, 2H), 8.85-8.89 (m, 2H), 8.99-9.01 (m, 2H).

13C NMR: (75 MHz DMSO-d6) & = 121.38, 122.30, 123.37, 125.91,
126.69, 129.09, 129.48, 129.72, 131.33, 133.63, 143.53,
148.02, 149.04, 207.01.

LC/TCOF-MS: Calcd for CaoHa1FaNs [M+H]* 365.10047, found 365.1005
IR (KBr): (24)

W T P v
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IH (DMSO-d6) (24)
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13C (DMSO-d6) (24)

T T T T T T T T T
210 200 190 180 170 160 150 140 130 120 110 100 [=1e]

2.8.8 Microwave synthesis of 4-(1H-imidazo[4,5-f][1,10]phenanthrolin-2-
yl)benzonitrile (25) (Novel method)

=Z

C

0.30 g (1.43 mmol) of phendione was dissolved in 15 cm? of hot dry MeOH, to which
0.039 g (7.14x10° mol) CAN in 2 cm® of hot MeOH was added. To the resulting green
reaction mixture was added 1.10 g (0.014 mol) NH4OAc in one portion followed by 0.187
g (1.43 mmol) of 4-formylbenzonitrile in one portion. The resulting mixture was then
reacted in the microwave at 75 °C (300W, 1 bar) for 10 mins. The resulting yellow
coloured solution was allowed to cool to room temperature before being filtered and the
resulting orange/yellow powder was washed with MeOH and 150 cm? of Millipore water
before being dried in an oven at 70 °C overnight.

Product formula weight (25) = 321.34g/mol.
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Yield: 0.395 g (86.20 %)

Mp: > 250°C.

% Calculated: C:74.76, H: 3.45, N: 21.79

% Found: C:74.72, H: 3.48, N: 21.80

IR (KBT) Vmax: 428, 483, 548, 532, 584, 636, 678, 728, 739, 812, 853, 952,

980, 1016, 1087, 1114, 1145, 1178, 1281, 1318, 1384,
1043, 1424, 1456, 1479, 1516, 1546, 1582, 1610, 2011,
2231,3073, 3227, 3429

IH NMR: (DMSO-d6): & = 7.79-7.83 (m, 2H), 8.03-8.06 (m, 2H),
8.37-8.4 (m, 2H), 8.83-8.86 (M, 2H), 9.01-9.03 (m, 2H).

13C NMR: (75 MHz DMSO-d6) & = 111.41, 118.68, 123.42, 126.62,
129.72, 133.03, 134.03, 143.78, 148.16, 148.69

LC/TCOF-MS: Calcd for C20H11Ns [M+H]*322.1087, found 322.1098

IR (KBr): (25)

100
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IH (DMSO-d6) (25)

13C (DMSO-d6) (25)

T T T T
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2.8.9 Microwave synthesis of 2-(thiophen-3-yl)-1H-imidazo[4,5-
f][1,10]phenanthroline (26) (Novel method)
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0.30 g (1.43 mmol) of phendione was dissolved in 15 cm? of hot dry MeOH, to which
0.039 g (7.14x10™° mol) CAN in 2 cm?® of hot MeOH was added. To the resulting green
reaction mixture was added 1.10 g (0.014 mol) NH4+OAc in one portion followed by 0.125
cm?® (1.43 mmol) of 3-thiophenecarboxaldehyde in one portion. The resulting orange
mixture was then reacted in the microwave at 75 °C (300W, 1 bar) for 10 mins. The
resulting yellow coloured solution was allowed to cool to room temperature before being
added to 150 cm? of Millipore water to produce a dark yellow powder which was filtered,

washed with water and MeOH and dried in an oven at 70 °C overnight.

Product formula weight (26) = 302.35g/mol.

Yield: 0.381 g (88.21 %)

Mp: > 250°C.

% Calculated: C: 67.53, H: 3.33, N: 18.53

% Found: C:67.48, H: 3.30, N: 18.64

IR (KBT) Vmax: 430, 553, 626, 723, 735, 810, 864, 888, 940, 984, 1080,

1140, 1187, 1271, 1314, 1366, 1387, 1407, 1452, 1485,
1515, 1568, 1609, 2010, 3092, 3413

IH NMR: (DMSO-d6): & = 7.77-7.89 (m, 4H), 8.29 (m, 1H), 8.84-
9.01 (m, 4H)
13C NMR: (75 MHz DMSO-d6) 5 = 123.23, 124.45, 126.18, 127.76,

129.50, 132.11, 143.43, 147.33, 147.69

LC/TCOF-MS: Calcd for C17H10N4S [M+H]* 303.0696, found 303.0696
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IR (KBr): (26)

00

IH (DMSO-d6) (26)

13C (DMSO-d6) (26)
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2.8.10 Microwave synthesis of 2-(thiophen-2-yl)-1H-imidazo[4,5-
f][1,10]phenanthroline (27) (Novel method)

0.30 g (1.43 mmol) of phendione was dissolved in 15 cm? of hot dry MeOH, to which
0.039 g (7.14x10° mol) CAN in 2 cm® of hot MeOH was added. To the resulting green
reaction mixture was added 1.10 g (0.014 mol) NH4OAc in one portion followed by 0.134
cm?® (1.43 mmol) of 2-thiophenecarboxaldehyde in one portion. The resulting orange
mixture was then reacted in the microwave at 75 °C (300W, 1 bar) for 10 mins. The
resulting yellow coloured solution was allowed to cool to room temperature before being
filtered to produce a bright pale orange powder. To the filtrate was added 150 cm?® of
Millipore water to produce a bright pale orange powder which was filtered and dried in

an oven at 70 °C overnight.

Product formula weight (27) = 302.35g/mol.

Yield: 0.378 g (87.60 %)

Mp: > 250°C.

% Calculated: C: 67.53, H: 3.33, N: 18.53

% Found: C:67.52, H: 3.36, N: 18.49

IR (KBr) Vmax: 430, 626, 636, 667, 723, 734, 810, 852, 929, 980, 1085,

1116, 1145, 1240, 1277, 1320, 1361, 1405, 1450, 1462,
1484, 1515, 1571, 1609, 2024, 3074, 3421

IH NMR: (DMSO0-d6): 6 =7.29 (s, 1H), 7.75-7.92 (m, 4H), 8.84-9.03
(m, 4H).
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13C NMR: (75 MHz DMSO-d6) & = 123.30, 126.23, 128.32, 129.55,
133.44, 143.51, 146.36, 147.82

LC/TCOF-MS: Calcd for C17H10N4S [M+H]" 303.0696, found 303.0696

IR (KBr): (27)

100

cm”

'H (DMSO-d6) (27)
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13C (DMSO-d6) (27)
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2.8.11 Microwave synthesis of 2-(6-methylpyridin-2-yl)-1H-imidazo[4,5-
f][1,10]phenanthroline (28) (Novel method)

0.30 g (1.43 mmol) of phendione was dissolved in 15 cm? of hot dry MeOH, to which
0.039 g (7.14x10° mol) CAN in 2 cm® of hot MeOH was added. To the resulting green
reaction mixture was added 1.10 g (0.014 mol) NH4OAc in one portion followed by 0.173
g (1.43 mmol) of 6-methylpyridine-2-carboxaldehyde in one portion. The resulting
mixture was then reacted in the microwave at 75 °C (300W, 1 bar) for 10 mins. The
resulting yellow coloured solution was allowed to cool to room temperature before being
filtered and the resulting orange/yellow powder was washed with MeOH and 150 cm® of
Millipore water before being dried in an oven at 70 °C overnight. Known method yields
24.5%’, new method yields 93%.

Product formula weight (28) = 311.34g/mol.
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Yield: 0.414 g (93.00 %)

Mp: > 250°C.

% Calculated: C: 73.30, H: 4.21, N: 22.49

% Found: C:72.98, H: 4.38, N: 22.69

IR (KBT) Vmax: 3060, 3018, 1592, 1565, 1447, 1070, 740

IH NMR: (CDCls-d): 6 =11.60 (br, s, 1H), 9.17 (d, 2H), 9.05 (d, 1H),

8.52 (d, 1H), 8.49 (d, 1H), 8.30 (d, 1H), 7.80 (dd, 1H), 7.74
(dd, 1H), 7.68 (dd, 1H), 7.24 (d, 1H), 2.66 (s, 3H).

LC/TCOF-MS: Calcd for C1gH13Ns [M+H]"312.1243, found 312.1243

2.8.12 Microwave synthesis of 4-(1H-imidazo[4,5-f][1,10]phenanthrolin-2-
yl)benzene-1,2-diol (29) (Novel method)

OH

OH

0.35 g (1.67x10° mol) of phendione was dissolved in 15 cm? of hot dry MeOH, to which
0.047 g (8.33x10™° mol) CAN in 2 cm?® of hot MeOH was added. To the resulting eaction
mixture was added 1.284 g (.0167 mol) NH4sOAc in one portion followed by 0.24 g
(1.67x10°% mol) of 3,4-dihydroxybenzaldehyde. The resulting dark brown/orange mixture
was then reacted in the microwave at 75 °C (300W, 1 bar) for 10 mins. The resulting
solution was allowed to cool to room temperature before being added to 150 cm? of
Millipore water to yield a green precipitate which was filtered and washed with Millipore

water before being dried in an oven at 70 °C overnight.
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Product formula weight (29) = 328.32g/mol.

Yield: 0.463 g (84.76 %)

Mp: > 250°C.

% Calculated: C: 69.51, H: 3.68, N: 17.06

% Found: C:69.48, H: 3.74, N: 17.02

IR (KBr) vmax: 431, 477, 625, 725, 811, 867, 897, 941, 984, 1078, 1275,

1364, 1404, 1454, 1487, 1526, 1610, 3412

IH NMR: (DMSO-d6): & = 6.93-6.96 (m, 1H), 7.57-7.60 (m, 1H),
7.73-7.74 (m, 1H), 7.81 (s, 2H), 8.88-8.91 (m, 2H), 9.00-
9.01 (m, 2H), 9.34 (s, 1H), 9.54 (s, 1H), 13.48 (s, 1H).

13C NMR: (75 MHz DMSO-d6) & = 28.92, 113.94, 115.85, 118.1,
119.27, 121.45, 123.1, 123.63, 125.91, 129.48, 135.57,
143.20, 145.63, 147.30, 147.49, 151.39

LC/TCOF-MS: Calcd for CI19H12N402 [M+H]* 329.1038, found
329.1038

IR (KBr): (29)

100

%T V\IJ‘(MN
40-




Chapter 2 Experimental methods and instrumentation

IH (DMSO-d6) (29)
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2.8.13 Microwave synthesis of 4-(1H-imidazo[4,5-f][1,10]phenanthrolin-2-
yhbenzoic acid (30) (Novel method)

HO o
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0.40 g (1.90x10 mol) of phendione was dissolved in 20 cm? of hot dry MeOH, to which
0.052 g (9.52x10° mol) CAN in 5 cm? of hot MeOH was added. To the resulting reaction
mixture was added 1.47 g (0.02 mol) NH4OAc in one portion followed by 0.29 g
(1.90x10°% mol) of 4-formylbenzoic acid. The resulting yellow mixture was then reacted
in the microwave at 75 °C (300W, 1 bar) for 10 mins before being added to 200 cm?® of
Millipore water and allowed to sit before being filtering to produce a yellow coloured
solid that was washed with Millipore water and allowed to dry in air before being dried

further in an oven at 70 °C for 3 hrs.

Product formula weight (30) = 340.34g/mol.

Yield: 0.535 g (82.6 %)

Mp: > 250°C.

% Calculated: C: 70.58, H: 3.55, N: 16.46

% Found: C: 70.54, H: 3.60, N: 16.40

IR (KBr) vmax: 430, 459, 555, 626, 636, 647, 724, 734, 790, 813, 837, 868,
953, 1011, 1079, 1144, 1387, 1459, 1481, 1550, 1586,
1609, 3409

IH NMR: (DMSO-d6): 6 = 7.78-7.80 (m, 2H), 8.31-8.42 (m, 4H),

8.88-8.91 (m, 4H).

13C NMR: (75 MHz DMSO-d6) 6 = 21.16, 121.54, 123.29, 126.14,
129.68, 130.08, 133.43, 143.50, 147.47, 149.54, 167.52,
172.11.

LC/TCOF-MS: Calcd for C1gH12N4O2 [M+H]" 341.1033, found 341.1047
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IR (KBr): (30)

IH (DMSO-d6) (30)
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13C (DMSO-d6) (30)

|
A s Y o R A A

170 160

T T T T T T T
150 140 130 120 110 100 20

71

—
| —



Chapter 2 Experimental methods and instrumentation

2.8.14 Synthesis of 2-(4-nitrophenyl)-1H-imidazo[4,5-f][1,10]phenanthroline
(4nitrip) (31) (Novel method)

o%N-i-’o_

0.40 g (1.90x10"® mol) of phendione was dissolved in 50 cm? of hot dry MeOH. To this
was added 0.052 g (9.50x10° mol) CAN in 20 cm?® of MeOH and 1.47 g (0.02 mol) of
NH4OAc in one portion. To the resulting yellow solution was added 0.29 g (1.90x1073
mol) of 4-nitrobenzaldehyde and the resulting yellow solution The resulting yellow
mixture was then reacted in the microwave at 75 °C (300W, 1 bar) for 15 mins before
being added to 150 cm?® of Millipore water and allowed to sit before being filtering to
produce a yellow coloured solid that was washed with MeOH and Millipore water and

allowed to dry in air before being dried further in an oven at 70 °C for overnight.

Product formula weight (31) = 341.32g/mol.

Yield: 0.52 g (80 %)
Mp: > 250°C.
% Calculated: C, 66.86; H, 3.25; N, 20.52
% Found: C, 66.82; H, 3.31; N, 20.49
IR (KBr) vVmax: 430, 459, 555, 626, 636, 647, 724, 734, 790, 813, 837, 868,
053, 1011, 1079, 1144, 1387, 1459, 1481, 1550, 1586,
1609, 3409
( ]
E



Chapter 2 Experimental methods and instrumentation

IH NMR: (DMSO-d6): 5 = 7.78-7.82 (m, 2H), 8.39-8.47 (m, 4H),
8.84-8.87 (m, 2H), 9.01-9.03 (m, 2H)

13C NMR: (75 MHz DMSO-d6) & = 28.97, 121.44, 123.34, 124.33,
126.85, 129.69, 135.80, 143.85, 147.35, 148.14, 148.24

LC/TCOF-MS: Calcd for C19H11NsO2 [M+H]* 342.0986, found 342.0996

IR (KBr): 4nitrip (31)

100

%

2

%l

cm”

'H (DMSO-d6) 4nitrip (31)




Chapter 2 Experimental methods and instrumentation

13C (DMSO-d6) 4nitrip (31)

2.8.15 Synthesis of 4-(1H-imidazo[4,5-f][1,10]phenanthrolin-2-yl)aniline (anilip)
(32)

0. O
SNt NH,

10% Pd/C

NH,NH,.H,0,
1:11 Absence of Light

—
In EtOH, HN X N
70°C
2 hours

0.40g (1.172 mmol) of 2-(4-nitrophenyl)-1H-imidazo[4,5-f][1,10]phenanthroline, 4nitrip
(31) dissolved in 150 cm3 EtOH was added to a 250 cm3 round bottomed flask. To this
was added, 0.10g of 10 % Pd/C catalyst and the mixture was refluxed for 1 hr. 626 uL
(0.013 mol) hydrazine monohydrate was added in one portion and the resulting mixture
was refluxed for 2 hrs.® The resulting dark mixture was allowed to cool to room
temperature and filtered through a bed of celite to produce a yellow filtrate. The solvent

was removed under reduced pressure to yield an orange powder.

Product formula weight (32) = 311.34g/mol.
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Chapter 2 Experimental methods and instrumentation

Yield:

Mp:

% Calculated:
% Found:

IR (KBI') Vmax.

'H NMR:

13C NMR;:

LC/TCOF-MS:

IR (KBr): anilip (32)

0.24 g (65 %)

> 250°C.

C, 73.30; H, 4.21; N, 22.49
C, 73.10; H, 4.26; N, 22.46

411, 443, 466, 477, 513, 548, 620, 638, 694, 738, 804, 827,
956, 1032, 1072, 1106, 1187, 1299, 1355, 1384, 1398,
1428, 1455, 1483, 1524, 1564, 1612, 3212, 3327

(DMSO-d6): 6 = 5.32 (s, 2H), 6.72-6.75 (d, 2H), 7.79-7.83
(m, 2H), 7.96-7.99 (m, 2H), 8.88-8.91 (m, 2H), 8.99-9.01
(m, 2H).

(75 MHz DMSO-d6) & = 14.85, 18.50, 24.64, 55.99,
113.60, 117.25, 123.10, 127.55, 129.39, 143.15, 144.16,
147.31, 150.41, 152.06.

Calcd for C19H11NsO2 [M+H]" 342.0986, found 342.0996
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'H (DMSO0-d6) anilip (32)
|
| | | ‘

| |
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13C (DMS0-d6) anilip (32)

2.8.16 Microwave synthesis of 2-(pyridin-3-yl)-1H-imidazo[4,5-
f][1,10]phenanthroline (33) (Novel method)




Chapter 2 Experimental methods and instrumentation

0.20 g (9.52x10™* mol) of phendione was dissolved in 15 cm? of hot dry MeOH, to which
0.026 g (4.76x10° mol) CAN in 2 cm? of hot MeOH was added. To the resulting reaction
mixture was added 0.73 g (9.52x10 mol) NH4OAc in one portion followed by 91 pL
(9.52x10** mol) of 2-pyridinecarboxaldehyde. The resulting mixture was then reacted in
the microwave at 75 °C (300W, 1 bar) for 10 mins. The resulting solution was allowed to
cool to room temperature before being filtered and washed with MeOH and dried further
in an oven at 70 °C for overnight.

Product formula weight (33) = 297.31g/mol.

Yield: 0.255 g (90.11 %)

Mp: >250°C

% Calculated: C, 72.72; H, 3.73; N, 23.56

% Found: C,72.72; H, 3.73; N, 23.56

IR (KBT) Vmax: 432, 469, 544, 623, 650, 682, 724, 755, 809, 850, 929, 954,

981, 1080, 1187, 1244, 1313, 1363, 1405, 1457, 1483,
1515, 1548, 1604, 1622, 3069, 3415

IH NMR: (DMSO-d6): 5 = 7.62-7.66 (m, 1H), 7.81-7.853 (m, 2H),
8.57-8.59 (m, 1H), 8.68-.8.70 (m, 1H), 8.88-8.91 (m, 2H),
9.012-9.03 (m, 2H), 9.44 (s, 1H)

13C NMR: (75 MHz DMSO0-d6) 6 = 123.39, 124.09, 126.09, 129.67,
133.53, 143.56, 147.18, 148.01, 148.17, 150.17

LC/TCOF-MS: Calcd for C1gH11Ns [M+H]"298.1083, found 298.1082
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IR (KBr): (33)
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Chapter 2 Experimental methods and instrumentation

2.8.17 Microwave

synthesis of 2-(pyren-1-yl)-1H-imidazo[4,5-

f][1,10]phenanthroline (34) (Novel method)

0.20 g (9.52x10™* mol) of phendione was dissolved in 15 cm? of hot dry MeOH, to which
0.026 g (4.76x10° mol) CAN in 2 cm® of hot MeOH was added. To the resulting reaction
mixture was added 0.73 g (9.52x10° mol) NH4OAc in one portion followed by 0.22 g

(9.52x10* mol) of 1-pyrenecarboxaldehyde. The resulting mixture was then reacted in

the microwave at 75 °C (300W, 1 bar) for 10 mins. The yellow reaction mixture was

allowed to cool to room temperature to which 300 cm?® of Millipore water was added and

mixed and allowed to sit before being filtering to produce a yellow/brown solid that was

washed with Millipore water and allowed to dry in air before being dried further in an
oven at 70 °C (0.376 g, 94 %).

Product formula weight (34) = 420.46g/mol.

Yield:

Mp:

% Calculated:
% Found:

IR (KBr) vinax:

0.376 g (94 %)

> 250 °C.

C, 82.84; H, 3.84; N, 13.32
C, 82.79; H, 3.88; N, 13.29

432,469, 544, 623, 650, 682, 724, 755, 809, 850, 929, 954,
981, 1080, 1187, 1244, 1313, 1363, 1405, 1457, 1483,
1515, 1548, 1604, 1622, 3069, 3415
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Chapter 2 Experimental methods and instrumentation

IH NMR: (DMSO-d6): & = 7.87-7.91 (m, 2H), 8.13-8.18 (m, 1H),
8.31-8.32 (m, 1H), 8.37-8.41 (m, 3H), 8.52-8.55 (m, 1H),
8.66-8.69 (M, 1H), 9.03-9.09 (m, 4H), 9.51-9.54 (m, 1H).

13C NMR: (75 MHz DMSO-d6) & = 123.41, 123.70, 124.35, 124.87,
125.48, 125.60, 125.94, 126.70, 127.31, 127.4, 128.50,
128.56, 128.61, 129.84, 130.31, 130.90, 131.58, 143.61,
147.95, 150.88

LC/TCOF-MS: Calcd for CagH16N4 [M+H]"421.1453, found 421.1467

IR (KBr): (34)
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13C (DMSO-d6) (34)

2.8.18 Microwave synthesis of 2-(4-bromophenyl)-1H-imidazo[4,5-
f][1,10]phenanthroline (35) (Novel method)

Br

N? “NH

0.30 g (1.43x10° mol) of phendione was dissolved in 15 cm? of hot dry MeOH, to which
0.039 g (7.15x10° mol) CAN in 2 cm? of hot MeOH was added. To the resulting reaction
mixture was added 1.10 g (0.014 mol) NH4OAc in one portion followed by 0.264 g
(1.43x10° mol) of 4-bromobenzaldehyde. The resulting mixture was then reacted in the
microwave at 75 °C (300W, 1 bar) for 10 mins. The reaction mixture was then added to
a 100 cm3 beaker and allowed to stir in MeOH for 2 hrs. Following this period, 200 cm?®
of Millipore water was added and mixed and allowed to sit before being filtering to
produce a cream coloured solid that was washed with Millipore water and allowed to dry

in air before being dried further in an oven at 70 °C
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Product formula weight (35) = 375.22g/mol.

Yield: 0.46 g (85.74 %)

Mp: > 250°C.

% Calculated: C, 60.82; H, 2.95; N, 14.93

% Found: C, 60.78; H, 3.00; N, 14.92

IR (KBr) vmax: 413,435, 474,494,518, 550, 621, 645, 677, 724, 738, 805,

831, 951, 969, 1010, 1031, 1067, 1100, 1125, 1189, 1274,
1300, 1351, 1383, 1397, 1416, 1451, 1474, 1512, 1562,
1599, 1910, 1959, 3179

IH NMR: (DMSO-d6): & = 7.82-7.85 (m, 4H), 8.21-8.23 (m, 2H),
8.88-8.91 (m, 3H), 9.03 (bs, 1H), 13.83 (bs, 1H)

13C NMR: (75 MHz DMSO-d6) & = 122.94, 1233.34, 128.07, 129.14,
129.62, 132.04, 147.94, 149.47

LC/TCOF-MS: Calcd for C19H11BrN4 [M+H]* 375.02397, found 375.238

IR (KBr): (35)

- o~
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Chapter 2 Experimental methods and instrumentation

IH (DMSO-d6) (35)

14 13 12 11 10 9 8 7 6

13C (DMSO-d6) (35)

2.8.19 Microwave synthesis of 2-(3-methoxyphenyl)-1H-imidazo[4,5-
f][1,10]phenanthroline (36) (Novel method)

N” “NH




Chapter 2 Experimental methods and instrumentation

0.30 g (1.43x10° mol) of phendione was dissolved in 15 cm? of hot dry MeOH, to which
0.039 g (7.15x10° mol) CAN in 2 cm? of hot MeOH was added. To the resulting reaction
mixture was added 1.10 g (0.014 mol) NH4OAc in one portion followed by 174 L
(1.43x10% mol) of 3-methoxybenzaldehyde. The resulting mixture was then reacted in
the microwave at 75 °C (300W, 1 bar) for 10 mins before being added to 200 cm?® of
Millipore water and allowed to sit before being filtering to produce a yellow/cream
coloured solid that was washed with Millipore water and allowed to dry in air before
being dried further in an oven at 70 °C (0.33 g, 70.72 %).

Product formula weight (36) = 326.35g/mol.

Yield: 0.33g (70.72 %)

Mp: > 250°C.

% Calculated: C, 73.61;H,4.32; N, 17.17

% Found: C, 73.59; H, 4.36; N, 17.12

IR (KBT) Vmax: 410, 470, 544, 562, 584, 622, 647, 663, 689, 720, 739, 782,

809, 858, 884, 978, 995, 1035, 1072, 1083, 1106, 1134,
1167, 1184, 1242, 1298, 1321, 1352, 1398, 1442, 1481,
1506, 1545, 1564, 1604, 1677, 2840, 3061

IH NMR: (DMSO-d6): & = 3.9 (s, 3H), 7.08-7.11 (m, 1H), 7.50-7.55
(m, 1H), 7.84-7.89 (m, 4H), 8.91-9.03 (m, 4H), 13.73 (bs,
1H).

13C NMR: (75 MHz DMSO-d6) & = 55.34, 111.50, 115.24, 118.59,

119.27, 123.15, 123.42, 123.70, 126.35, 129.65, 130.19,
131.22, 135.62, 143.50, 147.83, 150.35, 159.70.

LC/TCOF-MS: Calcd for C20H14aN4O [M+H]* 327.1246, found 327.1239
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IR (KBr): (36)
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Chapter 2 Experimental methods and instrumentation

2.8.20 Microwave synthesis of 2-(4-fluorophenyl)-1H-imidazo[4,5-
f][1,10]phenanthroline (37) (Novel method)

F

N? “NH

0.30 g (1.43x107 mol) of phendione was dissolved in 15 cm? of hot dry MeOH, to which
0.039 g (7.15x10° mol) CAN in 2 cm?® of hot MeOH was added. To the resulting reaction
mixture was added 1.10 g (0.014 mol) NH4OAc in one portion followed by 153 pL
(1.43x107 mol) of 4-fluorobenzaldehyde. The resulting mixture was then reacted in the
microwave at 75 °C (300W, 1 bar) for 10 mins before being added to 200 cm?® of Millipore
water and allowed to sit before being filtering to produce an orange coloured solid that
was washed with Millipore water and allowed to dry in air before being dried further in

an oven at 70 °C .

Product formula weight (37) = 314.32g/mol.

Yield: 0.424 g (94.33 %)

Mp: > 250°C.

% Calculated: C, 72.60; H, 3.53; N, 17.83

% Found: C, 7257, H,3.58; N, 17.79

IR (KBr) Vmax: 410, 463, 477, 509, 549, 615, 646, 687, 738, 803, 838, 960,

1013, 1032, 1071, 1108, 1137, 1161, 1190, 1225, 1298,
1351, 1397, 1422, 1452, 1482, 1522, 1565, 1580, 1608,
1679, 1963, 3079, 3866
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'H NMR:

13C NMR:

LC/TCOF-MS:

IR (KBr): (37)

(DMSO-d6): & = 7.43-7.49 (m, 2H), 7.80-7.85 (m, 2H),
8.29-8.34 (m, 2H), 8.88-8.91 (m, 2H), 9.02-9.04 (m, 2H).

(75 MHz DMSO-d6) & = 115.92, 116.21, 123.29, 126.58,
126.62, 128.42, 128.54, 129.56, 143.52, 147.83, 149.67,
161.25, 161.83, 164.52

Calcd for C1gH11FN4 [M+H]" 315.1043, found 315.1059

100

'H (DMSO-d6) (37)

cm”
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13C (DMSO-d6) (37)

——

T T T T T
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2.8.21 Microwave synthesis of 2-(p-tolyl)-1H-imidazo[4,5-f][1,10]phenanthroline
(38) (Novel method)

N7 “NH

0.30 g (1.43x10 mol) of phendione was dissolved in 15 cm?® of hot dry MeOH, to which
0.039 g (7.15x10° mol) CAN in 2 cm? of hot MeOH was added. To the resulting reaction
mixture was added 1.10 g (0.014 mol) NHsOAc in one portion followed by 169 pL
(1.43x107 mol) of 4-methylbenzaldehyde. The resulting mixture was then reacted in the
microwave at 75 °C (300W, 1 bar) for 10 mins before being added to 200 cm? of Millipore
water and allowed to sit before being filtering to produce a yellow coloured solid that was
washed with Millipore water and allowed to dry in air before being dried further in an

oven at 70 °C

Product formula weight (38) = 310.35g/mol.
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Yield: 0.422 g (95.09 %)

Mp: > 250°C.

% Calculated: C, 77.40; H, 4.55; N, 18.05

% Found: C, 77.35; H,4.61; N, 18.01

IR (KBT) Vmax: 410, 470, 544, 562, 584, 622, 647, 663, 689, 720, 739, 782,

809, 858, 884, 978, 995, 1035, 1072, 1083, 1106, 1134,
1167, 1184, 1242, 1298, 1321, 1352, 1398, 1442, 1481,
1506, 1545, 1564, 1604, 1677, 2840, 3061

IH NMR: (DMSO-d6): § = 7.37-7.40 (m, 2H), 7.77 (bs, 2H), 8.15-
8.177 (m, 2H), 8.88-8.90 (m, 3H)

13C NMR: (75 MHz DMSO-d6) & = 20.94, 121.46, 123.17, 126.14,
127.26, 129.51, 139.26, 143.28, 147.42, 150.76

IR (KBr): (38)
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IH (DMSO-d6) (38)
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13C (DMSO-d6) (38)
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2.8.22  Microwave synthesis of 2-(3,4-dimethoxyphenyl)-1H-imidazo[4,5-
f][1,10]phenanthroline (39) (Novel method, novel molecule)
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Chapter 2 Experimental methods and instrumentation

0.40 g (1.90x10 mol) of phendione was dissolved in 15 cm? of hot dry MeOH, to which
0.052 g (9.50x107° mol) CAN in 2 cm? of hot MeOH was added. To the resulting orange
reaction mixture was added 1.47 g (0.02 mol) NH4OAc in one portion followed by 0.32
g (1.90 mmol) of 3,4-dimethoxybenzaldehyde in one portion. The resulting orange
mixture was then reacted in the microwave at 75 °C (300W, 1 bar) for 10 mins. The
resulting green coloured solution was allowed to cool to room temperature and 150 cm?
of Millipore water was added. The solution was cooled to 4 °C in a fridge overnight which

precipitated an orange powder.

Product formula weight (39) = 356.38g/mol.

Yield: 0.584 g (86.26 %)

Mp: > 250°C.

% Calculated: C:70.77,H: 4,53, N: 15.72

% Found: C:70.71, H: 4.55, N: 15.76

IR (KBT) Vmax: 410, 429, 457, 524, 622, 634, 653, 713, 739, 765, 808, 867,

925, 968, 980, 1022, 1069, 1104, 1123, 1153, 1177, 1229,
1254, 1297, 1315, 1351, 1398, 1440, 1470, 1489, 1524,

1564, 1592, 1609, 2837, 2986, 3087, 3133, 3330, 3464 cm"
1

IH NMR: (DMSO-d6): & = 3.43 (s, 3H), 3.93 (s, 3H), 7.16-7.20 (m,
1H), 7.83-7.87 (m, 4H), 8.91-8.93 (m, 2H), 9.01-9.03 (m,
2H), 13.59 (bs, 1H)

13C NMR: (75 MHz DMSO-d6) & = 55.61, 55.68, 109.64, 111.88,
119.19, 122.59, 123.05, 123.32, 123.63, 126.14, 129.48,
129.57, 135.58, 143.28, 143.48, 147.65, 148.97, 150.19,
150.82.

LC/TCOF-MS: Calcd for C21H16N4O2 [M+H]" 357.1346, found 357.1346
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IR (KBr): (39)
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2.8.23 Microwave synthesis of 2-(4-(benzyloxy)-3-methoxyphenyl)-1H-imidazo[4,5-
f][1,10]phenanthroline (40) (Novel method, novel molecule)

0.30 g (1.43 mmol) of phendione was dissolved in 15 cm? of hot dry MeOH, to which
0.039 g (7.15x10°° mol) CAN in 2 cm? of hot MeOH was added. To the resulting orange
reaction mixture was added 1.10 g (0.014 mol) NH4OAc in one portion followed by 0.35
g (1.43 mmol) of 4-benzyloxy-3-methoxybenzaldehyde in one portion. The resulting
orange mixture was then reacted in the microwave at 75 °C (300W, 1 bar) for 10 mins.
The resulting yellow coloured solution was allowed to cool to room temperature before
being filtered. To the filtrate was added 150 cm? of Millipore water to produce a bright
orange precipitate which was filtered and washed with water before being dried in an

oven at 70 °C overnight.

Product formula weight (40) = 432.47g/mol.

Yield: 0.504 g (81.50 %)

Mp: > 250 °C.

% Calculated: C, 74.98; H, 4.66; N, 12.95
% Found: C,74.92;H,4.70; N, 12.92
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Chapter 2 Experimental methods and instrumentation

IR (KBI') Vmax.

'H NMR:

13C NMR:

LC/TCOF-MS:

IR (KBr): (40)

408, 432, 464, 513, 527, 573, 621, 652, 695, 740, 767, 806,
852, 867, 913, 979, 1029, 1068, 1100, 1177, 1218, 1260,
1297, 1314, 1350, 1394, 1442, 1488, 1521, 1532, 1605,
1679, 1748, 1875, 1957, 2033, 2716, 2834, 2933, 3028,
3061, 3177, 3402, 3713, 3858

(DMSO-d6): & = 3.96 (s, 3H), 5.20 (s, 2H), 7.29-7.52 (m,
6H), 7.82-7.89 (m, 4H), 8.91-8.94 (m, 2H), 9.02-9.04 (m,
2H).

(75 MHz DMSO-d6) & = 29.98, 55.77, 69.93, 109.89,
113.51, 119.09, 119.22, 122.93, 123.11, 123.40, 123.64,
126.15, 127.97, 128.44, 129.48, 135.61, 136.77, 143.29,
147.75, 149.19, 149.30, 150.77

Calcd for Ca7H20N4O2 [M+H]* 433.1659, found 433.1654
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IH (DMSO-d6) (40)
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2.8.24  Microwave synthesis of  2-([1,1'-biphenyl]-3-yl)-1H-imidazo[4,5-
f][1,10]phenanthroline (biphip) (41) (Novel method, novel molecule)




Chapter 2 Experimental methods and instrumentation

0.40 g (1.90 mmol) of phendione was dissolved in 15 cm? of hot dry MeOH, to which
0.052 g (9.52x10° mol) CAN in 2 cm?® of hot MeOH was added. To the resulting orange
reaction mixture was added 1.47 g (0.02 mol) NH4OAc in one portion followed by 0.31
cm? (1.90 mmol) of biphenyl-3-caboxyaldehyde in one portion. The resulting dark orange
mixture was then reacted in the microwave at 75 °C (300W, 1 bar) for 10 mins. The
resulting yellow coloured solution was allowed to cool to room temperature and 150 cm?
of Millipore water was added resulting in a clear yellow coloured precipitate which was

filtered and washed with millipore water before being dried in an oven at 70 °C overnight.

Product formula weight (41) = 372.42g/mol.

Yield: 0.649 g (91.65 %)

Mp: > 250°C.

% Calculated: C: 80.63, H: 4.33, N: 15.04

% Found: C:80.57, H: 4.39, N: 15.04

IR (KBT) Vmax: 410, 521, 625, 668, 698, 716, 739, 759, 783, 809, 913, 963,

1032, 1072, 1109, 1192, 1269, 1299, 1354, 1396, 1418,
1438, 1454, 1477, 1507, 1546, 1568, 1602, 1659, 3109

IH NMR: (DMSO-d6): & = 7.42-7.45 (m, 3H), 7.54-7.78 (m, 6H),
8.26-8.29 (m, 1H), 8.52 (s, 1H), 8.89-9.01 (m, 4H).

13C NMR: (75 MHz DMSO0-d6) 6 = 123.23, 124.33, 125.31, 126.84,
127.83, 129.00, 129.63, 130.53, 139.67, 140.95, 143.53,
147.77, 150.35

LC/TCOF-MS: Calcd for CasH16N4 [M+H]" 373.14247, found 373.1424

96

—
| —



Chapter 2 Experimental methods and instrumentation

IR (KBr): biphip (41)
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Chapter 2 Experimental methods and instrumentation

2.8.25 Microwave synthesis of 2-benzhydryl-1H-imidazo[4,5-f][1,10]phenanthroline
(42) (Novel method, novel molecule)

0.40 g (1.90 mmol) of phendione was dissolved in 15 cm? of hot dry MeOH, to which
0.052 g (9.52x10°° mol) CAN in 2 cm® of hot MeOH was added. To the resulting orange
reaction mixture was added 1.47 g (0.02 mol) NH4OAc in one portion followed by 0.34
cm?® (1.90 mmol) of diphenylacetaldehyde in one portion. The resulting dark orange
mixture was then reacted in the microwave at 75 °C (300W, 1 bar) for 10 mins. The
resulting yellow coloured solution was allowed to cool to room temperature and 150 cm?®
of Millipore water was added resulting in a yellow coloured precipitate which was filtered

and washed with millipore water before being dried in an oven at 70 °C overnight

Product formula weight (42) = 386.45g/mol.

Yield: 0.584 g (79.54 %)

Mp: > 250°C.

% Calculated: C, 80.81; H, 4.69; N, 14.50

% Found: C, 80.77; H, 4.74; N, 14.46

IR (KBr) vmax: 502, 626, 636, 706, 728, 769, 812, 941, 1087, 1121, 1318,

1375, 1425, 1485, 1620, 2023, 3420

IH NMR: (DMSO-d6): & = 6.58-6.60 (m, 2H), 6.89-7.83 (m, 27H),
8.30 (s, 1H), 8.84-9.02 (m, 4H)

LC/TCOF-MS: Calcd for C2sH1sN4 [M+H]" 387.1604, found 387.1619
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IR (KBr): (42)
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2.8.26 Microwave synthesis of 5-(1H-imidazo[4,5-f][1,10]phenanthrolin-2-yl)-2-
nitrophenol (43) (Novel method, novel molecule)

o-

%N+’

0.40 g (1.90 mmol) of phendione was dissolved in 15 cm? of hot dry MeOH, to which
0.052 g (9.52x10°° mol) CAN in 2 cm® of hot MeOH was added. To the resulting orange
reaction mixture was added 1.47 g (0.02 mol) NH4OAc in one portion followed by 0.32
g (2.90 mmol) of 3-hydroxy-4-nitrobenzaldehyde in one portion. The resulting orange
mixture was then reacted in the microwave at 75 °C (300W, 1 bar) for 10 mins. The
resulting orange coloured solution was allowed to cool to room temperature before being
filtered and the resulting orange powder was washed with MeOH and 150 cm?® of
Millipore water and then dried in an oven at 70 °C overnight (0.51 g, 75.12 %).

Product formula weight (43) = 357.32g/mol.

99

—
| —
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Yield: 0.51 g (75.12 %)

Mp: > 250°C.

% Calculated: C, 63.86; H, 3.10; N, 19.60

% Found: C, 63.81; H, 3.16; N, 19.56

IR (KBT) Vmax: 427,480, 551, 597, 623, 691, 727, 736, 760, 815, 841, 876,

900, 929, 993, 1087, 1197, 1259, 1295, 1322, 1361, 1405,
1460, 1511, 1552, 1587, 1611, 1621, 1788, 1996, 2825,
2963, 3086, 3232, 3428, 3540, 3878

IH NMR: (DMSO-d6): & = 7.75-8.09 (m, 5H), 8.81-8.98 (m, 4H)

13C NMR: (75 MHz DMSO-d6) & = 116.02, 121.31, 123.26, 126.28,
129.64, 135.94, 143.53, 147.93, 172.12

LC/TCOF-MS: Calcd for C19H11NsO3 [M+H]" 358.09177, found 358.0917

IR (KBr): (43)
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IH (DMSO-d6) (43)

13C (DMSO-d6) (43)
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2.8.27 Microwave synthesis of 2-(9H-fluoren-3-yl)-1H-imidazo[4,5-
f][1,10]phenanthroline (44) (Novel method, novel molecule)
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0.40 g (1.90 mmol) of phendione was dissolved in 15 cm? of hot dry MeOH, to which
0.052 g (9.52x10° mol) CAN in 2 cm?® of hot MeOH was added. To the resulting orange
reaction mixture was added 1.47 g (0.02 mol) NH4OAc in one portion followed by 0.37

g (1.90 mmol) of fluorene-2-carboxaldehyde in one portion. The resulting orange mixture

was then reacted in the microwave at 75 °C (300W, 1 bar) for 10 mins. The resulting

orange coloured solution was allowed to cool to room temperature before being filtered

and the resulting orange powder was washed with MeOH, 150 cm? of Millipore water

and finally acetone before being dried in an oven at 70 °C overnight.

Product formula weight (44) = 384.43g/mol.

Yield:

Mp:

% Calculated:
% Found:

IR (KBr) Vmax-

'H NMR:

13C NMR;:

LC/TCOF-MS:

0.658 g (90.09 %)

> 250°C.

C, 81.23; H, 4.20; N, 14.57
C, 81.20; H,4.24; N, 1451

431, 476, 521, 553, 623, 636, 725, 741, 774, 808, 879, 928,
980, 1087, 1193, 1285, 1309, 1364, 1384, 1403, 1428,
1448, 1478, 1512, 1551, 1585, 1609, 3413

(DMSO-d6): & = 4.06 (s, 2H), 7.32-7.43 (m, 2H), 7.60-
7.63 (m, 1H), 7.80-7.84 (m, 3H), 7.93-7.96 (m, 1H), 8.07-
8.09 (m, 1H), 8.29-8.32 (m, 1H), 8.45 (s, 1H), 8.90-9.02
(m, 4H).

(75 MHz DMSO0O-d6) & = 36.41, 120.40, 122.76, 123.27,
125.11, 125.18, 126.91, 127.29, 128.27, 129.63, 140.41,
142.39, 143.36, 143.57, 143.68, 147.67, 150.91

Calcd for CosH16N4 [M+H]" 385.1448, found 385.1439
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IR (KBr): (44)
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Chapter 2 Experimental methods and instrumentation

2.8.28 Microwave synthesis of 2-(3,5-bis(trifluoromethyl)phenyl)-1H-imidazo[4,5-
f][1,10]phenanthroline (45) (Novel method, novel molecule)

F F
F F

N” “NH

0.30 g (1.43x107 mol) of phendione was dissolved in 15 cm? of hot dry MeOH, to which
0.039 g (7.15x10° mol) CAN in 2 cm?® of hot MeOH was added. To the resulting reaction
mixture was added 1.10 g (0.014 mol) NH4OAc in one portion followed by 236 uL
(1.43x107 mol) of 3,5-his(trifluoromethyl)benzaldehyde. The resulting mixture was then
reacted in the microwave at 75 °C (300W, 1 bar) for 10 mins The resulting orange
coloured solution was allowed to cool to room temperature before being added to 200
cm?® of Millipore water and allowed to sit before being filtering to produce a cream
coloured solid that was washed with Millipore water and allowed to dry in air before
being dried further in an oven at 70 °C.

Product formula weight (45) = 432.32g/mol.

Yield: 0.494 g (79.91 %)

Mp: > 250°C.

% Calculated: C, 58.34; H, 2.33; N, 12.96

% Found: C,58.34;: H, 2.31; N, 12.94

IR (KBr) vmax: 421, 625, 684, 702, 714, 743, 809, 846, 898, 981, 1032,
1070, 1135, 1180, 1281, 1368, 1400, 1430, 1509, 1568,
1625, 3071
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Chapter 2 Experimental methods and instrumentation

IH NMR: (DMSO-d6): & = 7.83-7.84 (m, 2H), 8.19 (s, 1H), 8.87 (s,
3H), 9.05-9.06 (m, 2H), 13.99 (bs, 1H)

13C NMR: (75 MHz DMSO-d6) & = 123.27, 126.23, 129.60, 131.03,
131.47,132.51, 144.06, 147.34, 148.23

IR (KBr): (45)
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e, e e
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'H (DMSO-d6) (45)

105

—
| —
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13C (DMSO-d6) (45)
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2.8.29 Microwave synthesis of 4-(6,9-dimethyl-1H-imidazo[4,5-
f][1,10]phenanthrolin-2-yl)phenol (46) (Novel method, novel molecule)

OH

0.15 g (6.30x10™* mol) of 2,9-dimethyl-1,10-phenanthroline-5,6-dione was dissolved in
15 cm?® of hot dry MeOH, to which 0.017 g (3.15x10° mol) CAN in 5 cm? of hot MeOH
was added. To the resulting reaction mixture was added 0.49 g (6.3 mmol) NH4OAc in
one portion followed by 76.94 mg (6.30x10* mol) of 4-hydroxybenzaldehyde. The
resulting deep orange coloured solution was then reacted in the microwave at 75 °C
(300W, 1 bar) for 10 mins. The resulting orange coloured mixture was allowed to cool
to room temperature before being added to 200 cm? of Millipore water and allowed to sit
before being filtering to produce a dark yellow solid that was washed with Millipore water

and allowed to dry in air before being dried further in an oven at 70 °C overnight.
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Chapter 2 Experimental methods and instrumentation

Product formula weight (46) = 340.38g/mol.

Yield:

Mp:

% Calculated:
% Found:

IR (KBI') Vmax-

'H NMR:

13C NMR;:

LC/TCOF-MS:

IR (KBr): (46)

%T

100

0.045 g (21 %)

> 250°C.

C,74.10; H,4.74; N, 16.46
C,74.15; H,4.82; N, 16.38

425, 452, 527, 566, 608, 628, 699, 747, 842, 961, 1054,
1100, 1144, 1175, 1246, 1279, 1376, 1383, 1449, 1484,
1528, 1612, 3176

(DMSO-d6): & = 2.80 (s, 6H), 6.95-6.98 (m, 2H), 7.69-7.72
(m, 2H), 8.08-8.11 (m, 2H), 8.79-8.81 (m, 2H), 10.01 (s,
1H).

(75 MHz DMSO-d6) & = 24.64, 115.71, 121.15, 123.43,
127.85, 130.20, 141.80, 150.74, 155.67, 158.83

Calcd for C21H16N4O [M+H]* 341.1397, found 341.1416

8
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cm”
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IH (DMSO-d6) (46)
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2.8.30 Microwave synthesis of 2-ferroceny-(6,9-dimethyl-1H-imidazo[4,5-f][1,10]-
phenanthroline (47) (Novel method, novel molecule)
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0.15 g (6.30x10** mol) of 2,9-dimethyl-1,10-phenthroline-5,6-dione was dissolved in 15
cm? of hot dry MeOH, to which 0.017 g (3.15x10° mol) CAN in 5 cm? of hot MeOH was
added. To the resulting reaction mixture was added 0.49 g (6.30 mmol) NH4OAc in one
portion followed by 0.14 g (6.30x10** mol) of ferrocenecarboxaldehyde. The resulting
clear red mixture was then reacted in the microwave at 75 °C (300W, 1 bar) for 10 mins.
The resulting solution was allowed to cool to room temperature before being filtered and
washed with MeOH, and dried in an oven at 70 °C overnight.

Product formula weight (47) = 432.30g/mol.

Yield: 0.22 g (80.79 %)

Mp: > 250°C.

% Calculated: C, 58.34; H, 2.33; N, 12.96

% Found: C, 58.29; H, 2.41; N, 12.89

IR (KBT) Vmax: 420, 431, 470, 493, 516, 566, 621, 650, 678, 701, 749, 831,

881, 975, 1000, 1037, 1058, 1108, 1140, 1154, 1188, 1220,
1245, 1284, 1357, 1412, 1437, 1484, 1533, 1554, 1579,
1625, 3107, 3411

'H NMR: (DMSO-d6): 6 = 2.79 (s, 6H), 4.16 (s, 5H), 4.51-4.52 (m,
2H), 5.13-5.14 (m, 2H), 7.64-7.71 (m, 2H), 8.75-8.78 (d,
2H).

LC/TCOF-MS: Calcd for CasHoFeNs [M+H]* 433.1113, found 433.1143
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IR (KBr): (47)
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Chapter 2 Experimental methods and instrumentation

2.9 Synthesis of imidazo[4,5-f][1,10]phenanthroline perchlorate complexes
2.9.1 Synthesis of [Cu(22)2](ClOa4)2 (54) (Novel complex)

22 = 2-ferroceny-1H-imidazo[4,5-f][1,10]-phenanthroline (ferrip)

H

N

S

®

0.10 g (2.70x10* mol) [Cu(ClO4)]2.6H.0 was dissolved in 20 cm® of MeOH at room
temperature. To this was added 0.20 g (4.95x10* mol) of ferrip (22), 2-ferroceny-1H-

imidazo[4,5-f][1,10]-phenanthroline in one portion to produce an orange mixture which
after 1h of refluxing changed to a dark orange/light brown colour, continued refluxing for
4 hrs total. The reaction mixture was allowed to cool to room temperature before being
filtered, resulting in a dark orange/light brown powder which was washed with MeOH

and air dried.

Complex formula weight (54) = 1070.95g/mol.

Yield: 0.131g (45.30 %)

Mp: > 250°C.

% Calculated: C:51.59, H: 3.01, N: 10.46

% Found: C:51.39, H: 2.72, N: 10.68

IR (KBr) vmax: 3431, 3084, 1670, 1568, 1514, 1448, 1439, 1417, 1361,

1310, 1186, 1104, 962, 807, 723, 621, 525, 479, 437 cm™*

Meff: 1.95 B.M.
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2.9.2 Synthesis of [Cu(19)2](ClOa4)227H20 (55) (Novel complex)

19 = 2-(naphthalen-1-yl)-1H-imidazo[4,5-f][1,10]phenanthroline (nip)

0.13 g (3.51x10* mol) [Cu(ClO4)]2.6H.0 was dissolved in 20 cm® of MeOH at room
temperature. To this was added 0.20 g (5.77x10* mol) of nip (19), 2-(naphthalen-1-yl)-

1H-imidazo[4,5-f][1,10]phenanthroline in one portion to produce a green solution which

was then refluxed for 2 hrs. The reaction mixture was allowed to cool to room temperature

before being filtered, washed with MeOH and air dried.

Complex formula weight (55) = 1081.32g/mol.

Yield:

Mp:

% Calculated:

% Found:

IR (KBr) Vmax-

Meff:

0.183g (48.22 %)

> 250°C.

C:51.09, H: 3.91, N: 10.36
C:50.91, H: 3.62, N: 10.59

435, 472, 526, 536, 554, 622, 662, 722, 780, 809, 1054,
1102, 1187, 1217, 1278, 1315, 1366, 1409, 1456, 1497,
1514, 1543, 1579, 1610, 1624, 3072, 3272

1.95 B.M.
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IR (KBr): (55)
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2.9.3 Synthesis of [Cu(20)2](ClOa4)227H20 (56) (Novel complex)

20 = 2-(anthracen-9-yl)-1H-imidazo[4,5-f][1,10]phenanthroline (aip)

0.15 g (4.05x10* mol) [Cu(ClO4)]2.6H.0 was dissolved in 20 cm® of MeOH at room
temperature. To this was added 0.20 g (5.05x10* mol) of aip (20), 2-(anthracen-9-yl)-
1H-imidazo[4,5-f][1,10]phenanthroline in one portion to produce a green solution which
was then refluxed for 2 hrs. The reaction mixture was allowed to cool to room temperature
before being filtered, washed with MeOH and air dried.

Complex formula weight (56) = 1181.44g/mol

Yield: 0.1879 (39.11%)

Mp: > 250°C.

% Calculated: C:54.90, H: 3.93, N: 9.48
( ]
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Chapter 2 Experimental methods and instrumentation

% Found: C:54.71, H: 3.67, N: 9.69

IR (KBr) Vmax: 3054, 1612, 1546, 1510, 1444, 1410, 1362, 1312, 1280,
1185, 1085, 896, 812, 794, 742, 728, 626, 605, 542, 467,
426 cm™

Meff: 1.93 B.M.

IR (KBr): (56)

%T

cm”

2.9.4 Synthesis of [Cu(18)2](ClO4)22MeOH<*5H20 (57) (Novel complex)

18 = 4-(1H-imidazo[4,5-f][1,10]phenanthrolin-2-yl)phenol (18)

0.14 g (3.78x10* mol) [Cu(ClO4)]2.6H20 was dissolved in 30 cm® of MeOH at room
temperature. To this was added 0.20 g (6.40x10* mol) of 18, 4-(1H-imidazo[4,5-
f][1,10]phenanthrolin-2-yl)phenol in one portion to produce a green solution which was
then refluxed for 2 hrs. The reaction mixture was allowed to cool to room temperature

before being filtered, washed with MeOH and air dried.
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Complex formula weight (57) = 1009.22g/mol.

Yield:

Mp:

% Calculated:

0.188g (49.30%)
> 250°C.

C:46.41, H: 3.80, N: 11.10

% Found: C:46.23, H: 3.51, N: 11.33
IR (KBr) Vmax: 3386, 3084, 1611, 1526, 1483, 1457, 1407, 1367, 1273,
1237, 1178, 1108, 1079, 1052, 958, 929, 845, 808, 741,
723, 698, 648, 624, 557, 528, 475, 434 cm’:
Meff: 1.82 B.M.
IR (KBrI): (57)
0] WW /\M‘/\/
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2.9.5 Synthesis of [Cu(21)2](ClO4)2¢2H20 (58) (Novel complex)

21 = 2-(1H-indol-3-yl)-1H-imidazo[4,5-f][1,10]phenanthroline (Hz11P)
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Chapter 2 Experimental methods and instrumentation

0.13 g (3.51x10* mol) [Cu(ClO4)]2.6H20 was dissolved in 30 cm® of MeOH at room
temperature. To this was added 0.20 g (5.96x10* mol) of H2IIP (21), 2-(1H-indol-3-yl)-
1H-imidazo[4,5-f][1,10]phenanthroline in one portion to produce a yellow solution which
was then refluxed for 2 hrs. The resulting brown coloured reaction mixture was allowed
to cool to room temperature to produce a dark green precipitate which was filtered,
washed with MeOH and air dried.

Complex formula weight (58) = 969.20g/mol.

Yield: 0.201g (59.12%)

Mp: > 250°C.

% Calculated: C:52.05, H: 3.12, N: 14.45

% Found: C: 51.86, H: 2.86, N: 14.68

IR (KBr) vmax: 409, 569, 625, 649, 682, 734, 749, 772, 795, 877, 926, 968,

10006, 1035, 1072, 1131, 1198, 1259, 1297, 1354, 1396,
1428, 1454, 1482, 1505, 1577, 1620, 1727, 1785, 1856,
1929, 2909, 3053, 3133, 3280, 3388, 3513

Meff: 1.98 B.M.

2.9.6 Synthesis of [Cu(21)2](ClOa4)222H20 (59) (Novel complex)

41 = 2-([1,1'-biphenyl]-3-yl)-1H-imidazo[4,5-f][1,10]phenanthroline (biphip)

1%

0.12 g (3.24x10* mol) [Cu(ClO4)]2.6H20 was dissolved in 30 cm® of MeOH at room
temperature. To this was added 0.20 g (5.37x10* mol) of biphip (41), 2-([1,1"-biphenyl]-
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Chapter 2 Experimental methods and instrumentation

3-yl)-1H-imidazo[4,5-f][1,10]phenanthroline in one portion to produce a green solution
which was then refluxed overnight. The reaction mixture was then allowed to cool to
room temperature to produce a dark green precipitate which was filtered, washed with
MeOH and air dried.

Complex formula weight (59) = 1043.32g/mol.

Yield: 0.159g (47.06%)

Mp: > 250°C.

% Calculated: C:58.94, H: 3.49, N: 10.78

% Found: C:58.76, H: 3.19, N: 10.98

IR (KBT) Vmax: 410, 521, 625, 698, 718, 741, 761, 785, 811, 915, 965,

1072, 1109, 1192, 1269, 1299, 1354, 1396, 1418, 1438,
1454, 1477, 1507, 1546, 1568, 1602, 1659, 3111

Meff: 1.89 B.M.

2.9.7 Synthesis of [Cu(23)](ClOa4)222H20 (60) (Novel complex, polymer)

23 = 1,4-bis(1H-imidazo[4,5-f][1,10]phenanthrolin-2-yl)benzene (bpibH2)

0.32 g (8.64x10* mol) [Cu(ClO4)]2.6H.0 was dissolved in 30 cm® of MeOH at room
temperature. To this was added 0.20 g (3.89x10* mol) of bpibH2 (23), 1,4-bis(1H-
imidazo[4,5-f][1,10]phenanthrolin-2-yl)benzene in one portion to produce a yellow
solution which was then refluxed overnight. The reaction mixture was then allowed to

cool to room temperature before being filtered, washed with MeOH and air dried.
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Chapter 2 Experimental methods and instrumentation

Complex formula weight (60) = 813.02g/mol.

Yield: 0.20g (45%)

Mp: > 250°C.

% Calculated: C:47.27,H: 2.73,N: 13.78

% Found: C:46.94, H: 2.55, N: 13.59

IR (KBr) Vimax: 3412, 1610, 1566, 1513, 1476, 1453, 1403, 1385, 1361,

1319, 1260, 1192, 1080, 959, 846, 805, 735, 726, 705, 637,
625, 558, 488, 431,

Meff: 2.1 B.M.

IR (KBr): (60)

100
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Chapter 2 Experimental methods and instrumentation

2.10 Synthesis of Oxazine (Phenoaxazine) Ligands.

2.10.1 Synthesis  of methyl 2-(4-hydroxyphenyl)-2H-[1,4]oxazino[2,3-
f][1,10]phenanthroline-3-carboxylate, PDTME (49)

OH

0.40 g (1.903x10° mol) of phendione was dissolved in 60 cm?® of refluxing dry MeOH.
To this, was added 0.44 g (1.90x10 mol) of L-tyrosine methyl ester hydrochloride
dissolved in 20 cm?® of MeOH. The resulting yellow solution was then refluxed for 24 hrs.
After which the yellow saturated mixture was filtered hot to yield a yellow powder
(Phendiol).

The filtrate orange/yellow was allowed to slowly evaporate at room temperature to yield
a precipitate (PDTME) which was filtered and washed with ice-cold MeOH.

Product formula weight (49) = 385.37g/mol.

Yield: 0.15¢ (20.45%)
Mp: > 250°C.
IR (KBr) vmax: 429, 486, 551, 631, 679, 740, 767, 783, 808, 842, 921, 972,

1020, 1058, 1071, 1111, 1132, 1173, 1259, 1286, 1324,
1345, 1379, 1415, 1433, 1488, 1503, 1515, 1587, 1608,
1712, 1742, 1918, 1965, 2473, 2609, 2685, 2811, 2947,
3069, 3274, 3425, 3880

IH NMR: (DMSO-d6): & = 3.89 (s, 1H), 6.58 (s, 1H), 6.64-6.67 (m,
2H), 7.18-7.21 (m, 2H), 7.77-7.87 (m, 2H), 8.58-8.62 (m,
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Chapter 2 Experimental methods and instrumentation

1H), 8.86-8.90 (m, 1H), 9.02-9.04 (m, 1H), 9.11-9.12 (m,
1H), 9.13 (m, 1H).

13C NMR: (75 MHz DMSO-d6) & = 48.56, 52.92, 71.98, 115.77,
121.19, 121.72, 123.73, 124.10, 124.76, 125.95, 128.94,
129.81, 130.90, 138.39, 142.23, 146.37, 148.61, 149.68,
151.52, 158.72, 162.60.

LC/TCOF-MS: Calcd for C22H15N304 [M+H]" 386.1135, found 386.1114

IR (KBr): PDTME (49)
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Chapter 2 Experimental methods and instrumentation

2.10.2 Microwave synthesis of methyl 2-(4-hydroxyphenyl)-2H-[1,4]oxazino|[2,3-
f][1,10]phenanthroline-3-carboxylate, PDTME (49)

0.40 g (1.90 mmol) of phendione was dissolved in 25 cm?® of refluxing MeOH to produce
a yellow coloured solution. To this, was added 0.44 g (1.90 mmol) of L-tyrosine methyl
ester hydrochloride and the resulting orange solution was allowed to react for 4 hrs in the
microwave at 80 °C (300W, 1 bar) with constant stirring. The resulting brown/sand
coloured solution was filtered while hot to yield a sand coloured powder solid which was
washed with MeOH (Phendiol).

The orange coloured filtrate was allowed to evaporate slowly at room temperature to yield
an orange precipitate (PDTME) which was filtered and washed with ice-cold MeOH.

Product formula weight (49) = 385.37g/mol.

Yield: 0.03g (4.09%)
Mp: > 250°C.
IR (KBF) Vimax: 429, 486, 551, 631, 679, 740, 767, 783, 808, 842, 921, 972,

1020, 1058, 1071, 1111, 1132, 1173, 1259, 1286, 1324,
1345, 1379, 1415, 1433, 1488, 1503, 1515, 1587, 1608,
1712, 1742, 1918, 1965, 2473, 2609, 2685, 2811, 2947,
3069, 3274, 3425, 3880

IH NMR: (DMSO-d6): & = 3.89 (s, 1H), 6.58 (s, 1H), 6.64-6.67 (m,
2H), 7.18-7.21 (m, 2H), 7.77-7.87 (m, 2H), 8.58-8.62 (m,
1H), 8.86-8.90 (m, 1H), 9.02-9.04 (m, 1H), 9.11-9.12 (m,
1H), 9.13 (m, 1H).

13C NMR: (75 MHz DMSO-d6) 6 = 48.56, 52.92, 71.98, 115.77,
121.19, 121.72, 123.73, 124.10, 124.76, 125.95, 128.94,
129.81, 130.90, 138.39, 142.23, 146.37, 148.61, 149.68,
151.52, 158.72, 162.60.

LC/TCOF-MS: Calcd for C22H1sN3O4 [M+H]™ 386.1135, found 386.1114
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Chapter 2 Experimental methods and instrumentation

IH (DMSO-d6) PDTME (49)

l iy
‘ |
J ll I ,-L,.[: D W

2.10.3 Synthesis of ethyl 2-(4-hydroxyphenyl)-2H-[1,4]oxazino|[2,3-
f][1,10]phenanthroline-3-carboxylate, PDTEE (50) (Novel molecule)

OH

0.40 g (1.90 mmol) of phendione was dissolved in 30 cm? of refluxing EtOH to produce
a yellow coloured solution. To this, was added 0.47 g (1.90 mmol) of L-tyrosine ethyl
ester hydrochloride and the resulting orange solution was allowed to react for 4 hrs in the
microwave at 80 °C (300W, 1 bar) with constant stirring. The resulting brown/sand
coloured solution was filtered while hot to yield a sand coloured powder solid which was
washed with EtOH (Phendiol).

The orange coloured filtrate was allowed to evaporate slowly at room temperature to yield
an orange/red precipitate (PDTEE) (impure) which was filtered and washed with ice-cold
EtOH.
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Chapter 2 Experimental methods and instrumentation

Product formula weight (50) = 399.40g/mol.

Yield:
Mp:

IR (KBI') Vmax.

'H NMR:

13C NMR:

LC/TCOF-MS:

IR (KBr): PDTEE (50)

0.09g (12.14%)
> 250°C.

426, 626, 636, 685, 699, 724, 735, 752, 784, 812, 868, 940,
968, 1036, 1115, 1182, 1194, 1250, 1287, 1330, 1375,
1390, 1447, 1472, 1489, 1542, 1585, 1613, 1723, 2021,
3101, 3244, 3481.

(DMSO-d6): 5 = 1.30-1.35 (t, 3H), 4.31-4.35 (m, 2H), 6.58
(s, 1H), 6.64-6.67 (m, 2H), 7.16-7.20 (m, 2H), 7.74-7.85
(m, 2H), 8.56-8.60 (m, 1H), 8.84-8.88 (m, 1H), 9.01-9.03
(m, 1H), 9.11-9.12 (m, 1H), 9.12 (m, 1H).

(75 MHz DMSO-d6) & = 13.93, 61.40, 71.58, 115.27,
121.09, 121.68, 123.69, 123.95, 124.68, 125.85, 128.91,
129.78, 130.78, 138.34, 142.19, 146.31, 148.58, 149.45,
151.12, 158.52, 162.54.

Calcd for C23H17N304 [M+H]™ 400.1293, found 400.1290
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Chapter 2 Experimental methods and instrumentation

2.10.4 Synthesis of methyl 2-(3,4-dihydroxyphenyl)-2H-[1,4]oxazino[2,3-
f][1,10]phenanthroline-3-carboxylate, PDDME (51) (Novel molecule)

OH

o OH
\

0.80 g (3.81x10° mol) of phendione was dissolved in 100 cm?® of refluxing dry MeOH.
To this was added 0.94 g (3.80x102 mol) of L-DOPA methyl ester hydrochloride in one
portion. A clear orange solution resulted which was then refluxed for 24 hrs after which

was filtered hot to yield a yellow solid which was washed with cold MeOH.

The filtrate was allowed to slowly evaporate at room temperature to yield an orange
precipitate which was filtered and washed with ice-cold MeOH (PDDME).

Product formula weight (51) = 401.37g/mol.

Yield: 0.38g (24.88%)
Mp: > 250°C.
IR (KBr) vmax: 3474, 1708, 1633, 1599, 1580, 1531, 1505, 1489, 1443,

1380, 1348, 1337, 1268, 1242, 1225, 1186, 1158, 1135,
1123, 1099, 1074, 1060, 1032, 986, 971, 914, 879, 816,
806, 783, 737, 680, 658, 626, 586, 421.

1H NMR: (DMSO-d6): & = 3.89 (s, 3H), 6.51 (s, 1H), 6.62-6.69 (m,
2H), 6.76 (s, 1H), 7.76-7.81 (m, 1H), 7.82-7.86 (m, 1H),
8.56-8.60 (M, 1H), 8.85-8.88 (M, 1H), 9.01-9.03 (m, 1H),
9.10-9.12 (m, 1H)
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13C NMR: (75 MHz DMSO-d6) & = 48.55, 52.98, 72.43, 114.58,
115.87, 118.88, 121.43, 124.45, 124.66, 125.15, 126.37,
131.73, 131.90, 138.99, 139.91, 144.40, 145.51, 147.07,
147.35, 150.13, 151.33, 162.52.

LC/TCOF-MS: Calcd for C22H15sN30s [M+H]+ 402.1084, found 402.1096

IR (KBr): PDDME (51)

100

%T

cm”
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Chapter 2 Experimental methods and instrumentation

13C (DMSO-d6) PDDME (51)

T T T T T T T T T T T T T T
170 160 150 140 130 120 110 100 [0 80 70 60 50 40

2.10.5 Microwave synthesis of methyl 2-(3,4-dihydroxyphenyl)-2H-[1,4]oxazino|[2,3-
f][1,10]phenanthroline-3-carboxylate, PDDME (51) (Novel molecule)

0.40 g (1.90x10° mol) of phendione was dissolved in 25 cm® of hot dry MeOH in a
microwave reaction vial. To this was added 0.47 g (1.90x10° mol) of L-DOPA methyl
ester hydrochloride. A clear orange solution resulted which was then reacted for 4 hr in
the microwave at 75 °C (300W, 1 bar) with constant stirring. The reaction mixture was

filtered whilst hot to yield a yellow solid which was washed with cold MeOH (Phendiol).

The filtrate was allowed to slowly evaporate at room temperature to yield an orange
precipitate which was filtered and washed with ice-cold MeOH (PDDME).

Product formula weight (51) = 401.37g/mol.

Yield: 0.079g (9.16%)
Mp: > 250°C.
IR (KBr) vmax: 3474, 1708, 1633, 1599, 1580, 1531, 1505, 1489, 1443,

1380, 1348, 1337, 1268, 1242, 1225, 1186, 1158, 1135,
1123, 1099, 1074, 1060, 1032, 986, 971, 914, 879, 816,
806, 783, 737, 680, 658, 626, 586, 421.
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IH NMR: (DMSO-d6): & = 3.89 (s, 3H), 6.51 (s, 1H), 6.62-6.69 (m,
2H), 6.76 (s, 1H), 7.76-7.81 (m, 1H), 7.82-7.86 (m, 1H),
8.56-8.60 (M, 1H), 8.85-8.88 (m, 1H), 9.01-9.03 (m, 1H),
9.10-9.12 (m, 1H)

13C NMR: (75 MHz DMSO-d6) & = 48.55, 52.98, 72.43, 114.58,
115.87, 118.88, 121.43, 124.45, 124.66, 125.15, 126.37,
131.73, 131.90, 138.99, 139.91, 144.40, 145.51, 147.07,
147.35, 150.13, 151.33, 162.52.

LC/TCOF-MS: Calcd for C22H15N30s [M+H]™ 402.1084, found 402.1096

IR (KBr): PDDME (51)
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Chapter 2 Experimental methods and instrumentation

2.10.6  Synthesis of ethyl 2-(3,4-dihydroxyphenyl)-2H-[1,4]oxazino|[2,3-
f][1,10]phenanthroline-3-carboxylate, PDDEE (52) (Novel molecule)

OH
< o OH
(0]
N/ o)

0.40 g (1.90x10° mol) of phendione was dissolved in 60 cm?® of refluxing EtOH to

produce a yellow coloured solution. To this, was added 0.50 g (1.91x107 mol) of L-
DOPA ethyl ester hydrochloride and the resulting orange solution was refluxed for 24
hrs. The resulting brown/sand coloured solution was filtered while hot to yield a sand

coloured powder solid which was washed with EtOH (Phendiol).

The dark red filtrate was concentrated to approx. 10 cm® under reduced pressure and
allowed to slowly evaporate at room temperature to yield an orange/yellow powder when
filtered (PDDEE).

Product formula weight (52) = 415.40g/mol.

Yield: 0.19g (24.03%)
Mp: > 250°C.
IR (KBF) Vimax: 3368, 3117, 3076, 1712, 1601, 1584, 1533, 1493, 1462,

1431, 1372, 1325, 1281, 1259, 1189, 1161, 1139, 1121,
1100, 1036, 1018, 811, 794, 782, 724, 679, 653, 622, 591,
431.

IH NMR: (DMSO-d6): & = 1.30-1.35 (t, 3H), 4.33-4.39 (m, 2H), 6.60
(s, 1H), 6.63-6.71 (m, 2H), 6.80 (s, 1H), 8.03-8.07 (m, 1H),
8.24-8.26 (m, 1H), 8.80-8.84 (m, 1H), 9.16-9.18 (m, 1H),
9.25-9.31 (m, 2H).
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Chapter 2 Experimental methods and instrumentation

13C NMR: (75 MHz DMSO-d6) & = 13.93, 62.12, 73.00, 114.78,
115.98, 118.94, 121.10, 122.29, 125.02, 125.78, 125.91,
127.22, 133.34, 135.33, 136.21, 139.96, 140.52, 144.85,
145.60, 147.19, 150.98, 151.22, 161.78

LC/TCOF-MS: Calcd for C23H17N30s [M+H]" 416.1241, found 416.1255

IR (KBr): PDDEE (52)

100
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13C (DMSO-d6) PDDEE (52)
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2.10.7 Microwave synthesis of 2-(3,4-dihydroxyphenyl)-2H-[1,4]oxazino[2,3-
f][1,10]phenanthroline-3-carboxylate, PDDEE (52) (Novel molecule)

0.40 g (1.90x10° mol) of phendione was dissolved in 60 cm?® of refluxing EtOH to
produce a yellow coloured solution. To this, was added 0.50 g (1.91x10° mol) of L-
DOPA ethyl ester hydrochloride and the resulting orange solution was allowed to react
for 4 hr in the microwave at 90 °C (300W, 1 bar) with constant stirring. The resulting
brown/sand coloured solution was filtered while hot to yield a sand coloured powder solid
which was washed with EtOH.

Product formula weight (52) = 415.40g/mol.

Yield: 0.12g (15.18%)
Mp: > 250°C.
IR (KBr) vmax: 3368, 3117, 3076, 1712, 1601, 1584, 1533, 1493, 1462,

1431, 1372, 1325, 1281, 1259, 1189, 1161, 1139, 1121,
1100, 1036, 1018, 811, 794, 782, 724, 679, 653, 622, 591,
431.

IH NMR: (DMSO-d6): 5 = 1.30-1.35 (t, 3H), 4.33-4.39 (m, 2H), 6.60
(s, 1H), 6.63-6.71 (m, 2H), 6.80 (s, 1H), 8.03-8.07 (m, 1H),
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13C NMR:

LC/TCOF-MS:

IR (KBr): PDDEE (52)

8.24-8.26 (M, 1H), 8.80-8.84 (m, 1H), 9.16-9.18 (m, 1H),
9.25-9.31 (m, 2H).

(75 MHz DMSO-d6) & = 13.93, 62.12, 73.00, 114.78,
115.98, 118.94, 121.10, 122.29, 125.02, 125.78, 125.91,
127.22, 133.34, 135.33, 136.21, 139.96, 140.52, 144.85,
145.60, 147.19, 150.98, 151.22, 161.78

Calcd for C23H17N30s [M+H]" 416.1241, found 416.1255
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2.10.8 Synthesis of methyl 2-phenyl-2H-[1,4]oxazino[2,3-f][1,10]phenanthroline-3-
carboxylate, PDPME (53) (Novel molecule)

0.40 g (1.90x10°® mol) of phendione was dissolved in 50 cm? of refluxing dry MeOH. To
this, was added 0.41 g (1.90x10® mol) of L-phenylalanine methyl ester hydrochloride in
one portion. The resulting yellow solution was then refluxed for 24 hrs. The resulting
orange solution was allowed to cool to room temperature before being filtered to yield a

gold coloured powder which was washed with MeOH (Phendiol).

The orange coloured filtrate was reduced in volume to approx. 20 cm® under reduced
pressure and allowed to slowly evaporate at room temperature to yield an orange
precipitate which was filtered and washed with ice-cold MeOH (PDPME).

Product formula weight (53) = 369.37g/mol.

Yield: 0.084g (11.95%)
Mp: > 250°C.
IR (KBr) vmax: 448, 529, 593, 723, 806, 993, 1043, 1110, 1136, 1207,

1323, 1347, 1375, 1420, 1437, 1458, 1498, 1541, 1598,
1631, 1757, 3245.

1H NMR: (DMSO-d6): 5 =3.74 (s, 3H), 5.33 (s, 1H), 7.42-7.57 (m,
5H), 8.02-8.07 (m, 1H), 8.11-8.16 (m, 1H), 8.32 (s, 1H),
8.81-8.84 (m, 1H), 9.0-9.01 (m, 1H), 9.12-9.18 (m, 2H).

LC/TCOF-MS: Calcd for C22H1sN3Os [M+H]+ 370.1186, found 370.121
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IR (KBr): PDPME (53)

100

a0 /ﬂ
y
%T K{

2.11 Synthesis of Phenoxazine perchlorate complexes.

2.11.1 [Cu(PDDME)2](ClO4)2 (92) (Novel complex)

OH
HO
(o)
(0] X
N
(o)
e

0.11 g (2.97x10"* mol) of [Cu(ClO4)]2.6H20 was dissolved in 30 cm® of MeOH, to which
0.20 g (4.98x10* mol) of PDDME (51) was added in one portion to the light blue solution.
The resulting light green reaction mixture was allowed to stir overnight. A dark green

coloured precipitate resulted which was filtered and washed with ice-cold MeOH and

allowed to air dry.
Complex formula weight (92) = 1065.19g/mol.
Yield: 0.13g (41.11%)

Mp: > 250°C.
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% Calculated: C, 49.61; H, 2.84; N, 7.89
% Found: C,49.52;: H, 2.88; N, 7.78
IR (KBr) vmax: 3401, 1721, 1605, 1515, 1439, 1354, 1325, 1288, 1193,

1140, 1117, 1086, 1036, 968, 870, 813, 785, 735, 626, 425

IR (KBr): [Cu(PDDME)2](CIO4)2 (92)

100

— |
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%T |

&

cm”

2.11.2 [Cu(PDDEE)2](ClO4)2 (93) (Novel complex)

OH
HO
(0]
(o) N
N
(0]
~_

0.05 g (1.35x10 mol) of [Cu(ClO4)2].6H.0 was dissolved in 30 cm? of EtOH, to which
0.10 g (2.41x10* mol) of PDDEE (52) was added in one portion to the light blue solution.

The resulting green reaction mixture was allowed to stir overnight. A green coloured

precipitate resulted which was filtered and washed with ice-cold MeOH and allowed to

air dry.

Complex formula weight (93) = 1093.25g/mol.
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Yield: 0.04g (27.12%)

Mp: > 250°C.

% Calculated: C, 50.54; H, 3.13; N, 7.69

% Found: C,50.49; H, 3.33; N, 7.58

IR (KBT) Vmax: 3475, 3238, 3098, 1714, 1615, 1586, 1537, 1496, 1470,

1451, 1370, 1325, 1285, 1252, 1193, 1114, 1034, 1012,
934, 923, 896, 875, 861, 813, 785, 726, 624, 581, 432

IR (KBr): [Cu(PDDEE)2](ClOu)2 (93)

D

4000 3000 2000 1000
cm™!

8

L

)

8

2.11.3 [Mn(PDDME)3](ClOa)2 (94) (Novel complex)

OH —| 2+

HO,

HO
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0.04 g (1.11x10** mol) of [Mn(ClO4),].6H.0 was dissolved in 30 cm?® of MeOH, to which
0.10 g (2.49x10* mol) of PDDME (51) was added in one portion to the light blue solution.
The resulting orange reaction mixture was allowed to stir overnight. An orange coloured
precipitate resulted which was filtered and washed with cold MeOH and allowed to air

dry.

Complex formula weight (94) = 1457.96g/mol.

Yield: 0.06g (37.24%)

Mp: > 250°C.

% Calculated: C,54.37; H, 3.11; N, 8.65

% Found: C, 54.15; H, 3.32; N, 8.55

IR (KBr) vmax: 3401, 1721, 1605, 1515, 1439, 1354, 1325, 1288, 1193,

1140, 1117, 1086, 1036, 968, 870, 813, 785, 735, 626, 425

IR (KBr): [Mn(PDDME)3](ClO4): (94)
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2.11.4 [Mn(PDDEE)3](ClOa)2 (95) (Novel complex)

OH —| 2+

HO,

0.04 g (1.11x10* mol) of [Mn(ClQ4).].6H20 was dissolved in 20 cm? of EtOH, to which
0.10 g (2.41x10* mol) of PDDEE (52) was added in one portion to the light blue solution.
The resulting reaction mixture was allowed to stir overnight. A precipitate resulted which

was filtered and washed with cold MeOH and allowed to air dry.

Complex formula weight (95) = 1500.04g/mol.

Yield:

Mp:

% Calculated:

% Found:

IR (KBr) vinax:

0.05g (30.16%)

> 250°C.

C,55.25; H, 3.43; N, 8.40
C,55.09; H, 3.64; N, 8.28

3475, 3238, 3098, 1714, 1615, 1586, 1537, 1496, 1470,
1451, 1370, 1325, 1285, 1252, 1193, 1114, 1034, 1012,
934, 923, 896, 875, 861, 813, 785, 726, 624, 581, 432
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IR (KBr): [Mn(PDDEE)3](ClOx) (95)

100-
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2.12 Amide formation: Folate-NHS ester and 4-(1H-imidazo[4,5-
f][1,10]phenanthrolin-2-yl)aniline (32) to form Im-phen-fol (45) (Novel molecule)

(S)-5-((4-(1H-imidazo[4,5-f][1,10]phenanthrolin-2-yl)phenyl)amino)-2-(4-(((2-amino-4-
hydroxypteridin-6-yl)methyl)amino)benzamido)-5-oxopentanoic acid. (45)

N_ _N_ NH,
= =
T
OH

“ (0]
N

H
N
Ho o ©

0.17 g (3.16x10* mol) of folate-NHS activated ester (PMC275) was dissolved in 10 cm?
anhydrous DMSO to which 0.10g (3.21x10* mol) of 4-(1H-imidazo[4,5-
f][1,10]phenanthrolin-2-ylaniline (32) dissolved in 5 cm® anyhdrous DMSO was added
and the orange reaction mixture was allowed to react at room temperature in the dark
under nitrogen for 96 hours. The resulting dicyclohexylurea (DCU) was filtered off and
the solution dropped into 100 cm® of 30:70 acetone:diethylether, resulting in the
immediate formation of a yellow/orange precipitate which was allowed to stir for 1 hour
and then retrieved by filtration and subsequently washed with 50 cm?® of 30:70

acetone:diethylether and then air dried.

Complex formula weight (45) = 734.72g/mol.
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Yield:
% Calculated:
% Found:

IR (KBI') Vmax.

'H NMR:

13C NMR:

LC/TCOF-MS:

IR (KBr): Im-phen-fol (45)

0.22 g (94.85 %)
C, 62.12; H, 4.12; N, 22.88
C, 62.08; H, 4.16; N, 22.84

3361, 1696, 1607, 1512, 1484, 1457, 1408, 1335, 1302,
1190, 1122, 1110, 950, 840, 820, 769, 726, 624, 512, 446,
412.

(DMSO-d6): § = 1.13-1.19 (m, 2H), 2.35 (m, 2H), 4.32 (m,
1H), 4.48 (s, 2H), 6.6-6.68 (m, 2H), 6.73-6.76 (m, 2H),
6.94 (bs, 2H), 7.61-7.71 (m, 2H), 7.82-7.86 (m, 2H), 7.96-
7.99 (M, 2H), 8.14 (s, 1H), 8.64 (s, 1H), 8.91-8.92 (m, 1H),
8.94-9.01 (m, 4H)

(75 MHz DMSO-d6) & = 8.56, 30.37, 45.83,51.71, 111.17,
113.65, 117.10, 121.20, 123.34, 127.61, 128.95, 129.06,
129.82, 142.54, 147.26, 148.56, 150.46, 150.75, 152.20,
153.76, 161.12, 166.45, 173.73, 176.31

Calcd for CszsHzoN120s [M+Na]* 757.2365, found
757.2386

100+

o P {
N / i/
T Wﬁ \/

2000 1000

cm!
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2.12.1 Synthesis of [Cu(Im-phen-fol)2](ClO4)2.2H20 (76) (Novel complex)

+
72
NH,

N_ N
i IE
\N\
OH

0.03 g (8.10x10"® mol) of [Cu(Cl0Q4),].6H20 was dissolved in 30 cm® of MeOH, to which
0.10 g (1.36x10* mol) of Im-phen-fol (45) was added in one portion. The resulting yellow
coloured reaction mixture was allowed to stir at room temperature overnight before being
filtered to produce a yellow/light brown powder, this powder precipitate was then washed
with cold MeOH and air dried.

Complex formula weight (76) = 1767.92g/mol.

Yield: 0.08 g (55.89 %)

% Calculated: C, 51.63; H, 3.65; N, 19.01

% Found: C, 51.60; H, 3.68; N, 18.94

IR (KBT) Vmax: 3254, 1727, 1698, 1607, 1514, 1484, 1455, 1415, 1301,
1191, 1127, 1021, 952, 840, 818, 771, 741, 705, 619, 510,
442.

IR (KBr): [Cu(Im-phen-fol)2](ClO4)2.2H20 (76)

100.

— J

| |

IAaN .
\/ﬂ"

4000 3000

8

2

3
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2.12.2 Synthesis of [Mn(Im-phen-fol)s](ClO4)2.2H20 (92) (Novel complex)

_‘2+

\
N /=N
L

HO

0.02 g (5.53x10° mol) of [Mn(11)(ClO4).].6H20 was dissolved in 30 cm® of MeOH, to
which 0.10 g (1.36x10* mol) of Im-phen-fol (45) was added in one portion. The resulting
yellow/orange coloured reaction mixture was allowed to stir at room temperature
overnight before being filtered to produce an orange powder, this orange powder

precipitate was then washed with cold MeOH and air dried.

Complex formula weight (92) = 2494.04g/mol.

Yield: 0.04 g (29.02 %)

% Calculated: C, 54.90; H, 3.80; N, 20.22

% Found: C, 54.85; H, 3.88; N, 20.19

IR (KBr) vmax: 441, 511, 619, 670, 703, 740, 771, 818, 839, 952, 1022,

1127, 1191, 1240, 1303, 1416, 1456, 1484, 1514, 1606,
1641, 1697, 1728, 3256.
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IR (KBr): [Mn(Im-phen-fol)s](ClO4)2.2H20 (92)

|
W\ Vb\ 4
\/I‘/VJ

2000 3000

g

2

8

2.13 In vitro Antibacterial Testing.

The in vitro antibacterial activity of the compounds/complexes were investigated against
pathogenic representatives of both Gram-positive bacteria and Gram negative bacteria.
All bacteria were grown on nutrient broth agar plates at 37 £ 1°C and maintained at 4 +
1°C for short term storage. Cultures were routinely sub-cultured every 4-6 weeks. The
five different bacteria were grown overnight to the stationary phase in nutrient broth at
37 + 1°C and 2000 rpm. The cells were diluted to give an OD600 = 0.05 for the plate and
well diffusion assays. For the plate and well assay the bacteria were plated out on the
agar plate using the above OD. The plates were incubated for 1 h at 37 + 1°C. For the
plate assay the 10 polymer beads were placed on the plates in a circle. The plates were
incubated for 1 h at 37 + 1°C, at which point 5 mm diameter holes were cut into the agar
gel to create wells which were equally spaced. Test solutions/suspensions of selected
compounds/complexes (1, 8-17) and the prescription B-lactam antibiotic, Ampicillin
(AMP), were added to the wells (50 ul total volume) at three different concentrations
(125, 50 and 5 pg/cm®. The plates were incubated for 24 h at 37 + 1°C, and then the
zones of inhibition around the wells were, measured in millimetres. To measure zones of
inhibition (ZOl), the vertical and horizontal diameters, of the wells were measured in mm.
The vertical and horizontal diameters the zone of inhibition itself were then measured.
Then using the formula for the area of a circle, A = z2 the area of the wells and the total
area of inhibition were calculated. The area of the wells were subtracted from the total

area of inhibition to give the area of the zone of inhibition.® For the negative control, a
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petri dish containing only the bacterial culture inoculum was included in each incubation.
The known B-lactam antibiotic, Ampicillin (AMP), was utilised as a positive kill control.

All assays were performed in triplicate with three repetitions on separate occasions.

The minimum inhibitory concentration (MIC1oo) for all test compounds/complexes (1, 2,
6-17) and the prescription, antimycobacterial agent, Isoniazid (INH) (positive control),
against two different strains of Mycobacterium tuberculosis (CDC1551 and ATCC
27294) were determined by the broth microdilution method using 96 well microassay
plates. The MIC testing of the M. tuberculosis strain (CDC1551) was conducted by Dr.
Ciaran Skerry in Dr. Petros Karakousis’s Laboratory, Centre for Tuberculosis Research,
Department of Medicine, Division of Infectious Diseases, Johns Hopkins School of
Medicine, Baltimore, USA. The MIC testing of the second M. tuberculosis strain (ATCC
27294) was conducted by Professor Andre L.S. Santos and his group in the Department
of General Microbiology, Federal University of Rio de Janeiro, Brazil.

2.14 In vitro Antifungal Testing.

The antifungal susceptibility MIC and MFC values for all test compounds/complexes
against the filamentous fungi (P. verrucosa, C. carrionii, E. dermatitidis, P. boydii, P.
minutispora, S. aurantiacum and S. proliticans) was conducted by Professor Andre L.S.
Santos and his group in the Department of General Microbiology, Federal University of

Rio de Janeiro, Brazil.

The test complexes or compounds (0.020 g) were dissolved in DMSO (1 cm?®) and added
to water (9 cm?®) to give a stock solution (concentration 2000 mg/cm®). Complexes which
displayed low solubility were tested as fine suspensions. A working solution was then
prepared for each by taking 0.5 cm? of the stock solution (or suspension) and adding it to
water (9.5 cm®) to give a solution with a concentration of 100 pg/cm®. The maximum
DMSO concentration in any test solution was 0.5% v/v, and at this level the DMSO does

not inhibit the growth of the fungal cells.

The antifungal susceptibility MIC and MFC values for all test compounds/complexes
against the aforementioned seven filamentous fungi were determined by broth
microdilution according to CLSI method M38-A2 with an inoculum of 2.5x10% CFU/cm?,

The 96 well microassay plates were incubated at 35°C, and the optical density (OD) value
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was determined at 540 nm after 48 hours.®® All assays were run in triplicate and on three
independent occasions. The MIC100and MFC values were then determined and recorded
as micrograms per millilitre or cubic centimetre (ug/cm?®) and as micromolar (UM)

concentration of each test compound/complex.

The MIC results for all test complexes against C. ablicans (ATTC 10231) were obtained
in the Microbiology Laboratory, Department of Chemistry, Maynooth University. The
antifungal susceptibility MIC values for all test compounds against the yeast C.albicans
(ATTC 10231) were determined by broth microdilution according to CLSI method M27-
A3.% C. albicans was grown to the stationary phase overnight at 37°C on YEPD media.
The cells were washed with PBS solution and resuspended in minimal media (MM) at a
density of 5 x 10° cells/cm®. The 96 well microassay round bottomed plates were covered
with acetate foil (Sarstedt) to prevent dehydration and incubated at 37°C.with continuous
shaking for 24 hours. The optical density (OD) value was recorded after 24 hours for
each well at 540 nm. All assays were run in triplicate and on three independent occasions.
The MICio0 values were then determined and recorded as micrograms per millilitre or
cubic centimetre (pg/cm® and as micromolar (UM) concentration of each test

compound/complex.

2.15 In vivo Galleria mellonella Experiments.

Galleria Mellonella toxicity. Galleria mellonella larvae in the 6th developmental stage
were used to determine the in vivo cytotoxicity of the complexes 1, 2, 6-96 and cisplatin.°
Thirty healthy larvae between 0.200-0.400 g in weight with no cuticle discolouration were
used for each experiment. Fresh solutions of the test complexes were prepared
immediately prior to testing under sterile conditions. Each of the tested compounds (0.05
g) were dissolved in DMSO (1 cm?®) and added to sterile water (9 cm?®) to give a stock
solution (5000 pg/cm®). Each compound was tested across the range; 5000 pg/cm?® - 200
ng/cm?®. Test solutions (20 pL) were administered to the larvae by injection directly into
the haemocoel through the last pro-leg. The base of the pro-leg can be opened by applying
gentle pressure to the sides of the larvae and this aperture will re-seal after removal of the
syringe without leaving a scar. Larvae were placed in sterile Petri dishes and incubated
at 30°C for 72 h.
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The survival of the larvae was monitored every 24 h. Death was assessed by the lack of
movement in response to stimulus together with discolouration of the cuticle. Three
controls were employed in all assays. The first consisted of untouched larvae maintained
at the same temperature as the test larvae. The second was larvae with the pro-leg pierced
with an inoculation needle but no solution injected. The third control was larvae that

were inoculated with 20 pL of sterile water.

2.16 In vivo Antifungal Screening

G. mellonella larvae in the 6th developmental stage were used to determine the in vivo
antimicrobial activity of the test complexes (13-17).1! Ten healthy larvae between 0.200-
0.400 g in weight with no cuticle discolouration were used for each experiment. Fresh
solutions of complexes were prepared immediately prior to testing. Complexes (0.020 g)
were dissolved in DMSO (1 cm3) and added to water (9 cm3) to give a stock solution
(concentration 2000 pg/cm®). The test compounds (13-17), along with silver acetate
(Ag(CH3COO0)) and the clinical antifungal agent Ketoconazole (KTC) (used as reference
standards), were screened at two concentrations; 100 pg/cm? and 50 pg/cm?. C. albicans
was grown to the stationary phase in YEPD media at 37 °C for 24 h. The cell
concentration was assessed using a haemocytometer following a dilution of the culture in
PBS. The cells were washed three times with PBS and resuspended in sterile PBS
following harvesting by centrifugation at 4000 rpm for 10 min to yield a concentration of

1x108 cell cm™,

Two treatments were employed in the screening of the test solutions. In each case, four
controls were employed in all assays along with a reference. The first control consisted
of untouched larvae maintained at the same temperature as the test larvae (negative
control). The second was larvae with the pro-leg pierced with an inoculation needle but
no substance injected into them. The third control was larvae that were inoculated with
20 ul of the same sterile water used to make the test solutions, and the fourth is larvae
inoculated with the same sterile PBS solution that was used to wash and make the C.
albicans suspension. The positive control was larvae inoculated with C. albicans but no

test solution was administered to them.
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2.16.1 Prophylactic Treatment

The test solution (20 ul) was administered to the larvae by injection directly into the
haemocoel through the last pro-leg.? Larvae were then placed in sterile petri dishes and
incubated at 30 °C for 1 h, after which time they were inoculated with 20 pl of the C.
albicans suspension (2x10° cells). The larvae were incubated at 30 °C for 72 h and their

survival was monitored every 24 h.
2.16.2 Treatment of Infection

Larvae were inoculated with 20 pl of the C. albicans suspension (2x108 cells) by injection
directly into the haemocoel through the last pro-leg.*? Larvae were then placed in sterile
petri dishes and incubated at 30 °C for 1 h, after which time the test solution (20 pl) was
administered by injection. The larvae were incubated at 30 °C for 72 h and larvae survival

was monitored every 24 h.

2.17 In vitro Anticancer Screening.

Cell culture. For cytotoxicity evaluation HT29 (ATCC, USA), MCF-7 (ATCC, USA),
SK-OV-3 (ATCC, USA), DU145 (ATCC, USA), A549 (ATCC, USA) and Vero (ATCC,
USA) cell lines were employed; all the cell lines were grown in RPMI 1640 media
(Fischer). All media were supplemented with 10% foetal bovine serum (FBS) and 45
IU/ml penicillin and 45 g/ml streptomycin and cells were maintained at 37-C in a 5% CO>
humidified incubator. Test Sample Preparation. For sterilisation samples were filtered
with a 0.2 micron cellulose acetate filter. For cytotoxicological evaluation all samples
were prepared fresh on the day of exposure. A stock concentration of test compound was
prepared in the exposure media (10% DMEM F-12) necessary for the cell line under test.
This sample was vortexed to ensure a uniform dispersion of the compound under test.
MTT Assay. This method is based on the reduction of the tetrazolium salt,
methylthiazolyldiphenyl-tetrazolium bromide (MTT) into a crystalline blue formazan
product by the cellular oxidoreductases of viable cells.® The resultant formazan crystal
formation is proportional to the number of viable cells. For the cytotoxicity assays cells
were seeded in 96-well microplates (Nunc, Denmark) at a density of 1x10° cells/ml for
the 24 h test. This density were found to be optimal to achieve the desired confluence at

the end of the exposure period. Six replicate wells were used for each control and test
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concentration per microplate. Following the desired time of compound exposure, control
medium or test exposures were removed, cells were then rinsed with PBS and 100 pL of
fresh medium (without FBS or supplements) was added to each well. 10 uL of MTT (5
mg/mL) prepared in PBS was then added to each well and the plates were incubated for
3 hat37°C ina5% CO humidified incubator. After this incubation period the medium
was discarded, the cells were washed with 100 pL. of PBS and 100 pL of DMSO was
added to each well to extract the dye. The plate was shaken at 240 rpm for 10 min and the

absorbance was measured at 570 nm.

Data Analysis. At least three independent experiments were conducted in triplicate for
each cell line and toxicity endpoint. Test results for each test were expressed as
percentage of the unexposed control + standard deviation (SD). Control values were set
as 100%. Differences between samples and the control were evaluated using the statistical
analysis package SPSS 14.0. Statistically significant differences were set at p<0.05. One-
way analysis of variances (ANOVA) followed by Dunnett’s multiple comparison tests
were carried out for normally distributed samples with homogeneous variances. The
average cytotoxicity data obtained and its associated SD was then fitted to a sigmoidal
curve and a four parameter logistic model used to calculate the 1Cso values for each test
sample at various time points, which was the concentration of tested compound which
caused a 50% cellular lethality in comparison to untreated controls. The ICso values are
reported + 95 % Confidence Intervals (= 95% ClI).

The ICsp testing for the A549 and Vero cell lines was conducted by Professor Andre L.S.
Santos and his group in the Department of General Microbiology, Federal University of
Rio de Janeiro, Brazil. The ICso testing for the HT29, SK-OV-3, MCF-7 and DU145 was
conducted by Dr. Alan Casey in the inorganic pharmaceutical and biomimetic research
centre, Focas Research Institute, Dublin Institute of Technology, Camden Row, Dublin,
8, Ireland.

2.18 DNA Interaction Studies.
2.18.1 DNA cleavage experiments.

Nuclease Activity: Reactions were carried out according to the following general
procedure; in a total volume of 20 pL using 80 mM HEPES buffer (pH = 7.2) with 20
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mM NaCl , 5 uM of complex, (test samples were initially prepared in DMF, then diluted
in buffer), with 400ng of pBR322 DNA (Roche).1% * Samples were incubated at 37 °C.
Quench buffer (4 uL; 10mM Tris-HCI (pH 7.6), 0.03% bromophenol blue, 0.03% xylene
cyanol, 60% glycerol and 60mM EDTA) was then added and samples were loaded onto
agarose gel (1%) containing 2 uL of GelRedTM (10,000X) solution. Electrophoresis was
completed at 80 V for 1.5 h in 1XTAE buffer.

Experiments were carried out as follows

(A) 30 minute incubation with 1mM added Na-L-ascorbate reductant, lane 1: DNA alone;
lane 2: Control 1 Copper(Il) acetate, lane 3: Control 2 {Cu(phen)2]?*, lanes 4-10: 5 uM

of complexes 54-60.

(B) 30 minute incubation with 1mM added H20. oxidant, lane 1: DNA alone; lane 2:
Control 1 Copper(ll) acetate, lane 3: Control 2 {Cu(phen)z]?*, lanes 4-10: 5 uM of

complexes 54-60.

(C) 30 minute incubation with 1ImM added Na-L-ascorbate reductant and 80 uM EDTA,
lane 1: DNA alone; lane 2: Control 1 Copper(ll) acetate, lane 3: Control 2 {Cu(phen)2]?**,
lanes 4-10: 5 uM of complexes 54-60.

(D) 30 minute incubation with ImM added H202 oxidant and 80 uM EDTA, lane 1: DNA
alone; lane 2: Control 1 Copper(ll) acetate, lane 3: Control 2 {Cu(phen)2]**, lanes 4-10:
5 uM of complexes 54-60.

2.19 References

1. Devereux, M.; McCann, M.; Leon, V.; Geraghty, M.; McKee, V.; Wikaira, J.,
Synthesis and biological activity of manganese (I11) complexes of phthalic and
isophthalic acid: X-ray crystal structures of [Mn(ph)(phen)z2(H20)]*4H20,
[Mn(phen)2(H20)2]2(Isoph)2(phen)+12H.0 and {[Mn(isoph)(bipy)]s*2.75bipy}n
(phH2 = phthalic acid; isoph = isophthalic acid; phen = 1,10-phenanthroline; bipy
=  2,2-bipyridine)  Metal-Based Drugs 2000, 7 (5), 275-288.
10.1155/mbd.2000.275

2. Casey, M. T.; McCann, M.; Devereux, M.; Curran, M.; Cardin, C.; Convery, M.;
Quillet, V.; Harding, C., Synthesis and structure of the Mn'"!" complex salt

148

—
| —



Chapter 2 Experimental methods and instrumentation

[Mn2(n*ntp2-oda)(phen)s(H20)2][Mn2(ntntuz-oda) (phen)s(nt-oda)2]+4H.0
(odaH: = octanedioic acid); a Catalyst for H,O> Disproportionation Journal of the
Chemical Society-Chemical Communications 1994, (22), 2643-2645.
10.1039/c39940002643

3. Devereux, M.; McCann, M.; Cronin, J. F.; Ferguson, G.; McKee, V., Binuclear
and polymeric copper(ll) dicarboxylate complexes: syntheses and crystal
structures of [Cu2(pda)(Phen)4](Cl04)225H20+C2Hs0H,
[Cuz(oda)(Phen)s4](Cl04)222.67H20+C2HsOH  and  {[Cuz(pda)2(NH3)4(H20)-]
*4H,0}n (odaH2=octanedioic acid; pdaH>=pentanedioic acid; Phen=1,10-
phenanthroline). Polyhedron 1999, 18 (16), 2141-2148. 10.1016/s0277-
5387(99)00100-x

4. McCann, S.; McCann, M.; Casey, M. T.; Devereux, M.; McKee, V.; McMichael,
P.; McCrea, J. G., Manganese(ll)complexes of 3,6,9-trioxaundecanedioic acid
(3,6,9-tddaH>): X-ray crystal structures of [Mn(3,6,9-tdda)(H20).]*2H.O and
{[Mn(3,6,9-tdda)(phen)2+3H20]*EtOH}. Polyhedron 1997, 16 (24), 4247-4252.
10.1016/s0277-5387(97)00233-7

5. Zheng, R. H.; Guo, H. C.; Jiang, H. J.; Xu, K. H.; Liu, B. B.; Sun, W. L.; Shen, Z.
Q., A new and convenient synthesis of phendiones oxidated by KBrO3/H2S0O4 at
room temperature. Chinese Chemical Letters 2010, 21 (11), 1270-1272.
10.1016/j.cclet.2010.05.030

6. (@) Garas, A. M. S.; Vagg, R. S., Synthesis of some novel derivatives of 1,10-
phenanthroline. Journal of Heterocyclic Chemistry 2000, 37 (1), 151-158. ; (b)
Margiotta, N.; Bertolasi, V.; Capitelli, F.; Maresca, L.; Moliterni, A. G. G.; Vizza,
F.; Natile, G., Influence of steric and electronic factors in the stabilization of five-
coordinate ethylene complexes of platinum(ll): X-ray crystal structure of
PtCl2(2,9-dimethyl-1,10-phenanthroline-5,6-dione). Inorganica Chimica Acta
2004, 357 (1), 149-158. 10.1016/s0020-1693(03)00382-7

7. (a) Eseola, A. O.; Li, W.; Sun, W. H.; Zhang, M.; Xiao, L. W.; Woods, J. A. O.,
Luminescent properties of some imidazole and oxazole based heterocycles
Synthesis, structure and substituent effects. Dyes and Pigments 2011, 88 (3), 262-
273.10.1016/j.dyepig.2010.07.005; (b) Obi-Egbedi, N. O.; Obot, I. B.; Eseola, A.
0., Synthesis, characterization and corrosion inhibition efficiency of 2-(6-

methylpyridin-2-yl)-1H-imidazo 4,5-f 1,10 phenanthroline on mild steel in

149

—
| —



Chapter 2 Experimental methods and instrumentation

10.

11.

12.

13.

sulphuric acid. Arabian Journal of Chemistry 2014, 7 (2), 197-207.
10.1016/j.arabjc.2010.10.025

Dewar, M. J. S.; Mole, T., Palladised charcoal as a catalyst for the reduction of
aromatic nitro-compounds by Hydrazine Hydrate. Journal of the Chemical
Society 1956, (JUL), 2556-2557.

(@) Institute., C. a. L. S., M27-A3 Reference method for broth dilution antifungal
susceptibility testing of yeasts: approved standard, third edition. 3rd ed.; Clinical
and Laboratory Standards Institute: Clinical and Laboratory Standards Institute,
Wayne, PA, USA,, 2008; Vol. 28. ; (b) Institute., C. a. L. S., M38-A2 Reference
Method for Broth Dilution Antifungal Susceptibility Testing of Filamentous
Fungi; Approved Standard, Second Edition. Clinical and Laboratory Standards
Institute. 2008.: Clinical and Laboratory Standards Institute, Wayne, PA, USA.,
2008; Vol. 28.

Kellett, A.; O'Connor, M.; McCann, M.; Howe, O.; Casey, A.; McCarron, P.;
Kavanagh, K.; McNamara, M.; Kennedy, S.; May, D. D.; Skell, P. S.; O'Shea, D.;
Devereux, M., Water-soluble bis(1,10-phenanthroline) octanedioate Cu?* and
Mn?* complexes with unprecedented nano and picomolar in vitro cytotoxicity:
promising leads for chemotherapeutic drug development. MedChemComm 2011,
2 (7), 579. 10.1039/cOmd00266f

(@) Desbois, A. P.; Coote, P. J., Utility of Greater Wax Moth Larva (Galleria
mellonella) for Evaluating the Toxicity and Efficacy of New Antimicrobial
Agents. In Advances in Applied Microbiology, Vol 78, Laskin, A. I.; Sariaslani,
S.; Gadd, G. M., Eds. Elsevier Academic Press Inc: San Diego, 2012; Vol. 78, pp
25-53. 10.1016/b978-0-12-394805-2.00002-6; (b) Kavanagh, K.; Reeves, E. P.,
Exploiting the potential of insects for in vivo pathogenicity testing of microbial
pathogens. Fems Microbiology Reviews 2004, 28 (1), 101-112.
10.1016/j.femsre.2003.09.002

McCann, M.; Curran, R.; Ben-Shoshan, M.; McKee, V.; Tahir, A. A.; Devereux,
M.; Kavanagh, K.; Creaven, B. S.; Kellett, A., Silver(l) complexes of 9-
anthracenecarboxylic acid and imidazoles: synthesis, structure and antimicrobial
activity. Dalton Trans 2012, 41 (21), 6516-6527. 10.1039/c2dt12166b

(@) Marshall, N. J.; Goodwin, C. J.; Holt, S. J., A critical assessment of the use of
microculture tetrazolium assays to measure cell growth and function. Growth
Regul 1995, 5 (2), 69-84. ; (b) Scudiero, D. A.; Shoemaker, R. H.; Paull, K. D.;

150

—
| —



Chapter 2 Experimental methods and instrumentation

14.

Monks, A.; Tierney, S.; Nofziger, T. H.; Currens, M. J.; Seniff, D.; Boyd, M. R,
Evaluation of a soluble tetrazolium/formazan assay for cell growth and drug
sensitivity in culture using human and other tumor cell lines. Cancer Res 1988,
48 (17), 4827-4833.

(@) Kellett, A.; Howe, O.; O'Connor, M.; McCann, M.; Creaven, B. S.; McClean,
S.; Kia, A. F. A,; Casey, A.; Devereux, M., Radical-induced DNA damage by
cytotoxic square-planar copper(ll) complexes incorporating o-phthalate and 1,10-
phenanthroline or 2,2 '-dipyridyl. Free Radical Biology and Medicine 2012, 53
(3), 564-576. 10.1016/j.freeradbiomed.2012.05.034; (b) Kellett, A.; O'Connor,
M.; McCann, M.; McNamara, M.; Lynch, P.; Rosair, G.; McKee, V.; Creaven, B.;
Walsh, M.; McClean, S.; Foltyn, A.; O'Shea, D.; Howe, O.; Devereux, M., Bis-
phenanthroline copper(ll) phthalate complexes are potent in vitro antitumour
agents with 'self-activating' metallo-nuclease and DNA binding properties. Dalton
Trans 2011, 40 (5), 1024-1027. 10.1039/c0dt01607a; (c) McCann, M.; McGinley,
J.; Ni, K.; O'Connor, M.; Kavanagh, K.; McKee, V.; Colleran, J.; Devereux, M.;
Gathergood, N.; Barron, N.; Prisecaru, A.; Kellett, A., A new phenanthroline-
oxazine ligand: synthesis, coordination chemistry and atypical DNA binding
interaction. Chem Commun (Camb) 2013, 49 (23), 2341-2343.
10.1039/c3cc38710k

151

—
| —



Chapter 3
Antifungal activities
of the metal

complexes
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3.1 Fungi

Mycologists in the past debated for years as to the exact set of characteristics to apply to
an organism so that it could be classified as a Fungus. Using modern DNA sequencing
techniques, it is now known that all known fungi belong to about 10 phyla and are
members of a monophyletic kingdom, i.e. that they all share a common ancestral origin.
It was recently (2011) estimated, based on high-throughput sequencing methods, that
there may be as many as 5.1 million fungal species, while only approximately 2%
(99,000) of these currently have formal classifications.*

Fungi are ubiquitous in nature, being found in numerous different types of environments
and are the major decomposers in certain ecosystems and essential associates of many
organisms.}2  They are heterotrophic, essentially aerobic (with limited anaerobic
capacity), eukaryotic microorganisms. Fungi possess a cell wall comprised of chitin,
plasma membranes containing ergosterol (a sterol unique to fungi and serving the same
purpose as cholesterol in animals) and microtubules composed of tubulin (Figure 3.1).

They grow as yeasts, molds or a combination of both (dimorphism).?
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Fig. 3.1: (A) Structure of chitin component of fungal cell walls - monomer unit composed of two N-
acetylglucosamine units that repeat to form long chains with -1,4 linkage. (B) Ergosterol structure - main

component in fungal plasma membranes.?

Certain fungi are capable of physiological and morphological conversion from one
phenotype to another and this is called dimorphism. This can occur when such fungi
change from one environment to another. Various factors within a host control the
dimorphism, such as amino acids, temperature, carbohydrates and trace elements (e.g.

zinc). Most pathogenic fungi change from a hyphal form into a yeast-like form (or

( ]
llSBJ



Chapter 3 Antifungal activities of the metal complexes

spherule) in tissue. However, the dimorphism in Candida albicans follows the opposite
trend, transforming from budding yeast-like structures (blastoconidia) to filamentous
structures developing pseudohyphae and hyphae also known as germ tubes (often
associated with the formation of a biofilm) (Figure 3.2).> These fungal hyphae have the
ability to penetrate host cells, the epithelial layer and mucous membranes therefore
invading the bloodstream/organs and spreading through the body causing disseminated

candidiasis.
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Fig. 3.2: C. albicans that has been grown for 5 days on Spider medium. (A) Yeast from, (B) pseudohyphal
form and (C) true hyphal colony formation. Scale bars in the main panels represent 5 wm, and in the inset

on the hyphae panel 1 mm.3

Fungi are extremely versatile and adaptable organisms and exist as symbionts with
numerous animals, plants and other fungi. In addition to this, many fungi are parasites to

plants, animals, humans and other fungi.*

Fungi have a complex and fascinating relationship with plants and more importantly, in
the context of this chapter, with mankind, possessing the abilities to be saviours, servants
and slayers of human beings. Although most known species of fungi have proven either
extremely useful or harmless to mankind there are other species that are pathogenic (ca.

300 species) to humans.*® Most fungi in the environment have evolved to be free-living
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and although some species are truly pathogenic to healthy immunocompetent humans,
usually the infections that fungi cause are opportunistic in nature and therefore specific

traits that confer fungal pathogenesis are often difficult to identify.°

3.2 Fungal infections and etiological species

There are six genus which are referred to as the primary pathogenic and opportunistic
fungal pathogens, namely the Candida, Aspergillus, Cryptococcus, Histoplasma,
Pneumocystis and Stachybotrys species.” These particular fungi can cause a vast array of
fungal infections or mycoses and cover a wide spectrum of maladies from superficial
infections of the outermost stratum of the skin to systemic infections which involve the
brain, heart, lungs, liver, spleen and kidneys. Fungal infections can be broadly separated
into four classes based on the site of infection, route of acquisition, and type of virulence;

(a) superficial, (b) cutaneous, (c) subcutaneous and (d) systemic infections.®

Superficial mycoses are limited to the stratum corneum of the epidermis (outermost layer

of the skin) and hair and are normally the most benign of the four classes (Figure 3.3).

Fig. 3.3: Tinea cruris (superficial mycosis of the skin,) etiologic agents are the anthropophilic

dermatophytes.®

Superficial mycosis of the skin, tinea cruris (also known as jock itch): the most common
etiologic agents for tinea cruris are the anthropophilic dermatophytes, Trichophyton

rubrum and Epidermophyton floccosum.®

Tinea corporis (also called ringworm), infects areas of skin not normally covered by hair

and results in unbearable itching and produces intricate circular patterns or rings of
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infected scaled skin (Figure 3.4).% If left untreated, it will cover the entire body. Although
distressful and somewhat disfiguring, these infections are rarely life-threatening.

Fig. 3.4: Tinea corporis infection (ringworm), these mycoses are caused by various fungi but most

commonly the dermatophytes. Photographed in Papua New Guinea by Johannes Mattar.®

Mycoses of the nails (tinea unguium or onychomycosis) can prove very difficult to treat,
particularly those of the toenails, due to the underlying infection being present in the nail
bed, requiring months of treatment and the use of both oral and topical antifungal
medications (Figure 3.5). These infections are caused by three types of fungi, namely
dermatophytes (Trichophyton rubrum), yeasts (C. albicans) and molds (Scopulariopsis

brevicaulis, Fusarium and Aspergillus spp.).%

Subcutaneous mycoses are infections that involve the dermis, subcutaneous tissues, muscle
and fascia. There are three general types of subcutaneous mycoses; chromoblastomycosis,
mycetoma and sporotrichosis. The main culprits for these infections are molds or
dematiaceous fungi. They also can follow after some sort of trauma which implants the

causative fungi under the skin or exposes the subcutaneous tissue to infection.®
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Fig. 3.5: Tinea unguium/Onychomycosis - fungal infections of the nail. (A) Onychomycosis caused by the
dermatophyte Trichophyton rubrum, (B) onychomycosis caused by the yeast C. albicans and (C)

onychomycosis caused by a mold, Aspergillus species.*

Chromoblastomycosis (CBM), also called Verrucous dermatitis, is a chronic
subcutaneous mycosis which induces hyperplasia, and lesions slowly begin to develop
around the site of implantation of the fungi (usually the extremities). Characteristic
verrucose, crusted, rough, warty nodules form and these may be raised 1-3 cm above the

skin surface, and are often said to resemble florets of cauliflower (Figure 3.6).12

The etiological fungal agents for this mycosis are most commonly Fonsecaea spp.,
Phialophora verrucosa, Cladophialophora carrionii and Rhinocladiella aquaspersa.
Chromoblastomycosis occurs around the world, but is most commonly encountered in
rural workers and farm labourers especially in tropical or subtropical climates. Although
chromoblastomycosis (CBM) often presents in people who are immunosuppressed it is
also often seen in healthy individuals. It is very resistant to treatment; requiring
pharmcotherapy (systemic antifungals such as Itraconazole (ITC), Fluconazole (FLC),
Ketoconazole (KTC), Voriconazole (VRC) Fluorocytosine (5FC), Terbinafine,
Casopofungin (CFG), Micafungin (MFG), Amphotericin B (AMB), see Chapter 1),
thermotherapy (cryotherapy, heat therapy) and surgical removal of the lesions by means

of wide and deep excision.

Associated complications of this mycosis are secondary bacterial infection, ulceration,

development of elephantiasis and myiasis (parasitic infestation by fly larvae/maggots).
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In rare incidences, malignant transformations (squamous cell carcinoma) of
chromoblastomycosis have been documented. Although rare chromoblastomycosis can
spread to other tissues/organs and can potentially spread to the brain becoming life-
threatening. This is a particularly significant mycosis due to its disfiguring nature,
requirement for long term treatment and the emergence of resistant etiological fungal

species.?

Fig. 3.6: (A) Chromoblastomycosis of the hand, (B) severe chromoblastomycosis of the leg after several

years of infection.*®

Mycetomas are infections which result in chronic inflammation and are caused by two
distinct pathogens, either moulds or filamentous bacteria called Actinomycetales
belonging to an order of Actinobacteria. Infections of fungal origin are referred to as
eumycetomas while those of bacterial origin are termed as actinomycetomas.
Eumycetomas effect mainly the extremities especially the feet which is the site of
infection in two thirds of cases, also the hands, abdomen, chest, neck and the head.!*
Eumycetomas of the feet are commonly known as Madura foot (Figure 3.7). This
mycosis normally presents with suppurative granulomas/tumefaction (swellings which
are comprised of macrophages), sinuses and the expulsion of black granules from these

sinuses which are fungal colonies (Figure 3.7).
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4

Fig. 3.7: (A) Mycetoma pedis (eumycetoma of the foot) also known as Madura foot.!> (B) Excised

eumycetoma containing sinus showing black grains.'4

The infection is usually caused by the implantation of the etiological fungi into the
subcutaneous tissue by a thorn or a piece of wood. The known etiological fungi are
Scedosporium, Pseudallescheria, Madurella, Fusarium, Aspergillus and others. The
infection slowly spreads producing nodules on the surface which discharge a viscous
serosanguinous fluid containing black, grain-like fungal colonies. It can result in
considerable deformity via its ability to invade surrounding tissue, including bone.% 16
There are a large number of cases reported but they are limited to the tropics and
subtropics, mainly Africa, India and the Central and South Americas. The only treatment,
until recently was surgical removal of the infected area (amputation) but the antifungal

azole drugs, Itraconazole (ITC) and Ketoconazole (KTC) are known to be effective.'t

Candidiasis is another sub-type of fungal infection/mycosis and encompasses superficial,
cutaneous, subcutaneous and systemic fungal infections. Here, we are referring to
Candidiasis of the mucous membranes (oral cavity/mouth, vagina) caused by the Candida
spp. (most commonly by C. albicans), resulting in pain, discomfort and inflammation of
the affected areas. Oral candidiasis, commonly known as thrush, can occur in new born
infants, the elderly and people with an impaired immune response (Figure 3.8). It is often
one of the earliest and sometimes the initial manifestations of human immunodeficiency

virus infection / acquired immunodeficiency syndrome (HIV/AIDS).Y’
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Fig. 3.8: Oral candidiasis (thrush) can occur in new born infants, the elderly and people with an impaired

immune response.t’-18

Systemic (deep) mycoses are caused by the primary pathogenic and opportunistic fungal
pathogens. The primary pathogenic fungi are comprised of the Coccidioides immitis,
Histoplasma capsulatum, Blastomyces dermatitidis and Paracoccidioides brasiliensis
fungi and are able to establish infection in a normal healthy host. The mode of infection
for these primary fungal pathogens is via the respiratory tract of the host. The
opportunistic pathogens, which include Cryptococcus neoformans, Candida spp.,
Aspergillus spp., Penicillium marneffei (the only Penicillium species which is a human
pathogen), the Zygomycetes, Trichosporon beigelii and Fusarium spp. generally require
an immunosuppressed host in order to establish infection. Both diseases and their
therapies can result in immunosuppression, and include cancer and anticancer treatments,
organ transplantation and associated antirejection medications, surgery, tuberculosis
(TB), those with autoimmune diseases and associated medications i.e. corticosteroids,
and those with AIDS. Invasion by the opportunistic fungi, resulting in systemic
infections, is usually via the respiratory tract, alimentary tract, or intravascular

devices/catheters.? 19

Phaeohyphomycosis (PHM) is group of fungal infections which affects humans and lower
animals caused by a number of dematiaceous fungi (brown/black-pigmented due to
melanin in their cell walls) resulting in a range of mycoses; superficial, cutaneous,
subcutaneous, and systemic/deep tissue infections of various organs, especially the brain.
It can be separated from other mycoses involving dematiaceous fungi as the tissue

morphology of the causative organism is mycelial, whereas when in mycotic mycetoma
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the tissue morphology of the organism is a grain or in chromoblastomycosis it is a
sclerotic body. The etiological agents include various dematiaceous hyphomycetes
(molds) especially species of Exophiala, Phialophora, Wangiella, Bipolaris,
Exserohilum, Cladophialophora, Phaeoannellomyces, Aureobasidium, Cladosporium,

Curvularia and Alternaria.?®

Phaeohyphomycosis occurs worldwide but, like that of chromoblastomycosis it presents
most commonly in areas with tropical or subtropical climates. There has been a recent
increase in reported cases of this very dangerous and understudied disease and although
widely considered an opportunistic infection, there have been cases reported in healthy
individuals.’*  The role which melanin plays in the cell wall of these pathogenic
dermaticeous fungi is not fully understood but may be a virulence factor for these species.
Cases have been reported in otherwise healthy/immunocompetent patients but those

primarily at risk are the immunosuppressed. In the case of systemic infections, there are

Fig. 3.9: (A) Subcutaneous phaeohyphomycosis caused by Wangiella dermatitidis, (B) MRI images of a
cerebral phaeohyphomycosis in an immunocompetent individual demonstrating a large, space-occupying,

fatal lesion, caused by Thielavia subthermophila. 20022

numerous clinical signs and effects such as eosinophilia (high white cell count), papules,
plaques, granulomatous, and in extreme cases there are deep infections within the eyes,

bones, heart (endocarditis, mostly reported on bioprosthetic valves of porcine origin),
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central nervous system and brain (Figure 3.9).2 The most effective therapy is a
combination of surgical excision of the fungus and treatment with antifungal drugs. The
medicinal capabilities of antifungal treatments (Amphotericin B, 5-Fluorocytosine,
Ketoconazole) are limited, necessitating long-term therapy with many drugs not being
effective against dematiaceous (black) fungi which have displayed a high resilience.
Therefore, systemic phaeohyphomycosis prognosis remains poor, with an overall

mortality rate of 79%.%

Humans are protected from most mycoses by innate structures that act as physical and
chemical barriers to infectious agents and evolved immune responses that grant a high
degree of protection and immunity. Our skin protects and guards us from fungal
infections of superficial, cutaneous and subcutaneous origin. The mucus membranes that
line the body cavities (that are exposed to the external environment) and the internal
organs, secrete mucus (a thick sticky liquid) that traps the pathogens and prevents any
further disease-causing activity, particularity important for organisms that attack the
digestive, respiratory and reproductive systems/tracts. In conjunction with this is the
human innate immune response and the adaptive or acquired immune system which
protects against systemic infection through the use of specialised signalling proteins, such

as cytokines, and immune cells, such as lymphocytes.?

However, the frequency in incidences of mycoses, particular those of invasive or
opportunistic character, has increased dramatically over the past two decades.?* This
increase has been accompanied by an increase in morbidity and mortality due to invasive
fungal infections. C. albicans, Cryptococcus neoformans, and Aspergillus fumigatus are
the most well-known causes of opportunistic mycoses. The Candida species (Figure
3.10) alone accounts for 28,000 nosocomial bloodstream infections (BSI), with a 40%
mortality rate per year in the US.% People most at risk to the development of serious/life
threatening fungal infections are those who are immunosuppressed. Immunosuppression
or impaired immune response can result from a very wide range of factors, such as
patients undergoing any type of transplantation (blood, bone or solid-organ), major
surgery especially gastrointestinal surgery, patients with any form of neoplastic disease
(cancer), those with HIV/AIDS, tuberculosis (TB), the elderly, premature infants and

anyone receiving immune modulation/suppression therapy.?
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As previously stated, not only do these conditions/diseases lead to an increased risk of
infection but also in some cases the therapies/medicinal agents used to treat them further
exacerbate the infection risk factor. The number of patients who fall into these at risk
immunosuppressed/compromised categories are also increasing (first world aging

population trends, increasing cancer diagnoses, HIVV/AIDS).
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Fig. 3.10: Various Candida species grown on CHROMagar plate showing chromogenic colour change to
identify different species; C. albicans (green), C. tropicalis (blue), C. parapsilosis (white) and C.

glabrata (pink).?

The situation is worsened by the rise of antibacterial resistance, such as Methicillin-
resistant Staphylococcus aureus (MRSA) and totally drug resistant Mycobacterium
tuberculosis (TDR-TB) due in part to the over use of broad spectrum antibiotics. This is
compounded by intrinsic and acquired resistance to standard (azole, polyene, or
echinocandin) antifungal agents and the rise of new/emerging pathogenic fungal species,
such as yeast like fungi (Trichosporon and Rhodotorula species), the Zygomycetes,
hyaline molds (Fusarium and Scedosporium species), other species of Candida (e.g. C.
parapsilosis, C. tropicalis and C. glabrata Figure 3.10), Aspergillus and a wide variety

of dermatiaceous fungi.?!

It is this complex array of factors which has led to the increase in fungal infections in

recent years. This has resulted in an intensive search to develop new, efficacious
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antifungal agents with unique modes of action which can circumvent intrinsic or acquired

resistance and/or preferentially target alternative fungal cellular components or processes.

3.3 Antifungal phenanthrene derivatives

Our research group has extensive experience in the use of phenanthrolines, particularly
1,10-phenenthroline, and their metal complexes as antifungal agents against various

fungal pathogens.

The use of various phenanthrene and phenanthroline derivatives (Figure 3.11) to inhibit
the growth of numerous bacterial and fungal pathogens has been extensively reported
over the last seven decades.?’” There is considerable evidence in the literature to support
the idea that the metal chelation capability of the nitrogen-substituted derivatives of
phenanthrene and their corresponding superior biological efficacy are inherently
linked.?’> 2 One noteworthy derivative, which displayed outstanding bacteriostatic and
fungistatic activity against a wide-spectrum of pathogenic bacteria and fungi was the
N,N'-diimine chelator 1,10-phenanthroline (1,10-phen) (Figure 3.11).2’*® 1,10-phen
displays superior fungistatic activity over that of 1,7 or 4,7-phenanthroline (Figure 3.11),
which is attributed to the chelation capacity of 1,10-phen and which 1,7 or 4,7-
phenanthroline do not have. An increase in biological effect was observed for 2,9-
dimethyl-1,10-phenanthroline (dmphen, Figure 3.11), wherein hydrogen substituents at
the 2- and 9-positions have been replaced with methyl groups.?’® This increase in
antimicrobial effectiveness for dmphen was attributed to the chelation of metal ions akin
to that of 1,10-phen and perhaps due to the increased lipophilic nature of the molecule.
However further alkylation or chlorination of the 1,10-phenanthroline backbone resulted

in a decrease in antifungal activity.?"

Therefore, the presence of the N,N'-diimine chelation moiety would seem essential in
maintaining and improving upon any antimicrobial activity as it provides a classic
chelating bidentate site, allowing for the cellular formation of the actual bioactive species,
which is considered to be bis-/tris-1,10-phen metal complexes [M"*(1,10-phen)a]™,

formed through the sequestering of metal ions from the biological system itself and which
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results a in poor survival outcome for microbial pathogens.?® Zn?* is an essential trace
element for metabolic function and cell homeostasis. It is present in numerous metallo
enzymes (e.g. matrix metalloproteinases) and eukaryotic proteins such as zinc finger
proteins.®® It is the ability of 1,10-phen to sequester Zn?* from the cellular milieu that
leads to the death of microbial pathogens, brought about via disruption of homeostasis,
enzyme (resulting inactive apoenzymes), protein and metabolic function, that

cumulatively and ultimately result in cell death.?%3!

1,10-Phen has been reported to have a fungistatic effect on C. albicans (ATCC 10231)
with an MICioo of 1.25-5 pg/ml.?® It has also been reported to have potent growth
inhibitory activity against clinical isolates of C. tropicalis, C. krusei and C. glabrata at a
concentration of 100 pg/ml.%2 Further tests were conducted against three clinical strains
of C. albicans using a concentration of 20 pg/ml for 1,10-phen and the structurally related
2,2"-bipyridyl (bipy, Figure 3.11). 1,10-Phen demonstrated potent growth inhibition of
all fungal strains tested while bipy proved to be essentially inactive.?® 310 32 This
difference in activity may be attributed to the planarity and rigidity of 1,10-phen,
especially within its N,N'-diimine chelation moiety, leading to entropically favoured
metal chelation (complex formation results in large desolvation of metal cations) as
opposed to the free rotation about the bonds in the N,N'-diimine chelation moiety of bipy.
Furthermore, 1,10-phen, compared to bipy, has an extended aromatic ring structure, and
it can be hypothesised that this may result in greater hydrophobicity and hence enhanced

lipophilicity enabling it to pass through cell membranes and result in cytotoxicity.

Another analogue, namely 1,10-phenanthroline-5,6-dione (phendione, Figure 3.11), has
been reported in the literature to possess superior antifungal activity to that of 1,10-phen.
Phendione displays an MICio0 value in the range of 0.6-2.5 pg/ml against C. albicans
(ATCC 10231) in minimal media (MM) at 30 °C, this equates to approximately a 2.5 fold
increase in activity when compared to 1,10-phen under the same conditions.®® Phendione
contains the same N,N'-diimine chelation moiety as 1,10-phen but also has a diketone
functionality/O,0'-quinonoid moiety at the 5 and 6 positions which is able to undergo a
2 electron/2 proton reduction leading to the formation of the dihydroxy or diol structural
analogue, 1,10-phenanthroline-5,6-diol (phendiol, Figure 3.11). Interestingly, phendiol
can undergo oxidation relatively easily and can be oxidised by the action of oxygen from

air back to Phendione.®*
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The redox capability of the O,0'-quinonoid moiety of phendione would seem to explain
its superior antifungal activity compared to 1,10-phen. This hypothesis is granted some
weight when we consider that the reported anti-Candida activity of phendiol is 0.6-1.3
pg/ml; which is an intermediate value between that of phendione and 1,10-phen
suggesting that the activity of phendiol may result from possible cellular oxidation back
to phendione. Furthermore, the phenanthrene derivative phenanthrene-9,10-dione
(Figure 3.11) which contains the same O,O'-quinonoid moiety as phendione has only
limited activity against C. albicans with an MIC100 = 50-100 pg/ml.*® This emphasises
the importance of the redox functionality of the O,0'-quinonoid moiety and the N,N'-
diimine chelation moiety of phendione (facilitating metal complex formation), and their

essential role in phendione’s superior antifungal efficacy.

3.4 Potentiating the antifungal activity of 1,10-phen carboxylate complexes

Where derivatives of metal-free 1,10-phen have been employed as antifungal agents the
true bioactive species is assumed to be the bis-/tris-1,10-phen metal complexes of general
formula [M"™(1,10-phen)n]™* formed by the sequestration of metal ions from the cellular
environment . The chelation of metal ions by 1,10-phen and its derivatives leads to the
formation of extremely stable metal complexes. For example the log B stability constant
for [Cu(1,10-phen)2]?" = 21. It has been reported by our research group and numerous
others that metal complexes (Ag(l), Cu(ll), Mn(ll) and Co(ll) ) of 1,10-phen and its
derivatives have improved anti-Candida activity compared to that of the metal-free 1,10-
phen. Our research in recent years has focused on the formation of ternary complexes
composed of 1,10-phen/phendione and various aliphatic, bridged cyclic (norbornene-
based), ethereal and aromatic dicarboxylic acids coordinated to the metal centre (Figure
3.12). Other ternary complexes were also synthesised whereby these dicarboxylic acids
were not coordinated to the metal ion but acted as counter ions to the cationic metal-1,10-

phen complexes, to investigate the role of the counter ion in antifungal activity.

In all of the cases reported by our research group, the simple metal salts, the metal-free
dicarboxylic acid ligands, the dicarboxylate coordinated metal complexes and metal-free

1,10-phen or phendione where screened for their anti-Candida activity.
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No significant antifungal activity was observed for the simple metal salts, the metal free
dicarboxylic acids or the metal dicarboxylate coordinated complexes (no 1,10-phen
present). Exceptions to this trend were the simple metal salts, silver acetate Ag(CHsCOy),
Silver nitrate Ag(NQO3), silver perchlorate Ag(ClO4) and the Ag(l) complex [Agz(mal)],
which all exhibited anti-Candida activity (1.25-2.5 and >5 pg/cm?, respectively). It is
assumed that the active entity in this case is the Ag® ion, with the acetate, nitrate,
perchlorate or malonate anions having no significant biological impact.?® As expected,
metal-free 1,10-phen and phendione displayed their strong, aforementioned anti-Candida

activity.

A vast improvement in antifungal activity was observed upon complexation of 1,10-phen,
resulting in ternary complexes of the following general formula [M™(1,10-
phen)n(diacid)n](diacid), where M = Co(ll), Mn(ll), Cu(ll) or Ag(l) e.g. = [Mn(1,10-
phen)z(bdoa)]-H20.32%¢ It should also be noted that in instances where analogous ternary
complexes incorporating bipy instead of 1,10-phen were synthesised (e.g.
[Cuz(bipy)a(bdoa)]bdoa-6H20 ) and tested for anti-Candida activity, none was observed,
again suggesting that the importance of the biologically significant characteristics of 1,10-
phen (planarity, rigidity, extended aromatic ring structure and enhanced lipophilicity),

which the bipy ligand does not possess.

These anti-Candida studies revealed that there are two highly cytotoxic groups of ternary
complexes with very different modes of action; those which are Mn(1l) and Cu(ll) based
and those which are Ag(l) based. The mode of action and the level of bioactivity varies
markedly between these two groups of complexes indicating the importance of the type
of metal ion.3® Mn(I1) and Cu(l1) based ternary complexes contain metals with variable
oxidation states and thus are capable of conducting Fenton-type chemistry, resulting in
the formation of reactive oxygen/nitrogen species (ROS, RNS) within the cellular
environment. ROS is a collective term that includes both oxygen radicals and certain
nonradicals that are oxidizing or reducing agents and/or are easily converted into radicals
(HOCI, O3, ONOO, 10, H202). RNS is also a collective term including nitric oxide and
nitrogen dioxide radicals and also includes nonradicals such as HNO, and N2Os and
ONOO..

Anti-Candida studies on the malonate ternary complexes, [Cu(phen)z(mal)].2H20 and
[Mn(phen)2(mal)].2H20 and [Agz(phen)s(mal)].2H20 revealed that they were highly
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fungistatic (MI1C100 1.25 -5 pg/cm?®) and were able to damage mitochondrial function and

uncouple cellular respiration. 3

Importantly, only the Cu(ll) and Mn(ll) complexes caused increased oxygen uptake by
the C. albicans cells. A likely explanation is the formation of highly damaging ROS/RNS
by these complexes via Fenton-type chemistry. The Ag(l) complex would most likely be
incapable of this redox-mediated ROS/RNS production, as in vitro or in vivo reduction of
the Ag(l) ion would produce Ag(0) and result in precipitation of the metal and therefore
destruction of its bioactive complex. Interestingly, all three complexes inhibited
cytochrome b and ¢ biosynthesis but only the Ag(l) complex lowers the levels of
cytochrome aas. This is noteworthy considering that cytochrome b and ¢ proteins are
hemeproteins and contain iron in their active site and that cytochrome aas is different in
that it conatins copper in its active site, combined with the knowledge that metal-free
1,10-phen has a high affinity for iron, this may begin to explain this observation. In
addition the Cu(Il) and Ag(l) complexes reduced cellular ergosterol levels whilst the
M(11) complex [Mn(phen)2(mal)].2H20 induces an increase in ergosterol comcentration.
The Ag(I) based ternary complex’s mode of antifungal activity is therefore quite different
to that of its Cu(Il), Mn(1l) based counterparts and maybe akin to known effects of nano
particulate silver which are expressed through the disruption of the structure of the cell
membrane and inhibition of the budding process due to the destruction of the membrane
integrity.’

In an effort to improve upon the previous encouraging antifungal results for this type of
ternary complex, the use of other dicarboxylic acids was investigated (Figure 3.12). We
hypnotized that the use of long chain alkyl and long chain ethereal dicarboxylic acids
would result in water soluble ternary, metal 1,10-phen carboxylate complexes were the
carboxylates would act as inner sphere ligands. In our recent work we synthesised this
type of complex via the use of suberic acid and 3,6,9-trioxaundecanedioic acid (Figure
3.12), which did result in highly water soluble Cu(Il), Mn(I1) and Ag(l) complexes such
as [Agx(tdda)(phen)s]EtOH (17) (Figure 3.13). We wished to exploit the favourable
partition coefficients (log P) of suberic acid (log P = 1.03 intermediate
hydrophilicity/lipophilicity) and 3,6,9-trioxaundecanedioic acid (log P = -1.69 very
hydrophilic) to impart an intermediate lipophilic/hydrophilic nature to the ternary metal
complexes which we hoped, may result in improved biological effectiveness. The idea
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was to produce complexes that were lipophilic enough to cross the lipid membranes of
fungal cells but also hydrophilic enough to ensure efficient transport throughout the

organism.

3.5 Complex synthesis, characterisation and proposed structures

All relevant chemicals were purchased from commercial sources and used as received
without further purification. 1,10-Phenanthroline-5,6-dione  (phendione (2)),
[Cu(phendione)s](Cl04)2-4H.0 (6), [Ag(phendione)2]CIOs (7) and complexes 8-14
(Figure 3.14) were prepared in accordance with the literature methods with some slight
modifications.®* 3 The phthalic acid (phH) octanedioic acid (odaH.) and 3,6,9-
trioxaundecanedioic acid (tddaH») complexes were synthesised by heating a solution
containing the metal acetate salt and an excess of the dicaboxylic acid for the required
time (3 hours) which resulted in the formation of the metal dicarboxylate precursor
complexes (e.g. [Mn(ph)]0.5H20) (Scheme 3.1). The metal carboxylate complexes were
then added to a solution of 1,10-phen and heated which resulted in the formation of the
ternary metal 1,10-phen carboxylate complexes (Scheme 3.1). All of the Ag(l) complexes

were synthesised in the absence of light and the products were stored in the dark.

All ligands and complexes were characterised by Infrared (IR) spectroscopy (spectra were
recorded in the region 4,000-370 cm®) using anhydrous potassium bromide to form solid
KBr discs on a Perkin ElImer System 2000 FT spectrometer. Elemental analysis (CHN)
was carried out for all ligands and complexes using a FLASH EA 1112 Series Elemental
Analyser with Eager 300 operating software. Mass spectrometry data was acquired for
all complexes and ligands using an Agilent Technologies 6210 Time of Flight LC/MS
mass spectrometer. Solid state magnetic susceptibility measures were obtained for all
Cu(ll) and Mn(Il) complexes using a Johnson Matthey Magnetic Susceptibility Balance.
The IR spectra of complexes 8-15, were compared to their known spectra and all were
found to contain the characteristic 1,10-phen stretches at ca. 844 and 729 cm™ (8), ca. 849
and 733 cm™ (9), ca. 842 and 724 cm™ (10), ca. 842 and 727 cm™* (11), ca. 847 and 729
cm™(12), ca. 850 and 730 cm™ (13), ca. 845 and 730 cm™ (14), ca. 852 and 730 cm™ (15),
the band at ca. 735 cm™ can be assigned to the out of plane motion of hydrogen atoms on
the heterocyclic rings and the band at ca. 850 cm™ to the two adjacent hydrogens on the

centre aromatic ring. As expected, upon coordination these bands are shifted to lower

171

—
| —



Chapter 3 Antifungal activities of the metal complexes

frequency compared to the metal-free 1,10-phen (ca. 858 and 742 cm™) (see Ch. 2 /
Appendix). The CHN, mass spectral and magnetic moment data acquired for these

complexes match the expected values and are in line with all data previously published.

The IR spectrum of complex, 15, contains the characteristic 1,10-phen stretches at ca.
852 and 731 cm™ which can be assigned to the two hydrogens on the centre aromatic ring
and the two sets of three hydrogens on the heterocyclic rings, respectively. The voco)asym
and v(ocojsym Vibrations for the carboxylate function of the tdda ligand in 15 occur at 1620
and 1405 cm™, respectively, giving a Ajoco) value of 215 cm™ (see Ch. 2 / Appendix).
This value indicates a monodentate coordination mode. Although a crystal structure for
15, has yet to be obtained, the monodentate coordination mode of the tdda ligand in 15
suggested by its IR spectrum, would compare favourable to its Mn(ll)-based analogue,
14, the crystal structure of which had the tdda ligand in monodentate coordination mode.
In addition, the mass spectrum and elemental analysis data are in accordance with the
proposed formulation of 15, [Cu(3,6,9-tdda)(phen)2]3H.0-EtOH.

The IR spectrum of complex, 17, contains the characteristic 1,10-phen stretches at ca.
855 and 738 cm™ which can be assigned to the two hydrogens on the centre aromatic ring
and the two sets of three hydrogens on the heterocyclic rings, respectively. The v(oco)asym
and v(oco)sym Vibrations for the carboxylate function of the tdda ligand in 17 occur at 1622
and 1422 cm, respectively, giving a A(oco) value of 200 cm™ This value of separation
between the bands is difficult to assign with any certainty but would suggest either free
(uncoordinated) carboxylate or possibly a monodentate coordination mode. A crystal
structure of 17 has proven difficult to obtain as it forms unusual long (2 mm) crystalline
fibres, which give limited x-ray crystallographic data. The preliminary crystal data is
able to confirm the presence of Ag(l) bis-1,10-phenanthroline units {[Ag(phen)z]}c
linked in some fashion to one another by the tdda ligand. This would suggest that the
tdda is acting as either a monodentate bridging ligand (n* n* p?-tdda) linking two of the

[Ag(phen).] units together or as an uncoordinated counter ion (Figure 3.13).

The favoured coordination geometry of [Ag(phen).] as a d10 ion would most likely be
tetrahedral in order to limit the ligand electron-electron repulsion with the 10 d electrons
of the Ag(l). Most often however, with Ag(l) and 1,10-phen, a pseudo square planar
geometry is assumed due to steric limitations of the 1,10-phen ligands and in this case the

tdda dicarboxylate would act as non-coordinated counter ion.
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(A)

Fig. 3.13: Proposed structures of complex 17. (A) Pseudo square planar geometry of [Ag(phen)] with the
dicaroxylate (tdda), acting solely as a counter ion (non-coordinated). (B) Square pyramidal or trigonal
bipyramidal coordination geometry with tdda ligand acting as a monodentate bridging ligand eg. (n* n* p2-
tdda).

Hence, given the incomplete x-ray crystallographic data, the hypothesis is that the
structure of 17 would be that given in part (A) Figure 3.13. The mass spectrum and
elemental analysis data are in accordance with the proposed formulation of 17,
[Ag2(3,6,9-tdda)(phen)s]EtOH.
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[Mnx(isoph)z(phen)s].4H-O (10)
-+
[Mn(ph)(phen)(Hz20)z] (8) {IMn(phen)z(H>0)s1}=(isoph)z(phen).12H>0 (11)
-+

[Mn(ph)(phen)s(H,0)].4H,0 (9) [Mn(terph)(phen)s].5H-0 (12)

1,10-phen
1,10-phen H=0 1,10-phen
EtOH H.O

[Mn(ph)].0.5H,0 or [Mn(isoph)].2H>0 or [Mn(terph)].2.5H;0

phH2 or isophH

or terphH2>
EtOH
M (CHzCOO),
odaH; tddaH3
EtOH or H;O H20
[Cu(oda)].H>0 or [Mn(oda)].H>O [Mn(tdda)].H-0 or [Cu(tdda)].H>O or {[Agz(tdda)l}n
1,10-phen 1,10-phen
EtOH 1,10-phen EtoH
EtOH
[Cu(oda)(phen);].8H0O {{IMn(tdda)(phen)>].3H,O.EtOH}, (15)
[Mnz(oda)(phen)s(H20)21[Mnz(oda)(phen)s(oda)z].4H0 (13) or
{[Cu(tdda)(phen)s].3H>O.EtOH}, (16)
Na(ClO,)
EtOH or

[Agz(tdda)(phen),]EtOH (17)

[Cux(oda)(phen)41(ClO4)5.2.76 H,O.EtOH (14)

Scheme 3.1: Synthetic routes to complexes. Complexes in group 1-3 and complex 15 in group 4 have previously been published. In Group 4 complexes 16 and 17 are novel.
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Fig. 3.14: Structure of four groups of metal complexes used for antifungal testing. Group 1 is comprised of Ag(l) and Cu(ll) phendione perchlorate complexes.®*°®) Group 2 Mn(l1)
1,10-phen phthalate, isophthalate and terephthalate complexes.®®) Group 3 Cu(l1) and Mn(I1) 1,10-phen octanedioate complexes®¥©% and Group 4 is comprised of Mn(11), Cu(Il) and

Ag(l) 1,10-phen 3,6,9-trioxaundecanedioates.®*® Complexes in group 1-3 and complex 15 in group 4 have previously been published. Complexes 16 and 17 in group 4 are novel.
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3.6 Antifungal activity and cytoselectivity of selected complexes

The Mn(l1l), Cu(Il) and Ag(l) complexes, 6-17, their simple metal salts, the metal-free
ligands and selected, clinical antimicrobial agents (Amphotericin B (AMB),
Ketoconazole (KTC), Fluconazole (FLC), Voriconazole VRC, Itraconazole (ITC),
Caspofungin (CFG), Micafungin (MFG) and Flucytosine (5FC)) were screened in vitro
for their ability to inhibit the growth of pathogenic fungal cells.®*® The minimum
inhibitory concentration (MICio0), is defined as the lowest concentration of an
antimicrobial agent that causes a specified reduction/inhibition in the visible growth of a
microorganism in an agar or broth dilution susceptibility test after overnight incubation.
Related to the MIC is the minimum fungicidal concentration (MFC), it is defined as the
minimum concentration of an antifungal agent that results in no observable fungal
growth. A fungicidal effect is considered when the MFC value is equal to, or up to, four
times the MIC value. The activities (MIC100 and MFC values) are reported for eight
species of fungi which are causative agents for human mycoses such as
Chromoblastomycosis  (Phialophora verrucosa, Cladophialophora carrionii),
Phaehyphomycosis (Exophiala dermatitidis), Eumycetoma (Pseudallescheria boydii,
Pseudallescheria minutispora, Seudosporium aurantiacum, Seudosporium proliticans)
and Candidiasis (Candida albicans) (Tables 1-8). The values are given as pg/cm®and uM

concentrations of the complexes.

The half maximal inhibitory concentration (ICso) represents the concentration of an
agent/’drug” that is required for 50% inhibition of a biological/biochemical process or
function in vitro. In this case, the ICso values obtained for all complexes are the half
maximal dose which induced cytotoxicity or cell death to a normal mammalian cell line
(Vero cells). The ICsq values for all test complexes were obtained using Vero cells which
are isolated kidney epithelial cells extracted from an African green monkey. These ICso
values were required in order to ascertain the level of cytotoxicity of the complexes
towards normal mammalian epithelial cells and to devise a selectivity index/parameter to
deduce if the complexes were cytoselective for fungal cells over mammalian cells. The
selectivity index (SI) is a measure of the cytotoxicity of an agent for its intended target
(e.g. fungal pathogen cells) over that of the hosts normal cells (represented by the Vero
cells). The selectivity index can be calculated for a particular test agent/”drug” by
dividing its MIC value obtained for a particular pathogen (e.g. C.albicans) by the ICso

value obtained for a normal mammalian or human cell line (e.g. Vero cells) (Figure 3.15).
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Selectivity Index = 1630
(SD) MIC

Fig 3.15: Selectivity index equation.

The MIC, MFC testing for seven for the fungal species represented in Tables 1-7 was
conducted by Professor Andre L.S. Santos and his group in the Department of General
Microbiology, Federal University of Rio de Janeiro, Brazil. The ICso testing utilising the
Vero cells was also conducted by the same group.*® The MIC results for all test complexes
against C. ablicans (ATTC 10231) (Table 3.8) were obtained in the Microbiology
Laboratory, Department of Chemistry, Maynooth University.

The test complexes or compounds (0.020 g) were dissolved in DMSO (1 cm?®) and added
to water (9 cm?®) to give a stock solution (concentration 2000 mg/cm?). Complexes which
displayed low solubility were tested as fine suspensions. A working solution was then
prepared for each by taking 0.5 cm? of the stock solution (or suspension) and adding it to
water (9.5 cm?®) to give a solution with a concentration of 100 ug/cm3. The maximum
DMSO concentration in any test solution was 0.5% v/v, and at this level the DMSO does

not inhibit the growth of the fungal cells.

The antifungal susceptibility MIC and MFC values for all test compounds/complexes
against the filamentous fungi (P. verrucosa, C. carrionii, E. dermatitidis, P. boydii, P.
minutispora, S. aurantiacum and S. proliticans) were determined by broth microdilution
according to CLSI method M38-A2 with an inoculum of 2.5x10° CFU/cm®. The 96 well
microassay plates were incubated at 35°C, and the optical density (OD) value was
determined at 540 nm after 48 hours.** All assays were run in triplicate and on three
independent occasions. The MIC1o0and MFC values were then determined and recorded
as micrograms per millilitre or cubic centimetre (ug/cm®) and as micromolar (UM)

concentration of each test compound/complex.

The antifungal susceptibility MIC values for all test compounds against the yeast
C.albicans (ATTC 10231) were determined by broth microdilution according to CLSI
method M27-A3.#2 C. albicans was grown to the stationary phase overnight at 37°C on
YEPD media. The cells were washed with PBS solution and resuspended in minimal
media (MM) at a density of 5 x 10° cells/cm®. The 96 well microassay round bottomed
plates were covered with acetate foil (Sarstedt) to prevent dehydration and incubated at
37°C.with continuous shaking for 24 hours. The optical density (OD) value was recorded
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after 24 hours for each well at 540 nm. All assays were run in triplicate and on three
independent occasions. The MICio values were then determined and recorded as
micrograms per millilitre or cubic centimetre (ug/cm®) and as micromolar (UM)

concentration of each test compound/complex.

The test complexes/compounds are arranged into six groups or families of compounds
which will be referred to as such based on their similarities. The first group is comprised
of 1,10-phen (1) and phendione (2). The second family is comtains Ag(l) and Cu(ll) bis-
phendione perchlorate complexes (6 and 7). The third family is comprised of Mn(ll)
1,10-phen phthalate, isophthalate and terephthalate complexes (8-12). The fourth family
are Mn(Il) and Cu(ll) 1,10-phen octanedioate complexes (13-14). The fifth family
contains Mn(l1l), Cu(ll) and Ag(l) 1,10-phen trioxaundecanedioate complexes (15-17)
and finally the sixth group contains a selction of known antifungal agents.

The growth inhibitory effects of the test compounds/complexes against the fungi P.
verrucosa (a causative agent of human Chromoblastomycosis) and the Vero mammalian
cell line are shown in Table 3.1. It should be noted that although we currently have no
ICso values against Vero cells for the seven clinical antifungal agents utilised in this study,
it has been extensively documented in the literature that Amphotercin B and the azole
antifungals cause severe side effects associated with their usage; (such as nephrotoxicity,
hepatotoxicity including complete liver failure and congestive heart failure) which can
result in dose-limiting concerns and lead to incomplete infection eradication and/or fatal

outcomes due to infection reoccurrence or vital organ damage.*?

The most active fungistatic agent against P. verrucosa was the dinuclear Ag(l) complex,
17 [Agz(tdda)(phen)s]EtOH, MIC100 = 0.37 uM. This complex was also the only agent
tested to display a significant fungicidal effect, MFC = (0.75 puM). Furthermore, the 1Csg
value obtained for this complex (25.02 puM) indicates that it is tolerated to a moderate
degree by normal African green monkey kidney epithelial cells (Vero cells) and this
resulted in a high selectivity index of 120. This is a very significant result, showing that
complex 17 possesses a high degree of cytoselectivity for P. verrucosa fungal cells over
that of normal, mammalian epithelial cells. Interestingly, its mononuclear Cu(ll) (16) and
Mn(I1) (15) analogues displayed only moderate fungistatic activity (MIC1o0 values 12.5

and 6.25 UM respectively) and were not fungicidal.
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Table 3.1: In vitro fungistatic (MICio), fungicidal (MFC and selectivity index (SI) values for 1,10-phen,
phendione, selected metal complexes and known clinically employed antifungal agents against the
dermaticeous fungi Phialophora verrucosa, an etiological agent of human Chromoblastomycosis. 1Cso
values obtained using Vero cells, which are kidney epithelial cells harvested from a green African monkey.

MIC, MFC and ICsp compound concentration values are supplied in pg/cm® and micromolar (UM) in

brackets.
Phiafophora verrucosa (Causes Chromoblastomycosis)
Compound MIC,y, MFC MC:SOIHM) Selectl\‘:;;'lndex
el (M) velen” W) (e (M

1 1,10-phenanthroline (1,10-phen) 0.8 (4.44) 6.2(344)  >10(55.49) 13
2 1,10-phenanthroline-5,6-dione (phendiong) 25(11.89)  20(95.15)  6.6(31.40_ 3
6  [Aglphendione),JClO, 500(7.97) >20.00(31.86) 6.5(10.36) 1
7 [Culphendione)s](CI0),4H,0 500(5.18)  10(1036)  6.6(6.84) 1
8  [Mn(ph)(phen)(H,0),] 272(625) 350 156(35.84) 6
9 [Mn(ph)(ohen),(H,0)4H,0 218(325) S50 117(1747) 5
10 [Mn,fisoph],(phen),J4H,0 657(625) 50 125(11895) 19
11 {[Mn(phen),(H,0),]}(isoph),(phen).12H,0 10.17 (6.25) >50 46.9(28.82) 5
12 [Mn(tereph)(phen),5H,0 16.74(25) 50 469(70.05) 3
13 [Mny{n:n,u,-oda)(phen),(H,0),]IMn,(n:n,1,-0da)(phen)y(n,-oda),J4H,0  15.36 (6.25) >50 375 (152.55) 2
14 [Cu,(oda)(phen),)(CIO,),2.76H,0.EtOH 8.18 (6.29) >50 11.7(8.94) 1
15 {[Mn[3,69-tdda){phen),J3H,0.EOH}, 460(625) S50 62.5(84.96) 14
16 {[Cu[3,69-tdda)(phen],]3H,0.EOH}, 930(125) 50 5.85 (7.86) 1
17 [Ag,(3,6,9-tdda)(phen],JELOH 025(037)  090{075)  30.1(25.02) 120

AMB  Amphotericin B 4(4.33) nt nt

FIC  Fluconazole 64 (208.97) nt nt

VRC  Voriconazole 1(2.86) nt nt

ITC  ltraconazole 312(442) nt nt

CFG  Caspofungin 16 (14.63) nt nt

5FC  Flucytosine 64 (495.77) nt nt

Fungicidal compounds highlighted in yellow. All of the metal-free dicarboxylic acid ligands, the simple metal acetate salts and the

metal carboxylate complexes displayed no significant antifungal activity (MIC1o > 20pg/cm®). n.t. = not tested.

As each of the complexes 15-17 contain 1,10-phen and the 3,6,9-trioxaundecanedioate
(tdda) dicarboxylate ligand, it can be surmised that there must be a certain degree of metal
ion specificity to the mode of antifungal activity displayed by complex 17. Metal-free
1,10-phen also displayed high fungastatic activity but was not fungicidal. When we
compare the micromolar (UM) activity of 17 (which contains four 1,10-phen ligands per
molecule) to that of metal-free 1,10-phen in micromolar it can be seen that complex 17 is
12 fold more active and remains 3 fold more active that metal-free 1,10-phen when

adjusted for the four fold ratio of 1,10-phen content of complex 17.

179

—
| —



Chapter 3 Antifungal activities of the metal complexes

The dinuclear structure of Ag(l) complex 17 must also be considered, as the only other
Ag(I)-based complex, 6, also displayed some fungistatic activity (MIC1g0 = 7.97 uM) but
was ca. 22 fold less active than 17. In addition, 6 did not prove to be fungicidal. Complex
6 is a mononuclear Ag(l) species and does not contain the dicarboxylate tdda ligand and,
as such, is insoluble in water. These properties of 6 may explain its moderate fungistatic
activity in comparison to the dinuclear, water soluble complex, 17. Also, the selectivity
index for 6 is very low (1.30), and may be due to the fact that it contains coordinated
phendione instead of 1,10-phen. This is significant, as metal-free 1,10-phen had a ca.

fivefold better selectivity index than metal-free phendione (12.50 and 2.64 respectively).

Four different classes (polyene, azole, echinocandin and fluorinated pyrimidine analogue)
of clinical antifungal agents were also tested. Only the polyene, AMB, and the azoles
VRC and ITC showed any significant fungistatic activity (MIC100 = 4.33, 2.86, 4.42 UM,
respectively) and all were much less effective than complex 17. Based upon these results,

complex 17 would appear to be a promising lead antifungal agent against P. verrucosa.

Growth inhibitory data for the test compounds/complexes and clinically used drugs
against C. carrionii (a causative agent of human Chromoblastomycosis) and Vero cells
are shown in Table 3.2. The prescription antifungal agent, ITC, proved to be the most
active fungistatic agent (MIC100 = 0.09 uM), followed by another azole antifungal, VOR
(MIC100=0.72 uM). The dinuclear Ag(l) complex, 17 [Agz(tdda)(phen)s]EtOH, was the
next most active agent (MIC100 = 1.25 pM). Complex 17 also exhibited a noteable
fungicidal effect (MFC = 2.5 pM). The low to medium cytotoxicity of 17 towards Vero
cells (SI = 20 suggests that this complex may not differentiate to a high enough extent
between fungal and mammalian cells. Furthermore, the Mn(ll) (15) and Cu(ll) (16)
analogues of complex 17 also exhibited low fungistatic MIC’s, with the Mn(II) complex
15 also proving fungicidal (MFC = 12.5 uM) and also having a slightly better selectivity
index (SI =27) compared to 17. The Ag(l), Mn(Il) and Cu(ll) 1,10-phen tdda complexes
(15, 16 and17) all display good fungistatic/fungicidal activity against C. carrionii cells,
suggesting that the mode of antifungal activity for these compounds is not highly metal

ion specific.

Metal-free 1,10-phen (1) and phendione (2) displayed similar fungistatic values (MIC100
=15.6, 12.5 uM), had very low selectivity indexes. In addition, phendione (2) was ca. 2-
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fold more fungicidal than 1,10-phen. Complexes 6, 7, 11-14, 1,10-phen (1) and
phendione (2) exhibited MIC10o values in the range of 3.12.-12.5 uM and all proved to be
fungicidal (MFC range 6.25-50 uM).

The Mn(ll) 1,10-phen octanedioate complex, 13, had a reasonably high selectivity index
(SI = 49) due to its extremely high 1Cso value (152.55 pM), showing that it is very well
tolerated by Vero cells and also exhibited relatively good fungistatic and fungicidal

activity.

Table 3.2: In vitro fungistatic (MICio0), fungicidal (MFC and selectivity index (SI) values for 1,10-phen,
phendione, selected metal complexes and known clinically employed antifungal agents against the
dermaticeous fungi Cladophialophora carrionii, an etiological agent of human Chromoblastomycosis. 1Csg
values obtained using Vero cells, which are kidney epithelial cells harvested from a green African monkey.
MIC, MFC and ICsp compound concentration values are supplied in pg/cm® and micromolar (UM) in

brackets

Cladophialophora carrionii (Causes Chromoblastomycosis)

I,  Selectivity Index

Compound Mo MFC 3 (8l)
p i’ i) e’ i) OB g
1 1,10-phenanthroline (1,10-phen) 281(15.6)  10.81(60)  >10(55.49)

2 1,10-phenanthroline-5,6-dione (phendiong) 263(125)  525(25)  6.6(3140) 3
6 [Ag(phendione;]ClO, 785(125)  1569(25)  6.5(10.36) 1
7 [Cu(phendione)s](Cl0,),4H,0 12.06(12.5) 12.06(125)  6.6(6.84) 1
8 [Mn(ph)(ohen)(H,0),] 544(125)  43.53(100) 15.6(35.84) 3
9 [Mn(ph)(phen),(H,0)]4H,0 214(32)  16.74(25) 117(1747) 5
10 [Mn,[isoph),(phen);]4H,0 6.57(6.25)  105.08(100) 125(118.95) 19
11 {[Mn{phen),(H,0),]},{isoph),(phen).12H,0 508(3.12) 2034(125) 46.9(28.82) 9
12 [Mn(tereph)(phen),]5H,0 837(125)  3348(50)  46.9(70.09) 6
13 [Mny{n;n.u,-0da)(phen),(H,0),)IMny(n,n;;-0da)(phen) (n,-oda),}4H,0 ~ 7.67(3.12) 1536 (6.25) 375(152.55) 19
14 [Cu,(oda)(phen),(ClO,),2.76H,0.EtOH 1637(125)  3273(25)  11.7(8.94) 1
15 {[Mn(3,6,9-tdda)(phen),]3H,0.EtOH}, 230(3.12)  9.20(125) 62.5(84.96) 27
16 {[Cu(3,6,9-tdda)(phen),]3H,0.EtOH}, 465(6.25)  37.21(50)  5.85(7.80) 1
17 [Agy(3,6,9-tdda)(phen),]JEtOH 150(125)  3.01(25)  30.1(25.02) 20
AMB  Amphotericin B 8.00 (8.66) nt. nt.
FLC  Fluconazole 64 (208.97) nt. nt.
VRC  Voriconazole 0.25(0.72) nt. nt.
ITC  Itraconazole 0.063 (0.09) nt. nt.
CFG  Caspofungin 2(1.83) nt. nt.
5FC  Flucytosine 8(61.97) nt. nt.

Fungicidal compounds highlighted in yellow. n.t. = not tested.

Although ITC is by far the most active compound against C. carrionii complexes 13, 15

and 17 still represent promising antifungal agents considering that all three exhibit
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Chapter 3 Antifungal activities of the metal complexes

fungistatic and fungicidal activity. Futhermore, the Mn(ll) complex, 13, is not
particularly cytotoxic to Vero cells giving it a reasonably high selectivity index (S1 = 49)

for C. carrionii cells.

Growth inhibitory data for the test compounds/complexes and five clinically used drugs
against E. dermatitidis (an etiological agent of human Phaeohyphomycosis) and Vero

cells are shown in Table 3.3.

Table 3.3: In vitro fungistatic (MICiq), fungicidal (MFC and selectivity index (SI) values for 1,10-phen,
phendione, selected metal complexes and known clinically employed antifungal agents against the
dermaticeous fungi Exophiala dermatitidis, an etiological agent of human Phaeohyphomycosis. 1Csvalues
obtained using Vero cells, which are kidney epithelial cells harvested from a green African monkey. MIC,

MFC and ICso compound concentration values are supplied in pg/cm®and micromolar (M) in brackets.

Exophiala dermatitidis (Causes Phaeohyphomycosis)

IC;,  Selectivity Index

Compound Mo MFC 3 (s)
p e ) sl B g
1 1,10-phenanthroline (1,10-phen) 312(17.31)  =200(1110)  »10(55.49) 3
2 1,10-phenanthroline-5,6-dione (phendione) 250(11.89)  20(95.15)  6.6(3140_ 3
6 [Ag(phendione},]ClO, 500(7.97)  »2000(32)  6.5(10.36) 1
7 [Culphendione)s](CI0),4H,0 500(5.18)  >2000(21)  66(6.84) 1
8 [Mn{ph)(phen)(H,0),] 2.72(6.25) »>43.53(100) 15.6(35.84) 6
9 [Mn[ph)(phen),{H,0)14H,0 209(3.12)  >6696(100) 11.7(1747) 6
10 [Mn,fisoph},(phen);J4H,0 6.57(6.25) >105.08(100) 125 (118.95) 19
11 {[Mn{phen},(H,0),]L(isoph),(phen).12H,0 10.17(6.25) >162.74(100) 46.9(28.82) 5
12 [Mntereph](phen]),J5H,0 1674(25)  >66.96(100) 469 (70.05) 3
13 [Mng{n:nuy-oda)(phen)y(H;0),]IMny(n:n.py-oda)(phen)y(n,-oda),J4H,0  15.36 (6.25) >245.82 (100) 375(152.59) L}
14 [Cuyoda)(phen),](C10.),2.76H,0.EOH 818(6.25) >130.92(100) 11.7(3.94) 1
15 {[Mn(3,6,9-tdda)(phen),]3H,0.EtOH}, 460(6.25) >73.56(100) 62.5(84.96) 14
16 {[Cuf3,6,9-tdda)(phen),]3H,0.EtOH}, 930(125) »>74.43(100) 5.85(7.86) 1
17 [Ag3,69-tdda)(phen] JEtOH 018(015)  0.75(062) 30.1(5.02) 167
AMB  Amphotericin B 0.5(0.54) nt
FLC  Fluconazole 16 (52.24) nt
VRC  Voriconazole 0.5(1.43) nt
ITC  Itraconazole 0.25(0.35) nt
CFG  Caspofungin 16 (14.63) nt

Fungicidal compounds highlighted in yellow. n.t. = not tested.
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Again the most active fungistatic agent was the Ag(l) complex, 17, (MIC100 = 0.15 uM)
and was the only test complex that was also fungicidal (MFC = 0.62 uM), and this was
coupled with a high selectivity index (SI =167). The next most active fungistatic agent
was the known antifungal azole, Itraconazole (ITC) (MIC =0.35 uM). This was followed
by the most widely used antifungal agent, Amphotercin B (AMB) (MIC = 0.54 uM).
Voriconazole (VRC) also exhibited good fungistatic activity (MIC = 1.43 uM).

Immunocomprised patients have a diminished capacity to cope with “drug” induced
organ toxicity and hence an in vitro high selectivity index like that displayed by complex
17 is encouraging for possible further development as a lead antifungal agent. The Mn(ll)
1,10-phen phthalate complex 9 also exhibited a low MICigo value of 3.12 uM but as its
ICs0 against Vero cells is also quite low (17.47 uM), this resulted in a low selectivity
index for the complex.

Growth inhibitory data for the test compounds/complexes and five clinically used drugs
against P. boydii (a causative agent of human Eumycetoma) and Vero cells are shown in
Table 3.4. P. boydii is the sexual reproductive form (telemorph), and the asexual form of
this fungus is named Scedosporium apiospermum. Both fingi are emerging causes of
opportunistic granulomatous fungal infections in humans (termed Eumycetoma). As
previously stated, these fungi have in the past proven to be pharmacologically refractory
and the most effective treatment was surgical removal of the infected area and even
amputation of entire limbs has been necessary. However, recently certain members of

the azole class of antifungals have proven to be effective in treating these mycoses.'® 44

Interestingly the metal-free phendione (2) and 1,10-phen (1) proved to be more active
than their metal complexes, and were also vastly superior to the known antifungal agents
(Table 3.4). This suggests that the metal sequestering, chelation capability of phendione
(2) and 1,10-phen (1) may be the cause of their greater antifungal activity against P. boydii
cells. The higher activity of phendione (2) compared to 1,10-phen (1), may be a
consequence of the redox activity of the diketone moiety in 2.34
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Table 3.4: In vitro fungistatic (MIC1qo) activity and selectivity index (SI) values for 1,10-phen, phendione,
selected metal complexes and known clinically employed antifungal agents against Pseudallescheria
boydii, an etiological agent of human Eumycetoma. 1CspVvalues obtained using Vero cells, which are kidney
epithelial cells harvested from a green African monkey. MIC and 1Cso compound concentration values are

supplied in pg/cm?® and micromolar (UM) in brackets

Pseudallescheria boydii (Causes Eumycetoma)

IC;, Selectivity Index

Compound Mlgm pg/em’ (uM) )
valem W) vepo cells (:MIC
1 1,10-phenanthroline (1,10-phen) 0.125(0.69)  >10(55.49) 80
2 1,10-phenanthroline-5,6-dione (phendione) 0.0313(0.15) 6.6 (31.40) 2
6 [Ag(phendione),]ClO, 05(0.8) 6.5 (10.36) 3
7 [Cu(phendione),](ClO,),.4H,0 2(2.07) 0.6 (6.84) 3
8  [Mn(ph)(phen)(H,0),] 1(23)  15.6(35.84) 16
9 [Mn(ph)(phen),(H,0]14H,0 2(299)  11.7(17.47) 6
10 [Mny(isoph),(phen);]4H,0 1(095)  125(118.95) 125
11 {IMn({phen),(H,0),]}(isoph),(phen).12H,0 1(0.61) 46.9 (28.82) 47
12 [Mn(tereph)(phen),]5H,0 2(299)  46.9(70.05) 23
13 [Mny(n;n,1;-0da)(phen),(H,0),][Mny(n,n;;-0da)(phen),(n,-oda),]4H,0  2(0.81)  375(152.55) 188
14 [Cu,(oda)(phen),](ClO,),2.76H,0.EtOH 2(153) 11.7(8.94) 6
15 {[Mn(3,6,9-tdda)(phen],]3H,0.EtOH}, 2(272)  62.5(84.96) 31
16 {[Cu3,6,9-tdda)(phen),]3H,0.EtOH}, 16(215)  5.85(7.86) 0
17 [Ag,(3,6,9-tdda)(phen),JEtOH 1(0.83)  30.1(25.02) 30
AMB  Amphotericin B >16 (17.33) n.t
FIC  Fluconazole 32 (104.48) n.t
VRC  Voriconazole 1(2.80) n.t
ITC  ltraconazole 8(11.34) n.t
MFG  Micafungin >32 (25.19) n.t

n.t. = not tested.

Of the metal complexes 6, 11, 13 and 17 were quite active, with 6 and 13 being almost
equal in activity (based on their molarity) closely followed by 17 but they complex had
very different selectivity indexes. For example, 6 had a very low Sl (3) whilst 13 was
high (188). Complex 17 had a low to mid-range SI (30). Both 6 and 17 are Ag(l)-based
complexes and exhibited very similar MIC100 values, suggesting that the Ag(l) ion is
mostly responsible for the antifungal effect. It is also noteworthy that complex 13 proved
to be very active given that our groups previous studies on this complex have proven that
it is an avid producer of redox generated intracellular reactive oxygen species (ROS) and
unlike the Ag(l)-based complexes (6 and 17) is Mn(l1)-based.3!?
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Our collaborators in Professor Andre L.S. Santos’s laboratory in Brazil also conducted a
study using the P. boydii asexual form, S. apiospermum.*® They found that 1,10-phen (1)
was able to completely inhibit metallopeptidases secreted by S. apiospermum, most likely
via metal ion sequestration from the active site of these metallopeptidases. The
metallopeptidases secreted by S. apiospermum are directly linked to the destruction of
key host mammalian cell proteins and therefore to the proliferation of the fungus. If
metal-free phendione (2) is acting as a metallopeptidase inhibitor via its metal chelation
moiety (N,N'-diimine) whilst also inducing redox-generated oxidative stress via its
diketone moiety and perhaps further redox-generated oxidative damage via the formation
of an in cellulo/in vitro metal complex, this synergistic/dual action could, in part, explain

its superior activity.

It is also clear that the Mn(I1)-based complexes (8-13 and 15) are all relatively active. In
addition Cu(Il)-based octanedioate and trioxaundecanedioate complexes 14 and 16 were
much less active than their Mn(l1)-based analogues. Hence, it would seem that there is
some metal ion specificity to their antifungal activity. This specificity may be due in part,
to the type of free radicals or ROS/RNS (superoxide Oz¢", hydroxyl radical OHe, nitric
oxide *NO) that each complex produces and the associated differing biological damaging
capacities of those radicals. The hydroxyl radical (OHe), for example, is much more
reactive than both superoxide (O2¢") or nitric oxide (*NO) which can react directly with
only a few molecules in the human body, whereas the OHe can react with almost anything,
including DNA purine base pairs (forming further DNA base radicals/mutations and
DNA scission) and hydrocarbons (including the fatty acid side-chains of membrane
lipids) to abstract He and leave behind another radical.*® The resulting free radical chain
reaction can cause a multitude of damaging biological consequences including DNA

strand scission and lipid membrane peroxidation.*’

Previously our group has studied the Mn(ll)-based complex 13 and the Cu(ll)-based
complex 14 which are analogues of one another and discovered that both complexes
produce intracellular ROS.3** Complex 13 is much more active in this regard than 14,
with 13 producing exceptionally high levels of ROS. In addition, mechanistic
experiments showed that 13 has exceptional superoxide dismutase (SOD) and catalase
(CAT) mimic activity. 13 can convert superoxide to hydrogen peroxide and oxygen
(SOD like action) and then also convert hydrogen peroxide to water and oxygen (CAT

like action). In contrast the Cu(ll)-based complex 14, is only capable of SOD mimic
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activity but to a lesser extent than 13. It is possible then to surmise that the Mn(lIl)-based
complexes (8, 13 and 15) are capable of producing higher levels of ROS than their Cu(ll)
analogues which may explain their superior antifungal properties. In addition, these
results would suggest that the type of ROS being produced by Mn(ll)-based complexes
is different to that of Cu(ll)-based complexes, perhaps the Mn(ll)-based complexes
produce higher quantities of the more reactive and damaging hydroxyl radical (OHe).
Efforts are currently underway in our laboratory to establish direct experimental evidence
to ascertain the identity and quantity of each reactive species being produced by these

complexes.

Table 3.5: In vitro fungistatic (MI1Cio) activity and selectivity index (SI) values for 1,10-phen, phendione,
selected metal complexes and known clinically employed antifungal agents against Pseudallescheria
minutispora, an etiological agent of human Eumycetoma. 1Csq values obtained using Vero cells, which are
kidney epithelial cells harvested from a green African monkey. MIC and 1Cso compound concentration

values are supplied in pg/cm?® and micromolar (uM) in brackets

Pseudallescheria minutispora (Causes Eumycetoma)

IC;, Selectivity Index

Compound Mlgm pg/em’ (M) 5}
vafem W) " vepo cells(C,/MIC
1 1,10-phenanthroline (1,10-phen) 0.031(0.17)  >10(55.49) 323
2 1,10-phenanthroline-5,6-dione (phendione) 0.003(0.297) 6.6(31.40_ 105
] [Ag{phendione),]ClO, 1(1.59) 6.5 (10.36) 7
7 [Culphendione),](CI0,), 4H,0 1(104)  66(6.80) 7
8 [Mn{ph)(phen)(H,0),] 2 (4.59) 15.6 (35.84) 8
9 [Mn{ph)(phen),(H,0]]4H,0 4(597)  117(1747) 3
10 [Mny(isoph),(phen);]4H,0 2(1.90)  125(118.95) 63
11 {IMn({phen),(H,0),]}(isoph),(phen).12H,0 2(1.23) 46.9 (28.82) 23
12 [Mn(tereph)(phen),]5H,0 2(2.99) 46.9 (70.05) 23
13 [Mny(n;nu;-0da)(phen),(H,0),][Mn,(n.n;1,-0da)(phen)s(n;-oda),}4H,0  0.063 (0.03) 375 (152.55) 5952
14 [Cuyfoda)(phen),](CIO,),2.76H,0.EtOH 0.125(0.00) 117 (8.94) 9
15 {[Mn(3,6,9-tdda)(phen),]3H,0.EtOH}, 1(1.36) 62.5 (84.96) 63
16 {[Cu3,6,9-tdda)(phen),]3H,0.EtOH}, 1(134)  585(7.86) 6
17 [Ag,(3,6,9-tdda)(phen),]EtOH 0.125(0.10)  30.1(25.02) pLy|
AMB  Amphotericin B >16 (17.33) n.t
FIC  Fluconazole 0.031(0.102) n.t
VRC  Voriconazole >16 (45.80) n.t
ITC  ltraconazole 0.031(0.044) n.t
MFG  Micafungin >32 (25.19) n.t

n.t. = not tested.
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Table 3.5 shows the fungistatic (MIC100) and 1Cso results obtained for the test agents
against P. minutispora (an etiological agent of human Eumycetoma) and the Vero
mammalian cell line. Whilst none of the test complexes were fungicidal a varying degree
of fungistatic activity was observed. By far the most active fungistatic agent was the
Mn(I1) complex, 13, with an extremely low MIC100 Vvalue (0.03 pM). In addition, this
complex also had an extremely high Sl (ca. 6000), making it very highly cytoselective
for P. minutispora fungal cells over mammalian Vero cells. Complex 13 was 1.5 fold
more active than the azole, ITC. Complexes 17 and 14 were also quite active and both
had an MIC1o value of 0.10 uM. However, the latter two complexes had vastly different
SI’s, with 17 being twice as cytoselective for P. minutispora cells.

It should be noted that 13, 14 and 17 are water-soluble complexes a property conferred
by their dicarboxylate ligands (oda and tdda) and it may be significant that all three
complexes are also dinuclear. The Mn(ll) and Cu(ll) octanedioate complexes 13 and 14
respectively, are known potent producers of ROS,%' and this may be a mediating factor
for their fungistatic effect. ~ Complex 17 is a dinuclear Ag(l) 1,10-phen
trioxaundecanedioate complex and would be unlikely to be redox active, therefore a
reasonable assumption would be that its fungistatic capability is due to the Ag(I) ion’s
and that its superior fungistatic activity to the only other Ag(l) complex 6 is due to its
improved aqueous solubility and dinuclearality. The polyene, Amphotercin B (AMB),
and the echinocandin, Micafungin (MFG), were essentially inactive at the concentrations

used.

In Table 3.6 are displayed the in vitro fungistatic (MIC100) and ICso results against S.
aurantiacum and the simian kidney epithelial Vero cell line. None of the test
compounds/complexes were fungicidal. The know antifungal, Voriconazole (VRC),
proved to the most active fungistatic agent (MIC100 = 0.36 puM). The next most active
was the Ag(l) complex 17, (MICi00 = 0.42 puM). This complex also demonstrated a
reasonable level of cytoselectivity, signified by its mid-range SI (60). Complex 17 was
vastly more active that complex 6 which was the only other Ag(l) complex tested. The
high activity of 17 may be due to its water-solubility and dinuclear structure. Once again,
the Mn(Il) complex, 13, had a very low MICioo value (0.81 uM) and consequently
maintained its high cytoselectivity (SI = 188).
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The next most active agent was complex 15 with an MIC1o of 1.36 M, although this
Mn(I1) 1,10-phen trioxaundecanedioate complex, 15, was also quite active it was ca. 3
fold less active than its Ag(l) analogue 17. Furthermore, the Cu(ll) 1,10-phen
trioxaundecanedioate analogue, 15, was even less active, suggesting that there is some
metal ion specificity. This proposed Ag(l)-specific antifungal effect is granted additional
weight considering that all three complexes 15, 16 and 17 are water soluble to the same
degree and contain the same ligands (1,10-phen and tdda). Whilst 1,10-phen (1) also

demonstrated significant activity, phendione (2) showed only limited inhibitory effects.

Table 3.6: In vitro fungistatic (MI1Cio) activity and selectivity index (SI) values for 1,10-phen, phendione,
selected metal complexes and known clinically employed antifungal agents against Seudosporium
aurantiacum, an etiological agent of human Eumycetoma. 1Csovalues obtained using Vero cells, which are
kidney epithelial cells harvested from a green African monkey. MIC and 1Cso compound concentration

values are supplied in pg/cm? and micromolar (M) in brackets

Scedosporium aurantiacum (Causes Eumycetoma)

ICy, Selectivity Index

MiC
Compound p.g/cmsu(]ilM) pg/em’ (M) )
VERO cells  (ICso/MIC)
1 1,10-phenanthroline (1,10-phen) 0.5(2.78)  >10(55.49) 20
2 1,10-phenanthroline-5,6-dione (phendione) 2(9.52) 6.6 (31.40_ 3
b [Ag{phendione),]ClO, 4(6.37) 6.5 (10.36) 2
7 [Cu(phendione),](ClO,),.4H,0 4(4.14) 6.6 (6.84) 2
8 [Mn(ph)(phen)(H,0],] 4(9.19) 15.6 (35.84) 4
9 [Mn(ph)(phen),(H,0)}4H,0 §(11.95  11.7(17.47) 1
10 [Mn,fisoph),(phen);]4H,0 4(381)  125(118.95) 31
11 {IMn({phen),(H,0),]}(isoph),(phen).12H,0 4(2.46) 46.9 (28.82) 12
12 [Mn(tereph)(phen),]5H,0 2(2.99) 46.9 (70.05) 23
13 [Mn;(n:nu;-0da)(phen)(H,0)][Mn;(n.n:p;-oda)(phen) (n;-oda)[4H,0  2(0.81) 375 (152.55) 188
14 [Cuyloda)(phen),](ClO,),2.76H,0.EtOH 4(3.06) 11.7 (8.94) 3
15 {[Mn(3,6,9-tdda)(phen),]3H,0.EtOH], 1(1.36) 62.5 (84.96) 63
16 {[Cu(3,6,9-tdda)(phen),]3H,0.EtOH}, 2(2.69) 5.85(7.86) 3
17 [Ag,(3,6,9-tdda)(phen),JEtOH 05(0.42)  30.1(25.02) 60
AMB  Amphotericin B >16 (17.33) n.t
FIC  Fluconazole 16 (52.24) n.t
VRC  Voriconazole 0.125 (0.36) n.t
ITC ltraconazole 4(5.67) n.t
MFG  Micafungin 32 (25.19) n.t

n.t. = not tested.

188

—
| —



Chapter 3 Antifungal activities of the metal complexes

The Mn(Il) 1,10-phen phthalate complexes 8-12 all exhibited reasonable fungistatic
activity, the best of which was complex 11 (MIC1g0= 2.46 uM). This family of complexes
(8-12) were also poorly cytoselective with the most active of member complex 11,
displaying a low Sl (12). Finally none of the other known antifungal agents tested
demonstrated any significant fungistatic activity against S. aurantiacum, with AMB, FLC
and MFG all having MICiqo values > 17 pM.

The fungistatic (MI1C100) and 1Cso results against S. proliticans and the Vero cell line are
shown in Table 3.7. Again, none of the test complexes/compounds had a fungicidal
effect. Inaddition, none of clinical antifungal agents were particularly effective, the being
Micafungin, MFG (MICy0 = 6.30 uM). Again, the Mn(ll) complex, 13, was the most
active fungistatic agent (MIC100=0.81 uM). This complex was ca. two fold more active
than the Mn(Il) terephthalate, 12, and ca. 8 fold more active Micafungin, MFG. In
addition, 13 was highly cytoselective (SI = 188). In comparison, complex 14, which is
the Cu(ll) analogue of 13, exhibited only moderate fungistatic activity (MIC1o0 = 3.06
M) and poor cytoselectivity (SI = 3).

Complex 12 was the next most active fungistatic agent tested with a low MIC100 = 1.49
UM and a good degree of cytoselectivity (SI = 47). Although the Cu(ll) phendione
complex, 7, was quite fungistatic (MIC10 = 2.07 uM) it was, however, poorly selective
(SI = 3). Furthermore, its Ag(l) analogue, 6, exhibited even less fungistatic activity

(MIC100 = 3.179 uM) and was also poorly cytoselectivity (SI = 3).

The most active of the trioxaundecanedioate family of complexes was the Cu(Il) complex,
16, (MIC100 = 2.69 uM). However, this complex displayed very poor cytoselectivity (SI
= 3). Its Mn(ll) analogue, 15 displayed comparable fungistatic activity (MIC100 = 2.72
MM) but was much more cytoselective (SI = 31). The final member of the
trioxaundecanedioate family of complexes, the dinuclear Ag(l) complex, 17, was less

active than 15 and 16 and also had a low Sl value (8).

1-10-Phen (1) was also quite fungistatic (MIC100=2.78 pM) and moderately cytoselective
(S1=20). In comparison to phendione (2), 1,10-phen (1) was ca. 4 fold more fungistatic
and ca. 6 fold more cytoselective.
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Table 3.7: Invitro fungistatic (MI1C1qo) activity and selectivity index (SI) values for 1,10-phen, phendione,
selected metal complexes and known clinically employed antifungal agents against Seudosporium
proliticans, an etiological agent of human Eumycetoma. 1Csovalues obtained using Vero cells, which are
kidney epithelial cells harvested from a green African monkey. MIC and I1Cso compound concentration

values are supplied in pg/cm?® and micromolar (uUM) in brackets

Scedosporium prolificans (Causes Eumycetoma)

IC;, Selectivity Index

MiC
Compound pg/cmsﬂ(]:lM) pg/em’ (uM) )
VERO cells  (ICso/MIC)
1 1,10-phenanthroline (1,10-phen) 0.5(2.78)  >10(55.49) 20
2 1,10-phenanthroline-5,6-dione (phendione) 2(9.52) 6.6 (31.40_ 3
6 [Ag(phendione),]ClO, 2(3.19) 6.5 (10.36) 3
7 [Cu(phendione),](ClO,),.4H,0 2(2.07) 0.6 (6.84) 3
8  [Mn(ph)(phen)(H,0),] 8(1838)  15.6(35.84) 2
9 [Mn(ph)(phen),(H,0]14H,0 §(1195)  11.7(17.47) 1
10 [Mny(isoph),(phen);]4H,0 4(3.81)  125(118.95) 31
11 {IMn({phen),(H,0),]}(isoph),(phen).12H,0 4(2.46) 46.9 (28.82) 12
12 [Mn(tereph)(phen),]5H,0 1(149)  46.9(70.09) 47
13 [Mny(n;n,1;-0da)(phen),(H,0),][Mny(n,n;;-0da)(phen),(n,-oda),]4H,0  2(0.81)  375(152.55) 188
14 [Cu,(oda)(phen),](ClO,),2.76H,0.EtOH 4(3.06) 11.7(8.94) 3
15 {[Mn(3,6,9-tdda)(phen],]3H,0.EtOH}, 2(272)  62.5(84.96) 31
16 {[Cu3,6,9-tdda)(phen),]3H,0.EtOH}, 2(269)  5.85(7.86) 3
17 [Ag,(3,6,9-tdda)(phen),JEtOH 4(333)  30.1(25.02) 8
AMB  Amphotericin B >16 (17.33) n.t
FIC  Fluconazole >64 (208.97) n.t
VRC  Voriconazole 8 (22.90) n.t
ITC  ltraconazole >16 (22.67) n.t
MFG  Micafungin >8 (6.30) n.t

n.t. = not tested.

It would appear that the overall trend of all the tested complexes in Table 3.7, is that there

is some metal ion specificity, favouring the Mn(l1)-based complexes.

Table 3.8 displays the fungistatic (MIC100) and I1Csp results against C. albicans (ATTC
10231) and the Vero cell line obtained for 1,10-phen (1), phendione (2), complexes 6-17
and three clinical antimicrobial agents. The most active fungistatic agent was the
dinuclear Ag(l) 1,10-phen trioxaundecanedioate complex, 17, (MIC100 = 0.21 uM), and
the complex also had a moderate to high cytoselectivity index (SI = 40). Its Mn(Il) and
Cu(Il) analogues, 15 and 16, were also quite active but were ca. 8 and 11 fold less active
than 17.
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Table 3.8: In vitro fungistatic (MI1Ciqo) activity and selectivity index (SI) values for 1,10-phen, phendione,
selected metal complexes and known clinically employed antifungal agents against the yeast Candida
albicans (ATTC 10231), an etiological agent of human candidiasis. 1Csovalues obtained using Vero cells,
which are kidney epithelial cells harvested from a green African monkey. MIC and ICsy compound

concentration values are supplied in pg/cm?and micromolar (UM) in brackets

Candida albicans (ATCC 10231)

IC,  Selectivity Index

Compound Mlgm pg/em’ (uM) (SI)
/e M) veno cells (MG
1 1,10-phenanthroline (1,10-phen) 25(13.87)  »10(55.49) 4
2 1,10-phenanthroline-5,6-dione (phendione) 125(5.95)  6.6(3140_ 5
b [Ag(phendione),]CIO, 03(0.48)  6.5(10.36) 5
7 [Cu(phendione),](CIO,),.4H,0 125(130)  6.6(6.84) 4
8 [Mn(ph)(phen)(H,0),] 75(17.23)  15.6(35.84) 1
9 [Mn(ph}(phen),(H,0)]4H,0 6.25(933) 11.7(1747) 1
10 [Mn,(isoph),(phen)]4H,0 8(761)  125(118.95) 10
11 {[Mn{phen),(H,0),]}(isoph);(phen).12H,0 55(3.38)  46.9(28.82) 4
12 [Mn(tereph)(phen),]5H,0 6.5(9.71)  46.9(70.05) 7
13 [Mnyn;n,p,-oda)(phen),(H,0),|Mn,(n,n;,-oda)(phen)(n;-oda)J4H,0  2(0.81) 375 (152.55) 188
14 [Cu,(oda)(phen),](CIO,),2.76H,0.EtOH 2(1.53) 11.7(8.94) 6
15 {[Mn(3,6,9-tdda)(phen),]3H,0.EOH}, 125(170) 625 (84.96) 3
16 {[Cu(3,6,9-tdda)(phen),]3H,0.EtOH], 175(235  5.85(7.86) 3
17 [Agy(3,6,9-tdda)(phen),]EtOH 025(0.21)  30.1(25.02) 40
AMB  Amphotericin B 0.25(0.27) nt.
KTC  Ketoconazole 25(4.7) nt.
CFG  Caspofungin 0.25(0.23) nt.

n.t. = not tested.

The Mn(Il) complex, 15, displayed a median Sl (36) and the Cu(ll) complex, 16,
demonstrated a low Sl (3). The water-solubility and dinuclearality of the Ag(l)-based 17
may be a factor as the fourth most active complex, 6, was also a Ag(l)-based complex.
Although complex 6 is poorly soluble in water it displayed a similarly low MIC1q0 value
(0.48 uM) but in contrast to 17, it exhibited poor cytoselctivity (SI =5). 17 was ca. 2 fold
more fungistatic than complex 6, this suggests that it is the dinuclear structure of 17 that
resulted in its superior efficacy as it is almost exactly twofold more active than 6. Thus,
the aqueous solubility of 17 may also play a part in its enhanced fungistatic activity over
that of 6.
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The next most active fungistatic agents where the know antifungals, CFG and AMB, and
these were followed by the Mn(l1) 1,10-phen octanedioate, 13, (MIC100 =0.81 uM). This
complex also proved to be the most for C.albicans (SI = 188). The Cu(ll) 1,10-phen
octanedioate analogue 14 was almost twofold less fungistatic than 13 and was much less
cytoselective (SI = 6). Likewise the Cu(ll) bis-phendione complex, 7, also demonstrated
good fungistatic activity but was poorly cytoselective (SI = 4). The metal-free ligands, 1

and 2, although moderately fungistatic, had poor cytoselectivities.

It would seem from these results that this particular strain of C.albicans is susceptible to
the antifungal action of Ag(l) ions and also possibly to ROS/RNS generated by certain
Mn(I1) and Cu(ll) complexes.

3.7 In vivo systemic toxicity/cytotoxicity studies using Galleria mellonella

The innate defences of insects are akin to that of vertebrate mammals, which are
comprised of active and passive barriers as well as humoral and cellular responses within
the haemolymph, which is considered as analogous to the blood of mammals.*® It is this
high degree of structural and functional homology between the innate immune systems
of insects and mammals that afford certain insert models to be utilised to evaluate the in
vivo therapeutic potential of novel antimicrobial compounds, the results of which are
highly comparable to those obtained using mammalian models.*®. Furthermore, in
vertebrates the innate immune response is the main line of defence against many
microbial pathogens and since there is a strong correlation between mammalian and insect
responses to microbial infection, certain insect models, such as G. mellonella, have been
employed effectively for in vivo studies of the pathogenicity of some bacteria and fungi.*®
%0 In addition, particular cellular responses within the haemolymph of G.mellonella to
infection with C.albicans are comparable to those in mice, with the results between the
insect and murine models strongly correlating to each other.*®® G.mellonella larvae
possess an immune system which is analogous to the human innate immune system and
hence are a convenient, inexpensive and less ethically sensitive in vivo screening model
to ascertain the systemic toxicity profile of novel antifungals, the results of which are

comparable to murine models.>!

Table 3.9 contains mortality data for G. mellonella larvae (expressed as a %) over a range
of injected concentrations of 15 selected test compounds/complexes.
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Table 3.9: Percentage mortality of Galleria mellonella larvae 72 hours post injection with various dosages
of test compounds/complexes and the known cyctotoxic agent cis-diammineplatinum(ll) dichloride
(Cisplatin).

Administred amount/% mortality
ug per larvae (mg/kg)

Compound 100 40 20 10 q 2

P (333.3) (133.3) (67.67) (33.33) (13.33) (6.67)

1 % Mortality 100% 80% 80% 0% 0% 0%
pmol 0.5549 0.2220 0.1110 0.0555 0.0222 0.0111

2 % Mortality 90% 80% 80% 0% 0% 0%
pmol 0.4758 0.1903 0.0952 0.0476 0.0190 0.0095

6 % Mortality 90% 80% 80% 0% 0% 0%
umol 0.1593 0.0637 0.0319 0.0159 0.0064 0.0032

7 % Mortality 90% 80% 80% 0% 0% 0%
umol 0.1036 0.0414 0.0207 0.0104 0.0041 0.0021

8 % Mortality 90% 90% 80% 0% 0% 0%
pmol 0.2297 0.0919 0.0459 0.0230 0.0092 0.0046

9 % Mortality 90% 90% 80% 0% 0% 0%
pumol 0.1494 0.0597 0.0299 0.0149 0.0060 0.0030

10 % Mortality 90% 80% 60% 0% 0% 0%
pmol 0.0952 0.0381 0.0190 0.0095 0.0038 0.0019

11 % Mortality 90% 90% 80% 0% 0% 0%
umol 0.0614 0.0246 0.0123 0.0061 0.0025 0.0012

12 % Mortality 90% 90% 80% 0% 0% 0%
pmol 0.1494 0.0597 0.0299 0.0149 0.0060 0.0030

13 % Mortality 90% 90% 40% 0% 0% 0%
pmol 0.0407 0.0163 0.0081 0.0041 0.0016 0.0008

14 % Mortality 90% 90% 50% 0% 0% 0%
pmol 0.0764 0.0306 0.0153 0.0076 0.0031 0.0015

15 % Mortality 90% 80% 50% 0% 0% 0%
uwmol 0.1359 0.0544 0.0272 0.0136 0.0054 0.0027

16 % Mortality 90% 90% 80% 0% 0% 0%
umol 0.1344 0.0537 0.0269 0.0134 0.0054 0.0027

17 % Mortality 90% 90% 70% 0% 0% 0%
pmol 0.0831 0.0333 0.0166 0.0083 0.0033 0.0017

Cisplatin % Mortality 100% 100% 100% 60% 0% 0%
pmol 0.3333 0.1333 0.0667 0.0333 0.0133 0.0067

At the highest administered concentration (100 ug per larvae), 10% of the larvae treated
with test agents 6-17 survived, whilst all of the larvae injected at this concentraion with
1,10-phen (1) and cisplatin died. The second administered concentration (40 pg per
larvae) resulted in an increased survival rate to 20% of the test population of larvae for 1,
2, 6, 7, 10 and 15, whilst complexes 8, 9, 11-14 and 16 maintained their lower 10%
survival percentage, whilst cisplatin was the only agent to kill all larvae at this
concentration. At a concentration of 20 pug per larvae, 20% of larvae treated with 1, 2, 6-
9, 11, 12 and 16 survived. Complex 10 rendered a survival rate of 40%, 13 displayed
60% survival, 14 and 15 demonstrated 50% survival and 17 exhibited a survival value of
30%. Again, all of the larvae subjected to cisplatin perished. At a dosage of 10 ug per

larvae all larvae treated with 1-17 were still alive after 72 hours, and this is compared to
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a 40% survival for those treated with cisplatin. All of the larvae survived at the final two
concentrations (4 and 2 pg per larvae) for each compound tested.

It is clear that cisplatin is considerably more toxic to G.mellonella larvae than any of the
other test compounds/complexes. Of particular note is that at a dosage of 10 ug per larvae
(33.3 mg/kg) cisplatin causes a low survival value (40%) whilst all of the other
compounds are essentially non-toxic to the larvae at this dosage (100% survival rate). In
terms of G.mellonella tolerance to each test agent, when expressed as pumol per larvae,
the following order emerges: 13>15>14>10>17>1=2>8>9=12>16>7>11
>> cisplatin. Furthermore, the in vivo tolerance order/trend results using the G. mellonella
insect model for complexes 1, 2, 6-17 correlate closely with the in vitro 1Cso tolerance
order results obtained using the Vero cell line, when the comparison is expressed in
pmoles (Table 3.10). The general order of tolerance in Table 3.10 between in vitro and
in vivo toxicity results are comparable, bearing in mind the difference in complexity of
the in vitro and in vivo models. The least toxic/most tolerated complex is 13 and the

general trend for all tested complexes is similar between the two sets of results.

Table 3.10: Tabulated in vivo tolerance results (using the G. mellonella insect model) with the in vitro 1Cso
results (Vero cell line) obtained for complexes 1, 2, 6-17 and cisplatin. Complexes are listed from most

tolerated to least tolerated.

In vitroVero cells (ICc;) In vivo G.mellonella

Order in pmol Order in pmol

1st 13 13 Highly Tolerated
2nd 10 15

3rd 15 14

4th 12 10

5th 1 17

6th 8 1

7th 2 2

8th 11 8

9th 17 6
10th 9 9
11th 6 12
12th 14 16
13th 16 7
14th 7 11
15th cisplatin Least Tolerated
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3.8 In vivo antifungal screening using G. mellonella

In vivo antifungal screening was conducted using the G. mellonella insect model and the
opportunistic fungal pathogen, C. albicans (ATTC 10231). A small sub-group of
complexes were chosen which had previously demonstarted good fungistatic activity
against C. albicans (low MICyo0 values) and excellent aqueous solubility. Test solutions
were made by dissolving the sample in DMSO and diluting with distilled water to yield
the required concentration. The maximum DMSO concentration in any test solution was
0.5% v/v, and at this level the DMSO does not inhibit the growth of the microbial cells.
All test solutions were administered by direct injection into the haemocoel through the
last pro-leg of each G. mellonella larvae (Figure 3.16). The survival of all larvae was
monitored every 24 hours for up to 72 hours, and death was assessed by the lack of

movement in response to stimulus in conjunction with discolouration of the cuticle.

Fig. 3.16: (A) Injection of test solutions into the haemocoel of G. mellonella through the last pro-leg. G.
mellonella larvae after 72 hours of incubation at 30 °C: (B) healthy control specimens and (C) specimens

treated with a lethal dose of C. albicans.
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The anti-Candida in vivo screening was conducted utilising two different protocols,
prophylactic treatment and post infection treatment (i.e. larvae were pre-infected). A
lethal dose per larvae had been pre-determined to be 2x10° C. albicans cells administered

in an aliquot of 20 uL of phosphate buffered saline (PBS) solution.

The test compounds (13-17), along with silver acetate (Ag(CHsCOOQ)) and the clinical
antifungal agent Ketoconazole (KTC) (used as reference standards), were screened at two
concentrations; 100 pg/cm? and 50 pg/cm?®. The prophylactic protocol entailed that each
test solution (20 pL) was injected 1 hour prior to infection of the larvae with a lethal dose
of C. albicans cells. The post infection protocol consisted of each test solution (20 uL)
being administered 1 hour after each larvae had been infected with a lethal dose of C.
albicans cells. The survival of all larvae were accessed at 24, 48 and 72 hour intervals
(Figures 3.18 and 3.19).

Complexes 17, 13 and 14, when administered prophylactically at a concentration of 100
ng/cm?®, dramatically increased the G. mellonella larvae survival rate (90, 87 and 87 %,
respectively) after infection with a lethal dose of C. albicans cells (Figure 3.18).
However, the administered dosage of 100 pg/cm? translates to 83.139 uM for 17, 76.381
pM for 14 and 40.68 pM for 13, demostrating that in terms of micromolar concentration,
13 was almost twice as effective as 17 and 14. This protection was superior to that given
by Ag(CH3COO) (80%) and KTC (73%), whilst the least protective agent, complex 16,

afforded a survival rate of 60%.

When the prophylactic experiment was repeated at the lower dosage of 50 pg/cm? of the
test agent, the % survival of the larvae decreased in all cases. At this lower dosage
complex 17 and Ag(CH3COO) demonstrated equal protective activity (63% survival rate)
(Figure 3.18). Complexes 13, 15 and KTC exhibited equal activity (53% survival) which
was closely followed by 16 (50% survival) and then 14 (47% survival). Once again,
micromolar concentrations must be considered and although 17 demonstrated 10% better
protection than 13, the molar quantity of 13 was ca. half that of 17. Furthermore, the
molarity of Ag(CH3sCOO) at 50 pg/cm?®is 299.563 UM, as compared to 17 and 13 (41.57
and 20.34 pM, respectively).

The larvae that were pre-infected with a lethal dose of C. albicans and then 1 hour later
treated with 100 pg/cm? of the test solutions responded best to complex 17 (80% survival
rate) (Figure 3.19). Complex 13, Ag(CH3sCOO) and KTC at 100 pg/cm® demonstrated
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equal protection (77% survival). Complexes 15 and 16 were almost equally active (63
and 60% survival) followed by 14 (57% survival). At the lower 50 pg/cm?®dosage, all of
the test compounds displayed a reduced survival rate. Complex 17 and Ag(CH3COOQ)
afforded the best prognosis and exhibited equal activity (63% survival rate). This was
then followed by 15 (50%), 13 (43%), 16 (40%). Finally 14 and KTC demonstrated equal
activity (37% survival rate).

The results for the in vivo prophylactic and post infection treatment experiments are
comparable to the activity trend observed from the in vitro MICiqo fungistatic activity
experiments with C. albicans. The most active complexes were the Ag(l)-based 17,
followed by the Mn(I1)-based complexes 13 and 15, and lastly the Cu(ll)-based 16 and
14. 1t would appear that there is metal ion specificity to the activity trend, favouring the
dinuclear Ag(l) highly water-soluble complex, 17, followed by the Mn(I1)-based and then
the Cu(ll)-based complexes. Furthermore, prophylactic protection was the more
efficacious method, resulting in an increased survival rate of G. mellonella larvae infected
with a lethal dose of C. albicans. There are two possible explanations for this. Firstly,
this may be a direct consequence of the efficacy of the test compound, a true in vivo
antifungal effect (direct anti-effect). Secondly, either in conjunction with or separately,
the presence of an administered foreign substance results in an increased immune
response by the innate immune system of the insect. This results in the production of an
increased number of haemocytes, antimicrobial peptides and proteins (indirect anti-
effect) that work in combination with the antifungal properties of the compounds to arrest

and kill C. albicans and hence, prevent larval death.3®
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Fig. 3.18: Percentage survival accessed after 72 hours of G. mellonella larvae prophylactically inoculated with test agents (Ag(CH3;COO), KTC, 13-17), at two different concentrations

(100 or 50 pg/cm?®) one hour prior to infection with a lethal dose of C. albicans (2 x 106 fungal cells).
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Fig. 3.19: Percentage survival accessed after 72 hours of G. mellonella larvae inoculated with test agents (Ag(CHsCOO), KTC, 13-17), at two different concentrations (100 or 50

tg/cmd) one hour after infection with a lethal dose of C. albicans (2 x 10 fungal cells).
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3.9 Summary of antifungal activity

The diverse nature of the eight different fungi tested make it difficult to directly compare
the activity profile of the test complexes 1, 2, 6-17. However, some activity trends were
apparent. Consistently, the most active complexes in vitro were 17 and 13 and these were
also the most promising candidates in the in vivo anti-Candida screening using G.
mellonella larvae. The Ag(l)-based complex, 17, proved to be the most active complex
against five of the fungal species (P. verrucosa, C. carrionii, E. dermatitidis, S.
aurantiacum and C. albicans). This may be due to an innate susceptibility of these fungi
to the known antifungal action of Ag(l) ions.>> Complex 17 also demonstrated a
fungicidal effect towards three of the aforementioned fungi (P. verrucosa, C. carrionii
and E. dermatitidis) and displayed greater fungistatic activity towards P. verrucosa, C.
carrionii and C. albicans than the known clinically administered antifungal agents.
Furthermore, the in vivo anti-Candida activity of 17 was also superior to the known

antifungal drug, Ketoconazole.

The Mn(ll)-based complex, 13, was the most efficacious fungistatic complex against P.
boydii, P. minutispora and S. proliticans, and also proved to be the second/third most
active complex against a further five fungi. In addition, 13 demonstrated an in vitro
fungicidal effect against C. carrionii, and its in vivo anti-Candida activity was only
marginally less than that of 17. The combination of the in vitro fungistatic/fungicidal and
in vivo activity shown by 17 and 13, in conjunction with their very low toxicity profile
both in vitro and in vivo, implies that these complexes are exciting prospects as lead
antifungal agents for the possible treatment of Candidiasis, Chromoblastomycosis,

Phaeohyphomycosis and Eumycetoma infections.
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Chapter 4 Antibacterial activities of the metal complexes

4.1 Introduction

Bacteria are among the most abundant forms of life, with an estimated 4.6 x10% bacterial
cells on Earth which forms a biomass that far exceeds that of plants and animals
combined.® They are thought to be one of the earliest forms of life on Earth and have
adapted over the millennia to almost every environment imaginable. Bacteria are known
to inhabit soil, water, acidic hot springs, radioactive waste and have even been found in
such extreme locations as in sediments at the Challenger Deep in the Mariana Trench,
which at almost 11,000 m depth represents the deepest oceanic site on Earth.> Bacteria
are termed as prokaryotes and as such are relatively simple unicellular organisms which
lack a membrane-bound nucleus.® Prokaryotes have a nucleoid (nuclear body) rather than
an enveloped nucleus and lack membrane-bound cytoplasmic organelles. The plasma
membrane in prokaryotes performs many of the functions carried out by membranous
organelles in eukaryotes.* The bacterial genome is contained within a chromosomal
double stranded circular DNA molecular, although other small loops of double stranded
circular DNA, called plasmids, may also be present and these are physically separate from

the chromosomal bacterial DNA and can replicate independently.®

All prokaryotes possess a cell wall which maintains the shape of the cell, protects the
organism from the environment and can prevent the cell from lysing due to osmotic
pressure if it comes in contact with a hypotonic medium.® Bacterial cells are quite small
being typically 0.5 to 5.0 micrometres in length (although larger and smaller species do
exist) which makes them approximately one tenth the size of eukaryotic cells. Bacteria
exist in a wide variety of morphologies (shapes and sizes), the three most common of
which are round (cocci), rod shaped (bacilli) and spiral (spirilla).> Many bacterial species
exist as single individual cells, while others are known to group together or associate in
characteristic patterns forming pairs (diploids), chains, clusters, branched filaments,
bacterial mats or biofilms and even complex star shaped groups are known.” A biofilm
is an assemblage of surface-associated microbial cells that is enclosed in an extracellular
polymeric substance matrix. Biofilms range in thickness (micrometres to centimetres)
and can be multicellular communities which contain multiple different bacterial species
and various other organisms.® Biofilms are of particular importance in a medical setting
as they are often present during chronic bacterial infections and they can also from on

implanted medical devices such as catheters. Importantly, biofilm formation provides a
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means of protection for bacteria, making bacteria within biofilms much more resilient to

treatment than that of the isolated bacterial cells.?

There are two main classes into which bacteria can be divided, based on the differences
in the structure of the bacterial cell walls. The first class is termed as Gram positive and
these bacteria have a cell wall which is composed of a thick layer of peptidoglycan (20 to
80 nanometers thick). Peptidoglycan is a bioploymer comprised of a carbohydrate
scaffold which is cross-linked with oligopeptides, and this gives the cell wall significant
structural strength and rigidity (Figure 4.1).° Gram positive bacterial cell walls can
contain up to forty layers of peptidoglycan, which in turn makes these cells structurally
very strong. It is this thick layer of peptidoglycan in the cell wall of Gram positive
bacteria that takes up and retains the crystal violet stain used in the Gram staining method

of bacterial differentiation and identification.
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Fig. 4.1: (A) Peptidoglycan structure and (B) teichoic acid structure.°

The peptidoglycan layers form a crystal lattice comprised of two alternating amino acid
carbohydrates (N-acetylglucosamine (NAG) and N-acetylmuramic acid (NAM))
connected by a B-(1,4)-glycosidic bond (Figure 4.2).1° These peptidoglycan layers are
highly hydrophobic and therefore repel hydrophilic molecules preventing their entrance
to the cell. Conversely lipophilic/hydrophobic molecules can diffuse across/through this
peptidoglycan layer with relative ease. The cell wall of Gram positive bacterial cells also
contains other components such as teichuronic and teichoic acid which are dispersed

throughout and transverse peptidoglycan layer (Figure 4.1 (B) and 4.3).1* It is these
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biopolymers (peptidoglycan, teichoic and teichuronic acid) that can act as anitgens during
infection of a host by a Gram positive bacterium. Teichoic acid may also act as a receptor

for other molecules and has been implicated as a possible receptor for bacteriophages. 12

Q.00
o0

NAG NAM Oligopeptide
Fig. 4.2: General structure of a Gram-positive bacterial cell wall, composed of peptidoglycan.

The second class of bacteria are termed Gram negative bacteria. Both Gram-positive and
Gram-negative bacteria are enclosed in a cell membrane which can contain various
different membrane proteins, dispersed throughout the membrane. Beyond this
membrane lies the periplasmic space which contains enzymes of various functions and
beyond this is the cell wall. Gram negative bacteria have only one or two layers of
peptidoglycan (7 or 8 nanometers thick) in their cell walls which in turn makes them
structurally weaker than Gram positive cells. Gram negative bacterial cells have an outer
membrane beyond the peptidoglycan layer, this membrane contains porins (channels) and
other membrane proteins which facilitate the transit of hydrophilic species through the
otherwise hydrophobic cell wall (Figure 4.3). This outer membrane is coated with
lipopolysaccharides, which are hydrophilic in nature and prevent lipophilic/hydrophobic
molecules from entering or gaining access to the cell wall. This outermost
lipopolysaccharide surface of the cell wall of Gram negative bacteria does not absorb or
retain the crystal violet stain used in the Gram staining method and therefore are termed
Gram negative. The lipopolysaccharides can act as antigens and upon destruction of the
cell wall, are released into the surrounding environment, acting as endotoxins. It is the
presence of this outermost, lipopolysaccharide coating which generally results in Gram
negative bacteria being more virulent/toxic to human hosts and also more resistant to the
immune response and the action of known antibacterial treatments, over that of Gram

positive species.
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Gram Positive Gram Negative

Fig. 4.3: A schematic diagram of the cell walls of Gram positive and Gram negative bacteria.*

In addition, many of the current prescription antibiotics are lipophilic and therefore will
be repelled by the hydrophilic lipopolysaccharide coating of Gram negative cell walls. In
contrast, the lipophilic nature of the peptidoglycan cell wall of Gram positive bacteria
will allow unhindered, passive diffusion of these predominantly lipophilic drug
molecules. Furthermore, the penicillin or B-lactam class of antibiotics exert their
bactericidal effect by binding to and inhibiting bacterial enzymes that form the bonds
between oligopeptide crosslinks in peptidoglycan hence preventing the formation of a
fully functionally bacterial cell wall. Thus, they are much more effective against Gram-

positive bacteria.*

The World Health Organisation (WHO) recently released (April 2014) a global report on
the ever increasing rise of multi-drug resistant bacteria, parasites, viruses and fungi.® In
this report antimicrobial resistance (AMR) is assessed as being one of the greatest threats
to human health, “A post-antibiotic era in which common infections and minor injuries
can kill, far from being an apocalyptic fantasy, is instead a very real possibility for the
21st Century”.®® Therefore the emergence of totally, extensively and multidrug resistant
bacterial strains with few, or no treatment options, will have a detrimental on the general
populace and consequently on all public health services.'* Hence, there is an urgent and
as of yet, an unmet necessity, to develop novel, efficacious and cost effective
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antimicrobial agents possessing unique modes of action in order to circumvent intrinsic

and acquired bacterial resistance.

Our aim was to produce a series of new, metal-based (Mn(ll), Cu(ll) and Ag(l)) 1,10-
phen/dicarboxylate antimicrobial compounds for the treatment of a range of bacterial
infections of community acquired and nosocomial origin. Four groups/families of
complexes were synthesized and their in vitro antibacterial activity and in vivo systemic
toxicity was evaluated against four different species (seven strains) of pathogenic
bacteria. The bacteria were as follows: (a) Gram-positive bacteria, Staphylococcus
aureus (clinical isolate), and methicillin-resistant Staphylococcus aureus (MRSA), (b)
Gram negative bacteria, Pseudomonas aeruginosa (ATCC 27853), Pseudomonas
aeruginosa (ATCC 10145), Escherichia coli (clinical isolate) and (c) Mycobacterium
tuberculosis (CDC1551) and Mycobacterium tuberculosis (ATCC 27294) which are
classified as acid-fast Gram positive bacteria due to an unusual waxy coating of mycolic
acids on their cell surface.™® This coating of mycolic acids (composed of a long B-
hydroxy chain with a shorter a-alkyl side chain) makes the Mycobacterium tuberculosis
cells impervious to Gram staining and requires another type of cell staining identification
termed Ziehl-Neelsen staining, or acid-fast staining.® Although difficult to classify, they
fit the Gram-positive category as acid-fast Gram-positive bacteria due to their lack of an
outer cell membrane. Two types of biological assays were conducted on the bacteria, an
agar plate well diffusion zone of growth inhibition assay and a 96-well microplate broth
dilution susceptibility assay, with the latter being used to determine a minimum inhibitory

concentration (MIC) value for each test compound.

4.2 Staphylococcus aureus

Staphylococcus aureus (S. aureus) is a Gram positive coccal bacterium and is frequently
found on the skin, forming part of the normal skin flora, in the anterior nares of the nasal
passages and the human respiratory tract. It is estimated that, in any population, 30-50%
of healthy people are carries of S. aureus, with 20% of these individuals being described
as persistent carriers.*® This bacterium derives its name from the appearance of its
colonies, which grow in clusters of golden/yellow spheres and resemble a bunch of
grapes. Hence, the name Staphylococcus from the Greek word staphyle which translates

as “a bunch of grapes” (Figure 4.4 (A)).Y
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S. aureus is a versatile pathogen, being able to survive on nutrient-limited, dry
environmental surfaces for hours to weeks, or even months.*® Furthermore, S. aureus has
numerous routes by which infection can take place, such as, by direct contact with wounds
or any surface which is carrying the bacteria, airborne carriage and any contact with
indwelling medical devices such as catheters.’® It is these attributes of S. aureus that

contribute to its highly infectious nature in a hospital environment.

There are many different strains of Staphylococci bacteria that can infect humans, but S.
aureus is still the most common strain of pathogenic Staphylococci bacteria. S. aureus is
a highly significant pathogen particularly in a hospital setting and has been identified as
one of the main pathogens associated directly (or commensally) with ca. 40% of all
reported infections of the skin and soft tissue.?® In addition, S. aureus infection can result
in more serious and life threatening conditions such as Staphylococcal scalded skin
syndrome (SSS), bacteraemia, pneumonia, meningitis, osteomyelitis (bone/bone marrow
infection), endocarditis (infection of the inner layer of the heart), toxic shock syndrome
(TSS) and it is also a significant cause of blood infections (sepsis) in people requiring

haemodialysis (Figure 4.4).2

Another common community acquired illness caused by S. aureus is food poisoning,
which can occur after ingesting food contaminated with the exotoxins (enterotoxin type
E) produced/secreted by S. aureus surface colonisation.?? S. aureus has a number of
mechanisms to evade or resist attack by the immune system of a host and therefore these
infections can be difficult to treat and overcome.? S. aureus is currently one of the most
common causes of nosocomial infections and is often implicated in postsurgical wound

infections.!8

In addition to the serious implications for public health there is also the considerable
negative economic impact of treating the myriad of infections caused by S. aureus. One
15 year study conducted in New York hospitals determined that the direct cost of treating
a patient with a S. aureus infection ranged between $29,000 and $35,000.2* In the USA
each year, an estimated 500,000 patients contract a staphylococcal infection. In the UK,
20,000 cases of S. aureus infection occur annually and in Ireland, 1,412 cases were
reported in 2006.2° These figures reveal the enormity of the public health treat and fiscal

burden that the treatment of S. aureus infections currently pose.
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Fig. 4.4: (A) Electron micrograph of S. aureus cells, (B) young child with Staphylococcal scalded skin

syndrome (SSS) and (C) a leg ulcer caused by S. aureus infection.?®

4.3 Methicillin resistant Staphylococcus aureus (MRSA)

MRSA, is defined as any strain of S. aureus that has developed resistance to p-lactam
antibiotics and, like S. aureus, it is a facultative anaerobic, Gram-positive, coccal
bacterium.?’ It is catalase and nitrate reduction positive, meaning that it can secrete
enzymes with the capability to decompose hydrogen peroxide and various nitrogen oxides

to produce water, oxygen and nitrogen.

B-Lactam antibiotics target and efficiently inhibit the bacterial transpeptidase enzymes
(localized to the outer leaflet of the bacterial cytoplasmic membrane) which catalyse the
peptide bond formation of the oligopeptide crosslinks in the peptidoglycan forming the
bacterial cell wall. The p-lactam moiety is sterochemically similar to the D-alanine-D-
alanine substrate and hence forms a lethal, covalent, penicilloyl-enzyme complex that

blocks the transpeptidation reaction. The B-lactam amide bond is broken and a new
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covalent bond is formed with the catalytic serine residue in the transpeptidase enyzyme
active site. This is an irreversible reaction and inactivates the enzyme. This reduces cell
wall integrity from weakly cross-linked peptidoglycan, which makes the growing bacteria
highly susceptible to cell lysis and death.?’

When penicillin was first used to treat bacterial infections in the early 1940s, penicillin-
resistant strains of S. aureus were unknown, but by the 1950s they were becoming
common in hospitals.?® In 1959, methicillin was introduced to treat these penicillin-
resistant strains, but within a few years, methicillin-resistant S. aureus strains were
encountered. There are now numerous different strains of MRSA that are simultaneously
resistant to various different classes of antibiotics. Some strains are even resistant to
vancomycin (glycopeptide antibiotic class) termed VRSA, which is a cause for serious

concern as vancomycin is often considered the antibiotic of last resort.?®

Unlike S. aureus, MRSA contains an additional gene termed the mecA gene, which
encodes a protein (penicillin binding protein/transpeptidase enzyme, PBP2A) which has
a low affinity for the p-lactam moiety and hence all B-lactam antibiotics such as the

penicillins and the Cephalosporin class of p-lactam antibiotics (Figure 4.5).%°

A (@) (B) o) OH

Beta-Lactam Core (Penicillins) Beta-Lactam Core (Cephalosporins)
©) (@] (D)
\”OH
0
N
—6 9 |
NT A 4
o NH2
Methicillin Cephalexin

Fig. 4.5: (A) B-Lactam moiety common to all penicillin antibiotics, (B) pB-lactam moiety of the

cephalosporin antibiotics, (C) Methicillin and (D) Cephalexin. (C) and (D) are ineffective against MRSA.
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Recent evidence (2012) indicates that MRSA and other highly antibiotic resistant strains
of S. aureus obtain their antibiotic resistance from exchanging plasmids via horizontal
gene transfer (the transfer of genes between organisms in a manner other than traditional
reproduction) from other bacteria.3® Therefore, MRSA with the mecA gene can
effectively utilise its transpeptidase enzymes in the presence of B-lactam antibiotics,
preventing them from inhibiting peptidoglycan cell wall synthesis. Methicillin is no
longer used for antimicrobial susceptibility testing having been superseded by the more
stable oxacillin, and its role in therapy has been largely replaced by other derivatives of
oxacillin such as flucloxacillin and dicloxacillin, although these are all still ineffective
against MRSA. (Figure 4.6).%?
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Fig. 4.6: (A) The first B-lactam antibiotic penicillin, (B) methicillin, (C) oxacillin and (D) current clinically

employed acid-stable orally administered p-lactam antibiotic, flucloxacillin.

The develop of this resistance gene (mecA) makes MRSA infections much more difficult
to treat than that of normal strains of S. aureus, as MRSA is highly resistant to treatment
with standard first line prescription antibiotics. MRSA like S. aureus, has numerous
different transmission routes and can be spread by touch alone, making it especially
dangerous when it occurs in hospitals or nursing homes where people may have open
wounds, weakened immune systems or be undergoing invasive/surgical procedures and

hence, are at greater risk of this nosocomial infection than the general public.** MRSA
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infections, like S. aureus infections, in general initially present as a red rash which can

progress into abscesses that require surgical treatment (Figure 4.7 B).

Fig. 4.7: (A) Scanning electron micrograph of methicillin-resistant S. aureus (MRSA) and a dead human

neutrophil. (B) Photograph of methicillin-resistant S. aureus infection of the hand.*

In addition to causing skin infection the bacteria can also cause invasive disease by
infecting other parts of the body including the bones, bloodstream and lungs, and is most
often the cause surgical site infection.®® Although MRSA began as a hospital-acquired
infection (HA-MRSA) it is now also a community acquired infection (CA-MRSA), with

both types showing a huge increase in incidence over the last few years.3>

Although HA-MRSA and CA-MRSA have distinct clinical differences, both are
transmitted in the same fashion, most frequently through direct skin to skin contact. Like
HA-MRSA, CA-MRSA transmission is associated with crowding, frequent skin-to-skin
contact, compromised skin (cuts or abrasions), contaminated items and surfaces and a
lack of cleanliness. Therefore, areas where these factors are common include schools,
university dormitories, military barracks, households, correctional facilities and childcare

centres.

The number of cases of MRSA infection reported in Ireland is also very high according
to a recent study (2014) by The Health Protection Surveillance Centre (HPSC) on invasive
isolates of S. aureus as part of the European Antimicrobial Resistance Surveillance
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Network (EARS-Net) placing Ireland 9" highest of 28 countries regarding the number of
MRSA cases reported.®” In addition, Ireland ranks 4™ in Europe for MRSA bloodstream
infection (BSI) rates at 33.1%, with only Portugal, Greece and Italy reporting higher
numbers in 2009. The cost associated with treating MRSA infections in Ireland has been
estimated as €23 million per annum and there is also a high incidence of frequent after-
care which adds to this figure.3® This cost for treating MRSA infection represents 10%
of the total cost of additional expenditure as a result of all health-care associated
infections (HCAI) which is estimated at €233.75 million annually. Furthermore, it has
been estimated that patients who acquire an infection in hospital stayed in hospital 2.5
times longer than other patients and most significantly, they are 7.1 times more likely
than uninfected patients to die in hospital.® This has led to unprecedented global concern
and intense research focus to develop new classes of compounds to treat/combat MRSA
and other health-care/community associated infections with acquired and intrinsic

resistance to the known antimicrobial agents.

4.4 Escherichia coli

Escherichia coli (E. coli) are Gram-negative, facultative anaerobic, bacilli (rod-shaped)
bacteria that exist either singly or in pairs (Figure 4.8).>° They form part of the normal
flora of the gastrointestinal tract and as such are commonly found in the lower intestine

of warm-blooded organisms, including humans.%

Fig. 4.8: (A) Scanning electron micrograph of E. coli cells and (B) E. coli cells with flagella.*
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E. coli cells are typically about 2.0 um long and 0.5 um in diameter and, depending on
the environmental conditions. They can form thin hair-like structures, called flagella,
which allow the bacteria to move and to attach to human cells.*! E. coli is one of the most
diverse bacterial species, it encompasses a huge population of bacteria; as such there are
numerous different strains of E. coli, the majority of which are harmless to their hosts and
can even be beneficial by producing vitamin K> and by preventing colonisation of the

gastrointestinal tract by other harmful, pathogenic, bacterial species.*?

The non-pathogenic E. coli strains can cause disease if they move outside of their normal
environment of the intestines, and this can result in colonisation/infection of the urinary
tract, bladder and kidneys, leading to organ damage and other complications.*® Certain
strains of E. coli are a major cause of foodborne illness associated with food poisoning,
while other more virulent strains can cause gastroenteritis, cholecystitis (inflammation of
the gallbladder) and mastitis. Less commonly encountered strains can cause hemolytic-
uremic syndrome (HUS), bacteraemia, peritonitis, septicaemia, neonatal meningitis and
Gram-negative pneumonia, which without urgent medical treatment can have a high

incidence of mortality.**

Enterovirulent strains of E. coli (highly pathogenic strains) which can infect the intestines
after consuming contaminated food can produce toxins, termed verotoxin or shiga-like
toxin (Figure 4.9).%° These strains can result in hemolytic-uremic syndrome (HUS) which
can manifest acute renal failure, anemia (low red cell count) and thrombocytopenia (low

platelet count).

Fig. 4.9: Ribbon-structure of shiga toxin type 2 ( Stx2) from E. coli 0157:H7.46

221

—
| —



Chapter 4 Antibacterial activities of the metal complexes

In addition, the verocytotoxin (shiga-like toxin) can directly damage vascular and
endothelial cells.*® The overall mortality rate from HUS is 5-15%, with young children
and the elderly having a worse prognosis.*’ Patients with HUS can suffer irreversible
brain damage and as many as 25% die during the acute phase of infection. Furthermore,
up to one third can have abnormal kidney function many years later and have other
lifelong complications, such as high blood pressure, seizures, blindness, paralysis, and
adverse effects of surgical intention to remove part of their colon.**®  Antibiotic
treatment is ineffective for HUS as they can increase the release of shiga-like toxins,
which results in the aforementioned lifelong complications from damage caused by the

verotoxin producing E. coli infection.*

4.5 Pseudonomas aeruginosa (ATCC 27853 and 10145)

Pseudomonas aeruginosa (P. aeruginosa) belongs to the family Pseudomonadaceae and
Is a Gram-negative, rod-shaped (bacilli) bacterium whose cell size ranges from 0.5 to 0.8
um by 1.5 to 3.0 pm (Figure 4.10).° 1t requires oxygen to survive and therefore is defined
as an obligate aerobic bacterium, using aerobic respiration to achieve its optimal
metabolism. However, it can also respire anaerobically on nitrate or other alternative
electron acceptors and can catabolize a wide range of organic molecules. P. aeruginosa
has been documented surviving in hypoxic conditions with very low oxygen levels.® In

general, almost all strains are able to move via a single polar flagellum.

Fig. 4.10: (A) Scanning electron micrograph of P. aeruginosa bacteria. (B) Gram stain of P. aeruginosa

cells.51-52
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P. aeruginosa are citritase, catalase and cytochrome c oxidase/ indophenol oxidase
positive, possessing these enzymes with the capability to decompose hydrogen peroxide
and various nitrogen oxides to produce water, oxygen and nitrogen.>® Typically,
Pseudomonas bacteria are found attached to a surface having formed a biofilm but,
alternatively, they can also be found in a mobile planktonic form.® >4 P. aeruginosa is a
highly adaptable bacterium, it is a ubiquitous organism present in many diverse
environmental settings and has colonized various environmental niches, being commonly
found in soil and water.>® There are a number of strains that can survive and grow in
harsh conditions (high temperatures of 42 °C) and with little nutrition. In addition, other
strains have been documented with resistance to heavy metals and a number of
antibiotics.>® This ability of P. aeruginosa to survive on minimal nutrition and to tolerate
a variety of physical conditions has allowed this organism to persist in both community
and hospital settings.>*

P. aeruginosa, similar to E. coli and S. aureus, are classified as an opportunistic pathogen
in that they rarely cause serious infection or disease in a healthy individual.>** % Due to
its opportunistic nature, if a barrier to infection, such as the skin is broken from a minor
injury, by mechanical ventilation, tracheostomy, catheters, or surgery, P. aeruginosa
infection can occur and people with impaired immunity have higher risks for colonization
by this organism. Furthermore, disruption in the normal microbial flora as a result of
antimicrobial therapy has also been shown to increase colonization by P. aeruginosa.>®
As such, P. aeruginosa is also a versatile leading opportunistic pathogen and is associated
with a broad spectrum of infections in humans and typically infects the urinary tract,
burns, the blood/circulatory system and the pulmonary tract.>°* " As previously stated
P. aeruginosa is widely distributed in nature but, despite this, serious infections with P.

aeruginosa are predominantly hospital acquired.>>?

In immunocompromised/immune deficient people and individuals with cystic fibrosis or
chronic pulmonary disease, P. aeruginosa can cause severe, systemic and potentially fatal
infections.5% %6.570.58 p_gzeruginosa is the dominant pathogen causing chronic respiratory
infections in cystic fibrosis (CF) patients. This results in progressive lung damage and is
the major cause of morbidity and mortality in CF patients.>® P. aeruginosa can form
biofilm-like microcolonies embedded in the lung mucus of patients with CF. It is P.
aeruginosa’s ability to adapt to hypoxic (low oxygen level) or anaerobic environments

that facilitates its survival, as thick layers of lung mucus and alginate secreted by the
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bacterium surround the bacterial cells and limit the diffusion of oxygen. It is this biofilm
formation that protects P. aeruginosa in hostile environments, like the CF lung, from the

immune response of the host and leads to its high antibiotic tolerance.5%°

Test compounds/complexes 1, 2 and 6-17 (Table 4.1) were evaluated against two different
strains of P. aeruginosa. P. aeruginosa (ATCC 27853) is a biofilm-forming strain and is
considered to be highly virulent due to its ability to secrete large quantities of two
fluorescent siderophores. The major siderophore is known as pyoverdine and the minor
siderophore termed pyochelin. Pyoverdine is an Fe(l1l) binding molecule and is known
to be important for bacterial virulence and biofilm development.®® Pyochelin, although
not as important for bacterial virulence, is able to bind Cu(ll) and Zn(ll) ions in addition
to Fe(l11) (unlike pyoverdine).5% The second strain, P. aeruginosa (ATCC 10145), is a
mobile planktonic form of the bacterium and only produces limited quantities of
siderophores, especially pyoverdine, therefore, reducing its virulence and biofilm-
forming ability.

4.6 Mycobacterium tuberculosis

Mycobacterium tuberculosis (M. tuberculosis) is a Gram-positive, pathogenic bacterium
first discovered in 1882 by Robert Koch, and is responsible for the highly contagious and
potentially fatal disease, Tuberculosis (TB) (Figure 4.11).%°
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Fig. 4.11: (A) M. tuberculosis culture. (B) Scanning electron micrograph of M. tuberculosis bacteria.®*

224

—
| —



Chapter 4 Antibacterial activities of the metal complexes

M. tuberculosis has an unusual, waxy coating composed mainly of mycolic acid on its
cell surface, which makes the cells impervious to Gram staining, thus, acid-fast staining
is used instead.™® M. tuberculosis is a very aerobic organism and requires high levels of
oxygen to survive, therefore, infection is restricted to the lungs and it is primarily a
pathogen of the mammalian respiratory system. M. tuberculosis can reside for a long
period of time in the alveolar macrophages of the lungs, with the macrophages acting as
reservoirs for this organism.%? The bacterium is easily spread from person to person via
bacteria laden droplets expelled from the infectious individual during sneezing or
coughing. After a person is exposed to M. tuberculosis, the bacterium can lie dormant in
the infected person’s lungs for years. While only ca. 5-10% of infected people will go on
to develop active tuberculosis at some point in their lifetime, those with the disease in its
active state are highly contagious and in this active state the disease is life-threatening.

The WHO has estimated that, globally, almost one third of the population is infected with
TB (latent TB), 9.4 million are ill (2009) and nearly 1.5 million people die from TB each
year.%® HIV sufferers are known to be 20-40 times more likely to develop active TB than
that of otherwise healthy individuals. This is due to latent TB being activated when the
immune system is comprised.®* The treatment of TB in HIV-infected individuals can
often be more expensive, produce additional side effects and require less pleasant regimes
due to some of the current anti-tubercular drugs being incompatible with common anti-

retro viral treatments used to control HIV.8

The rise of treatment-resistant strains of TB, particularly multidrug-resistant strains
(MDR-TB) where the strain is resistant to two or more front line drugs and extensively
drug-resistant strains (XDR-TB) where the strain is resistant to the two most important
second line drug classes, is cause for great concern.’* In 2012, about 450,000 people
developed MDR-TB, while XDR-TB and totally drug-resistant (TDR) strains are also on
the increase.®® These strains are proving extremely difficult to treat. The long and
expensive treatment regime, combined with poor drug management and incomplete
treatment of the MDR and XDR strains, has led to the emergence of totally drug-resistant
(TDR) tuberculosis. There is clearly a need for new compounds with unique, novel
mechanisms of action to treat these highly resistant strains of M. tuberculosis and more

effectively combat this worrisome trend.
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4.7 Complex synthesis, characterisation and proposed structures

1,10-Phenanthroline-5,6-dione (phendione (2)), and complexes 8-14 (Figure 4.12) were
prepared in accordance with the literature methods with some slight modifications.®® The
proposed structures of all test complexes, 6-17 are shown in Figure 4.12. The complexes
are divided in to 5 groups/families based on their ligand similarities (Figure 4.12). The
first group is comprised of 1,10-phen (1) and 1,10-phenanthroline-5,6-dione (phendione,
2). The second group is comprised of Ag(l) and Cu(ll) phendione perchlorate complexes.
The third group is comprised of Mn(Il) 1,10-phen phthalate, isophthalate and
terephthalate complexes (8-12). The fourth group are Mn(Il) and Cu(ll) 1,10-phen
octanedioate complexes (13-14). The fifth group contains Mn(I1), Cu(ll) and Ag(l) 1,10-

phen trioxaundecanedioate complexes (15-17).

All ligands and complexes were characterised using standard spectroscopic techniques,
please refer to sections 2.3 — 2.6 of experimental chapter 2 and section 3.5, chapter 3 page

171 for a more detailed description of their synthesis and characterisation.

The IR spectra of complexes 8-15, were compared to their known spectra and all were
found to contain the characteristic 1,10-phen stretches.®” As expected, upon coordination
these bands are shifted to lower frequency compared to the metal-free 1,10-phen (ca. 858
and 742 cm™). The %CHN, mass spectral and magnetic moment data acquired for these

complexes match the expected values and are in line with all data previously published.®®

The IR spectrum of complex 15 contains the characteristic 1,10-phen stretches and
stretches for the carboxylate function of the tdda ligand, indicating that the tdda ligand is
in a monodentate coordination mode.®® Furthermore the IR data for 15 compares
favourable to its Mn(l1)-based analogue, 14, the X-ray crystal structure of which shows
the tdda ligand in a monodentate coordination mode. In addition, the mass spectral and
elemental analysis data are in accordance with the proposed formulation of 15, [Cu(3,6,9-
tdda)(phen)2].3H20-EtOH.

The IR spectrum of 17 contains characteristic 1,10-phen stretching bands (ca. 855 and
738 cm™) with the v(ocojasym and viocoysym Vibrations for the tdda carboxylate groups at
1622 and 1422 cm, respectively, giving a Aocoy value of 200 cm™. This Aoco) value
leaves it difficult to assign the coordination with any certainty but would suggest either

free (uncoordinated) carboxylate or possibly a monodentate coordination mode.®
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Fig. 4.12: Structure and group assignments of metal complexes used for antibacterial testing. Complexes in groups 2—-3 and complex 15 in group 4 have previously been published.
Complexes 16 and 17 in group 4 are novel.
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A full crystal structure of 17 has proven difficult to obtain as it forms long (2 mm) thin
crystalline fibres and there appears to be disorder in the tdda portion of the complex. The
limited crystallographic data was able.to confirm the presence of {[Ag(phen):]} units
linked in some fashion to one another through the tdda ligand. This would suggest that
the tdda is acting as either a monodentate bridging ligand (n! n! p?-tdda) linking two of
the [Ag(phen)z] units together, or as an uncoordinated counter ion (Figure 4.13). The
favoured coordination geometry of the d10 Ag(l) ion centre in [Ag(phen).] would most
likely be tetrahedral in order to limit the ligand-ligand (electron-electron) repulsion with
the 10 d electrons of the Ag(1).%°

Fig. 4.13: Proposed structures for complex 17. (A) Pseudo square planar geometry of [Ag(phen),] with the
dicaroxylate (tdda), acting solely as a counter ion (non-coordinated). (B) Square pyramidal or trigonal
bipyramidal coordination geometry with tdda ligand acting as a monodentate bridging ligand eg. (n* n* p2-
tdda).

Mass spectral and elemental analysis data are in accordance with the proposed
formulation of 17, [Ag2(3,6,9-tdda)(phen)s].EtOH.
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4.8 Antibacterial activity and cytoselectivity of selected complexes

The Mn(I1), Cu(Il) and Ag(l) complexes, 8-17 (Figure 4.12, Table 4.1), their simple metal
salts, the metal-free ligands, the prescription p-lactam antibiotic, Ampicillin (AMP), and
antitubercular/antimycobacterial agent, Isoniazid (INH), were screened, in vitro, for their
ability to inhibit the growth of pathogenic bacterial cells. Two different assays were
performed in order to ascertain the antibacterial efficacy of the test

compounds/complexes.

Table 4.1: List of all test compounds/complexes utilized for antibacterial assays.

Molecular Mass

Compound (g/mol)
1 1,10—phenanthr0|fne (l,loiphen) | Group 1 180.21
2 1,10-phenanthroline-5,6-dione (Phendione) 210.19
6 [Ag(phendione),]ClO, Group?2 627.70
7 [Cu(phendione),](ClO,),.4H,0 965.02
8 [Mn(ph)(phen)(H,0),] 43530
9 [Mn(ph)(phen),(H,0])].4H,0 669.56
10 [Mn,(isoph),(phen)s].4H,0 Group 3 1050.82
11 {IMn(phen),(H,0),1},(isoph),(phen).12H,0 1627.42
12 [Mn(tereph)(phen),].5H,0 669.56
13 [Mn;(nyn;p,-0da){phen)(H,0),][Mny(n;np,-0da)(phen),(n;-oda),].4H,0 Group 4 2458.23
14 [Cu,(oda)(phen),](Cl0,),-2.76H,0.EtOH 1309.23
15 {[Mn(3,6,9-tdda)(phen),].3H,0.EtOH}, 735.64
16 {[Cu(3,6,9-tdda)(phen),].3H,0.EtOH}, Group 5 744.25
17 [Ag,(3,6,9-tdda)(phen),].EtOH 1202.80

AMP  Ampicillin 34941
INH  Isoniazid (isonicotinohydrazide) 137.14

The first was an agar well diffusion assay which is closely related to the Kirby-Bauer disc
diffusion antibiotic sensitivity test. This assay was utilised for three species of bacteria
(five different strains); Gram-positive bacteria tested were S. aureus and MRSA; Gram-
negative bacterial species were E. coli and two strains of P. aeruginosa (ATCC 27853,
10145). The five different bacteria were grown overnight to the stationary phase in
nutrient broth at 37 £ 1°C and with shaking at 2000 rpm. The cells were diluted to give
an OD600 = 0.05 and then the bacteria were plated out on agar. The plates were incubated

for 1 h at 37 + 1°C, at which point 5 mm diameter holes were cut into the agar gel to
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create wells which were equally spaced. Test solutions/suspensions of selected
compounds/complexes (1, 8-17) and the prescription B-lactam antibiotic, Ampicillin
(AMP), were added to the wells (50 pl total volume) at three different concentrations
(125, 50 and 5 pg/cm®. Data are only displayed for the 5 pg/cm?® concentration. The
plates were incubated for 24 h at 37 + 1°C, and then the zones of inhibition around the
wells were, measured in millimetres and graphed as total area of zone of inhibition
(average area) versus concentration of test complex/compound in micromolar (LM)
(Figures 4.16-4.20). For the negative control, a petri dish containing only the bacterial
culture inoculum was included in each incubation. The known B-lactam antibiotic,
Ampicillin (AMP), was utilised as a positive kill control. All assays were performed in
triplicate with three repetitions on separate occasions. It should be noted that agar well
diffusion assays are known to have a high degree of correlation with minimum inhibitory
(MIC) values.”® The zone of inhibition results for all test compounds/complexes at 125,
50 and 5 pg/cm? against the five aforementioned strains of bacteria were obtained in the

Medical Mycology Laboratory, Department of Biology, Maynooth University.

The minimum inhibitory concentration (MICuoo) for all test compounds/complexes (1, 2,
6-17) and the prescription, antimycobacterial agent, Isoniazid (INH) (positive control),
against two different strains of Mycobacterium tuberculosis (CDC1551 and ATCC
27294) were determined by the broth microdilution method using 96 well microassay
plates. The minimum inhibitory concentration (MICigo) is defined as the lowest
concentration of an antimicrobial agent that causes a specified (in this case 100%)
reduction/inhibition in the visible growth of a microorganism in an agar or broth dilution
susceptibility test after overnight incubation. The MIC testing of the M. tuberculosis
strain (CDC1551) (Table 4.3) was conducted by Dr. Ciaran Skerry in Dr. Petros
Karakousis’s Laboratory, Centre for Tuberculosis Research, Department of Medicine,
Division of Infectious Diseases, Johns Hopkins School of Medicine, Baltimore, USA.
The MIC testing of the second M. tuberculosis strain (ATCC 27294) (Table 4.4) was
conducted by Professor Andre L.S. Santos and his group in the Department of General

Microbiology, Federal University of Rio de Janeiro, Brazil.

The half maximal inhibitory concentration (ICso) represents the concentration of an agent
that is required for 50% inhibition of a biological/biochemical process or function in vitro.
In this case, the 1Cso values obtained for all compounds/complexes are the half maximal

dose which induced cytotoxicity or cell death to a normal mammalian cell line (Vero
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cells). The ICso values for all test complexes were obtained using Vero cells which are
isolated kidney epithelial cells extracted from an African green monkey. These ICso
values were required in order to ascertain the level of cytotoxicity of the complexes
towards normal mammalian epithelial cells and to devise a selectivity index/parameter to
deduce if the complexes were cytoselective for bacterial cells over mammalian cells. The
selectivity index (SI) is a measure of the cytotoxicity of an agent for its intended target
(e.g. M. tuberculosis pathogenic bacterial cells) over that of the host’s normal cells
(represented by the Vero cells). The ICso testing was conducted by Professor Andre L.S.
Santos and his group in the Department of General Microbiology, Federal University of

Rio de Janeiro, Brazil.

For the zone of inhibition/well diffusion assays the test complexes/compounds are
arranged into four groups of compounds/complexes which will be referred to as such

based upon their ligand similarities (Table 4.2).

Table 4.2: List of selected test compounds/complexes utilized for the zone of inhibition/well diffusion

antibacterial assays.

Molecular Mass

Compound (g/mol)
1 1,10-phenanthroline (1,10-phen) Groupl 180.21
8 [Mn(ph)(phen)(H,0),] 435.30
9 [Mn(ph)(phen),(H,0)].4H,0 669.56
10 [Mn,fisoph),(phen)s].4H,0 Group3  1050.82
11 {[Mn(phen),(H,0),]},(isoph),(phen).12H,0 1627.42
12 [Mn(tereph)(phen),].5H,0 669.56
13 [Mn,(n;n;p,-0da)(phen),(H,0),]Mn;(nn;1,-0da)(phen),(n,-oda),].4H,0 Group 4 2458.23
14 [Cuyfoda)(phen).J(CI0,),.2.76H,0.EtOH 1309.23
15 {[Mn(3,6,9-tdda)(phen),].3H,0.EtOH}. 735.64
16 {[Cu(3,6,9-tdda)(phen),].3H,0.EtOH}, Group 5 744.25
17 [Ag,(3,6,9-tddz)(phen),].EtOH 1202.80

AMP  Ampicillin 34941
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The second group of complexes shown in Table 4.1 were not tested, therefore, only
groups 1, 3-5 were utilized for these zone of inhibition/well diffusion assays. The first
group is comprised of 1,10-phen (1). The third group is comprised of Mn(l1) 1,10-phen
phthalate, isophthalate and terephthalate complexes (8-12). The fourth group are Mn(ll)
and Cu(ll) 1,10-phen octanedioate complexes (13-14). The fifth family/group contains
Mn(I1), Cu(ll) and Ag(l) 1,10-phen trioxaundecanedioate complexes (15-17) and finally
the positive control, the prescription -lactam antibiotic, Ampicillin (AMP).

4.8.1 S. aureus results

The growth inhibitory effects of the test compounds/complexes against the Gram-positive
S. aureus are shown in Figure 4.14. The dinuclear Mn(Il) 1,10-phen/octanedioate
complex, 13, proved to be the most active bacteriostatic agent (2.03 pM = 18.9 mm?)

taking into account the total zone of inhibition and the micromolar concentration.

Zone of Inhibition (mm?) vs. uM of compound for Staphylococcus aureus
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Fig. 4.14: Total area of zone of inhibition (mm?) versus molarity (uM) of test complex/compound (5

pg/cmd) against S. aureus.

The Cu(ll) 1,10-phen/octanedioate complex, 14, was the next most active, displaying a
large zone of inhibition with a low micromolar concentration (3.82 uM = 16.8 mm?). The
Mn(I1) 1,10-phen/isophthalate complex, 11, was the next most active, although its total

area of inhibition was less than the other test agents its ratio of inhibitory effect (mm?) to
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micromolar concentration was higher (3.07 uM = 11.4 mm?). Following this was the
Cu(Il) and Mn(I1) 1,10-phen trioxaundecanedioate complexes, 16 and 15 ( 6.72 uM =
19.2 mm? and 6.8 UM = 19 1 mm?, respectively).

The dinuclear Ag(l) 1,10-phen/trioxaundecanedioate complex, 17, whilst active, was
much less so than its Mn(I1) and Cu(ll) analogues, 15 and 16. Interestingly, in terms of
molarity complexes 9-17 where all more active than the known B-lactam antibiotic,
Ampicillin (AMP).

It is noteworthy that the most active complexes, 13 and 14, are water-soluble, a property
conferred by their dicarboxylate ligands (oda). While facilitating dissolution of the
complexes in a mainly aqueous medium, it might be anticipated that it would prevent
diffusion across the hydrophobic peptidoglycan cell wall of S. aureus. It moght be that
the complexes dissociate one or more of their dicarboxylate ligands or undergo ligand
exchange when approaching the bacterial cell wall, creating a much more lipophilic metal
complex ([M(phen)2]?* or [M(phen)]?*), which could more easily diffuse across the cell
membrane of Gram-positive bacteria like S. aureus. It should also be noted that the
peptidoglycan in bacterial cell walls can have a negative charge, thus possibly further

preventing access of the cationic metal complexes to the cell via an intact cell wall.

The Mn(I1) and Cu(ll) octanedioate complexes, 13 and 14, are known potent producers
of reactive oxygen species (ROS) and therefore, initial diffusion into the bacterial cell
may not be necessary to induce an inhibitory effect. A very recent paper on mammalian
innate immunity proteins, called Peptidoglycan Recognition Proteins (PGRPS),
demonstrated that these immune proteins express their bactericidal effect through
synergistic induction of ROS, depletion of thiols and increasing intracellular
concentration of metals (Cu(ll), Zn(ll)), which are all required, but individually not
sufficient, for bacterial killing.”* The production of ROS, either extra- or intra-cellularly,
by 13 and 14 would result in cell membrane damage/oxidation, protein
damage/inactivation and thiol depletion (due to oxidative stress). In addition, oxidative
and thiol stress not only directly damages cells, but also releases Fe, Zn and Cu ions from
proteins, increasing the intracellular concentration of these ions, which can then undergo
Fenton-type chemistry and cause further ROS generation.”* This, coupled with possible
intercalation of the complexes with the non-membrane bound bacterial DNA, would
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cause deformation of the DNA and/or nuclease-like scission via ROS generation,

resulting in synergistic and cascade effects that would lead to bacterial cell death.

4.8.2 MRSA results

The growth inhibitory effects of the test compounds/complexes against Gram-positive
MRSA are shown in Figure 4.15. There is striking change in the activity of the B-lactam
antibiotic, Ampicillin (AMP), against MRSA, with the prescription drug being
completely inactive at the lower test concentration of 5 pg/cm? (14.31 uM). This result
is to be expected given the resistant nature of MRSA (mecA gene) to the bactericidal

activity of B-lactam antibiotics and correlates closely with documented observations.’

The Mn(I1)-based complex, 13, once again displayed the best bacteriostatic activity (2.03
UM = 25.9 mm?), followed by its Cu(ll)-based relative 14 (3.82 uM = 25.9 mm?). The
activity profiles of the test materials against MRSA mirrored the results obtained against
S. aureus (Figure 4.14).

Zone of Inhibition (mm?) vs. uM of compound for Methicillin resistant
Staphylococcus aureus
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Fig. 4.15: Total area of zone of inhibition (mm?) versus micromolarity (uM) of test complex/compound (5
ng/cmd) against pathogenic, Gram-positive MRSA.
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The dinuclear Ag(l)-based 1,10-phen trioxaundecanedioate complex, 17, also displayed
reasonable good growth inhibition (4.16 uM = 13 8 mm?). In a somewhat unexpected
fashion, the top five most active complexes, 13, 14, 11, 15 — 17, all displayed superior
bacteriostatic activity against MRSA compared to its non-B-lactam antibiotic resistant
variant, S. aureus. It would seem that the production of Penicillin binding
protein/transpeptidase enzyme, PBP2A, via its mecA gene, by MRSA is inducing a
change in the cell that makes it more vulnerable to the antibacterial effects of the test
complexes. A similar, multimodal antibacterial mechanism of action as discussed in
relation to S. aureus is the likely explanation for the bacteriostatic activity expressed by
13, 14, 11, 15, 16, i.e. ROS production leading to cell membrane/protein damage, thiol
depletion, DNA intercalation/scission, cumulatively resulting in bacterial cell death.

In addition, the activity profile of the test complexes is the same for both S. aureus and
MRSA, with the most potent bacteriostatic complexes being Mn(11)-based in each group
tested (Group 3 = complex 11, Group 4 = 13 and Group 5 = 15). Hence, it would seem
that there is some metal ion specificity to their antibacterial activity. This specificity,
may be due in part, to the type and quantity of free radicals or ROS/RNS (superoxide Oz
, hydroxyl radical OHe, nitric oxide *NO) that the Mn(II) complexes produce and the
associated differing biological damaging capacities of those radicals, in comparison to
the radicals generated by their Cu(ll)-based analogues. The hydroxyl radical (OHe), for
example, is much more reactive than both superoxide (O2¢") or nitric oxide (*NO), be able
to react with almost anything, including DNA purine base pairs and hydrocarbons to

abstract He and leave behind another radical.”®

The resulting free radical chain reaction can cause a multitude of damaging biological
consequences including DNA strand scission and lipid membrane peroxidation.”* It is
reasonable to surmise that perhaps the Mn(l1)-based complexes produce higher quantities
of the more reactive and damaging hydroxyl radical which may explain their superior

antibacterial activity.

The Ag(l)-based complex, 17, may be expressing a different mode/modes of
bacteriostatic action, as it would be unlikely to be able to produce ROS via redox cycling
due to a lack of readily accessible variable oxidation states. As Ag(l)(d10) is kinectically
labile, it may be that, in the biological environment, there is a degree of dissociation of
the [Ag(phen)2]" moiety and that the ‘‘free’> Ag(I) ions and the *“free’” 1,10-phen ligands

have separate but synergistic effects. Uncoordinated 1,10-phen and Ag(l) ions are both
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known to exhibit growth inhibitory affects against bacteria. Dissociation may be
promoted by a favourable soft-soft (HSAB theory) interaction of the Ag(l) ions with the
thiol groups of bacterial enzymes and proteins and would be entropically favoured. This
would result in a steady stream of Ag(l) ions akin to the way that silver sulfadiazine
gradually dissociates releasing the majority of its Ag(l) ions into solution over an
extended period of time and resulting in a bacteriostatic/bactericidal effect.”® However,
the thick, hydrophobic and negatively charged peptidoglycan layers of Gram-positive
bacteria such as S. aureus and MRSA, would likely trap most of the Ag(l) ions preventing

their diffusion into the cell.

The Ag(l) ions may be able to access the cytoplasm through transmembrane proteins that
normally function to transport other ions. The transmembrane protein, CopB-ATPase,
from Enterococcus hirae, has been shown to be able to transport Ag(l) ions into the

bacterial cytoplasm, although its normal function is as a Cu(ll) ion transporter.’

Although the mechanisms underlying the antibacterial actions of Ag(l) ions are still not
fully understood, Ag(l) ions can bond to proteins by binding to sulfur-containing residues
in enzymes, inactivating them and causing the release of K* ions from the bacteria.” *’
Also, Ag(l) ions have been documented to damage the cell envelope and to intercalate
with the bases in DNA rather than with the phosphate groups. This disrupts base pair
hydrogen bonding in the double helix and denatures the DNA. Furthermore, if 17 is able
to dissociate in this fashion then the metal-free 1,10-phen would be free to diffuse across
the cell membrane and sequester metal ions from the cytoplasm inactivating
proteins/enzymes and possibly forming new in cellulo/in vitro ROS-generating

complexes.”

4.8.3 E. coli results

The growth inhibitory effects of the test compounds/complexes against Gram-negative E.

coli are shown in Figure 4.16.
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Zone of Inhibition (mm?) vs. pM of compound for Escherichia coli
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Fig. 4.16: Total area of zone of inhibition (mm?) versus micromolarity (uM) of test complex/compound in

5 pg/cm? against the pathogenic Gram-negative bacteria Escherichia coli.

The Mn(11) complex, 13, demonstrated potent growth inhibition (2.03 uM = 15.1 mm?),
13 was almost 2 fold more active than the next most active complex, its Cu(ll)-base
analogue 14 (3.82 uM = 17.1 mm?).

Once again, a similar activity trend was observed as with the Gram positive species,
although all active complexes were bacteriostatic to a lesser extent against the Gram-
negative bacteria E. coli than both of the two Gram-positive strains, S. aureus and MRSA.
The additional exterior membrane of Gram-negative bacteria is composed of
lipopolysaccharide in its outer leaflet and phospholipids in the inner leaflet. These are
hydrophilic, and repel lipophilic molecules/drugs, such as B-lactam antibiotics and
therefore provide protection/resistance to the bacteria from several antibiotics, dyes and
detergents that would normally damage either the inner membrane or the cell wall
(peptidoglycan). The porins (hydrophilic channels) in Gram-negative bacteria, like E.
coli, facilitate the transit of hydrophilic species through the otherwise hydrophobic cell
wall (pepidogylcan layer) into the cytoplasm, which may partly explain the superior
activity of the water-soluble complexes 13, 14, 15-17 over that of the other less water-
soluble test complexes.

237

—
| —



Chapter 4 Antibacterial activities of the metal complexes

4.8.4 P. aeruginosa (10145) results

Figure 4.17 displays the growth inhibitory effects of the test compounds/complexes
against planktonic, Gram-negative P. aeruginosa (10145). The dinuclear Mn(Il) 1,10-
phen/octanedioate complex, 13, was the most active bacteriostatic agent once again (2.03
UM = 8.8 mm?). In contrast to previous activity trends, the Ag(l)-based complex, 17, was
the second most active complex (4.16 pM = 12.9 mm?).

Zone of Inhibition (mm?) vs. uM of compound for Psendomonas aeruginosa
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Fig. 4.17: Total area of zone of inhibition (mm?) versus micromolarity (uM) of test complex/compound in

5 pg/ecmd against the pathogenic Gram-negative bacteria Pseudomonas aeruginosa (10145).

The third most active complex was the Mn(11)-based complex 10 (4.76 pM = 9.8 mm?).
The Cu(ll) 1,10-phen/octanedioate complex, 14, was also quite active displaying a
median sized zone of inhibition (3.82 uM = 6.4 mm?). The Cu(Il) and Mn(l1) 1,10-phen
trioxaundecanedioate complexes, 16 and 15 were almost equally bacteriostatic against P.
aeruginosa (10145) cells (6.72 uM = 9.6 mm?and 6.8 uM = 9.6 mm? respectively). The
level of activity expressed by all of the bacteriostatic complexes against P. aeruginosa

(10145) cells was lower than that observed for Gram-negative E. coli.

This trend would seem to suggest that P. aeruginosa cells possess greater resistance to
the bacteriostatic activity of these complexes. P. aeruginosa contains Protein F (OprF)

which functions as a porin, allowing certain molecules and ions into the cell, and it also
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offers structural support to maintain the bacterial cell shape. OprF provides the P.
aeruginosa outer membrane with an exclusion limit of 500 Da, lowering the permeability
of the outer membrane in order to decrease the intake of harmful substances into the cell
and give P. aeruginosa cells a high resistance to antibiotics.”

In addition, P. aeruginosa cells under oxidative-stress conditions have the capability to
synthesize Fe- or Mn-containing superoxide dismutase (SOD) enzymes that can catalyse
the dismutation of the toxic superoxide (Oz¢) radical into Oz and H202. The cells also
have catalase enzymes to detoxify the H20; to O, and H.0.%° The catalase and SOD
capabilities of planktonic strains has been documented in the literature to be lower than
that of biofilm forming strains.8! Therefore, in theory, P. aeruginosa would be able to
nullify, to a certain degree, the damaging effects of ROS generation by the test complexes,
either extra or intracellularly, via these enzymatic and cell wall associated capabilities.
This may partly explain the decreased activity profile for the test complexes against P.
aeruginosa (10145) in comparison to the other bacteria tested.

4.8.5 P. aeruginosa (27853) results

Displayed in Figure 4.18 are the growth inhibitory effects of the test
compounds/complexes against virulent, biofilm-forming Gram-negative P. aeruginosa
(27853). As has been the case with every bacterium tested thus far, the Mn(ll) complex
13 demonstrated the highest level of growth inhibition (2.03 uM = 8.6 mm?), with the
Mn(I1) 1,10-phen/isophalate complex, 11, being the second most active (3.07 uM = 10.6
mm?). Once again, as was the case with the planktonic strain of P. aeruginosa (10145),
the Ag(l) complex, 17, displayed a relatively high growth inhibitory affect against the
biofilm-forming strain, P. aeruginosa (27853) (4.16 uM = 12.5 mm?). This was followed
by the Mn(11) 1,10-phen/isophthalate complex, 10 (4.76 uM = 10.9 mm?).

In a reverse of the trend observed for the 10145 strain of P. aeruginosa, the Mn(I1)-based
complex, 15, was 2 fold more active than its Cu(ll) analogue, 16 (6.8 uM = 12.6 mm?and
6.72 UM = 5.45 mm? respectively).
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Zone of Inhibition (mm?) vs. pM of compound for Psendomonas aeruginosa
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Fig. 4.18: Total area of zone of inhibition (mm?) versus micromolarity (uM) of test complex/compound in

5 pg/emd against the pathogenic Gram-negative bacteria Pseudomonas aeruginosa (27853).

In addition to the increased levels of superoxide dismutase and catalase expressed by
biofilm-forming strains such as P. aeruginosa (27853), the P. aeruginosa cells within a
biofilm can sense their population via quorum sensing and can communicate with one
another via the secretion of low molecular weight pheromones.®? This quorum sensing
communication gives them the ability to resist many offences, such as anti-Pseudomonal
antibiotics. This is achieved by the bacteria sensing the destruction of the outer layer of
the biofilm and consequently, the inner layers will grow stronger to protect the biofilms
integrity. P. aeruginosa also has other intrinsic resistance mechanisms such as efflux
pumps, to shuttle harmful molecules/ions out of the cytoplasm. The cells also have the
ability to produce and secrete B-lactamases enzymes which break the amide bond in -

lactam rings of antibiotics and hence, inactivate their bactericidal effect.

Furthermore, the increased biosynthesis and secretion of metal ion sequestering
siderophores, pyoverdine (Pvd) and pyochelin (Pch), by P. aeruginosa (27853) cells
could also explain the decreased bacteriostatic activity tread observed by all test
complexes. It is plausible that the high binding constants of these siderophores for certain
metal ions, enables them to remove the metal ions from the test complexes and hence
inactivate their ROS-generation capability or perhaps preferentially transport certain

complexes (eg. Mn(l1)-based complexes) into the cell. A recent study on P. aeruginosa
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cells demonstrated that the binding affinity of Pch is the highest for Fe(lll) ions, but it is
still able to bind many other metal ions, with Pch having a very similar affinity for Mn(I1)
ions and Fe(111) ions.®® Interestingly, Pch showed the lowest affinity for Ag(l) and Cu(ll)
ions. Metal ions transported in this manner is an energy-dependent process and therefore

the water-soluble test complexes would still be able to diffuse through hydrophilic porins.

In conclusion the use of efflux pumps and increased expression of siderophores by P.
aeruginosa (27853), combined with its superior enzymatic detoxifying capabilities, may
explain the lower bacteriostatic profile displayed by the test complexes in comparison to

the planktonic 10145 strain and other Gram-negative and Gram-positive bacteria.

4.8.6 M. tuberculosis (CDC 1551) results

Growth inhibitory data for the test compounds/complexes and prescription
antimycobacterial agent, Isoniazid (INH), against Mycobacterium tuberculosis (CDC
1551) and Vero cells are shown in Table 4.3. The most active bacteriostatic agent against
M. tuberculosis (CDC 1551) was the Mn(ll) 1,10-phen/isophthalate complex, 11, which
displayed potent activity (MIC100 = 0.12 uM) and was ca. 4-fold more active than the
prescription antimycobacterial agent, Isoniazid (INH). Complex 11 also demonstrated a
median-to-high level of cytoselectivity (SI >240). The next most active species was
another Mn(I1)-based complex, 13, which had a similarly impressive growth inhibitory
value (MIC100 = 0.15 puM) and was also ca. 3-fold better than INH. Furthermore, 13 had
the highest selectivity value of any complex/compound tested (SI = 1017), making it
extremely cytoslective.

The Mn(l11) 1,10-phen/isophthalate complex, 10, was also highly bacteriostatic (MIC1o0 =
0.18 uM) and was even more cytoselective (SI >661) than the most active complex, 11,
but not as cytoselctive as 13. Complex 8 displayed equal bacteriostatic activity as that of
INH (MIC100 = 0.44 pM) coupled with a very high selectivity parameter (SI = 782).
Mn(I1)-based complexes 9 and 12 also demonstrated equal bacteriostatic activity to one
another (MIC100 = 0.57 uM), with 12 being 4-fold more cytoselective than 9 (SI = 31 and
123 respectively).
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Table 4.3: In vitro bacteriostatic (MICig0) and selectivity index (SI) values for 1,10-phen, selected metal
complexes and the prescription antimycobacterial agent, Isoniazid (INH), against Mycobacterium
tuberculosis (CDC 1551). 1Csq values were obtained for mammalian Vero cells. MIC1go and ICso values

are given in pg/cm?® and micromolar (UM) in brackets.

Mycobacterium tuberculosis (CDC 1551)

IC,, Selectivity Index

Compound M";m g/em’ (uM) )
e ) o els (M

1 1,10-phenanthroline (1,10-phen) 3(16.65)  >10(55.49) 3
6 [Aglphendione,JCI0, 075(119)  65(1036) g
7 [Cu(phendione)](CIO,),.4H,0 150(155)  6.0(6.84) 4
8 [Mn[ph)[phen|(H,0), Q190044 16058 58
9 [Mn(ph|(phen],H,0[J4H,0 038(057) 117(1747) 3
10 [Mnfisoph),{ohen}sJ4H,0 Q0190018 15(118%5) 66l
11 {[Mn[phen),(H,0),]}isoph),{shen].12H,0 Q190042 469088) >0
12 [Mn(tereph)(phen},)5H,0 0.38(0.57)  46.9(70.05) 13
13 [Mnynyn;p;-oca)(phen)(H,0);]IMnj(n;n;-oda)(phen),(n,-odal,JAH,0 038 (0.05)  375(152.55) 1017
14 [Cuy(oda)(phen),](CI0,),2.76H,0.EOH 150(1.15)  11.7(8.94) 8
15 {[Mn(3,6,9-tdda)(ohen), 13H,0.EtOH}, 075(102) 625 (8496) 8
16 {[Cu(3,69-tdda)(phen),]3H,0.EtOH}, 0.75(101)  5.85(7.86) 8
17 [Ag,363:dda){phen] JEtOH 150(15) 01500 20
INH  Isoniazid 0.06 (0.44) nt.

n.t. = not tested

Thus, there appears to be a high degree of metal ion specificity associated with this M.
tuberculosis (CDC 1551) strain, as other than INH, only the Mn(ll)-based complexes

demonstrated potent bacteriostatic activity.

4.8.7 M. tuberculosis (ATCC 27294) results

Similar screening protocols were conducted against the second M. tuberculosis strain
(ATCC 27294) and Vero cells (Table 4.4). The most active bacteriostatic agent for this
strain was the known prescription drug, Isoniazid (INH) (MICi0 = 0.44 uM).
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Table 4.4: In vitro bacteriostatic (MICig0) and selectivity index (SI) values for 1,10-phen, selected metal
complexes and the prescription antimycobacterial agent, Isoniazid (INH), against Mycobacterium
tuberculosis (ATCC 27294). 1Csq values were obtained for mammalian Vero cells. MICig and 1Csp values

are given in pg/cm?® and micromolar (UM) in brackets.

Mycobacterium tuberculosis (ATCC 27294)

IC,, Selectivity Index

Compound Mlg“’” pg/em’ (uM) (81)
bl ) o s (1M
1 1,10-phenanthroline (1,10-phen) 11.16(61.93) >10(55.49) 1
2 1,10-phenanthroline-5,6-dione (phendione) 2.64(12.56)  6.6(55.49) 4
6  [Aglphendione),]ClO, 23.26(37.06)  6.5(10.36) 0.28
7 [Culphendione,](CI0,),.4H,0 6.14(636)  6.6(0.84) 1
8 [Mn(ph(phen](H,0),] 0.57(131)  15.6(35.84) 2
9 [Mn{ph)(phen],(H,0)}4H,0 142(212)  117(1747) 8
10 [Mnyfisoph),(phen];]4H,0 156(148)  125(118.95) 80
11 {[Mn(phen),(H,0),]},(isoph);(phen).12H,0 3.01(185) 46.9(28.82) 16
12 [Mn(tereph)(phen],]5H,0 341(5.09)  46.9(70.05) 14
13 [Mny(n;n.u;-oda)(phen)(H,0),)IMny(n:n,u;-0da)(phen),(n,-oda),}4H,0 ~ 1.15(0.47)  375(152.55) 325
14 [Cu,(oda)(phen],(Cl0,),2.76H,0.EtOH 16.60(12.68)  11.7(8.94) 0.71
15 {[Mn(3,6,9-tdda)(phen),]3H,0.EtOH], 0.56(0.76)  62.5(84.96) 112
16 {[Cu(3,6,9-tdda)(phen),]3H,0.EtOH], 10.03(1348)  5.85(7.80 0.58
17 [Ag,(3,6,9-tdda)(phen),]EtOH 8.28(6.88) 30.1(25.02) 4
INH  Isoniazid 0.06 (0.44) nt.

n.t. = not tested

The second most active agent was 13 (MICi00 = 0.47 puM) and this complex was only
very marginally less active than INH and displayed a very high selectivity index (SI =
325). The Mn(ll) 1,10-phen/trioxundecanedioate complex, 15, also proved to be an avid
mycobacterial growth inhibitory agent (MIC100 = 0.76 pM) and was highly tolerated by
Vero cells (SI=112). The Mn(l1) 1,10-phen/phthalate and isophthalate complexes, 8, 10
and 11 were also quite active (MIC100 = 1.31, 1.48 and 1.85 pM respectively), with
complex 10 showing the highest degree of cytoselectivity (SI = 80).

There is a very clear bacteriostatic activity correlation for the test complexes against the
two different strains of M. tuberculosis examined (Tables 4.3-4.4). The most active
complexes in both cases were Mn(ll)-based, with the Mn(ll) 1,10-phen/octanedioate
complex, 13, being by far the most impressive agent, equally in terms of MIC1q0 and

cytoselctivity. Intense research effort is currently underway around the globe in an effort
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to understand the pathogen-host interaction of M. tuberculosis and its virulence
mechanisms in order to identify any vulnerabilities, or dependencies of the bacterium that

may become new exploitable therapeutic targets.

Recent research has shown that Mycobacterium tuberculosis may be highly susceptible
to reactive oxygen species (ROS) and reactive nitrogen species (NOS).8* M. tuberculosis
can reside for a long period of time in the alveolar macrophages of the lungs, with the
macrophages acting as reservoirs for this organism.%? In order to avoid being destroyed
after being phagocytosed by the macrophages, M. tuberculosis cells release a host of
proteins/enzymes such as kinases, phosphatases, metalloproteinases, and pore forming
proteins that block or modulate the immune response. One particularly interesting protein
secreted by M. tuberculosis cells is called the enhanced intracellular survival (Eis) protein
and is known to prevent natural Killer (NK) cell-dependent reactive oxygen species (ROS)
generation via its aminoglycosylamino- transferase activity.®® Eis protein dually dampens
tumor necrosis factor-a (TNFa) and interleukin-10/gamma interferon (IFN-y) production.
TNF and IFN-y induce mitochondrial ROS and NOS increasing macrophage microbicidal
activity. Hence, Eis protein inhibits the generation of ROS in the cell and thereby

prevents the onset of macrophage activation and autophagy.®

The type of reactive oxygen or reactive nitrogen species is of upmost importance, as
previously M. tuberculosis cells were thought to be quite resistant to oxidative and
nitrosative stress. It has been demonstrated that M. tuberculosis cells exposed to nitric
oxide (*NO) resulted in a bacteriostatic effect, while H.O2 exposure was not bacteriostatic
at concentrations below 50 mM while at or above this concentration H.O, was
bactericidal 3¢ Therefore, it would seem that M. tuberculosis cells are not equally or
universally susceptibility to ROS or NOS and this may explain the superior growth
inhibitory effects exhibited by the Mn(ll)-based test complexes. Complex 13 is an avid
generator of intracellular ROS and the Mn(Il) specific antimycobacterial activity
observed (Tables 4.3-4.4), may be due to the type and quantity of free radicals or
ROS/RNS (superoxide Oz, hydroxyl radical OHe, nitric oxide *NO) that the Mn(II)
complexes produce. For example, perhaps 13, is generating higher levels of Oz¢™, *NO
and H20O> than its Cu(ll)-based analogue 14. In addition the production of hydroxyl
radicals, by 13 and the known increased biological damaging capacity of hydroxyl
radicals, may also account for the superior antimycobacterial activity of 13 and perhaps

all of the Mn(ll) based complexes tested. If this is the mode of action of these Mn(ll)
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complexes then they would theoretically be able to overcome any strain with acquired
resistance to the prescription antimycobacterial agent, Isoniazid (INH). INH is a prodrug
and must be activated by a bacterial catalase-peroxidase enzyme (KatG) in M.
tuberculosis. KatG then couples the isonicotinic acyl moiety of the activated INH with
NADH to form isonicotinic acyl-NADH complex which binds the enoyl-acyl carrier
protein reductase (InhA) blocking fatty acid synthesis.8” Fatty acid synthesis is required
for the production of mycolic acid which is a key component of the mycobacterial cell
wall. Most of the known INH resistance is associated with KatG structural gene
alterations resulting in KatG mutant enzymes with reduced ability to form activated INH
compounds. Both KatG and Mn complexes are able to oxidize isoniazid and form the
active isonicotinoyl-NAD adduct. Therefore co-administration of a Mn(ll)-based
complex like 11 or 13, with INH, could hypothetically act as an alternative oxidant
mimicking the activity of KatG and thus providing a non-enzymatic isoniazid activation
method, whilst also synergically expressing its ROS mediated bacteriostatic/bactericidal

effect on the M. tuberculosis cells.

4.9 In vivo systemic toxicity/cytotoxicity studies using Galleria mellonella

As discussed in earlier in chapter 3 the innate defences of insects are akin to that of
vertebrate mammals. G.mellonella larvae possess an immune system which is analogous
to the human innate immune system and hence are a convenient, inexpensive and less
ethically sensitive in vivo screening model for ascertaining the systemic toxicity profile
of novel antibacterials, the results of which are comparable to murine models. Table 3.9
Chapter 3, contains the mortality data for G. mellonella larvae (expressed as a %) of 15

selected test compounds/complexes over a range of test concentrations.

From the data displayed in Table 3.9 it is evident that cisplatin is considerably more toxic
to G.mellonella larvae than any of the other test compounds/complexes. Of particular
note, is that at a dosage of 10 pg per larvae (33.3 mg/kg) cisplatin causes a low survival
value (40%) whilst all of the other compounds are essentially non-toxic to the larvae at
this dosage (100% survival rate). In terms of G.mellonella tolerance to each test agent,
when expressed as pmol per larvae, the following order emerges: 13> 15> 14> 10 > 17
>1=2>8>9=12>16 >7 > 11 >> cisplatin. Furthermore, the in vivo tolerance

order/trend results using the G. mellonella insect model for complexes 1, 2, 6-17 correlate
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closely with the in vitro 1Cso tolerance order of results obtained using the Vero cell line,
when the comparison is expressed in pumoles (Table 3.9). Taking into consideration the
differences in complexity between the in vitro and in vivo models, the results are
comparable between the two, with the general order of tolerance being highly similar.
The least toxic/most tolerated complex is 13 and the general trend for all tested complexes

is similar between the two sets of results (Table 3.10, Chapter 3).

4.10 Summary of antibacterial activity

The dinuclear Mn(1l) 1,10-phen/octanedioic complex 13, demonstrated potent broad
spectrum bacteriostatic activity against all seven strains of bacteria tested. 13 was
extremely and equally active against Gram-positive S. aureus, MRSA and Gram-negative
E. coli but exhibited a slightly reduced activity profile against the two strains of P.
aeruginosa (10145 and 27853). This was coupled with exceptionally low MIC values
against two strains of M. tuberculosis (CDC 1551 and ATCC 27294). In addition, 13 was
highly tolerated in vitro and in vivo, being essentially non-toxic to G. mellonella larvae
up to a concentration of 500 pg/cm?® (203.4 pM), coupled with an exceedingly high
cytoselective index for mycobacterial cells (SI = 1017 ) over mammalian cells. It should
also be noted that in all cases across all bacterial species tested that the complexes were

more active that the their metal-free ligand 1,10-phen, 1.

The Ag(l)-based complex, 17, also displayed broad spectrum growth inhibitory activity
against Gram-positive S. aureus, MRSA and Gram-negative E. coli and P. aeruginosa
(10145, and 27853), but had limited activity against both strains of M. tuberculosis. In
an unexpected result only the Mn(l1)-based complexes presented high growth inhibition
activity against the two test strains of M. tuberculosis. Based on these results it is
plausible to surmise that there are different modes of action at play for the Mn(Il), Cu(ll)-
based complexes and that of the Ag(l)-based complexes. In particular it would appear
that a ROS/NOS mediated mechanism of cell membrane damage/oxidation, protein
damage/inactivation, thiol depletion, intercalation/scission of bacterial DNA, by
Mn(I1)/Cu(ll) complexes, may be responsible for the observed bacteriostatic (possibly
bactericidal) activity. The Mn(ll) specific antimycobacterial activity observed may result
from the superior ROS generation ability of these complexes and in particular to the
possibly exclusive capability of these Mn(11) complexes to generate the far more reactive
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and biologically damaging hydroxyl radical, over that of their Cu(ll) analogues. The
Ag(l) complexes lesser broad spectrum bacteriostatic activity may be a result of complex
dissociation into free Ag(l) ions and metal-free 1,10-phen and the synergistic antibacterial
activities of these individual entities.

In conclusion, Mn(l1)-based complex 13 and Ag(l) based complex, 17, represent highly
promising lead broad spectrum antibacterial agents. In addition, 13 and other Mn(ll)
complexes are extremely active antimycobacterial agents, with high cytoselectivity in
vitro/low systemic toxicity in vivo and potentially possess unique modes of action which

could circumvent intrinsic and acquired resistance to the treatment of Tuberculosis.
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5.1 An introduction to cancer

Cancer (malignant neoplasm/tumour) can be defined as a group of diseases which
involves the creation of abnormal cells from normal cells, that undergo uncontrolled cell
division/growth, spread beyond their usual boundaries and have the potential to invade
other tissues/organs or adjoining parts of the organism.! Plants, animals (in addition to
humans) and in fact any multicellular organism, are all subject to cell growth
abnormalities and hence are susceptible to cancer.? Cancer is capable of occurring in
almost any tissue/organ of the human body, and tissues that contain rapidly dividing cells
are particularly prone, such as the skin, digestive organs, lungs and breast. Cancer is
often thought of as a modern disease, one which may be a result of modern
sedentary/unhealthy lifestyles, increased environmental population and the enhanced
longevity afforded by industrialisation and modern medical care. Although the
prevalence of cancer would appear to be much higher in the present age, evidence has
been found in the human fossil record which indicates that ancient humans were also

afflicted with cancer.

The Edwin Smyth Papyrus, a copy of a part of an ancient Egyptian medical textbook on
trauma surgery, which dates back to ca. 3000 B.C. is widely believed to contain the
earliest known reference to cancer. It describes 8 cases of tumours or ulcers of the breast
that were removed by cauterization with a tool called the fire drill. The writing says about
the disease, ‘‘There is no treatment.””® A recent paper which presents the complete
skeleton of a young adult male from ancient Nubia, dating back to ca. 1200 B.C., is the
oldest complete skeleton of a human displaying metastatic carcinoma/cancer.* However,
as we now known, a large proportion of cancers develop late in life, hence, the number
of people affected in the human fossil record is low, due to low life expectancies in ancient

times.®

Cancer was also known to and documented by, the ancients Greeks. In fact, it was the
Greek physician, Hippocrates (460-370 BC, considered the father of medicine), that used
the terms carcinos and carcinoma to describe non-ulcer-forming and ulcer-forming
tumours.® These words in Greek refer to a crab, because of the finger-like spreading
projections from a cancer called to mind the shape of a crab. Celsus (28-50 BC), a Roman
physician, later translated the Greek term into cancer, the Latin word for crab. It wasn’t
until the 17" century that the first descriptions of operations for the treatment of cancer

were documented. The first reports of distinctive tumours in scientific literature included
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scrotal cancer in chimney sweeps in 1775 and nasal cancer in snuff users in 1761.>> By
the middle of the 19" century, people’s life expectancy had dramatically improved due to
advances in medicine and improvements in public health care and, as a result, the
proportion of older people in the population increased and so too did the reported

incidences of cancer.®

The WHO classifies neoplasms into four main groups: benign neoplasms, in situ
neoplasms, malignant neoplasms and neoplasms of uncertain or unknown behaviour.” In
modern medicine, the term tumour (Latin for swelling), means a neoplasm that has
formed a lump.®* A malignant neoplasm or visible tumour is the culmination of a series
of cell transformations that can take place over months and even years, often then
metastasising (spreading from the tissue of origin to other sites).® The invasion of local
or neighbouring tissue and the possible formation and subsequent growth of secondary
tumours on distant organs/tissues are the defining characteristics of a malignant neoplasm
and hence separates it from the other three main groups. A crucial problem in the
treatment of cancer is metastasis. Primary tumours can invade and destroy surrounding
normal tissues and small numbers of cancerous cells can travel via the lymphatic or
circulatory systems to other sites forming secondary tumours called metastases. The
occurrence of metastasis is associated with a staggering 90% of cancer deaths.® The first
line of treatment, which is often highly successful, is surgical removal of the visible
primary tumour(s) combined with irradiation. However, if the cancer metastasises to
other sites this often defeats this method of therapy.'® It is in this domain, or in the event
that the tumour(s) are inoperable or too numerous, where chemotherapeutics play a vital
role in augmenting and supplementing the efforts of clinicians, surgeons and

radiotherapists in combating localized and metastatic malignant disease.

Cancer is a leading cause of death worldwide and in particular in developed nations. Over
the past decade, only ischaemic heart disease, stroke, lower respiratory infections and
chronic obstructive lung disease have resulted in the death of more people in developed
nations.!! In a recent edition of the World Cancer Report (2014) from the IARC, the
current worldwide burden of cancer is an estimated 14 million new cases per year, a figure
expected to rise to 22 million annually within the next two decades.*?> Cancer deaths in
the same period are predicted to rise from the current 8.2 million to 13 million per year.
Currently, the most common cancers diagnosed are those of the lung (1.8 million cases,
13.0% of the total), breast (1.7 million, 11.9%) and large bowel (1.4 million, 9.7%), with
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the most deaths attributed to cancers of the lung (1.6 million, 19.4% of the total), liver
(0.8 million, 9.1%) and stomach (0.7 million, 8.8%). Clearly from these shocking
statistics better strategies and treatments are required to deal with the now commonplace
clinical occurrence of patients presenting with disseminated metastatic disease. One of
the primary aims of this project was to build upon our groups previous successes and to
develop new, metal-based chemotherapeutic compounds for the treatment of specific

cancers.

5.2 The cell cycle and tumour growth

Mitosis is the process of cell division used by the majority of cells in the human body,
with the exception of reproductive cells which utilise the meiosis process of cellular
division.®®  Mitosis (M phase) involves division of the cell nucleus, whereby the
chromosomal DNA must initially be precisely duplicated and then during mitosis
correctly segregated into two identical daughter nuclei. This represents the most
important step in cellular reproduction.’* It is during this event that the entire genetic
blueprint encoding the complete characteristics and functions of the cell must be
accurately reproduced. This stage is referred to as the mitotic phase (M phase) and is a
relatively short period of the cell cycle. This mitotic process occurs in four stages, namely
prophase, metaphase, anaphase and telophase, combined with a resting/preparative period
which occurs between cell cycles that is, as termed, interphase (Figure 5.1).

Interphase is a much longer process and takes up roughly 90% of a cell's lifespan. During
interphase, the cell prepares itself for the mitotic process of cellular division.!* There is
an obvious gap which exists during interphase, both before and after DNA synthesis, with
DNA synthesis itself occurring over a relatively short period of the cell cycle. The three
phases of interphase are Gi (first gap), S (DNA synthesis) and G (second gap). All of
the phases of the cell cycle are highly regulated (via proteins) and follow one another in
strict order. DNA is replicated during S phase, and then the replicated DNA strands are
accurately partitioned to the two daughter cells during M phase. There is a fourth stage
in interphase which the cell can enter, called Go. Cells will continue to proliferate until
they become too crowded, at which point they can exit the cell cycle and enter into Go
(Figure 5.2). This contact or cell density-dependant inhibition feedback mechanism, is

extremely important for the normal function/proliferation of all cells, tissues and organs.
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Telophase and Cytokinesis
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Fig. 5.1: The details of the four stages of the mitotic process or M phase of the animal cell cycle.'®

Cancer can arise from a change or transformation of a single cell and this change may be
initiated by external agents (such as carcinogens) or via inherited genetic factors. The

prolific/unrestrained growth of cells which is characteristic of cancer is attributed to the

(@)

Fig. 5.2: Schematic representation of the entire animal cell cycle, with relative ratios of time periods spend

in each phase.’®
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loss of the specific control mechanisms (enzymes/proteins) that tightly regulate mitosis
in normal cells. Cyclins and cyclin-dependent kinases (CDKSs) are the two key classes of
regulatory molecules.’® Cells monitor and regulate the progress of the cell cycle by using
cell cycle checkpoints, and these checkpoints are designed to safeguard against damaged
or incomplete DNA being passed on to daughter cells. When damage beyond the capacity
of the cell to repair is detected, specific genes are activated, producing proteins (p16, p21,
p27, p53 and p53) which can prevent the progression of the cell cycle via programmed
cell death (apoptosis).}” These genes/proteins are hence paramount in the prevention of

tumour formation and, as such, are known as tumour suppressors.

The formation of a tumour by uncontrolled cell grow/proliferation can be brought about
via mutations in the genes responsible for these cell cycle inhibitors (p53, p21).® In
tumour cells, the duration of the cell cycle can be equal to or longer than that of a normal
cell cycle, but, importantly, the proportion of cells that are in active cell division (versus
quiescent cells in Go phase) in tumours is much higher than that in normal tissue. This
results in a huge net increase in the cell number as the number of cells that die by apoptosis
either deceases or remains constant, and the proportion of senescent cells remains the
same.’® When cells are in the active cell cycle, their DNA is relatively exposed during
cell division and, hence, are susceptible to damage by radiation or chemotherapectics
(ROS mediated DNA scission, DNA intercalation). The level of sensitivity of the DNA
to damage correlates with the level of thiol compounds such as glutathione, glutaredoxin
and thioredoxtin present in the cell. These thiol-containing molecules help protect the

DNA and tend to be at their highest levels in the S phase and at their lowest near mitosis.?°

5.3 Metal-based chemotherapeutics and artificial metallonucleases

The field of medicinal inorganic chemistry has become a clinically relevant component
of the pharmaceutical sector. This sector has given rise to metallo-drugs as breakthrough
therapies for the treatment of cancer using cisplatin (cis-diamminedichloroplatinum(ll))
[Platinol®], carboplatin [Paraplatin®], nedaplatin [Aqupla®], arsenic trioxide
[Trisenox®] and both iron and copper bleomycin [Blenoxane®]. The majority of these
clinical agents function through interacting with nucleotide targets and prevent DNA
synthesis/replication, which ultimately leads to tumour cell death. The nature of both the

metal centre and coordinated ligand(s) is highly significant as both influence drug-DNA

266

—
| —



Chapter 5 Cancer, artificial metallonucleases and targeted chemotherapy

interactions.?>  While the platinum(ll) drugs are among the most effective cytotoxins
available, and are currently utilised in 50% of treatment regimes for solid tumours, issues
including; severe side-effects, dose-limiting toxicity, resistance to apoptosis, cancer cell

selectivity and mutagenicity are impeding factors in the abrogation of human cancer.??

A nuclease is an enzyme capable of cleaving the phosphodiester bonds between the
nucleotide subunits of nucleic acids, and they can be divided into endo and exonucleases.
Endonucleases cleave polynucleotides in the middle of the chain and can cut DNA either
non-sequence specifically or be highly sequence specific. Exonucleases cleave
nucleotides one at a time from the end of a polynucleotide chain.?

(A) Metal-binding region Bithiazole tail (B) Cu(ll)-BLM (C) Co(lll)-BLM
NH
L NH

H

N NH, R

|

Linker regi
\N/ 5 inker region 0. NH
\N |
0
HN 0 \ 3

Disaccharide (R) Positively charged tail (R') (D)
L Alpha-D-Mannose A= N Nsoyy
~0
g M o m
oH BZ= /\/\/ T 2
0
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07 “NH, N
As= N\ \/\/\NH{

Fig. 5.3: (A) Structure of bleomycins, metal-binding domain in green, linker in red and bithiazole tail in
blue, G is guanine. (B) X-ray crystal structure of Cu(l1)-BLM bound to DNA (bithaizole tail omitted for
clarity). (C) X-ray crystal structure of Co(111)-BLM bound to DNA. (D) The crystal structure of the DNA-
Co-BLM complex intercalated into the minor groove, (DNA is shown in a gray stick model, bithiazole tail

in blue, linker in red, metal-binding domain in yellow with Co in green, disaccharide in purple).?

Artificial metallonucleases are small molecule, nuclease mimetic, metal-containing

complexes that induce chemical DNA scission, and agents of this nature have found
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clinical application. Cleaving reagents function using one of two distinct mechanisms;
(i) oxidative scission of deoxyribose residues through redox chemistry, and (ii) hydrolysis
of the phosphodiester sugar backbone.?® A known example is the natural glycopeptide,

(antimitotic antibiotic) chemotherapeutic drug, bleomycin (BLM) (Figure 5.3).

The bleomycin (BLM) family of compounds was first isolated in the late 1960s from the
bacteria, Streptomyces verticillus, and are a widely-studied family of glycopeptide
antibiotics that have been successfully utilised in the treatment of some forms of cancer.?*
The structure of BLM contains three domains, a metal chelator section comprised of a
pyrimidine moiety and five nitrogen atoms for octahedral metal coordination, a DNA
binding domain consisting of a peptide linker region bearing a disaccharide side-chain
and a bithiazole unit with an appended, positively charged tail (Figure 5.3).2° BLM is a
prodrug, becoming activated after it forms complexes with transition metals (Cu(ll),
Fe(Il)). These in situ generated cytotoxic complexes have been shown, in vitro and in the
presence of oxygen, to generate reactive oxygen species (ROS) (e.g. Fe?*-BLM and Cu?*-
BLM).?  Metallobleomycins bind non-covalently with DNA via the minor groove,
though neither affinity nor specificity is particularly high.?** 26 Complexes of this type
are known to bind tightly to nuclear duplex DNA via intercalation and, subsequently,
induce chemical single strand (ss) and double strand (ds) scission/cleavage by removing
the 4'-hydrogen atom from C4’ of the deoxyribose moiety of the pyrimidine 3' to a
guanine by a high valent Fe-oxo species, producing a radical which results in ds scission
in the presence of Oz and ss cleavage in the presence of H,0.24

BLM is often clinically combined with the anthracycline topoisomerase inhibitor
doxorubicin, to treat lymphomas, squamous-cell carcinomas and germ-cell tumours.?#
The intercalative action of doxorubicin inhibits topoisomerase lla, an enzyme involved
in the regulation of DNA supercoiling and which is known to be crucial for cellular
replication.?” This co-administration is thought to result in a synergistic effect by BLM
degrading duplex DNA via ROS generation, coupled with doxorubicin acting as a
topoisomerase poison inhibiting the relegation of duplex DNA. This is a particularly
attractive chemotherapeutic strategy and one which could possibly be accomplished by a
single 1,10-phenanthroline metal complex, which is capable of inhibiting topoisomerase
via DNA intercalation of the phenanthroline moiety and DNA scission/cleavage mediated
by ROS generation via the metal centre. The first reported synthetic chemical nuclease
or artificial metallonuclease possessing DNA cleavage properties was [Cu(phen)2]?*.2° 28
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The redox action of the complex was dependent on the presence of both exogenous
reductant (e.g. L-ascorbic acid) and oxidant (e.g. O2 or H.O>), which resulted in a cascade
of redox reactions (i—v) that ultimately lead to the formation of hydroxo (iv and v) and
metal-oxo (iv) radical species, which are thought to be the active agents for initiating

DNA scission and hence cytotoxicity (Figure 5.4).2> 28

(i) [Cu(1,10-phen)2]?* + red — [Cu(1,10-phen)z]* + rede

(ii)  [Cu(1,10-phen)z]* + Oz — [Cu(1,10-phen)z]>* + O+

(iii)) 202 +2H" — Hy0; + O

(iv)  [Cu(1,10-phen)]* + Oz + H* + & — [*O-Cu(1,10-phen).]?* + «OH
(v)  [Cu(1,10-phen)2]* + H20, — [[O-Cu(1,10-phen)2]** + «OH + H*

The vulnerability of some tumour cells to oxidative stress/damage, due their higher levels
of ROS and a depleted ability to modulate cellular redox status through the glutathione,
glutaredoxin and thioredoxtin systems, means that reactive oxygen and reactive nitrogen
species (ROS/RNS-producing compounds) can induce cellular senescence and apoptosis

and can, therefore, function as anti-tumourigenic species.?

=
m
m
m =

-m-m

Scission

DNA

Fig. 5.4: Schematic representation of ROS generation and DNA scission by the first known synthetic

artificial metallonuclease, [Cu(1,10-phen)2]?*.2
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5.4 In vitro anticancer screening

To date, we have established an anticancer/antimicrobial synergism for a number of our
existing Ag*, Cu?*and Mn?* ternary 1,10-phen dicarboxylate complexes which is viewed
as a desirable attribute for a potential drug candidate.?*> ¢ 30 Some of our previously
reported Cu(ll) and Mn(ll) bis-1,10-phen complexes incorporating coordinated
dicarboxylate groups (e.g. octanedioate, 13 and 14) displayed avid DNA binding and
cleaving capability along with powerful in vitro chemotherapeutic activity via the redox-

generation of ROS.2P ¢ 30, 30,9 Regylts arising from the present work are given below.

The selected metal complexes 8-17 (Table 5.1) for in vitro anticancer screening were
synthesised as follows, all chemicals were purchased from commercial sources and used
as received. 1,10-Phenanthroline-5,6-dione (phendione (2)), and complexes 8-14 (Table
5.1) were prepared in accordance with the literature methods, with some slight
modifications.3% 3! Precursor dicarboxylate complexes containing phthalic acid (phHy),
octanedioic acid (odaH2) and 3,6,9-trioxaundecanedioic acid (tddaH2) were synthesised
by heating a solution containing the metal acetate salt and an excess of the dicaboxylic
acid (e.g. [Mn(ph)]-0.5H20) (See Scheme 3.1, page 175). The metal carboxylate
complexes were then added to a solution of 1,10-phen to give the ternary metal 1,10-phen
carboxylate complexes (See Scheme 3.1, page 175). All of the Ag(l) complexes were

synthesised in the absence of light and the products were stored in the dark.

The cytotoxicity (ICso values) of a selection of Mn(I1), Cu(ll) and Ag(l) complexes, 8-17
(Groups 1-4 in Table 5.1), the metal-free ligands, 1 and 2, and the clinical antitumour
agent, cisplatin (CDDP), were measured in vitro against the five human-derived cancer
cell lines, MCF-7, SK-OV-3, DU145, HT29 and A549 along with the non-cancerous
simian kidney epithelial Vero cell line. [Cso values were determined (after 24 h and
repeated in triplicate) using the standard colorimetric MTT (3-(4,5-dimethylthiazol-2-yl)-

2,5-diphenyltetrazolium bromide) assay for assessing cell viability (Table 5.2).

The five human-derived cancer cell lines were: (i) MCF-7 which are metastatic
adenocarcinoma (epithelial) breast cells, (ii) SK-OV-3 which are intrinsically cisplatin-
resistant, adenocarcinoma (epithelial) ovarian cells, (iii) DU145 which are prostate cancer
cells with moderate metastatic potential, (iv) HT29 which are primary tumour colorectal
adenocarcinoma cells and (v) A549 which are adenocarcinomic alveolar basal epithelial

cells.®?
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Table 5.1: Selected complexes for cytotoxicity screening.

Molecular Mass

Compound (g/mol
1 l,lO—phenanthrolfne (1,10—lphen) | Group1 180.21
2 1,10-phenanthroline-5,6-dione (phendione) 210.19
8 [Mn(ph)(phen)(H,0),] 43530
9 [Mn(ph)(phen),(H,0]].4H,0 669.56
10 [Mnyisoph),(phen)s].4H,0 Group 2 1050.82
11 {[Mn(phen),(H,0),]},(isoph),(phen).12H,0 1627.42
12 [Mn(tereph)(phen),].5H,0 669.56
13 [Mns{n;n;;-0da)(phen),(H,0),][Mn,(nn,u,-0da)(phen)(n;-odal,].4H,0 2458.23
14 [Cuy(oda)(phen),](ClO,),.2.76H,0.EtOH 1309.23
15 {[Mn(3,6,9-tdda)(phen),].3H,0.EtOH}, 735.64
16 {[Cu(3,6,9-tdda)(phen),].3H,0.EtOH}, Group 4 744.25
17 [Ag,(3,6,9-tdda)(phen),].EtOH 1202.80

CDDP  Cisplatin 300.01

In addition to the intrinsically cisplatin-resistant ovarian cell line, SK-OV-3, the
colorectal adenocarcinoma (HT29) and prostate epithelial (DU145) carcinomas are also

inherently resistant to cisplatin and they also possess mutant versions of the p53 gene,

while the MCF-7 cell line contains a normal and fully characterised wild-type p53 gene.

The cancer cell lines chosen represent the most commonly diagnosed cancer types in

Ireland (lung, female breast, prostate and colorectal cancer) and are also the most lethal

having the lowest associated survival rates.3*
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Table 5.2: ICso values for compounds/complexes 1, 2, 8-17 and cisplatin (CDDP), against the five human-
derived cancer cell lines, MCF-7, SK-OV-3, DU145, HT29 and A549 along with the non-cancerous, simian
kidney epithelial Vero cell line. Experiments were conducted independently in triplicate and readings taken

after an exposure period of 24 h.

Antitumour activity IC, (uM) after 24 h

MCF-7 SK-OV-3 DU145 HT29 A549 Vero
1 337.70 286.00 272.50 376.80 >355.41 >55.49
2 n.t. n.t. n.t. n.t. 9.66 31.40
8 >100 =100 >100 =100 =500 35.84
9 >100 >100 >100 >100 387.33 17.47
10 18.50 >100 85.00 >100 243.50 118.95
11 86.70 52.40 40.00 419.70 154.70 28.82
12 >100 >100 >100 >100 376.28 70.05
13 n.t. n.t. n.t. 108.00 >512 152.55
14 n.t. n.t. n.t. 9.61 0.75 8.94
15 n.t. n.t. n.t. n.t. 355.70 84.96
16 n.t. n.t. n.t. n.t. 1.43 7.86
17 n.t. n.t. n.t. n.t. 1.84 25.02
CDDP 90.80 =500 =500 166.00 16.11 15.38

It should be noted that the cell viability results for the test compounds/complexes
specified in Table 5.2 where obtained after a 24 h exposure time and would need to be
taken in the future after 72 and 96 h exposure to the test agents. This is of particular
importance as the 1Cso values obtained for the clinical antitumour drug, cisplatin, are
unusually high at 24 hours (HT29 = 166 uM) and can be explained by the slow ligand
exchange that cisplatin undergoes in vivo, whereby, following administration, one of the
chloride ligands is slowly exchanged/displaced by H>O resulting in a cationic complex
[PtCI(H20)(NHs)2]*.% Upon entrance into the cell nucleus [PtCI(H20)(NHs)2]* becomes
attracted to the anionic DNA and the aqua ligand is displaced forming a new platinum
bond to a guanine in a DNA strand [Pt(guanine-DNA)(NHz3)2]*. Crosslinking of the DNA
can then occur via displacement of the second chloride by another guanine in an adjacent
DNA strand forming the final cytotoxic complex [PtCl(guanine-DNA)2(NHs)2]%,
(cisplatin 1Cso values after 72 h exposure are 6.75, 11.6 and 15.9 uM for A549, MCF-7
and HT29 cells respectively).*® In addition, complexes 13 and 14 were previously found
to display nano and picomolar cytotoxicity after 96 hours (0.092 and <0.001 pM)?i
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against the same HT29 cell line specified in Table 5.2. Therefore, it would seem likely
that the true level of cytotoxicity of these current complexes may only be fully expressed
over a longer time period (e.g. 96 h). Given this, there are still some observable trends in

activity in Table 5.2.

The Mn(Il) 1,10-phen/isophthalate complex, 11, displayed median, broad spectrum
cytotoxicity against all of the cell lines tested, being most active against the prostate cell
line DU145 (ICso = 40 uM). Although 11 displayed superior activity to cisplatin in all
but the alveolar cell line, A549, its ICso value against non-cancerous Vero cells was low
(ICso = 28.82), indicating a low level of tolerance and hence a low selectivity for
cancerous cells over that of normal cells. The Cu(ll)-based complex, 14, exhibited
excellent activity against the adenocarcinomic alveolar A549 cells (ICso = 0.75 pM),
combined with a median level of tolerance against Vero cells (ICso = 8.94 uM), indicating
a high level of cytoselectivity for cancerous cells. Similarly, the only other Cu(ll)-based
complex, 15, also displayed good activity against the A549 cells and also had a median
level of tolerance against Vero cells (ICso = 7.86 uM), thus giving a high degree of
cytoselectivity. The Ag(l)-based complex, 17, also exhibited good activity against A549
cells combined with a high level of tolerance against the Vero cells (ICso = 25.02 uM),

signifying a preferential activity profile against cancerous cells over normal cells.

A clear pattern is evident from the results presented in Table 5.2, the Cu(ll) and Ag(l)-
based complexes perform better than the Mn(l1)-based complexes. This trend may reflect
an accurate metal ion specificity correlation or it may be due to the shorter time interval
(24 h) utilised in this particular assay. The Mn(ll)-based complexes may require a longer
time period before they express their true 1Cso values, and the previously published 1Cso
values for complex 13 against the colorectal cell line, HT29, would seem to suggest this
(ICs0 = 108 uM at 24 h and ICso = 0.092 uM at 96 h).

These results suggest that these complexes are promising antineoplastic agents especially
given the short exposure time utilised to determine their ICso values (24 h). In addition,
complexes 12-17 are extremely water soluble and as was previously discussed in chapter
4, these complexes (1, 2, 8-17) are highly tolerated in vivo by Galleria mellonella larvae

with cisplatin being considerably more toxic to the larvae.
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5.5 The derivation and development of 1,10-phenanthroline

An emerging field in chemotherapeutics and nucleic acid research is the design of small
molecules that are capable of targeting specific sequences of DNA with high affinity.
Metal complexes with structurally rigid ligands of varying structure and size are
remarkably good mimics of proteins that recognise specific sequences and groves (major
or minor groove) within the helical structure of DNA.*” Complexes of this nature would
act as enhanced DNA probes, novel chemotherapeutics and highly sensitive diagnostic
agents.®

We had previously been concerned with the development and refinement of ternary
complexes of 1,10-phen and various dicarboxylate ligands (phthalates, octanedioates and
trioxaundecanedioates) and succeeded in synthesising Ag(l), Cu(ll) and Mn(ll)
complexes with better solubility profiles combined with superior nuclease mimetic (via
ROS generation), antimicrobial and anticancer activities, 21> ¢ 302 b, 304,30, 9 1 gn effort to
improve upon these highly encouraging results, we decided to investigate the derivation
of the 1,10-phen backbone in order to include a variety of structural and functional group
entities/moieties of varying electronic and steric nature which may have possible
biological applications. Of particular interest, was the possible enhancement in DNA
intercalative, ROS/RNS generation and subsequent DNA cleavage/scission capabilities
of phenanthrene-based complexes which could ultimately act as DNA probes and

cytotoxic antitumour agents (Figure 5.5).

The literature contains numerous examples of metallo-intercalators containing bidentate
phenanthrene ligands which possess unique structural chemotypes, which have shown
encouraging biological potential.?® * Recently, it was reported that the inclusion of
phenanthridine as a coordinated ligand into cisplatin which resulted in the new cationic
complex, cis-[Pt(NH3)2(phenanthridine)CI]* (phenanthriplatin), which exhibited superior
in vitro cellular uptake and an enhanced range of activity, compared to that of cisplatin,
against a panel of 60 cancerous cell lines (Figure 5.6). 3640

In addition, the extension of the 1,10-phen backbone, via immine/Schiff base formation
using 1,10-phenanhtroline-5,6-dione and various diamines, results in the formation of
dipyridophenazine ligands (DPQ, DPPZ, DPPN) which possess extended planar aromatic

ring systems that facilitate efficient intercalation with helical DNA (Figure 5.6).
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Fig. 5.5: Schematic representation of our proposed novel phenanthroline-based complexes, with the dual
capability to intercalate into DNA and, depending on the synthetically variable ligand functional groups, to

also generate ROS species which are capable of inducing DNA strand scission.
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Fig. 5.6: (A) Molecular structures of the cytotoxic Pt(Il) complexes cisplatin and phenanthriplatin, the
Ru(ll) DNA light switch, complex A-[Ru(DPPZ)(phen);]?*, and the Cu(ll) chemical nuclease,
[Cu(phen);]**. (B) Reaction schematic for the formation of phenazine ligands, DPQ, DPPZ and DPPN

starting with phendione (2) and the appropriate diamine.
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One extensively studied example of this type of metal complex incorporating a
dipyridophenazine ligand is the Ru(ll) species, A-[Ru(DPPZ)(phen)2]?*, which, due to its
cationic nature, specific symmetry, extended planar aromatic system and hydrophobicity
displays excellent DNA recognition properties.** This complex can act as a °’light
switch’” due to photoluminescent enhancement upon intercalation into the hydrophobic
environment between nucleotides which act to protect it from the luminescent quenching
properties of the mainly aqueous cellular environment.** Furthermore, as previously
discussed, the Cu(ll) bis-1,10-phen complex, [Cu(phen)2]?*, is an effective chemical
nuclease that can induce DNA cleavage via ROS generation, and whose limitations are
the need for exogenous reductant and oxidant and minor grove localised non-nucleotide

sequence specific DNA oxidation.

We were particularly interested in synthesising 1,10-phen derivatives which allow for the
modular assembly and covalent inclusion of an ensemble of varied functional groups,
bioisosteres and specific cellular targeting/recognition molecules. To this end, we hoped
to design new ligands that, besides containing the expansively aromatic “dppz” type of
structure, would also contain other bioactive subunits/moities that, when coordinated to
specific transition metals (Cu(ll) and Mn(l1)), would intercalate and cleave duplex DNA.
The purine bases in DNA have a five-membered imidazole ring component and there are
numerous imidazole derivatives that are known to have an extensive spectrum of
interesting biological activities. Hence, we focused our attention on synthesising and
studying  polypyridyl  ligands such as  imidazole-modified  1,10-phens
(imidazophenanthrolines).*? In particular, the imidazo[4,5-f][1,10]-phenanthroline core
appeared to be very promising given that the 2-phenylimadizo[4,5-f][1,10]-
phenanthroline (PIP) ligand, its substituted derivatives and their Ru(ll) complexes have
proven to be excellent DNA probes and possible anticancer agents due to their cytotoxic

effects on primary tumours.*

In 1882, Radziszewski and Japp reported the first synthesis of the imidazoles, using 1, 2-
dicarbonyl compounds, various aldehydes and ammonia.** The conventional literature
synthetic procedure for the production of imidazo[4,5-f][1,10]-phenanthroline and
various its derivatives are closely related to the Radziszewski reaction. This involves the
reaction of 1,10-phenanthroline-5,6-dione with an aromatic aldehyde, in a 1:1.5 mole
ratio, in the presence of a large excess of ammonium acetate in anhydrous acetic acid

under an inert atmosphere. The mixture is refluxed for 4 to 24 hours after which the
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product is precipitated by the dropwise addition of concentrated aqueous ammonia to the
cooled reaction mixture. An extensive workup of the products is required and necessitates
chromatographic purification. Products are recovered in moderate to low vyields

depending on the nature of the functional groups present on the chosen aldehyde.

In an effort to improve upon the above synthetic protocol we encountered a report in the
literature of the use of cerium(IVV) ammonium nitrate (CAN) to catalyse the one-pot
synthesis of 2, 4, 5-triaryl imidazoles from the 1, 2-diketone benzoin or the o-
hydroxyketone, benzyl and aromatic aldehydes (1:1 mole ratio), which resulted in
improved yields and purer products.*® We hypothesised that, given the electronic and
structural similarities between benzoin and phendione/2,9-dimethyl-1,10-phenanthroline-
5,6-dione (dmphendio, 4), each of which contains aromatic 1,2-diketone moieties, that a
similar reaction would occur and result in the formation of imidazo[4,5-f][1,10]-
phenanthroline or imidazo-phenanthroline (Im-phen) derivatives. This proved to be
correct. Methanol was employed as the optimum solvent in which was dissolved the
CAN catalyst (5 mol%) the dione, a small excess of ammonium acetate and lastly the
aldehyde. Thus, a highly efficient reaction, giving pure products in high yields, without

the need for column chromatographic purification, was developed.

It is well known the microwave heating can result in drastically reduced reaction times
and improved product yields in organic reactions.*® Unlike oil-bath thermal heating,
microwave irradiation results in inverted temperature gradients. Microwave heating
raises the temperature of the whole volume simultaneously (bulk heating), whereas with
oil-bath heating the reaction mixture in contact with the vessel wall is heated first.*® In
an attempt to further refine the above mentioned reaction protocol microwave heating
was utilised. This resulted in high to almost quantitative product yields and for the
production of imidazo-phenanthrolines in very short reaction times (1-10 minutes)
(Scheme 5.1).

CAN is a known strong oxidant in organic synthesis. In addition, the Ce(I11) and Ce(1V)
cations have large ionic radii (115/128.3 pm and 101/111 pm, respectively). We postulate
that CAN enhances/promotes the heterocyclization reaction by virtue of its inherent
Lewis acidity, which allows it to bind through a lone pair of electrons on the carbonyl
oxygen. This increases the electrophilic nature of the carbon of the carbonyl moieties of

phendione. The one electron redox cycling of CAN between its Ce(IV) and Ce(lV) states
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promotes the splitting of the ammonium acetate providing the ammonia required for the

initial condensation (Scheme 5.2).

CAN + (NH,)OAc |\\
5 mol %

MeOH
1-10 mins
Microwave

R=H, CHy

Scheme 5.1: Novel, high yielding, rapid and chromatography-free synthetic method for the production of

imidazo-phenanthrolines (Im-phens).

CAN .
NH,OAc — 3 NH; + HOAc
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N ’ N
S
v ]}
(Im-phen)

Scheme 5.2: Postulated general reaction scheme for the CAN catalyzed/promoted formation of various

imidazo[4,5-f][1,10]-phenanthroline (Im-phen) derivatives.
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Using the aforementioned synthetic protocol (Scheme 5.1), a small library of 20 known
and 10 novel Im-phens were prepared (Figure 5.7).

'\
-\ (NH,)OAc | |
Acetic Acid (Anhyd.) “ Yield = 24 5%
+ > Chromatography required
EtOH/DCM 50:50
3 hours
Z N
N ‘ P

CAN (5 mol %) o
(NH,)OAC N
+
MeOH Yield = 93%
3 mins Pure
Z N Microwave

No chromatography needed

Scheme 5.3: (A) Our novel, microwave-mediated, CAN catalysed synthetic protocol for a C-2 pyridyl Im-

Phen derivative and (B) the reported synthetic protocol to the same Im-Phen derivative.*’

Taking the known C-2 pyridyl derivative shown in Scheme 5.3 as a specific example, the
advantages of our novel synthetic method over that reported in the literature are apparent.
The previously reported method required oil-bath heating for 3 h, the use of chlorinated
solvents, time-consuming chromatographic purification and resulted in product recovery
of < 30% yield.*” In contrast, our new synthetic protocol, employing 5 mol% CAN
catalyst, MeOH as the solvent and microwave-activation, for just 3 minutes, afforded the
same Im-phen compound in 93% yield and with no requirement for purification by

column chromatography.

A library of 21 known and 9 novel imidazo[4,5-f][1,10]-phenanthroline (Im-phen)
derivatives were sysnthesised utilising this novel method (Figure 5.7). The known Im-
phen derivatives were synthesised with improved yields, vastly diminished reaction time

and with no requirement for purification by column chromatography.
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Figure 5.7: Molecular structures of Im-phen derivatives synthesized using, the novel, microwave assisted, CAN catalyzed method. Group 1 contains known Im-phen derivatives, 18-

38. Group 2 contains novel Im-phen derivatives. Group 3 consists of further novel Im-dmphen derivatives synthesized from 2,9-dimethyl-1,10-phenanthroline-5,6-dione.
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A group of ligands were selected from this library (Figure 5.7) and used to make the
corresponding Cu(ll) and Mn(Il) perchlorate complexes. The general formulae of these
complexes were [Cu(Im-phen)2](ClO4)2 and [Mn(Im-phen)s](ClO4)2. For Im-phen =
bitflip, the structure of the free ligand, together with the proposed structures of the Cu(ll)

and Mn(Il) bitflip complexes, are given in Figure 5.8.

F F
F
F
F F
2-(3,5-bis(trifluoromethyl)phenyl)-1H-imidazo[4,5-f][1,10]phenanthroline
(Bitflip)
46
F F ....,‘2+
(ClIO4)>
EE F FT2+
F ©oy, F 1
\ ,,.«a /N
/ \N/ N
F

80

90

Figure 5.8: Structure of bitflip, 46, and proposed structures of [Cu(pyip)2](ClOa)2, 80, [Mn(pyip)s](CIO4):,
90.

All of the Im-phen ligands (both new and old) shown in Figure 5.7 were fully
characterised by NMR (*H, '3C, DEPT 45, 90, 135, 135 Q and HSQC), by IR
spectroscopy, elemental analysis (CHN) and mass spectrometry. Characterisation data
matched those published in the literature for the previously known imidazo[4,5-f][1,10]-
phenanthrolines. In addition to IR and elemental analysis, solid state magnetic
susceptibility measurements were obtained for the Cu(Il) and Mn(11) complexes and the

magnetic moments were as expected. On the basis of this data the proposed general
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formulae for the complexes is [Cu(Im-phen)2](ClO4)2 and [Mn(Im-phen)s](ClOa4).. All
spectroscopic and analytical data are given in the experimental section.

As a representative example, the tHNMR spectrum of the novel Im-phen ligand 2-(9H-
fluoren-3-yl)-1H-imidazo[4,5-f][1,10]phenanthroline (flip, 44) is shown in Figure 5.9.

4.065
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(ORN N/ \N Y,
M) 44 D
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-~ \Q,,!m.t_.kr_/th,- . A

Figure 5.9: 'H NMR spectrum of the Im-phen ligand 44 (flip) in DMSO-d6.

All *H peaks positions and integrations where accounted for and correlated accurately
with the expected structure of 2-(9H-fluoren-3-yl)-1H-imidazo[4,5-
f][1,10]phenanthroline (flip, 44) (Figure 5.9). Furthermore all other NMR spectra (DEPT
45, 90, 135, 135 Q, '3C and HSQC) matched the expected structure accurately and

unambiguously.

In the DEPT 45 and DEPT 90 spectra 9 CH signals and one CH> signal were observed
for flip (44), although 13 CH signals were expected only 9 CH signals were observed due
to the close proximity of certain **C chemical shifts resulting in signal overlap for carbons

1,2,5,6 and 8 (Figure 5.10, 5.11).
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Figure 5.11: DEPT 90 NMR spectrum of the Im-phen ligand 44 (flip) in DMSO-d6.

The DEPT 135 NMR spectrum confirmed the presence of the CH» carbon at 6 = 36.41
(Figure 5.12).
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Figure 5.12: DEPT 135 NMR spectrum of the Im-phen ligand 44 (flip) in DMSO-d6.
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The DEPT Q NMR spectrum displayed 6 quaternary 13C signals (missing one 3C
quaternary signal, 7 expected), 8 CH signals and one CH2 signal (Figure 5.13).
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=L B S S L R T Mmoo,
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150 145 140 135 130 125 120 115 110 105 100 95 90 85 80 75 70 65 60 55 50 45 40 ppm

Figure 5.13: DEPT Q NMR spectrum of the Im-phen ligand 44 (flip) in DMSO-d6.

The 3C NMR spectrum displayed 9 CH signals (matching that of the DEPT 45 and 90),
7 quaternary *3C signals and one CH_ signal which was in agreement with the previous
DEPT 45, 90 135 and Q spectra and matched the expected number of quaternary 3C
signals expected (Figure 5.14).
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Figure 5.14: **C NMR spectrum of the Im-phen ligand 44 (flip) in DMSO-d6.
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Lastly the 2D HSQC H — 3C NMR spectrum coupled the *H spectrum with the DEPT
45 spectrum of the Im-phen ligand, flip (44) and the signals correlated as expected (Figure
5.15).
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Figure 5.15: 2D HSQC 'H —DEPT 45 NMR spectrum of the Im-phen ligand 44 (flip) in DMSO-d6.

5.6 DNA interaction studies/Nuclease mimetic activity

A group of seven Im-phen ligands were selected from the library of 30 Im-phens (Figure
5.7) and their Cu(ll) bis-(Im-phen) perchlorate complexes (proposed structures shown in
Figure 5.16) were tested for their relative cleavage efficiency of commercially available,
supercoiled, superhelical pBR322 plasmid DNA. Our aim was to investigate how the
systemic extension and adaption of the ligated Im-phen ligand with various planar
aromatic, heteroaromatic, metallocene and various other substituents would influence the
DNA oxidative degradation capabilities of these complexes. These data would ultimately
supply structure-activity related information for the design of enhanced artificial
metallonucleases with the potential to act as cytotoxic agents. The ability of the Cu(ll)
complexes, 54-60, to cleave DNA was studied using agarose gel electrophoresis with
supercoiled pBR322 plasmid DNA (Form I) (Figure 5.17).
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Figure 5.16: Proposed molecular structures of Cu(ll) and Mn(1l) complexes used for nuclease testing.

Relaxation of supercoiled (SC) pBR322 plasmid DNA (Form 1) into open circular (OC,
Form 11) and linear (LC, Form I1l) conformations was used as a qualitative measure of
the relative cleavage efficiency of the complexes (Figure 5.17 (A)). The DNA cleavage
reactions were carried out at 37 °C using Cu(ll) Im-phen complexes, and with
[Cu2(0AC)4(H20)2] as Control 1 and [Cu(1,10-phen)2](ClO4), acting as positive Control
2. Results were then visualised using agarose gel electrophoresis. Form | is untouched,
supercoiled DNA, form Il is open circular DNA resulting from single strand scission, and

form 111 is linear DNA arising from double strand scission of the DNA.

All of the Cu(ll) complexes (Table 5.3, Figure 5.16) were screened at a concentration of
5 UM (having previously been Shown to be inactive at a concentration of 1 uM in the
absence/presence of oxidant or reductant. The complexes were also pre-screened at 5 uM
in the absence of oxidant or reductant and were found to be essentially inactive. SC DNA
was exposed to the Cu(ll) complexes at a concentration of 5 uM with 1 mM of added
sodium-L-ascorbate reductant and incubated at 37 °C for 30 mins (Figure 5.17 (B)). All
of the complexes displayed activity at this concentration, with the observed trend in
nuclease activity being: Control 2 [Cu(phen)2](ClO4)2 = 54 =55 > 56 > 58 > 57 >> 60 >
59. Complexes 54, 55 and [Cu(phen)2]** at 5 uM and 1 mM Na-L-ascorbate of added
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reductant resulted in complete depletion of the parent SC band combined with an almost
complete absence of any detectable form of DNA. Complexes 56 and 58 were also quite
active. Complex 57 displayed a band of form Ill open circular DNA, indicating the
presence of double strand scission. Complexes 59, 60 and Control 1 where essentially

inactive.

Under similar conditions, the complexes (5 uM) were incubated with SC DNA with added
H202 oxidant (1 mM). This resulted in a markedly different activity trend (Figure 5.17
(C) ). Once again, the most active complex was 54, which caused complete depletion of
the SC DNA parent band (form I). Although all of the complexes showed some nuclease
activity under these conditions, upon comparison to the Cu(ll) phen-free complex
(Control 1, Lane 2) and the known chemical nuclease Control 2 (Lane 3) only 55 and 59
(Lanes 5, 9) exhibited superior nuclease activity. Complex 55 induced complete
depletion of the SC parent DNA band (form I — II) whilst 59 promoted an almost

complete absence of any DNA.

It was then decided to investigate the effect of adding a large excess of the known metal
chelator, EDTA. EDTA is known to have a high binding affinity for Cu(ll) and should,
theoretically, dampen the redox cycling of Cu(ll) to Cu(l). It should be noted that a small
amount of EDTA is present in commercially sourced pBR322 DNA in order to prevent
Fenton type chemistry occuring during storage. The EDTA concentration used (80 uM)
(Figure 5.17 (D) and (E)) is a 60-times the concentration that is normally present in
commercial pBR322 DNA.

The effect of the added EDTA was quite profound under the added reductant conditions
(Figure 5.17 (D)). The activity of all of the test complexes was dramatically reduced,
with 59 and 60 displaying no discernible nuclease activity. Complexes 55 and 56 have

essentially equal activity with treand now being 55 = 56 > 54 > 58 > 57 (Figure 5.18).
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Fig. 5.17: (A) Schematic presentation of the different forms of the DNA: form | SC DNA; form Il OC DNA; form IIl LC DNA. Direction of migration of DNA fragments from
negative to positive via applied potential difference. (B) L1-3 DNA, Control 1, 2 and L4-10 contains 54-60 at 5uM with 1mM added Na-L-ascorbate reductant. (C) L1-3 DNA,
Control 1, 2 and L4-10 contains 54-60 at 5uM with 1mM added H20, oxidant. (D) L1-3 DNA, Control 1, 2 and L4-10 contains 54-60 at 5uM with 1mM added Na-L-ascorbate + 80
UM EDTA. (E) L1-3 DNA, Control 1, 2 and L4-10 contains 54-60 at 5uM with 1mM added H20, + 80 uM EDTA.
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Table 5.3: Formula and molecular weights of all the nuclease test complexes 54-60 and the two control

agents.
Compound Molecular Mass
(g/mol)
Ctrl1l  [Cu,(OAc),(H,0),] 622.87
Ctrl2  [Cu(1,10-phen),(ClO4), 399.30
54 [Cu(ferr|p)2](C|O ),-2H,0 1070.954
55 [Cu(nip),](ClO,),.7.5H,0 1090.33
56 [Cu(aip),](Cl0,),.7.5H,0 1190.45
57 [Cu(4ph|p) 1(Cl0,),.MeOH.5H,0 1009.22
58 Cu(H,11P),](Cl0,),.MeOH.2H,0 1001.24
59 [Cu(b|ph|p)2]{C|O4)2.MeOH 1007.29
60 {[Cu(bpibH,)](Cl04),}n 1039.44

With the addition of 1 mM H20, and 80 uM EDTA, the excess EDTA has a strongly
deactivating effect on all complexes (Figure 5.17 (E)). Complex 56, which was
previously the most active complex in a reducing environment, is now essentially inactive
under these conditions. Indeed, the activity trend is almost the reverse of that observed
under the conditions with added Na-L-ascorbate reductant and excess EDTA (Figure
5.18).
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Fig. 5.18: Nuclease activity trends for complexes 54-60 with an excess of added EDTA together with either
1 mM of Na-L-ascorbate (reductant) or 1 mM of H,O, (oxidant).
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It would appear that it is the generation of ROS species by the Cu(ll) complexes that is
responsible for the observed nuclease activity in light of the highly deactivating effects
caused by the addition of a large excess of EDTA. It is likely that the EDTA is
sequestering the Cu(Il) from the complexes and trapping it in a coordination environment
that prevents it being reduced to Cu(l). It is noteworthy that complex 54 was nuclease
active in both an oxidising and reducing environment, and that it retained some of this
nuclease activity in the presence of a large excess of EDTA. This suggests that the
ferrocene moiety may have a large role to play in this hetero-bimetallic complex. It is
known that there is an innate overproduction of hydrogen peroxide in cancer cells.*®
Ferrocene has the redox capability (Fe?*/Fe®") to split hydrogen peroxide into hydroxide
anions and highly reactive and damaging hydroxyl radicals.*® As previously discussed,
hydroxyl radicals are the most reactive and damaging species under the umbrella term of
ROS. The hydroxyl radical (OHe), is much more reactive than both superoxide (O2*") or
nitric oxide (*"NO). The latter two radicals can react directly with only a few molecules
in the human body, whereas OHe can react with almost anything, including DNA purine
base pairs (forming further DNA base radicals/mutations and DNA scission), to abstract
He and leave behind another radical.>® The resulting free radical chain reaction can cause
a cascade of damaging biological consequences, including DNA strand scission.®® This
effect could explain the sustained nuclease ability of 54, as it is likely that the ferrocene
moiety and the Cu(ll) centre are both generating ROS. In addition, the possible ability of
these nuclease mimetic complexes to interact with, and cleave, mitochondrial DNA
(mtDNA) should also be taken into consideration. Mitochondrial DNA is highly
susceptible to ROS-induced damage/scission due to the inherent increased production of
reactive oxygen species (ROS) as a consequence of metabolism and in addition, a less
robust DNA repair mechanism than that of nuclear DNA. The interaction of mtDNA with

form the basis of a future study beyond the present work.

5.7 Targeted cytotoxic chemotherapy

The paragon of chemotherapy is the “targeting” or site-specific recognition of cancerous
tissue by a therapeutic agent. The ability of a drug to discern and bind to a unique aspect
of cancerous tissue and then preferentially deliver a precise cytotoxic effect, is highly
desirable. Unlike older forms of treatment, targeted chemotherapy for cancer and other

diseases is expected to be more effective. With this new approach, the vast majority of
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the administered drug would reach its intended target (the tumour) and hence be less
harmful to normal cells, and eliminating, or at least lessening, any adverse side effects.
To achieve this, an anticancer agent must be able to recognise (or be recognised by) and
bind to a unique aspect of a cancer cell that is not present on normal healthy cells. There
are a few examples in the literature of the effective use of this strategy. For example, in
the case of certain types of breast cancer the first instances of such a targeted treatment
was trastuzumab emtansine (T-DM1).52 T-DMI is a novel antibody-drug conjugate
consisting of a potent cytotoxic drug (mertansine (DM1)) connected, via a stable linker,
to the anti-HER?2 antibody, trastuzumab. HER?2 is a protein receptor that is overexpressed
in certain types of cancer, such as breast cancer.>® Trastuzumab can target and bind to
this receptor, stopping the growth of the cancer cells whilst also delivering the mertansine

drug to the cell, where it enters the cancer cells and destroys them by binding to tubulin.>>
54

5.7.1 Nutrient targeted chemotherapeutics

Cancer progression is inherently linked to the ability of a cancerous cell to regulate its
metabolism.>® It is also known that the high cellular proliferation expressed by cancer
cells is tightly regulated by the availability of nutrients. Therefore, oncogenes, that often
promote proliferation, may also be responsible for metabolic changes. Cancer cells are
known to require/metabolise vast quantities of glucose, far in excess of that of normal
healthy cells. Furthermore, it was recently discovered that neoplastic cells also require
and metabolise the amino acids, serine and glycine.®® This promoted us to explore the
possibility of covalently bonding an amino acid nutrient, such as glycine, to 1,10-
phenthroline with the goal of preferentially targeting cancer cells. To this end, a strategy
was devised to form a double Schiff base/imine condensation product by reacting 1,10-
phenanthroline-5,6-dione (phendione 2) with two equivalents of L-tyrosine methyl ester
(Scheme 5.4).%7

The expected diimine product from this reaction was not obtained. Instead, the reaction
produced a large quantity of the reduced phendione product, phendiol, 3, and a small
amount of an unexpected tetracycline oxazine or phenoxazine product, PDTME, 49

(Scheme 5.4).” PDTME has a new stereogenic centre on the C13 atom, whereas in the
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starting material L-tyrosine methyl ester, it was on the C20 atom. An X-ray crystal
structure was obtained for PDTME, 49 and this is shown in Figure 5.109.
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Scheme 5.4: (A) Unexpected formation of the tetracycline oxazine or phenoxazine PDTME, 50, as a minor
product and the major product 1,10-phenanthroline-5,6-diol (phendiol, 3). (B) Proposed reaction
mechanism for the formation of the phenoxazine PDTME, 49, from the reaction of phendione and L-
tyrosine methyl ester.5’

C32

Fig. 5.19: Space-fill view of PDTME on the left and on the right, a view of PDTME with 50% ADPs.
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Initial attempts of this reaction only produced the phenoxazine product in very low yields.
Scheme 5.4 (B) shows the proposed reaction mechanism, whereby the first most likely
step is the formation of an imine condensation product. This is followed by a concerted
ring formation in which a second phendione molecule acts as a deprotonating agent.>’ It
was decided to further explore this reaction to see if (a) the reaction conditions could be
further optimised to give a higher yield of the phenoxazine product and (b) if the reaction
could be utilised to form a family of new phenoxazine products using structurally related
amino acids. The yield of PDTME was found to double when the reactant ratio of
phendione to L-tyrosine methyl ester was changed from 1:2 to 1;1. This was a somewhat
unexpected result and counter intuitive, as based on the proposed reaction mechanism

phendione has a dual role of both reactant and deprotonating agent.

In methanol as solvent, and using conventional oil bath heating, the optimum reaction
time was found to be 24 hours (20.45 % vyield). The use of microwave heating was then
investigated in an effort to improve the yield and shorten the reaction time. The
microwave reaction was conducted at 70 °C for 4 h, and using a 1:1 ratio.
Disappointingly, PDTME was recovered in a reduced yield (4.09 %) perhaps suggesting
that the unknown rate limiting step in this reaction cannot be hastened via more efficient

microwave heating.

In order to see what effect the length of the alkyl chain of the amino acid ester had on the
reaction, L-tyrosine ethyl ester hydrochloride was synthesized and used in the

phenoxazine forming reaction with phendione.

OH

Fig. 5.20: Proposed structure of novel phenoxazine, PDTEE, 50.
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The reaction was once again conducted using a 1;1 reactant ratio of L-tyrosine ethyl ester
hydrochloride to phendione, in refuxing ethanol for 24 hours. The reaction proved
successful, yielding the highly insoluble phendiol and the novel impure phenoxazine
product, PDTEE, 50, in a much lower yield of 12.14% (impure) (Figure 5.20). This new
phenoxazine proved difficult to fully purify but characterization was attempted using
standard spectroscopic methods and by elemental microanalysis.

It should also be noted that phenoxazine formation only occurs with the use of the ester
of the amino acid. Reaction of phendione with the free carboxylate from of L-tyrosine
and numerous other amino acids was attempted (glycine, alanine, phenylalanine,

asparagine) and results in the formation of phendiol and undetermined by-products.

In order to probe the scope of the phenoxazine formation reaction further, L-dopa methyl
ester hydrochloride, which is structurally similar to L-tyrosine methyl ester (with the
inclusion of a 2! hydroxyl group on the phenyl ring) was reacted with phendione. This
reaction was successful, and it proceeded in a similar fashion to that of its predecessor.
The reaction was once again conducted using a 1;1 reactant ratio of L-dopa methyl ester
HCL to phendione, in refuxing methanol for 24 hours. Phendiol formed as a by-product
and a novel phenoxazine, PDDME, 51, was obtained in 24.88 % vyield (Figure 5.21).

OH

0 OH
\

Fig. 5.21: Structure of novel phenoxazine, PDDME, 51.

The product was characterized using routine methods and its *H NMR spectrum complete
with chemical shift peak assignments, initial peak integrations and molecule structure are

given in Figure 5.22.
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Fig. 5.22: 'H NMR (300 MHz DMSO-d6) of PDDME, 51, with peak assignments.

The 3C NMR spectrum of PDDME, 51, contained 22 individual *3C signals, matching

the expected number of signals for the proposed structure (Figure 5.23).
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Fig. 5.23: 3C NMR (DMSO-d6) of PDDME, 51.
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Once again, in order to see what effect the length of the alkyl chain of the ester had on
the reaction, L-Dopa ethyl ester hydrochloride was synthesized and the phenoxazine
forming reaction with phendione was repeated. Insoluble phendiol was again recovered
and the novel phenoxazine product, PDDEE, 52, was subsequently isolated in an almost
identical yield of 24.03% (Figure 5.24).

OH

OH

Fig. 5.24: Structure of novel phenoxazine, PDDEE, 52.

Finally, to see if the electron-donating hydroxyl groups on the phenyl ring of the amino
acids where having an effect on the phenoxazine formation, the structurally similar L-

phenylalanine methyl ester hydrochloride was synthesised (Figure 5.25 (A)).

(A) o (B) %
o o
NH2 NH2
HO

L-phenylalanine methyl ester L-tyrosine methyl ester

©)
(]
HO
o
NHo
HO

L-dopa methyl ester

Fig. 5.25: Structure of amino acid methyl esters used in successful phenoxazine forming reactions.
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This was then reacted with phendione (1:1 mole ratio) using the same reaction protocol
utilized for PDDME (51) in an effort to synthesise a new phenoxazine, PDPME, 53
(Figure 5.26). Based on the NMR spectral data, a small amount of impure phenoxazine

product, PDPME, 53, was recovered. Although the compound proved very difficult to
purify.

Fig. 5.26: Structure of phenoxazine, PDPME (53).

The Ag(l) and Cu(ll) bis-PDTME complexes, [Cu(PDTME).](ClOs). and
[Ag(PDTME)2](Cl04).2MeOH, had been synthesised previously and tested for their
ability to bind to and cleave high-purity calf thymus (CT) DNA and supercoiled pBR322
DNA.>" The two complexes were found to have almost identical binding affinities for
calf thymus (CT) DNA. The complex-DNA binding interactions were considered
stronger than the known groove-binding drugs, pentamidine and netropsin, suggesting an
alternate binding mode compared with their bis-phen intercalating analogues.®” In
addition, [Cu(PDTME).](ClO4). displayed negligible nuclease activity when incubated
with supercoiled pBR322 in the presence of added reductant or oxidant. This result was
very surprising given the known DNA nuclease abilities of the analogous [Cu(phen)2]?*.
Time restraints prevented the investigations of the interactions of the newly formed Cu(ll)
and Mn(1l) complexes of PDME (51) and PDDEE (52). This will be the subject of a
future study.

5.7.2 Folic acid mediated targeting

Our strategy here was to leverage the high binding affinity that the folate receptor (FR)
has for the nutrient, folic acid (FA).>® The folate receptor (FR) is a cell surface, membrane
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bound glycoprotein that captures folic acid and internalises it. Whereas FR expression is
largely absent from healthy mammalian tissues, numerous cancerous cell types (lung,
epithelial, ovarian, cervical, breast, kidney, colorectal and brain tumours) display highly
elevated FR expression.®® Furthermore, activated macrophages, also exhibit highly
elevated FR expression; this may also provide a means of preferentially targeting
activated macrophages such as Mycobacterium-infected macrophages.®® The recently
published crystal structure of the FR with a bound folic acid molecule confirmed the
assumed availability of the dicarboxylic acid moiety for modification without loss of

binding capacity.5!

In an effort to build upon our encouraging TB results (Chapter 4) we have developed
manganese(ll) imidazo-phen-folate-appended complexes which we envisage will
specifically target TB-infected macrophages via the over expression of folate receptors
and subsequently eradiate the replicating bacteria within them. In addition, building upon
our encouraging anticancer results (Table 5.2) we have also developed Cu(ll) imidazo-
phen-folate-appended complexes with the view to selectively targeting FR expressing

cancer cell types.

The novel ligand Im-phen-fol, 45, was synthesised as per reaction scheme 5.5. The Im-
phen ligand 4nitrip, 31, was reduced using 10% Pd/C and hydrazine monohydrate to yield
the aromatic amine bearing Im-phen ligand anilip, 32.62 The folic acid was then activated
via ester formation using the base triethylamine (TEA), N-hydroxysuccinimide (NHS)
and the coupling reagent dicyclohexylcarbodiimide (DCC) in anhydrous DMSO at 0 °C.
The product Im-phen-fol, 45, was formed via amide formation using the folic acid-NHS
activated ester and the aromatic amine of 32.5 This new Im-phen-fol ligand, 45, was
characterized using standard spectroscopic methods and by elemental microanalysis. In
addition to IR and elemental analysis, solid state magnetic susceptibility measurements
were obtained for the Cu(ll) and Mn(Il) Im-phen-fol complexes and the magnetic
moments were as expected. On the basis of this data the proposed general formulae for
the complexes is [Cu(Im-phen-fol)2](ClO4)2 (73) and [Mn(Im-phen-fol)s](ClO4)2 (91)
(Figure 5.27).
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Fig. 5.27: Proposed structures of the complexes [Cu(Im-phen-fol)2](ClO.)2 (73) and [Mn(Im-phen-

fol)3](C10.). (91)

Finally, shown in Figure 5.28 the postulated folate receptor (FR) mediated cellular

recognition and potocytosis of FA-appended Im-phen metal complexes.
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Fig. 5.28: Proposed folate receptor (FR) mediated cellular recognition and potocytosis of FA-appended Im-phen metal complex. Lowered pH release of metal complex cytotoxin. ROS
production resulting in mitochondrial damage and incorporation of metal complex into the nucleus resulting in intercalation with nuclear DNA and double DNA strand scission
mediated by ROS.
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5.8 In vivo systemic toxicity/cytotoxicity studies using Galleria mellonella

As discussed previously the innate defences of insects are akin to that of vertebrate
mammals. G.mellonella larvae possess an immune system which is analogous to the
human innate immune system and hence are a convenient, inexpensive and less ethically
sensitive in vivo screening model for ascertaining the systemic toxicity profile of novel
anticancer agents, the results of which are comparable to murine models. All of the Im-
phen ligands and phenoxazine ligands, 18-53 and their corresponding Cu(Il) and Mn(ll)
complexes, 54-95 were found to be non-toxic to G.mellonella larvae (100% survival rate)
up to a concentration of 500 pg/cm? (33.33 mg/kg or 10 10 ug per larvae). Cisplatin was
considerably more toxic to the larvae at this dosage (500 pg/cm?®, 33.33 mg/kg or 10 10

Mg per larvae mg/kg) resulting in a low survival value (40%).

5.9 Conclusions

In summary, the favourable anticancer results of the 1,10-phen/dicarboxylate complexes
and the impressive nuclease mimetic results of the Im-phen complexes represent
auspicious componuds in the area of DNA-targeted chemotherapeutics. The novel
phenoxazine complexes based on the initial DNA interaction results of
[Cu(PDTME).](ClO4)2 and [Ag(PDTME).](ClO4).2MeOH which displayed very high
DNA binding values may also find utility as minor groove binders and the Cu(Il) and
Mn(11) complexes of PDME (51) and PDDEE (52) will be the subject of a future study to
access their cytotoxicity to cancer cells. Encouragingly, in vivo toxicity studies conducted
using the insect larvae, Galleria mellonella, showed that all of the new

compounds/complexes are extremely well tolerated.

Lastly, the cancer cell (FR positive) and activated macrophage targeting capability of the
complexes has potentially been significantly enhanced via the development of the Im-
phen-fol ligand. The [Cu(Im-phen-fol)2](ClO4)2 (73) and [Mn(Im-phen-fol)s](ClO4)2 (91)
are anticipated to have superior efficacy, site-specific targeting (mediated by folate
receptor cellular recognition) and vastly diminished systemic toxicity in comparison to

the clinically administered anticancer and antitubercular drugs.
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