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Abstract

Antimicrobial resistance (AMR) is a major global health concern that causes millions
of deaths each year. There is an urgent need for novel antimicrobial agents with
unique modes of action to combat the increasing instances of resistance. 1,10-
Phenanthroline continues to be a useful ligand in the design of novel therapeutic

agents.

Two families of derivatised 1,10-phenanthroline ligands, the first with a
phenanthroline core fused with an oxazine ring (phen-oxazine), and the second with
the phenanthroline core fused with a pyridine ring (phen-pyrido) with varying
lipophilicity were synthesised and characterised along with their respective Ag(l) and
Re(l) tricarbonyl complexes. The Ag(l) complexes were found to exhibit fluxional
behaviour in solution. Antifungal testing of the phen-oxazine ligands against Candida
albicans showed a clear lipophilic effect; the MICso values decreased from > 60 uM
(R=Me), to 43.3 uM (R=Pr), to 14.6 uM (R=Hex). Complexation of phen-oxazine to
Ag(l) was shown to greatly enhance the antifungal effects; all complexes held fungal
growth below 15% of the negative control experiment at all concentrations tested (60
— 15 uM). The uncoordinated phen-oxazine with a propyl sidechain and its Ag(l)

complex were found to be well tolerated in vivo by Galleria mellonella larvae.

The Re(l) tricarbonyl phen-oxazine complexes were found to form as a pair of
diastereomers. Crystal structures were obtained for one diastereomer of the propyl
derivative of the Re(l) phen-oxazine complex and of the corresponding Re(l) phen-
pyrido complex. Both crystals presented as distorted octahedral fac-isomers.
Irradiation of the Re(l) complexes with broad band light resulted in gradual changes
in their UV-visible spectra consistent with a photochemical reaction, however,
myoglobin assays did not provide evidence for CO loss upon irradiation. Cyclic
voltammetry revealed that the Re(l) phen-pyrido complexes were more redox active
than the corresponding phen-oxazine analogues. Synthesis of analogues Mn(l)
tricarbonyl complexes of phen-oxazine and phen-pyrido was attempted but was not

successful.



The biological activity of free phen-oxazine and phen-pyrido ligands and their Re(l)
tricarbonyl complexes was evaluated against several microbial strains, G. mellonella
and ovarian cancer cell lines PEO1 and PEO4. Antimicrobial testing was conducted
against Staphylococcus aureus, methicillin-resistant Staphylococcus aures (MRSA),
Escherichia coli and C. albicans. The phen-oxazine ligands showed a clear correlation
between lipophilicity and activity against S. aureus and MRSA with the most lipophilic
octyl analogue having MICso values of < 3.75 uM. The phen-pyrido ligands were
determined to have significant broad-spectrum antimicrobial effects with activity at
concentrations as low as 0.11 uM. In general, complexation to Re(l) reduced the
antimicrobial effects. A study with G. mellonella larvae showed limited in vivo toxicity
d for the uncoordinated propyl phen-pyrido analogue and its Re(l) complex .
Anticancer testing of a representative phen-oxazine and phen-pyrido ligand as well
as their corresponding Re(l) complexes against PEO1 and PEO4 revealed that all bar
Re(l) propyl phen-oxazine significantly reduced cell viability of both ovarian cancer
cell lines and were more active than cisplatin. Apoptosis assays revealed the propyl
phen-oxazine induced apoptosis while Re(l) propyl phen-pyrido inhibited

proliferation by an alternative mechanism.



Chapter 1

Introduction



1.1 Metals in Medicine

The use of metals in medicine has existed for several centuries. Metals such as silver
and copper were historically used in food preservation and agriculture.! The first
medicinal inorganic compound was discovered in the early 20™" century by German
physician Paul Ehrlich. He developed arsphenamine, known commercially as
Salvarsan (Figure 1.1a) which was the first antibiotic to effectively treat syphilis.
Ehrlich discovered that Salvarsan would selectively kill pathogenic cells over healthy

cells and published this work in 1912.2

OH
NH,

HO OH
NH;

Figure 1.1: Structure of the landmark medicinal inorganic compound Salvarsan.

A major breakthrough for modern medicinal chemistry was the development of
diamminedichloroplatinum(ll) (cis-[Pt(NH3)2(Cl)2]), known as cisplatin (Figure 1.2a).
Although cisplatin was developed in 1845 by Michele Peyrone, it wasn’t until 1965
that biophysicist Barnett Rosenburg discovered its ability to inhibit cell division.> 4
New generations of cisplatin were soon developed. The first was carboplatin (Figure
1.2b) in the 1980’s followed by oxaliplatin (Figure 1.2c) in the 1990’s. These three

platinum-based drugs are the amongst the most widely used chemotherapy agents.®
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Figure 1.2: Structures of platinum-based chemotherapy agents: cisplatin (a),

carboplatin (b) and oxaliplatin (c).

The interest in metals for medicinal purposes stems from the importance of metals
for many biological functions. It is estimated that transition metals are required for
the function of 25% of human proteins.® A key example is iron (Fe), which is a vital
component of haemoglobin within red blood cells and plays an essential role in
efficient oxygen transport and storage within the body.” Iron is also required for
processes such as DNA replication, respiration and metabolism.2 Metal ions of Fe,
Mn, Zn and Cu are key components of many proteins that function as
metalloenzymes. Metalloenzymes are enzymes which selectively bind a metal ion to
carry out their function. Some examples of metalloenzymes and their cofactors
include cytochrome c oxidase (Cu(l)/(l1)), alcohol dehydrogenase (Zn(ll)) ascorbic acid
oxidase (Cu(l)/(I)) and glutathione peroxidase (Se(-1)).° Another example is cobalt
(Co) which is present in vitamin B12 (cobalamin), an essential vitamin for neurological
function. Vitamin Bi; has a role to play in the synthesis of nucleic acids and
neurotransmitters, formation of red blood cells and in maintaining the integrity of
myelin sheaths.'® 1* Microbial growth and homeostasis is highly dependent on the
function of metalloenzymes'?, therefore they are good targets for antimicrobial

agents.

The rate of development of novel metal-based compounds as medicinal agents has
increased exponentially in the last number of decades. The advantages of metal-

based therapeutics include structural diversity and access to multiple oxidation



states. Additionally, complexation of organic ligands can greatly improve solubility,
stability and delivery of the drug to the desired cellular target.’* A plethora of
metallodrugs have been developed to treat cancer!#, microbial infections!> and
neurological disorders!®. Metals such as Ru(lll), Au(l), Fe(ll), Pd(Il), Cu(ll) and Ir(lll)
have all been employed in development of anticancer agents!’. Metal complexes are
also used in the treatment of arthritis (Au), ulcers (Bi), diabetes (V), viral infections
(Co, Hg), cardiovascular conditions (Bi, Mn) and psychotherapeutics (Li)'8. Some
examples include auranofin, an Au(lll) based compound used for arthritis that has
also been re-purposed for use in cancer treatment (Figure 1.3a).'° The vanadium-
based compound, bis(ethylmaltolato)oxovanadium(lV) (BEOV) is used for the
treatment of diabetes and more recently Alzheimer's disease (Figure 1.3b).2° The
antimalarial drug chloroquine has been derivatised to from ferroquine (Figure 1.3c)
which can successfully treat resistant strains of Plasmodium falciparum, the

parasite that causes malarial infections.??
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Figure 1.3: Structures of antiarthritic and anticancer agent auranofin (a), diabetes and
Alzheimer’s treatment bis(ethylmaltolato)oxovanadium(lV) (BEOV) (b) and

antimalarial drug Ferroquine (c).

Metal complexes have also been developed for use as diagnostics tools. Imaging
agents are used for the diagnosis of many medical issues including cancer, infections,
cardiovascular abnormalities and neurological disorders.?? A well-known example is
the use of gadolinium (Gd) in magnetic resonance imaging (MRI) contrast agents.

Gd(lll) is a paramagnetic ion which can enhance nuclear relaxation times for MRI.

4



Complexes of Gd(lll) have been developed that can target particular areas of the
body. For example, gadoterate meglumine, known commercially as Dotarem, is used
for imaging the brain, spine and associated tissues (Figure 1.4a).23 Technetium is also
widely used in radiopharmaceuticals. The radioisotope *"Tc is used for PET and
SPECT scans.?* Cardiolite is one of the dominant ®™Tc agents used for heart imaging

in the US (Figure 1.4b).*8
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Figure 1.4: Structure of MRI contrast agent Dotarem (a) and heart imaging agent

Cardiolite (b).

The activity of novel metal complexes is highly dependent on the nature of the ligands
as well as the metal centre. For a complex to be biologically viable, it must be
thermodynamically stable. The stability of a complex is greatly influenced by the
properties of the coordinating ligands.'® Additionally, the kinetics of the metal-ligand
interaction is also an important factor, particularly when the ligand is required to
dissociate from the metal centre to elicit the desired therapeutic effect. Ligands can
also exist as chelating pro-drugs that interact with metal targets within the cell. These
pro-drug ligands can either inhibit biological functions through coordination, or by
formation of an intracellular therapeutic complex in vivo. Chelating ligand pro-drugs
are used in the treatment of neurodegenerative conditions such as Alzheimer’s and

Parkinson’s disease.?> 26

A major advancement in the field of medicinal chemistry was the incorporation of
bidentate diimine ligands into metal complexes.?” Transition metals coordinated to

nitrogen containing ligands form very stable complexes. The presence of a nitrogen



atom in fused ring structural moieties such as phenanthrene and 9,10-
phenanthrenequinone greatly increases antimicrobial activity compared to non-
nitrogen containing compounds.?® 1,10-Phenanthroline (phen) (Figure 1.5a) is a well-
established N,N'-chelating ligand with diverse biological effects. Phen has the ability
to act as a pro-drug as well as a coordinating ligand in many biologically relevant

compounds.?®

1.2 Phenanthroline

Figure 1.5: Structure of 1,10-phenanthroline (a), 1,7-phenanthroline (b) and 4,7-

phenanthroline (c).

Phen is a planar fused heterocyclic system. It is a hydrophobic and electron deficient
organic molecule. The basic nitrogen atoms at the 1 and 10 positions are well placed
to allow for bidentate chelation to a metal centre.® The biological activity of phen is
highly dependent on its ability to act as a chelator. In 1952, MacLeod and coworkers
examined the activity of 1,7- and 4,7-phenanthroline (Figure 1.5b,c). Both isomers
were determined to be inactive against lactic acid bacteria while 1,10-phenanthroline
had good activity. They concluded that the juxtaposition of the N atoms of phen are
essential for its biological effects.3° Phen is a bidentate chelating ligand which means
it can bind to a metal centre through both N atoms. The rigid nature of the N-C-C-N
binding site also makes phen a more entropically favoured bidentate ligand compared
to a more flexible ligand such as 2,2-bipyridine (bipy). This is supported by the fact
that the binding constants for phen with various metal centres is higher than the
corresponding bipy analogues of the same ion with the same stoichiometry. For
example for the complexes [MnLs]?*, measured in 0.1 M KCl, the logarithm of the

association constants are 5.6 (when L = bipy) and 12.7 (when L = phen).3!



Synthesis of phen was first established in the late 19t century by Blau.32 The synthesis
proceeds by two successive Skraup condensation reactions. The Skraup condensation
involves reaction of an aniline with glycerol in the presence of sulfuric acid and an
oxidising agent such as arsenic pentoxide. Specifically, for the synthesis of phen,
nitroaniline is reacted to produce 8-aminoquinoline. A second Skraup condensation

reaction produces 1,10-phenanthroline monohydrate as shown in Scheme 1.1.33

Step 1:
NH, OH
C[ . A HyS04, As205 &
NO, OH OH \N
NO,
nitroaniline Glycerol 8-nitroquinoline
Fe,
HCI
X
=
N
NH,
8-aminoquinoline
Step 2:
OH
X H2304, A8205 —
+ : \ / / \ . Hzo
=z
N OH OH N N=
NH,
1,10-phenanthroline
8-aminoquinoline Glycerol monohydrate

Scheme 1.1: Synthesis of 1,10-phenanthroline via double Skraup condensation.

Since this original synthetic approach, other methods have been developed. For
example, the Wittig approach which involves reacting 2-bromonicotinaldehyde and

the phosphonium salt of 2-bromo-3-bromomethylpyridine leads to phen (Scheme



1.2). This has also been used to produce phen derivatives substituted at the 2-, 4-, 8-

or 9-positions.3*

PPh, Br
CHO —
N N KOBu B
| + _— > r
- >
. N THF Br

2-bromonicotinaldehyde 2-bromo-3-bromomethylpyridine

phosphonium salt Cu, DMF

Scheme 1.2: Wittig reaction to form phen.

1.3 Biological Activity of Phenanthroline and its Derivatives

The biological effects of phen were realised in the 1950’s. Leiter and coworkers
discovered the antineoplastic activity of phen in a mouse model in 1953.3> Following
this, Dwyer and colleagues contributed pioneering research in the late 1960’s into the
antibacterial effects of phen.3® Research in the 1970’s and 1980’s demonstrated the
ability of phen to inhibit DNA synthesis at just 5 uM. This activity was attributed to
the ability of phen to sequester zinc ions which are essential for DNA synthesis.
Additionally, phen was found to inhibit entry into synthesis (S) and gap 2 (G;) phases

of the cell cycle, therefore preventing cell division.3” 38

It was Dwyer and coworkers who also discovered the benefits of functionalising phen;
their studies revealed that alkylated derivatives had greater biological effects than
unsubstituted phen against microbes. They concluded that increasing the lipophilicity
of phen strongly correlated with increased potency.3¢ Derivatisation of phen has led
to an immense library of useful ligands which have been deployed in medicinal
inorganic chemistry. The versatility of phen comes from its ability to be substituted at

all positions from 2 — 8. Methylation of phen is a common modulation that has been



shown to significantly increase biological activity.3® Symmetric di-substitution is a
common modification with 4,7-dimethyl-phen (Figure 1.5a) and 2,9-dimethyl-phen,
known as neocuproine, having been prepared (Figure 1.2b). The 3,5,6,8-tetramethyl-
derivative (Figure 1.5c) is known to elicit an antibacterial effect against
Mycobacterium tuberculosis that is 30 times greater than phen.3® The position of the
substituent(s) is an important consideration. Ortho-substitution was found to greatly
enhance the activity of phen.*® 4! The 2,9-disubstituted neocuproine is a highly
cytotoxic agent against bacteria. A comparison of the anticancer abilities of phen and
its various methylated derivatives is presented in Table 1.1. The 2,9-disubstituted
neocuproine is significantly more active than its 4,7-analogue. The nature of the
substituent can be equally important as the position of the substituent. For example,
2,9-disecbutyl-1,10-phenanthroline (SBP) (Figure 1.5d) was found to be far more

potent than neocuproine.?’

(b)

4,7-dimethyl-phen

(c) (d)

3,4,7,8-tetramethyl-phen
SBP

Figure 1.6: Substituted derivatives of phen with biological activity.



Table 1.1: ICso values determined for methylated derivatives of phen?’

Compound ICs0 (UM)*
phen 4.7
4,7-dimethyl-phen 1.9
3,4,7,8-tetramethyl-phen 1.9
2,9-dimethy-phen (neocuproine) 0.07

*tested against HL60 leukaemia cells

The 5-amino substituted phen, (5-NHz-phen) is another highly active variant. This
derivative has applications in catalysis, solar energy conversion and as pH and anions
sensors.*? 5-NHx-phen has also been shown to possess antioxidant and antitumour
abilities which are greatly enhanced by complexation to Pd(Il).** Halogenation of
phen is also possible. For example, 5-bromo-phen and 5,6-dibromo-phen can be
synthesised by reacting phen with bromine and H;S04.** These brominated phen

ligands are used in chemo-sensing, catalysis and photodynamic therapy.

1,10-Phenanthroline-5,6-dione (phendione) is a well-known phen derivative first
synthesised in 1947 (Figure 1.7a).*> There are a number of synthetic procedures
employed to synthesise phendione. Currently the most used protocol is that
established by Goss and Abruna in 1985. This method involves reacting phen with
KbrOs in a mixture of sulfuric and nitric acid for 4 hours.*® Phendione is an incredibly
versatile compound. The O,0’-quinoid functional group provides additional sites for
coordination and increases the redox capabilities. Phendione has many uses such as
in catalysis and the oxidation of amines.*” In 2015, Tay and coworkers discovered the
antimicrobial activities of phendione. They determined that phendione had the
ability to completely disrupt biofilms of Enterococcus faecalis. The authors also
concluded that the activity of phendione is due to its affinity for metal ions including
Zn%*, Ni%*, Fe?*, Cu?* and Co?*. Chelation of phendione to these essential microbial
ions, in particular Zn?*, leads to disruption of cellular homeostasis and hence
microbial cell death.*® Phendione was subsequently found to be more active than
phen against a number of microbes. MICso values were determined for phen and
phendione against bacteria species S. aureus, E. coli and P. aeruginosa. MICsp values

for unsubstituted phen were 278 — 416 uM (S. aureus), >555 uM (E. coli) and 416 —
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555 uM (P. aeruginosa) while values for phendione were determined to be 30 — 45
UM (S. aureus) and 15 — 22 uM (E. coli and P. aeruginosa), that is phendione is about
an order of magnitude more active than the parent heterocycle.*® In addition to the
significant antibacterial activity, phendione was also found to be a better antifungal
agent. MICso values determined for phen and phendione against C. albicans were 13.9
and 2.9 uM respectively.>® Cu(ll) and Ag(l) complexes of phendione have also been
reported with significant antitumour properties.” In recent years, phendione has
been employed in the development of anti-parasitic compounds.>> >3 The analogous
compound 4,7-phenanthroline-5,6-dione, known as phanquinone, is formed through
oxidation of 4,7-phenanthroline. Phanquinone is used in the treatment of Alzheimer's

disease and has no known side effects.>*

(a) (b) (c) S\ A

Figure 1.7: Structures of biologically relevant phen derivatives (a) phendione, (b) dppz

and (c) tip

Phen derivatives have also been established with extended aromaticity. One such
compound is dipyridophenazine (dppz) (Figure 1.7b). Dppz can be formed using a
Schiff base condensation reaction between phendione and diaminobenzene (Scheme
1.3) °°. 2-Thiophenimidazo[4,5-f][1,10]phenanthroline (tip) is another phen
derivative with extended conjugation. Tip-based ligands have been developed for use
as sensors, they have also been studied for their environmental and medicinal

purposes.>®
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Scheme 1.3: Schiff base condensation reaction to form dipyridophenazine (dppz).

Medicinal Chemistry research has also focussed on incorporation of bioactive
compounds into known therapeutic agents. In one example, folic acid was conjugated
to the known cytotoxic agent curcumin. The conjugate was found to greatly increase
inhibitory effects >’. Bioconjugates of phen have been developed, examples include

the ethynylestradiol and ethisterone derivatives (Figure 1.8).°%

(a) (b)

Figure 1.8: Bioconjugates of phen containing (a) ethynylestradiol and (b) ethisterone.

1.4 Metal Complexes of Phenanthroline

Phenanthroline has been a cornerstone to the development of coordination
chemistry. Modulation of the core phen structure has been shown to alter the
biological, photochemical and physiochemical effects.® Phenanthroline and its
organic derivatives are of great interest for their diverse biological activities.3! Phen

and its derivatives have the potential to bind to a multitude of transition metal ions,
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forming a variety of geometries. This allows for greater versatility and refinement for
biological function. The biological activity of phen is primarily associated with this
affinity for metal ions. This is in part a result of synergistic activity between the ligand

and metal ion.>®

The comprehensive studies by Dwyer et al in 1969 determined that coordination of
phen to labile metal centres such as Cd(ll), Cu(ll), Ni(ll), Co(ll), Ru(ll) Zn(ll), and Mn(Il),
led to greatly improved biological activity.3® The complexes were substantially more
active than free phen against S. aureus, S. pneumonia, M. tuberculosis, P. Vulgaris and
E. coli. The antimicrobial activity was also generally independent of the metal centre.
The metal phen complexes had MICso values as low as 0.032 uM against M.
tuberculosis, 1.9 uM against S. aureus and 4 uM against S. pyogenes. These studies
also concluded that metal phen complexes were largely inactive active against gram-
negative bacteria.?® A decade after Dwyer’s studies Sigman and colleagues identified
DNA nuclease activity of [Cu(phen);]?* in the presence of a reducing agent. This
behaviour was subsequently found to be a marker of anticancer activity.®° Metal
phen complexes have since been extensively reported for their broad spectrum

antibacterial®!, antifungal®? antiviral®® and antitumour®* activity.

Phen derived metal complexes have been increasingly useful in tackling microbial
infections and antimicrobial resistance (AMR). Studies conducted in the 1970’s
demonstrated that multiple M?* complexes containing 3,4,7,8-tetramethyl-phen
(where M = Ni, Fe, Co, Cu, Zn, Cd, Mn, or Ru) were bactericidal against Erysipelothrix
rhusiopathiae, a common bacterial infection in pigs. Furthermore, this bacterial
species did not have the ability to gain resistance following treatment with these
complexes.®> Similar results were observed when S. aureus, M. tuberculosis, E. coli
and C. albicans were treated with [Cu(3,4,7,8-tetramethyl-phen):]R: (R = benzoate or
acetate). Furthermore, the highly stable Ni(ll) complex of the same ligand was found
to be just as effective as the standard antiseptic hexachlorophene when used on skin
prior to operations, reducing instances of S. aureus infections.®® Complexation of
phen continues to attract huge interest in drug design strategies. Recent studies by
O’Shaughnessy and coworkers revealed the significant activity of Cu(ll), Mn(ll) and

Ag(l) phen complexes against resistant gram-negative species P. aeruginosa.t’” The
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authors concluded that the metal phen complexes were much more active than the
analogues without phen and the metal-free ligand. Another study demonstrated the
ability of Cu(l) and Ag(l) phendione complexes to inhibit Klebsiella pneumoniae, a
gram-negative bacteria which contributes significantly to antibiotic resistance. The
phendione complexes were found to have low MICso values of 9.88 uM (Cu) and 10.10

UM (Ag).%8

The antifungal effects of phen complexes are also well documented. McCann et al
assessed the antifungal activity of metal complexes of phendione. These studies
revealed that Cu(ll) and Ag(l) complexes of phendione had much lower MICso values
against C. albicans than free phendione. In addition, the Cu(ll) and Ag(l) phendione
complexes were found to have greater activity than the phen analogues.®® More
recent studies by Gandra et al present the antifungal effects of phen and phendione
based Mn(ll), Cu(ll) and Ag(l) complexes against eight different Candida species
including C. albicans, C. dublinesis and C. parapsilosis. The majority of the complexes
showed good activity across the range of species with the most active being a dimeric

Mn(l) phen complex which had an MICso of 0.4 — 3.25 uM.5?

1.4.1 Copper Complexes of Phenanthroline

Copper phen complexes have been extensively reported for their many biological
abilities. Cu functions in many essential biological processes. It predominantly exists
in Cu(l) and Cu(ll) oxidation states. It is a vital component of numerous
metalloproteins and has many enzymatic functions.”® Cu is an excellent candidate for
therapeutic agents as it is well tolerated within the body compared to other transition
metals. Copper ions can disrupt metalloproteins, membrane integrity and produce
reactive oxygen species (ROS). Through these mechanisms, Cu is known to elicit anti-
inflammatory, anticancer, antibacterial and antifungal effects. Cu has also found use
in  superoxide dismutase (SOD) mimetics, nuclease mimetics and in

radiopharmaceuticals.”* Excess Cu can greatly affect pathogenesis of S. aureus. Two
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ways this is achieved is through reduction of virulence factors produced by S. aureus

and inhibition of biofilm formation.”?

Ligands may be used to facilitate uptake of Cu into the cell to reach its desired target
such as DNA. Cu requires a lipophilic component to enter the cell.”® Bioactive ligands
can also be incorporated that allow for synergistic effects. Phen is an excellent ligand
of choice due to its well established biological effects. Cu and phen are known to work
cooperatively in the complex [Cu(phen);]** to elicit their biological effects. The
hydrophobicity of phen aids passive diffusion into the nucleus where it can then
intercalate DNA. The Cu(ll) centre is then responsible for the nuclease activity during
which the complex may release Cu ions.”* Cu(ll) phen complexes have recently been
developed that substantially reduce growth and biofilm formation of S. aureus, S.

epidermidis and E. coli which predominantly cause health-care related infections.”>

Creaven and colleagues studied the antifungal activity of two coumarin-based
complexes, [Cu(cdoa)(phen);].8H,0 and [Cu(4-Mecdoa)(phen).].13H,0 (where
cdoaH; = coumarin-6,7-dioxyacetic acid and 4-MecdoaH; = 4-methylcoumarin-6,7-
dioxyacetic acid). These studies revealed the significant antifungal activity of both
complexes against C. albicans. The complexes were much more active than the free

coumarin ligands and the Cu-coumarin complexes without phen.”®

A number Cu complexes with derivatised phen ligands have improved biological
activity. Heteroleptic complexes are commonly formed with phen-based ligands.
Steroid-derived phen ligands have been coordinated to Cu(ll) (Figure 1.9). These
complexes with bio-conjugated ligands exhibit significant in vitro and in vivo activity
against gram-positive S. aureus and MRSA. MICsp values were found to be 1.5 uM

against S. aureus and 17.5 pM against MRSA.>8
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Figure 1.9: Cu(ll) complexes containing a phen derivative and steroid-derived phen

bioconjugate of ethynylestradiol (a) and ethisterone (b).

As mentioned in the previous section, the incorporation of amino acid moieties
within complex structures have often resulted in improved biological activity. Cu(ll)
phen complexes with amino acids such as methionine, histidine, phenylalanine,
leucine and valine have the ability to bind and cleave DNA. This has manifested in
significant antibacterial activity against Bacillus cereus and Micrococcus luteus.”’
Research has also led to the incorporation of known DNA intercalators into Cu(ll)
phen complexes through binding of an amino acid group to enhance DNA binding

capabilities. One such example is incorporation of ferrocene into a Cu(ll) phen
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complex (Figure 1.10a). This complex acts to cleave DNA upon irradiation of light.”®
Another Cu(ll) phen complex that has been developed for DNA cleavage is
[Cu(lomefloxacin)(NOs)(phen)] (Figure 1.10b). This complex incorporates the clinical
antibacterial agent, lomefloxacin which is known to target DNA and enzymes.
Coordination to Cu(ll) enhances DNA binding abilities and phen ensures physiological

stability of the complex.”®
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Figure 1.10: Amino acid derived Cu(ll) complex (a) and [Cu(lomefloxacin)(NOs)(phen)]
(b).

1.4.2 Manganese Complexes of Phenanthroline

Manganese is another essential metal for life. It is highly versatile given its numerous
oxidation states; Mn(lI/111/1V).8 It functions in many redox reactions of enzymes. One
example is ribonucleotide reductase which functions to synthesise ribonucleotides
for RNA and deoxyribonucleotides for DNA and enzymes including catalase,
peroxidase and superoxide dismutase (SOD).8* Mn has found application in catalysis,
flame retardants, MRI contrast agents and many biomedical areas.”* Mn complexes
are well established for their antibacterial activity.®2 Mn(ll) complexes have been
shown to possess significant activity against gram-negative bacterial strains.® Mn(Il)
complexes have also been found to exhibit much more inhibition than the free ligands

or simple Mn salts. Mn(Il) have been shown to cleave DNA as a mode of action.?*

17



Recent studies showed the complexes [Mn)(CO)s(phendione)Br] (Figure 1.11a) and
[Mn(CO)s(acridine)(phendione)]CF3SOs (Figure 1.11b) exhibit significant anticancer
activity against ovarian cancer cell line A2780. It was determined that both complexes
induce production of ROS that leads to cell death.?>

(a) (b)

Figure 1.11: Structures of anticancer compounds [Mn(CO)s(phendione)Br] (a) and

[Mn(CO)s(acridine)(phendione)]CFsSO (b)

1.4.3 Ruthenium Complexes of Phenanthroline

Ruthenium complexes are also widely known for their biological effects. Ru(ll) ions
have been employed to improve antimicrobial activity. The conjugated dppz has been
shown to possess little antibacterial activity as a free ligand.®® However,
the[Ru(bb)7(dppz)]?* (Figure 1.12a) has greatly increased antibacterial activity when
compared to analogous ruthenium complexes containing a phen or neocuproine (2,9-
dimethyl-phen) ligand. [Ru(bb);(dppz)] has the ability to inhibit gram-positive
bacterial growth at a concentration of 2 pg/ml and gram-negative growth at 8
ug/ml.8” Another biologically relevant Ru(ll) complex is [Ru(phen).(tip)]** (Figure
1.12b). This complex possesses tip, a phen-based ligand with extended aromaticity.
This complex has been shown to elicit its antibacterial activity through disruption of
the bacterial cell wall and through DNA and RNA damage.®® Ru(ll) phen-based
complexes have been shown to possess some antibacterial activity but this is greatly
enhanced through formation of complexes with higher nuclearity.®® Di-, tri- and tetra-
Ru(ll) phen-based complexes have been shown to exhibit greater inhibitory effects.

In particular, di-nuclear complexes of general formula [Ruz(phen)s(bbn)] (Figure
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1.12c¢) are much more potent than the monomeric Ru(ll) analogues against resistant

MRSA and VRE.

(a) ]2 (b) — ]2

Figure 1.12: Ru(ll) phen-based complexes; Ru(ll) dppz (a), Ru(ll) tip (b) and di-Ru(ll)

phen (c).

1.5 Modes of Action of Metal Phenanthroline Complexes

Metal-phen complexes exert their activity through a variety of mechanisms. A major
mode of action is DNA binding and/or damage. DNA is essential for cellular processes
and homeostasis which makes it a desirable target for therapeutic drugs. The planar
structure of phen makes it an excellent DNA intercalator. Coordination of phen to a

multitude of metal centres allows for enhanced intercalative and cleavage abilities as
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well as alternative DNA binding modes.?® Reaching DNA and other intracellular
targets is dependent on the cell permeability of the complex. Phen-based ligands are
hydrophobic which allow for efficient transport across the cell’'s membrane. Phen
ligands can facilitate transport of cationic metal complexes that would not normally
pass through the membrane. Introduction of a phen ligand reduces the overall
polarity of the complex, making it more lipophilic.°* This reduction in polarity can be
an important strategy in drug design as permeability of gram-negative cells such as E.

coli and P. aeruginosa are a particular challenge for researchers.

Some antimicrobial agents also function through cell wall damage. Disruption of the
cell wall can lead to cytoplasmic leakage. This can also be coupled with DNA or RNA
damage.®8 An example of a copper complex that targets the cell wall is ([Cu(4,7-
diphenyl-phen)(R)]?* (where R = (15,25)- and (1R,2R)-diaminocyclohexane). This

complex was found to severely disrupt the integrity of the cell wall of S. aureus.®?

It has been extensively reported that metal phen complexes induce ROS as their
mode of action. Generation of ROS leads to superoxide production and results in
release of iron from iron-sulphur proteins. The free iron then catalyses the formation
of hydroxyl radicals. These radicals then have the capacity to oxidise macromolecules
including lipids, DNA or proteins.® Oxidative stress within the cell can also lead to
cross-linkage of proteins and DNA, cell wall damage and deactivation of enzymes

which ultimately induces cell death.®3

Uncoordinated phen has a high affinity for metal ions. Phen-based ligands can
therefore act to sequester essential metal ions within the cell. This can result in
disruption or inactivation of key enzymes. Redox-active metal complexes are known
to inhibit enzyme function through generation of ROS.2 An example of a metal phen
complex that inhibit enzymes is [Zn(quinolone)(phen)Cl] (quinolone = flumequine,
oxolinic acid or enrofloxacin) reported by Tarushi and coworkers in 2013. This
complex targets bacterial DNA gyrase and topoisomerase IV, enzymes essential for
DNA replication. This complex was shown to possess significant antibacterial effects

against B. subtilis and B. cereus through this mechanism.®*
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1.6 Biological Effects of Silver

It is estimated that the medicinal use of silver was apparent as early as 300 BC. The
antimicrobial effects of silver were realised in the late 1800’s with the use of AgNO3
to treat ulcers. However, the introduction of antibiotics resulted in their use as the
standard treatment of infections which meant silver-based treatments became
redundant.® The discovery of penicillin by Scottish physician Alexander Fleming in
the 1920’s was ground-breaking. The next few decades, known as the ‘antibiotic era’
saw a surge in the development of new antibiotics. The antibiotic era is also
characterised by the subsequent emergence of antibiotic resistance following misuse
and overuse of new antibiotics. This led to highly resistant bacterial strains such as
methicillin-resistant Staphylococcus aureus (MRSA) and vancomycin-resistant
Enterococcus (VRE).%® In recent decades, resistance to commonly used antifungals has
also become apparent. Resistance to antibiotic and antifungal agents is now known
collectively as antimicrobial resistance (AMR). AMR has become one of the biggest
health threats, globally.®” Resistant microbes are characterised as having either multi-
drug resistance (MDR) or extensive drug resistance (XDR). MDR species are those
which are non-susceptible to three or more groups of antimicrobial agents. XDR

strains are those which are non-susceptible to all types of antimicrobials.?®

The onset of AMR has led to a focus on the development of alternative treatments
with new modes of action. As a result, there has been a renewed interest in the
biological effects of silver. Silver was found to selectively target microbial cells over
mammalian cells in the 19t century.®® Colloidal silver was approved for wound care
by the US Food and Drug Administration (FDA) in the 1920’s. There are numerous
silver-based treatments that are now commercially available. Solutions containing
0.5% v/v AgNOs were first used to treat burns in the 1960’s. This was later adapted to
incorporate the antibiotic sulphonamide to produce silver sulphadiazine, sold under
the name Silvadene (Figure 1.13). Silvadene is a topical treatment for burns and aids
prevention of infections.®® Dilute solutions of AgNOs3 are used to treat conjunctivitis
in newborns.1® Silver has been employed in wound dressing products such as
Acticoat and Actisorb. Vascular and catheter devices have also incorporated silver for
clinical use.’®! Products have been developed with silver nanoparticles (AgNPs) that
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have potent antimicrobial and antiviral effects.’®2 AgNPs facilitate delivery and

enhanced action of the anticancer treatment paclitaxel. This combination exhibits

fewer side effects than paclitaxel alone.103
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Figure 1.13: Structure of silver(l) sulfadiazine used for burns.

Ag®

In recent years, as AMR has emerged, it has been noted that silver has remained
effective against both sensitive and resistant cells.1%* Evidence of resistance to silver-
based compounds is limited. The free Ag* ion can target components of the cell wall
and disrupt proteins involved in cell wall synthesis.?® Ag* ions have an affinity for O,
N, P and S atoms which facilitates binding to amino, disulphide, carbonyl and
phosphate groups of cell wall components.2% Silver complexes are incredibly versatile
and can target a broad range of microbes. Development of novel antimicrobial agents
that target gram-negative bacteria is a huge challenge for researchers due to issues
with cell wall permeability.1%> 1% Novel drugs that target gram-positive species are
much more prevalent. One study found that pre-exposure of resistant gram-negative
bacteria to Ag* ions can improve membrane permeability and restore susceptibility
of these species to a broad range antibiotics.'%” Drug-resistant fungal infections have
become increasingly prevalent in recent years. Silver is known to exhibit significant
antifungal activity; Ag* ions can target proteins in the fungal cell wall, leading to rapid
efflux of potassium ions. Additionally, Ag* ions target intracellular enzymes and

mitochondria, disrupting their function.%®

Ag phen complexes are well established as potent antimicrobial agents. Ag(l)
complexes containing phen or phen derivatives are widely reported for their
antibacterial effects.?”- 1% 110 phen-based ligand, phen-INH is derived from the M.
tuberculosis treatment isoniazid (INH). Complexation of the phen-INH ligand to Ag(l)
(Figure 1.14) resulted in 5 fold greater activity (2.9 uM) than free phen-INH (15.1 uM)
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against M. tuberculosis.*'' In other studies, [Ag(phendione),]* had the ability to
greatly reduce mature biofilms of gram-negative P. aeruginosa. The complex was
found to have an ICso of 10.1 uM.1% Thornton and colleagues have reported a tris-
phen complex, [Ag:(phen)s(udda)] (uddaH, = undecanedioic acid) with substantial
antibacterial activity.''? This Ag(l) complex had the ability to inhibit gram-positive and
gram-negative bacteria. The ICso values were determined to be 14.1 uM against S.

aureus, 9.5 uM against E. coli and 32.4 uM against P. aeruginosa.
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Figure 1.14: Ag(l) complex of phen-based isoniazid ligand.

The antifungal effects of Ag phen-based complexes are also well known and are
particularly important since the emergence of antifungal resistance. The bis-phen
complex [Ag(phen);]ClO4 (Figure 1.15a) was found to have an MICso of 8.8 uM against
C. albicans. The analogous phendione complex [Ag(phendione);]ClO4 (Figure 1.15b)
was found to have more significant antifungal activity, with an MICso of 0.5 uM.%° Ag(l)

phen complexes have also been reported for their anticancer activity.!1% 113
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Figure 1.15: Structures of antimicrobial silver compounds [Ag(phen);]ClO4 (a) and

[Ag(phendione);]ClO4 (b).
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1.7 Applications of Rhenium

Rhenium is considered one of rarest earth metals. It is the element with the highest
boiling point and the third highest melting point.1'* It has many important purposes
including its use since the early 2000’s to make incredibly strong superalloys for jet
engines as it can withstand high temperatures.'’> The non-naturally occurring B-
emitting isotopes '%Re and 18%Re are analogous to *™Tc and used in
radiopharmaceuticals as medical imaging and diagnostic agents.!1® These isotopes
are also employed as biomarkers and chemical sensors.''* Rhenium tricarbonyl
complexes have been investigated for a number of decades due to their diverse
photophysical and spectroscopic properties. These include long-lived luminescence,
large Stokes shifts, high quantum vyields as well as thermal and photochemical
stability.!'” 118 Complexes containing the Re(CO)s core are usually kinetically inert
which extends their half-life and hence their ability to reach the desired biological
target.''” Re(l) tricarbonyl compounds have extensive applications in electro- and
photocatalysis,’'> 120 solar energy conversion,'?! artificial photosynthetic
materials,'?? light-emitting diodes,*?3 nuclear medicine,'?* and oncology.'?® The most
biologically active Re(l) tricarbonyl complexes are those bound to bidentate N,N’-
chelating ligands. It is estimated that 82% of active Re(l) tricarbonyl complexes
incorporate phen-based ligands'?® which are of particular interest due to their

versatility and tunability.

Re(l) tricarbonyl phen (Re phen) complexes have been extensively reported for their
antimicrobial and anticancer effects. Studies by Siegmund et a/ uncovered Re phen
complexes with potent antibacterial effects. The complex in Figure 1.16a was shown
to be the most active against S. aureus and B. subtilis with MICsp values of 0.7 — 1.3
M. 126 Sovari and colleagues reported a similar Re phen complex (Figure 1.16b) with
the ability to limit S. aureus growth at concentrations as low as 300 ng/mL. This
complex also had the capacity to significantly reduce C.albicans-S.aureus and C.

albicans-MRSA co-infections.12”
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Figure 1.16: Structure of antimicrobial Re(l) tricarbonyl phen-based complexes.
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Re phen complexes are most notable for their anticancer effects.'?> A key feature of
these complexes is the potential for carbon monoxide release. CO-releasing
molecules (CORMs) are designed to deliver controlled amounts of CO to a biological
target. CORMs are employed in photodynamic therapy (PDT). This is a form of cancer
treatment that involves the photo-induced release of CO into the microenvironment
of the tumour.??® Re phen complexes are widely reported as dual action pro-drugs
that can act as a therapeutic complex coupled with the release of CO molecules.*?*
131 The diverse luminescent properties of Re(l) tricarbonyl phen complexes has led to
the development of biological labelling agents and biological probes for cellular and
biomolecule imaging.'’” These compounds serve both therapeutic and diagnostic
(theranostic) purposes. They can also provide key information on cellular localisation
and mechanism of action using emission spectroscopy. Complexes with multiple
mechanisms of action are greatly beneficial as this can reduce instances of
ineffectiveness and resistance. Chemo-resistance is a huge obstacle in healthcare.
Cisplatin and its analogues, oxaliplatin and carboplatin are the most widely used
chemotherapies. In addition to their high toxicity and adverse side effects, instances
of resistance are increasingly apparent. This is often seen with aggressive cancers
such as brain, breast, prostate, ovarian and stomach.*? Therefore, development of
novel treatments to combat resistance and toxicity are necessary. Re(l) tricarbonyl
compounds are of particular interest for their low in vivo toxicity and limited side

effects 133,134
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Chakraborty et al reported the anticancer effects of luminescent [Re(CO)s(phen)X]
(where X = CI', CF3S037, PPhs, methylimidazole (Melm)) (Figure 1.17) against breast
cancer cells through photo-induced CO release. These complexes also had the ability
to act as trackable CORMs, providing information on the cellular uptake and
localisation. Using fluorescent confocal microscopy, it was observed that all
complexes were effectively internalised by the breast cancer cells although, the
cationic species (X = PPhs, Melm) were shown to be internalised to a greater extent
than the others. All complexes were observed within the cytosol but the phosphine
complex (X = PPh3) was also present in the nucleus.'?® Marker and coworkers
developed several photo-active Re phen complexes. The complexes of general
formula [Re(CO)s(phen)(PRs3)]* undergo photo-induced CO release using 365 nm UV
light. Irradiation also leads to formation of reactive oxygen in the form of 10,. The
complexes were found to be minimally cytotoxic in the absence of light. Irradiation of
the complexes leads to significant anticancer activity against cervical (Hela) and
ovarian (A2780) cancer cell lines. The most active complex (where PR3 = DAPTA) had

an ICsp of 6 pM against Hela cells upon irradiation?3?
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X = Cl, CF3S05 (n = 0)
X = PPhs, Melm (n = +)

Figure 1.17: Structure of [Re(CO)s(phen)(X)]".

Re(l) tricarbonyl complexes containing substituted and conjugated phen ligands have
also been investigated for their anticancer properties. Knopf et al demonstrate the
biodistribution and anticancer abilities of [Re(CO)s(neocuproine)(H.0)]* (Figure
1.18a). The complex had the ability to substantially limit cervical cancer (Hela) cell
viability, with an ICsp of 1.2 uM which was much more active than cisplatin (3.0 uM).
The intrinsic luminescence of the complex revealed localisation in the cytosol. The

complex was found to induce cell death by cytosolic vacuolisation rather than by
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more typical pathways such as apoptosis.'3° Konkankit and coworkers demonstrated
the in vivo anticancer abilities of [Re(CO)s(neocuproine)(H,0)]* against ovarian cancer
cell lines A2780 and A2780CP70 . This phen-based complex was found to induce cell
death by an alternative mechanism to cisplatin, greatly reducing the likelihood of
resistance.’® Enslin and colleagues studied a family of complexes that incorporated
tip-based ligands. The complex shown in Figure 1.18b was found to be the most active
against prostate (PC3) cancer cells. The complex was extremely potent with an ICsg of

50 nM. It was also much more active than cisplatin which had an ICsg of 6.9 uM.

(a)

(b)

Figure 1.18: Structures of [Re(CO)s(neocuproine)(H20)]* (a) and Re(l) tricarbonyl tip-

based complex (b).
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1.8 CO-Releasing Molecules

Carbon monoxide is well known as a colourless, highly toxic gas. CO poisoning
occurs when CO molecules replace O2 molecules in the haemoglobin proteins within
red blood cells. In recent years, however, the therapeutic properties of CO have
been realised. CO is produced endogenously within the body through the
breakdown of heme proteins.'3® Endogenous CO has been found to play an
important role in anti-inflammatory and anti-apoptotic pathways**’ as well as in
vasodilation which in turns helps regulate blood pressure.'® CO also been found to
regulate the release of neurotransmitters.'?® Given the extensive benefits of CO, it is
no surprise that CO-releasing molecules (CORMs) are at the forefront of drug
design. CORMs can be triggered to release controlled amounts of CO into the
biological environment through enzyme interaction, light stimulus and ligand
exchange.'3® Metal carbonyl complexes are particularly desirable due to their
stability and biocompatibility. Metal carbonyl bonds are strong due to the formation
of both a 0 and t bond. The o bond is formed by donation of electrons from the
carbon atom to the metal d-orbital. The t bond is then formed through donation of
electrons from the metal d-orbital to an antibonding n* orbital of the CO ligand.
This is known as 1t back-bonding and results in a highly stable metal-carbonyl

bond.140

Metal carbonyl complexes have been extensively studied for their wide range of
therapeutic applications. Metal-based CORMs have been used to provide low doses
of CO to treat inflammation associated with colitis'** and rheumatoid arthritis. 4
They have also been successful in organ preservation following transplantation and
in reduction of instances of heart attack as a result of cardiovascular disease.'** The
most well-known application of metal CORMs is in photodynamic therapy to treat
cancer. CO has been found to induce apoptosis of cancer cells, reduce new blood
vessel formation and prevent tumour growth.'* CORMs most commonly contain a
Fe, Co, Mn or Ru metal centre.* The first CORM to be developed was [Mn2(CO)10],
known as CORM-1. This was closely followed by [Ru(CO)3Cl;]. (CORM-2) and
[Ru(CO)sCl-glycinate] (CORM-3) (Figure 1.19). CORM-2 has been successful in the

treatment of breast, prostate and lung cancers.4
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Figure 1.19: Structures of first generation CORMs, CORM-1 (a), CORM-2 (b) and

CORM-3 (c)
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1.9 Thesis Objectives and Structure:

This thesis focuses on the development of silver(l) and rhenium(l) complexes with the
aim of producing novel antimicrobial and anticancer agents to combat drug
resistance. The first aim was to synthesise two families of derivatised phen ligands:
phenanthroline-oxazine (2.1 = 2.2) and pyrido-phenanthrolinone (2.5 — 2.8). The
lipophilicity of the ligands would be varied through elongation of the alkyl chain of
the ester moieties to identify the most biologically active derivatives. Given the
biological relevance of silver outlined in this chapter, we aimed to form Ag(l)
complexes from a family of phen-oxazines and assess their antifungal activity against
the pathogenic yeast, C. albicans. The extensive literature precedent for application
of Re(l) tricarbonyl complexes as CO releasing molecules also provided us with the
goal of producing two novel families of CORMs: Re(l) tricarbonyl phen-oxazine (4.1 —
4.4) and Re(l) tricarbonyl phen-pyrido complexes (4.5 — 4.8). We aimed to determine
the spectroscopic and electrochemical properties of the Re(l) complexes and to

screen them for antimicrobial and anticancer activities.

Chapter 1: Introduction and Thesis Objectives

Chapter 2: Synthetic procedures to form starting materials, ligands and metal
complexes and the associated characterisation data. Description of materials and

methods for biological testing.

Chapter 3: Discussion of the synthesis and characterisation of the amino acid ester
hydrochlorides (1.1 -1.8), phen-derivatised ligands (2.1 — 2.8) and Ag(l) phen-oxazine
complexes (3.1 — 3.4). Discussion of the stability, solution behaviour and speciation
of the Ag(l) phen-oxazine complexes. Presentation of the antifungal activity of the
phen-oxazine ligands (2.1 — 2.3) and the Ag(l) phen-oxazine complexes (3.1 — 3.3)
against C. albicans. In vivo toxicity of phen-oxazine and Ag(l) phen-oxazine against

moth larvae, Galleria mellonella.

Chapter 4: Discussion of the synthesis and characterisation of the Re(l) tricarbonyl
complexes (4.1 —4.8). Studies of their luminescent properties, CO-releasing potential

and electrochemical behaviour.
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Chapter 5: Biological evaluation of the ligands (2.1 — 2.8) and Re(l) complexes (4.1 —
4.8) against a range of microbes: S. aureus, MRSA, E. coli and C. albicans and
presentation of the in vivo toxicity towards G. mellonella. Assessment of the
anticancer abilities of lead compounds against ovarian cancer. Presentation of mode

of action studies.

Chapter 6: Future Perspectives
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Chapter 2

Experimental Methods and
Characterisation Data
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2.1 Materials and Instrumentation

2.1.1 Chemicals and Materials:

All chemicals, solvents and reagents were purchased from Sigma Aldrich and were
used without further purification. 1,10-Phenanthroline (299%), potassium bromate
(299.8%), sulfuric acid, sodium hydroxide (297%), -tyrosine (299%), p-nitro-1-
phenylalanine (298%), acetyl chloride (299%), N-methylmorpholine (299%), 1-
propanol (299.9%), 1-hexanol (299%), 1-octanol (299%), dimethyl sulfoxide (=299%),
dichloromethane (299.8%), methanol (299%), ethanol (299%), diethyl ether (299%),
magnesium sulfate (299.5%), silver perchlorate (97%), dirhenium decacarbonyl
(98%), rhenium pentacarbonyl chloride (98%), DMSO-d6 (99.9%), CD3CN (99.8%),
CDCl3 (99.8%).

2.1.2 Instrumentation:

NMR (Nuclear Magnetic Resonance) spectra were recorded on a Bruker Avance
spectrometer operating at 500 MHz for the H nucleus and 126 MHz for the 3C
nucleus. The probe temperature was maintained at 25 °C. Residual solvent peaks
were used at internal standards. Chemical shifts are given in parts per million (ppm)
and coupling constants (J) are given in Hz. Multiplicity is denoted as: bs (broad
singlet), s (singlet), d (doublet), dd (doublet of doublets), m (multiplet). Proton and
carbon signals were assigned with the aid of DEPT (45, 90 and 135), COSY, HMBC and
HSQC 2D experiments.

FTIR spectra were recorded on a Nicolet iS50 FTIR instrument using ATR or KBr mode.

High Resolution Mass Spectrometry (HRMS) analysis was carried out at the University

of Bath on a Bruker MaXis HD ESI-QTOF mass spectrometer.

CHN elemental analysis was carried out at Maynooth University on a FLASH EA 1112

Series Elemental Analyser with Eager 300 operating Software.

UV-visible spectra were recorded in a 1 cm pathlength quartz cuvette on a

PerkinElmer Lambda 35 spectrometer.
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Cyclic Voltammograms were recorded using a Solartron 1287 potentiostat.

2.2 Synthesis of Phenanthroline-based Ligands

2.2.1 Synthesis of 1,10-Phenanthroline-5,6-dione (2a)

Figure 2.1: Structure of 1,10-phenanthroline-5,6-dione (2a)

1, 10-Phenanthroline-5,6-dione (2a) was synthesised with modification to a literature
procedure.'#® 1,10-Phenanthroline (3.00 g, 16.65 mmol) was dissolved in cold 60%
H2S04 (36 mL) sitting on an ice bath. KBrOs (3.05 g, 18.18 mmol) was carefully added
in small portions over 30 minutes while stirring. The reaction mixture was removed
from the ice bath and heated at 30 °C overnight. The clear deep red solution was
poured over ice (400 g) and neutralised using saturated NaOH solution. The product
was separated using DCM, recrystallized from MeOH and washed with MeOH (3 x 20

mL) and dried under vacuum to yield the bright orange solid.
Yield: 2.86 g, 82% (fine orange solid).

H NMR (DMSO-d6, 500 MHz): 6 8.98 (dd, J = 4.6, 1.8 Hz, 2H, 2 x ortho-H), 8.38 (dd, J
=7.8,1.8 Hz, 2H, 2 x para-H), 7.66 (dd, J = 7.8, 4.6 Hz, 2H, 2 x meta-H) ppm.

13C NMR (DMSO-d6, 126 MHz): & 178.2 (C=0), 154.8 (N-CH), 152.7 (N=C), 136.1 (CH),
129.5 (qC=C), 125.7 (CH) ppm.

FTIR (ATR, cm™): 3064, 1684 (C=0), 1564, 1462, 1414, 1294, 1201, 1113, 1033, 927,

809, 735.
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2.2.2 Synthesis of L-Amino Acid Ester Hydrochlorides 1.1 -1.8

Product R R’ Code

1.1 CH; -OH  LTME

1.2 CsH;  -OH LTPE

Q 1.3 CeHis -OH  LTHE

o " 1.4 CsHz -OH  LTOE

R’ iNH3 1.5 CHs  -NO2 NPME
Cl 1.6 CHs  -NO,  NPEE

1.7 CsH;  -NO2  NPPE

1.8 CeHiz  -NO;  NPHE

Figure 2.2: Structure L-amino acid ester hydrochlorides 1.1 - 1.8.
General Procedure 1 for the synthesis of L-amino acid ester salts 1.1 — 1.8

Synthesis of the L-amino acid ester salts was carried out with modification to a
literature method.'*” Acetyl chloride (4.35 mL, 60.9 mmol) was added dropwise to
cold alcohol. L-amino acid (11.04 mmol) was added and the solution was heated at
reflux for 3 h before cooling to rt. The volume of the reaction solution was reduced
in vacuo to ~5 mL before pouring into a beaker of diethyl ether (200 mL). The product
precipitated as a white solid and was washed with diethyl ether (3 x 20 mL) and dried

under vacuum.

Products 1.1 — 1.8 were synthesised using this protocol and modifications are detailed

below.
L-Tyrosine methyl ester hydrochloride (1.1, LTME):

L-Tyrosine (2.00 g) was added to a MeOH solution (56 mL, 1.4 mol) containing acetyl

chloride and reacted according to general procedure 1.
Yield: 2.34g, 92% (white solid).

1H NMR (DMSO-d6, 500 MHz): & 9.55 (s, 1H, OH), 8.67 (bs, 3H, *NHs), 7.01 (d, J = 8.5
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Hz, 2H, ArH), 6.74 (d, J = 8.5 Hz, 2H, ArH), 4.12 — 4.14 (m, 1H, aH), 3.65 (s,
3H, -OCHs), 3.09 (dd, J = 14.1, 5.6 Hz, 1H, BH), 3.00 (dd, J = 14.1, 7.8 Hz, 1H, BH) ppm.

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

FTIR (ATR, cm™'): 2874 (OH), 1740 (C=0), 1617, 1588, 1521, 1445, 1451, 1228, 1143,

1108, 1060, 990, 936, 867, 842, 733.

L-Tyrosine propyl ester hydrochloride (1.2, LTPE):

L-tyrosine (2.00 g) was added to a 1-propanol solution (103, 1.4 mol) containing acetyl

chloride and was reacted according to general procedure 1.

Yield: 2.54 g, 89% (white solid).

'H NMR (DMSO-d6, 500 MHz): & 9.45 (s, 1H, OH), 8.54 (bs, 3H, *NHs), 7.00 (d, J = 8.4
Hz, 2H, ArH), 6.71 (d, J = 8.4 Hz, 2H, ArH), 4.13 — 4.16 (m, 1H, aH), 4.00 — 4.02 (m, 2H,
-OCH,), 3.07 (dd, J = 14.1, 5.7 Hz, 1H, BH), 2.95 (dd, J = 14.1, 7.5 Hz, 1H, BH), 1.56 -
1.46 (m, 2H, CHy), 0.80 (t, J = 7.4 Hz, 3H, CH3) ppm.

13¢ NMR (DMSO-d6, 126 MHz): & 169.6 (C=0), 157.2 (C-OH), 130.8 (ArC), 124.9 (ArC),

115.8 (ArC), 67.4 (-OCH2), 53.9 (aC), 35.7 (BC), 21.7 (CH.), 10.6 (CHs) ppm.

FTIR (ATR, cm™): 2874 (OH), 1740 (C=0), 1617, 1596, 1518, 1443, 1411, 1360, 1228,

1209, 1195, 1104, 1057, 838, 729.

L-Tyrosine hexyl ester hydrochloride (1.3, LTHE):

L-tyrosine (2.00 g) was added to a 1-hexanol solution (75 mL, 0.6 mol) containing

acetyl chloride. The solution was heated to 100 °C for 3 h and then hot-filtered. The
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product was precipitated by pouring into a beaker containing petroleum ether (400

mL), washed with petroleum ether (3 x 50 mL) and dried under vacuum.

Yield: 2.84 g, 85% (white solid).

14 NMR (DMSO-d6, 500 MHz): & 9.44 (s, 1H, OH), 8.52 (bs, 3H, *NHs), 7.00 (d, J = 8.5
Hz, 2H, ArH), 6.70 (d, J = 8.5 Hz, 2H, ArH), 4.05 — 4.14 (m, 1H, aH), 4.07-3.99 (m, 2H,
-OCH,), 3.06 (dd, J = 14.1, 4.3, 1H, BH), 2.93 (dd, J = 14.1, 7.8 Hz, 1H, BH), 1.48 - 1.43
(m, 2H, CHy), 1.27 - 1.88 (m, 3x CH,), 0.85 (t, J = 14.1, 3H, CHs) ppm.

13¢ NMR (DMSO-d6, 126 MHz): & 169.7 (C=0), 157.2 (C-OH), 130.8 (ArC), 124.9 (ArC),
115.8 (ArC), 65.9 (-OCHa), 53.9 (aC), 35.7 (BC), 31.3 (CH2), 28.3 (CH2), 25.3 (CH2), 22.4
(CH,), 14.4 (CHs) ppm.

FTIR (ATR, cm'): 3283, 2864 (OH), 1736 (C=0), 1613, 1586, 1516, 1498, 1470, 1445,

1411, 1355, 1294, 1233, 1103, 1055, 983, 945, 844, 732.

L-Tyrosine octyl ester hydrochloride (1.4, LTOE):

L-Tyrosine (2.00 g) was added to a 1-octanol solution (75 mL, 0.48 mol) containing
acetyl chloride. The same procedure for L-Tyrosine hexyl ester (1.3) above was

followed.

Yield: 2.17 g, 67% (white solid).

1H NMR (DMSO-d6, 500 MHz): § 9.44 (s, 1H, OH), 8.58 (bs, 3H, *NHs), 7.01 (d, J = 8.3
Hz, 2H, ArH), 6.72 (d, J = 8.4 Hz 2H, ArH), 4.13 - 4.16 (m, 1H, aH), 4.03 — 4.06 (m, 2H,
-OCH,), 3.09 (dd, J = 14.1, 5.6 Hz, 1H, BH), 2.96 (dd, J = 14.1, 7.7 Hz, 1H, BH), 1.44 (m,
2H, CHy), 1.24 (m, J = 8.8, 7.8 Hz, 10H, 5 x CH,), 0.87 (t, J = 7.0, 3.0 Hz, 3H, CH3) ppm.

13C NMR (DMSO-d6, 126 MHz): & 169.6 (C=0), 157.2 (C-OH), 130.8 (ArC), 124.9 (ArC),
115.8 (ArC), 65.9 (-OCHa), 53.9 (aC), 35.8 (BC), 31.7 (CH2), 29.0 (CH,), 28.9 (CH-), 28.3
(CH2), 25.7 (CH2), 22.5 (CHa), 14.4 (CHs) ppm.
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FTIR (ATR, cm™!): 3283, 2925 (OH), 1742 (C=0), 1612, 1586, 1520, 1468, 1382, 1359,

1232, 1117, 1059, 947, 843, 731, 621, 506, 431.

4-Nitro-L-phenylalanine methyl ester hydrochloride (1.5, NPME):

p-Nitro-L-phenylalanine (2.32 g) was added to a MeOH solution (56 mL, 1.4 mol)

containing acetyl chloride and reacted according to general procedure 1.
Yield: 2.37 g, 87% (white solid).

1H NMR (DMSO-d6, 500 MHz): 6 8.87 (bs, 3H, *NHs), 8.19 (d, J = 8.7 Hz, 2H, ArH), 7.58
(d, J = 8.7 Hz, 2H, ArH), 4.36 — 4.39 (m, 1H, aH), 3.66 (s, 3H, CHs), 3.35 (d, J = 5.8 Hz,
1H, BH), 3.28 (dd, J = 13.9, 7.5 Hz, 1H, BH) ppm.

13¢ NMR (DMSO-d6, 126 MHz): & 169.1 (C=0), 146.8 (ArC), 143.2 (ArC), 131.0 (ArC),
123.6 (ArC), 52.78 (-OCHs), 52.75 (aC), 35.3 (BC) ppm.

FTIR (ATR, cm™): 1740 (C=0), 1605, 1491 (NO,), 1454, 1342 (NO,), 1239, 1184, 1153,

1104, 1061, 978, 952, 935, 858, 844, 812, 752, 700, 660, 508, 488.

HRMS: (ESI +): Calcd m/z for C1oH12N204: (M+H)* 225.0870; Found (M+H)* 225.0871.

Difference: 0.75 ppm.

4-Nitro-L-phenylalanine ethyl ester hydrochloride (1.6, NPEE):

p-Nitro-L-phenylalanine (2.32 g) was added to an ethanol solution (82 mL, 1.4 mol)

containing acetyl chloride and reacted according to general procedure 1.
Yield: 2.68 g, 93% (white solid)

1H NMR (DMSO-d6, 500 MHz): & 8.73 (bs, 3H, *NHs), 8.20 (d, J = 8.7 Hz, 2H, ArH), 7.58
(d, J = 8.7 Hz, 2H, ArH), 4.13 — 4.36 (m, 1H, aH), 4.16 - 4.06 (m, 2H, -OCH,), 3.24 (dd,
J=13.9, 7.8 Hz, 1H, BH), 1.10 (t, J = 7.1Hz, 3H, CHs) ppm.
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13¢ NMR (DMSO-d6, 126 MHz): & 169.1 (C=0), 147.5 (ArC), 144.0 (ArC), 131.5 (ArC),
123.8 (ArC), 62.3 (-OCH,), 53.2 (aC), 35.9 (BC), 14.1 (CHs) ppm.

FTIR (ATR, cm™!): 1734 (C=0), 1604, 1521 (NO3), 1507, 1450, 1349 (NO3), 1240, 1215,

1108, 1059, 1013, 855, 810, 746, 703, 646, 482, 436.

4-Nitro-L-phenylalanine propyl ester hydrochloride (1.7, NPPE):

p-Nitro-L-phenylalanine (2.32 g) was added to a 1-propanol solution (103 mL, 1.4

mol) containing acetyl chloride and reacted according to general procedure 1.
Yield: 2.92 g, 95% (white solid)

1H NMR (DMSO-d6, 500 MHz): & 8.73 (bs, 3H, *NHs), 8.20 (d, J = 8.6 Hz, 2H, ArH), 7.58
(d, J = 8.8 Hz, 2H, ArH), 4.34 — 4.38 (m, 1H, aH), 4.16 — 4.06 (m, 2H, -OCH,), 3.24 (dd,
J=13.9, 7.8 Hz, 1H, BH), 1.444 — 1.53 (m, 2H, CH2), 0.75 (t, J = 7.1 Hz, 3H, CHs) ppm.

13¢ NMR (DMSO-d6, 126 MHz): & 169.2 (C=0), 147.2 (ArC), 143.6 (ArC), 131.4 (ArC),
124.0 (ArC), 67.6 (-OCH,), 53.1 (aC), 35.9 (BC), 21.6 (CH2), 10.5 (CHs) ppm.

FTIR (ATR, cm'): 1739 (C=0), 1602, 1513 (NO,), 1446, 1409, 1348 (NO.), 1287, 1232,

1211, 1147, 1105, 1055, 925, 898, 877, 856, 744, 701, 657, 625, 531, 492, 455.

HRMS: Calcd m/z for CizH16N204: (M+H)* 253.1183; Found (M+H)* 253.1183.

Difference: 0.19 ppm.

4-Nitro-L-phenylalanine hexyl ester hydrochloride (1.8, NPHE):

p-Nitro-L-phenylalanine (2.32 g) was added to a 1-hexanol solution (75 mL, 0.6 mol)
containing acetyl chloride. The product was extracted as described for L-Tyrosine

hexyl ester hydrochloride (1.3).

Yield: 2.60 g, 82% (white solid).

39



'H NMR (DMSO-d6, 500 MHz): & 8.77 (bs, 3H, *NHs), 8.20 (d, J = 8.7 Hz, 2H, ArH), 7.58
(d, J = 8.7 Hz, 2H, ArH), 4.36 — 4.39 (m, 1H, aH), 4.06 — 3.98 (m, 2H, -OCH5), 3.20, (dd,
J=13.9, 8.6 Hz, 1H, BH), 1.45 — 1.34 (m, 2H, CH,), 1.20 — 1.00 (m, 6H, 3 x CH;), 0.81
(t,J = 6.9 Hz, 3H, CH3) ppm.

13C NMR (DMSO-d6, 126 MHz): 8§ 169.2 (C=0), 147.2 (ArC), 143.7 (ArC), 131.3 (ArC),
124.0 (ArC), 66.1 (-OCH,), 53.1 (aC), 36.0 (BC), 31.2 (CH,), 28.2 (CH,), 25.3 (CH,), 22.3
(CHy), 14.3 (CH3) ppm.

FTIR (ATR, cm™!): 1736 (C=0), 1608, 1514 (NO3), 1345 (NO2), 1288, 1207, 1112, 1085,

1054, 862746, 699, 655, 481.

HRMS: Calcd m/z for CisH22N204: (M+H)* 295.1653; Found (M+H)* 295.1651.

Difference: -0.20 ppm.

2.2.3 Synthesis of Phenanthroline-oxazine Ligands 2.1 - 2.4

OH

OR Product R  Code
2.1 CHs MPO
2.2 CsH;  PPO
23 CeHiz HPO

2.4 CgHiz OPO

Figure 2.3: General structure of phenanthroline-oxazine ligands 2.1 - 2.4.

General Procedure 2 for the synthesis of ligands 2.1 — 2.4

The appropriate L-amino acid ester hydrochloride salt (2.00 mmol) was dissolved in
DMSO (35 mL) and to this solution, N-methylmorpholine (NMM) (0.242 mL, 2.20
mmol) was added. The solution was heated to 75 °C with stirring and phendione (2a)
(0.42 g, 2.00 mmol) was added to give a bright yellow solution that was reacted for

24 h. The resulting clear orange solution was mixed with cold DCM (200 mL), washed
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with dH20 (5 x 150 mL) and dried using MgS04. The resulting DCM solution was
evaporated to dryness to give the crude product. Hot MeOH (30 mL) was added to
the crude product and this was left to stand overnight. The resulting bright yellow

solid was filtered and washed with MeOH (3 x 20 mL) and dried under vacuum.

Methyl-2-(4-hydroxyphenyl)-2H-[1,4]oxazino[2,3-f][1,10]phenanthroline-3-
carboxylate (2.1, MPO):

LTME (1.1) (0.46 g) was reacted with phendione (2a) according to general procedure
2.

Yield: 326.7 mg, 42% (orange solid).

'H NMR (DMSO-d6, 500 MHz): 6 9.69 (bs, 1H, OH), 9.12 (dd, J = 4.3, 1.7 Hz, 1H,
PhenH), 9.03 (dd, J = 4.3, 1.7 Hz, 1H, PhenH), 8.88 (dd, J = 8.3, 2.2 Hz, 1H, PhenH),
8.63 (dd, J = 8.2, 1.7 Hz, 1H, PhenH), 7.84 (dd, J = 8.2, 4.3 Hz, 1H, PhenH), 7.79 (dd, J
= 8.3, 4.3 Hz, 1H, PhenH), 7.19 (d, J = 8.6, 2H, ArH), 6.66 (d, J = 8.6 Hz, 2H, ArH), 6.58
(s, 1H, oxazine-H), 3.89 (s, 3H, CHs) ppm.

13C NMR (DMSO-d6, 126 MHz): & 163.1 (€C=0), 159.2 (C-OH), 152.0 (PhenC), 150.1
(oxazineC=N), 149.1 (PhenC), 146.8 (PhenC), 142.7 (PhenC), 138.8 (PhenC-0), 131.4
(PhenC), 130.3 (PhenC), 129.4 (ArC), 126.4 (PhenC-N), 125.2 (ArC), 124.6 (PhenC),
124.2 (PhenC), 122.2 (PhenC), 121.6 (PhenC), 116.2 (ArC), 72.4 (oxazineC-0), 53.4 (-
OCHs3) ppm.

FTIR (ATR, cm™): 3280 (OH), 1708 (C=0), 1609, 1589, 1513, 1503, 1436, 1350, 1258,

1173, 1132, 1063, 1020, 970, 920, 806, 739, 678.

Propyl-2-(4-hydroxyphenyl)-2H-[1,4]oxazino[2,3-f][1,10]phenanthroline-3-
carboxylate (2.2, PPO):

LTPE (1.2) (0.52 g) was reacted with phendione (2a) according to general procedure
2.

Yield: 359.9 mg, 43% (orange solid).
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1H NMR (DMSO-d6, 500 MHz): & 9.69 (bs, 1H, OH), 9.12 (dd, J = 4.3, 1.7 Hz, 1H,
PhenH), 9.03 (dd, J = 4.3, 1.7 Hz, 1H, PhenH), 8.88 (dd, J = 8.2, 1.7 Hz, 1H, PhenH),
8.59 (dd, J = 8.2, 1.7 Hz, 1H, PhenH), 7.85 (dd, J = 8.2, 4.3 Hz, 1H, PhenH), 7.79 (dd, J
= 8.3, 4.3 Hz, 1H, PhenH), 7.19 (d, J = 8.5 Hz, 2H, ArH), 6.66 (d, J = 8.6 Hz, 2H, ArH),
6.5 (s, 1H, oxazine-H), 4.29 — 4.20 (m, 2H, -OCH3), 1.73 - 1.66 (m, 2H, CH;), 0.91 (t, J
= 7.3, 3H, CHs) ppm.

13C NMR (DMSO-d6, 126 MHz): & 162.0 (C=0), 158.7 (C-OH), 151.6 (PhenC), 150.2
(oxazine C=N), 148.7 (PhenC), 146.1 (PhenC), 141.9 (PhenC), 138.4 (PhenC), 131.1
(PhenC), 129.9 (PhenC), 128.9 (ArC), 126.0 (PhenC-N), 124.9 (ArC), 124.2 (PhenC),
123.9 (PhenC), 121.6 (PhenC), 121.2 (PhenC), 115.8, (ArC), 72.2 (oxazine O-CH), 67.1
(-OCH2), 21.4 (CH,), 10.2 (CH3) ppm.

FTIR (ATR, cm%): 2968 (OH), 1733 (C=0), 1611, 1572, 1515, 1499, 1457, 1445m 1380,

1312, 1284, 1253, 1222, 1171, 1096, 1073, 1022, 967, 925, 865, 806, 785, 744, 677.

Hexyl-2-(4-hydroxyphenyl)-2H-[1,4]oxazino[2,3-f][1,10]phenanthroline-3-
carboxylate (2.3, HPO):

LTHE (1.3) (0.60 g) was reacted with phendione (2a) according to general procedure
2.

Yield: 342 mg, 36% (orange solid).

'H NMR (DMSO-d6, 500 MHz): & 9.72 (bs, 1H, OH), 9.12 (dd, J = 4.3, 1.7 Hz, 1H,
PhenH), 9.03 (dd, J = 4.3, 1.7 Hz, 1H, PhenH), 8.87 (dd, J = 8.2, 1.7 Hz, 1H, PhenH),
8.58 (dd, J = 8.3, 1.7 Hz, 1H, PhenH), 7.85 (dd, J = 8.2, 4.3 Hz, 1H, PhenH), 7.79 (dd, J
= 8.2, 4.3 Hz, 1H, PhenH), 7.18 (d, J = 8.6 H, 2H, ArH), 6.65 (d, J = 8.7 Hz, 2H, ArH),
6.57 (s, 1H, oxazine-H), 4.32 — 4.22 (m, 2H, -OCHy), 1.68 — 1.62 (m, 2H, CH3), 1.31 —
1.23 (m, 6H, 3 x CHy), 0.85 (t, J = 3.3, 3H, CHs) ppm.

13C NMR (DMSO-d6, 126 MHz): & 162.0 (C=0), 158.8 (C-OH), 151.5 (PhenC), 150.2
(oxazine C=N), 148.6 (PhenC), 146.4 (PhenC), 142.2 (PhenC), 138.4 (Phen C-0), 130.9

42



(PhenC), 129.8 (PhenC), 129.0 (ArC), 126.0 (PhenC-N), 124.9 (ArC), 124.1 (PhenC),
123.8 (PhenC), 121.6 (PhenC), 121.2 (PhenC), 115.8 (ArC), 72.2 (oxazine O-CH), 65.7
(-OCH3>), 30.8 (CH,), 27.9 (CH,) 24.9 (CH,), 22.0 (CH,), 13.9 (CH3) ppm.

FTIR (ATR, cm'): 3088 (OH), 1705 (C=0), 1601, 1583, 1514, 1450, 1434, 1339, 1264,

1239, 1193, 1171, 1131, 1093, 1057, 1021, 956, 840, 817, 740, 684.

Octyl-2-(4-hydroxyphenyl)-2H-[1,4]oxazino[2,3-f][1,10]phenanthroline-3-
carboxylate (2.4 OPO):

LTOE (1.4) (0.66 g) was reacted with phendione (2a) according to general procedure
2.

Yield: 280 mg, 29% (orange solid).

14 NMR (DMSO-d6, 500 MHz): § 9.77 (s, 1H, OH), 9.20 (dd, J = 4.2, 1.6 Hz, 1H, PhenH),
9.11 (dd, J = 4.2, 1.6 Hz, 1H, PhenH), 8.95 (dd, J = 8.2, 1.6 Hz, 1H, PhenH), 8.67 (dd, J
= 8.2, 1,6 Hz, 1H, PhenH), 7.93 (dd, J = 8.2, 4.3 Hz, 1H, PhenH), 7.86 (dd, J = 8.2, 4.3
Hz, 1H, PhenH), 7.26 (d, J = 8.6 Hz, 2H, ArH), 6.72 (d, J = 8.6 Hz, 2H, ArH), 4.36 (t, 2H,
-OCHy), 1.73 (m, 2H, CHy), 1.35 (m, J = 16.9, 7,3 Hz, 10H, CHy), 0.91 (t, J = 6.9 Hz, 3H,

CHs) ppm.

13C NMR (DMSO-d6, 126 MHz): & 162.4 (C=0), 159.2 (C-OH), 152.0 (PhenC-H), 150.6
(oxazine C=N), 149.1 (PhenC-H), 146.8 (PhenC), 142.7 (PhenC), 138.8 (PhenC), 131.4
(PhenC-H), 130.2 (PhenC-H), 129.4 (ArC), 126.5 (PhenC), 125.4 (ArC), 124.5 (PhenC-
H), 124.2 (PhenC-H), 122.1 (PhenC), 121.7 (PhenC), 116.2 (ArC), 72.7 (oxazine O-CH),
66.2 (-OCH2), 31.6 (CH2), 29.0 (CH2), 29.0 (CHz), 28.4 (CH), 25.7 (CH), 22.5 (CH>), 14.4

(CHs) ppm.

FTIR (ATR, cm™): 3213 (OH), 1738 (C=0), 1609, 1894, 1576, 1516, 1465, 1431, 1373,

1312,1276,1236,1222,1194,1171, 1139, 1097, 1072, 1024, 945, 839, 817,793, 743,
677.
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2.2.4 Synthesis of Pyrido-Phenanthrolinone Ligands 2.5 — 2.8

R Product
2.5
2.6
2.7
2.8

R
CHs
CoHs
CsH7
CeH13

Code
MPP
EPP
PPP
HPP

Figure 2.4: General structure of pyrido-phenanthrolinone ligands (2.5 - 2.8).

General Procedure 3 for the synthesis of ligands 2.5 — 2.8

The appropriate L-amino acid ester hydrochloride salt (2.00 mmol) was dissolved in
DMSO (35 mL). The solution was heated to 75 °C with stirring and phendione (2a)
(0.42 g, 2.00 mmol) was added to give an orange solution and was reacted for 24 h.
The resulting clear deep red solution was mixed with cold DCM (200 mL), washed
with dH20 (7 x 150 mL) and dried using MgSQ0a. The resulting DCM solution was
evaporated to dryness to give the crude product. Hot EtOH (30 mL) was added to the
crude product, and it was left to stand overnight. The resulting brown solid was

filtered and washed with EtOH (3 x 20mL) and dried under vacuum.

Methyl 4-(4-nitrophenyl)-7-oxo-7H-pyrido[4,3,2-de][1,10]phenanthroline-5-

carboxylate (2.5, MPP)

NPME (1.5) (0.49 g) reacted with phendione (2a) according to general procedure 3.

Yield: 164.3 mg, 20% (brown solid).

1H NMR (DMSO-d6, 500 MHz): & 9.15 (dd, J = 1.4, 4.4 Hz, 1H, PhenH), 9.07 (d, J = 5.8
Hz, 1H, PhenH), 8.67 (dd, J = 1.2, 7.9 Hz, 1H, PhenH), 8.48 (d, J = 8.6 Hz, 2H, ArH), 7.86
(dd, J = 4.6, 7.6 Hz, 1H, PhenH), 7.79 (d, J = 8.6 Hz, 2H, ArH), 7.60 (d, J = 5.8, 1H,

PhenH), 3.5 (s, 3H, CH3) ppm.

13C NMR (DMSO-d6, 126 MHz): & 180.5 (C=0), 165.6 (ester C=0), 154.9 (PhenC),
151.2 (PhenC), 150.3 (PhenC), 148.8 (PhenC), 147.8 (ArC), 146.7 (pyrido C-N), 145.7
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(PhenC=N) 140.5 (ArC), 138.1 (PhenC), 135.6 (PhenC), 134.0 (pyrido N-C), 131.2 (ArC),
129.0 (PhenC), 126.2 (PhenC), 123.7 (ArC), 120.3 (PhenC), 119.2 (PhenC), 52.87 (CHs)

FTIR (ATR, cm™!): 1732 (C=0), 1677 (C=0), 1597, 1579, 1504 (NO2), 1343 (NO,), 1285,

1210, 1104, 858, 711, 608.

HRMS (ESI +): Calcd m/z for CH12N4Os: (M+Na)* 435.0711; Found (M+Na)*
435.0707. Difference: 2.68 ppm.

UV-vis: € =10,843 Mcm™ (DMSO, Amax = 378 nm).

Ethyl 4-(4-nitrophenyl)-7-oxo-7H-pyrido[4,3,2-de][1,10]phenanthroline-5-
carboxylate (2.6, EPP)

NPEE (1.6) (0.52 g) reacted with phendione (2a) according to general procedure 3.

Yield: 136 mg, 16% (brown solid).

1H NMR (DMSO-d6, 500 MHz): 6 9.15 (dd, J = 1.7, 4.5, 1H, PhenH), 9.07 (d, J = 5.6 Hz,
1H, PhenH), 8.67 (dd, J = 1.7, 7.9 Hz, 1H, PhenH), 8.48 (d, J = 8.7, 2H, ArH), 7.85 (dd,
J=4.6,7.9Hz, 1H, PhenH), 7.79 (d, /= 8.7 Hz, 2H, ArH), 7.61 (d, /= 5.9 Hz, 1H, PhenH),
4.18 (dd, J=7.1, 14.2 Hz, 2H, OCH2), 1.02 (t, J = 7.2 Hz, 3H, CH3) ppm.

13C NMR (DMSO-d6, 126 MHz): & 180.5 (C=0), 165.1 (ester C=0), 154.9 (PhenC),
151.2 (PhenC), 150.3 (PhenC), 148.8 (PhenC), 147.9 (ArC), 146.7 (pyrido C-N), 146.2
(PhenC=N), 140.5 (ArC), 138.0 (PhenC), 135.6 (PhenC), 133.6 (pyrido N-C), 131.3
(ArC), 129.0 (PhenC), 126.2 (PhenC), 123.7 (ArC), 120.2 (PhenC), 119.2 (PhenC), 61.8
(-OCH), 13.5 (CHs) ppm.

FTIR (ATR, cm™}): 1723 (C=0), 1678 (C=0), 1598, 1581, 1508 (NO.), 1341 (NO,), 1284,

1206, 1104, 866, 709, 606.

HRMS (ESI +): Calcd m/z for Ca3H1aN4Os: (M+Na)* 449.0866; Found (M+Na)*

449.0865. Difference: 3.04 ppm.

45



CHN (%): Calculated C23H14N4Os: C, 64.79; H, 3.31; N, 13.14. Found: C, 64.55; H, 3.09;
N, 13.25.

UV-vis: € = 10,010 M1 cm™ (DMSO, Amax = 376 nm).

Propyl 4-(4-nitrophenyl)-7-oxo-7H-pyrido[4,3,2-de][1,10]phenanthroline-5-
carboxylate (2.7, PPP)

NPPE (1.7) (0.55 g) reacted with phendione (2a) according to general procedure 3.
Yield: 172.8 mg, 19% (brown solid).

'H NMR (DMSO-d6, 500 MHz): § 9.14 (dd, J = 1.8, 4.6 Hz, 1H, PhenH), 9.06 (d, J = 5.9
Hz, 1H, PhenH), 8.66 (dd, J = 1.8, 7.95 Hz, 1H, PhenH), 8.48 (d, J = 8.8 Hz, 2H, ArH),
7.85 (dd, J = 4.6, 7.9 Hz, 1H, PhenH), 7.81 (d, J = 8.8 Hz, 2H, ArH), 7.61 (d, J = 5.4 Hz,
1H, PhenH), 4.11 — 4.08 (m, 2H, -OCHy), 1.45 — 1.41 (m, 2H, CHy), 0.76 (t, J = 7.4 Hz,
3H, CHs) ppm.

13C NMR (DMSO-d6, 126 MHz): 6 180.5 (€C=0), 165.3 (ester €=0), 154.9 (PhenC),
151.1 (PhenC), 150.3 (PhenC), 148.8 (PhenC), 147.9 (ArC), 146.7 (pyrido C-N), 146.4
(PhenC=N), 140.4 (ArC), 138.0 (PhenC), 135.6 (PhenC), 133.4 (pyrido C-N), 131.3
(ArC), 129.0 (PhenC), 126.2 (PhenC), 123.7 (ArC), 120.2 (PhenC), 119.2 (PhenC), 67.3
(-OCHz2), 21.1 (CH2), 10.0 (CHs) ppm.

FTIR (ATR, cm™!): 1727 (C=0), 1676 (C=0), 1600, 1581, 1518 (NO2), 1345 (NO,), 1281,

1232, 1203, 1177, 1127, 1106, 999, 938, 862, 818, 769, 746, 699, 661, 611, 507, 423.

HRMS (ESI +): Calcd m/z for CaaHi1eN4Os: (M+Na)* 463.1013; Found (M+Na)*

463.1016. Difference: 2.52 ppm.

CHN (%): Calculated C24H16N40s.H,0: C, 62.88; H, 3.96; N, 12.22. Found: C, 63.06; H,
3.85; N, 12.25.

UV-vis: 8,154.3 M cm™ (DMSO, Amax = 377 nm).
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Hexyl 4-(4-nitrophenyl)-7-oxo-7H-pyrido[4,3,2-de][1,10]phenanthroline-5-
carboxylate (2.8, HPP)

NPHE (1.8) (0.62 g) reacted with phendione (2a) according to general procedure 3.

Yield: 153 mg, 15% (red solid).

14 NMR (DMSO-d6, 500 MHz): 6 9.12 (dd, J = 1.8, 4.6 Hz, 1H, PhenH), 9.04 (d, J = 5.9
Hz, 1H PhenH), 8.65 (dd, J = 1.8, 8.0 Hz, 1H, PhenH), 8.47 (d, J = 8.7 Hz, 2H, ArH), 7.84
(dd, J = 4.6, 7.9 Hz, 1H, PhenH), 7.79 (d, J = 8.8 Hz, 2H, ArH), 7.60 (d, J = 5.9 Hz, 1H,
PhenH), 4.10 (t, J = 6.4 Hz, 2H, -OCH,), 1.33 - 1.28 (m, 2H, CH,), 1.18 - 1.04 (m, 6H, 3
x CH3), 0.80 (t, /= 7.1 Hz, 3H, CHs) ppm.

13C NMR (DMSO-d6, 126 MHz): § 181.1 (C=0), 165.8 (ester C=0), 155.4 (PhenC) 151.6
(PhenC), 150.7 (PhenC), 149.3 (PhenC), 148.3 (ArC), 147.3 (pyridoC=N), 146.9
(PhenC=N), 141.0 (ArC), 138.5 (PhenC), 136.1 (PhenC), 133.8 (pyridoC), 131.9 (ArC-
H), 129.5 (PhenC), 126.8 (PhenC), 124.3 (ArC-H), 120.7 (PhenC), 119..7 (PhenC), 66.4
(-OCH3), 31.3 (CH,), 28.1 (CH2), 25.3 (CH), 22.3 (CH3), 14.3 (CHs) ppm.

FTIR (ATR, cm™): 1733 (C=0), 1680 (C=0), 1598, 1581, 1509 (NO2), 1343 (NO), 1284,

1284, 1235, 1207, 1104, 1018, 863, 815, 770, 744. 711, 607.

HRMS (ESI +): Calcd m/z for Cy7H22N40s: (M+Na)* 505.1482; Found (M+Na)*

505.1488. Difference: 2.26 ppm.

UV-vis: 9,433 Mtcm™ (DMSO, Amax = 376 nm).
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2.3 Metal Complexation

2.3.1 Synthesis of Silver(l) Complexes 3.1 -3.4

_‘ .
OH "cIo,

o—R Product
3.1
3.2
3.3
3.4

R Code
CHs  [Ag(MPO);]ClO4
CsH7  [Ag(PPO).]ClO4
CeHiz  [Ag(HPO)2]ClO4
CgHi7  [Ag(OPO)2]ClO4

Figure 2.5: Proposed structure of silver(l) complex of phenanthroline-oxazine ligands

(3.1-3.4).

General procedure 4 for the synthesis of complexes 3.1 -3.4

AgClO4 (54 mg, 0.25 mmol) was added to heated ACN (100 mL) containing ligand

(0.52 mmol). The reaction mixture was heated at reflux for 2 h in the absence of light.

The resulting yellow solution was cooled to rt and was reduced in vacuo to ~5 mL.

The product was precipitated by addition to a beaker of cold diethyl ether (400 mL).

The product was retrieved from the mixture via vacuum filtration, washed with cold

diethyl ether (3 x 50 mL) and dried under vacuum.

[Ag(MPO);]CIO, (3.1)

MPO (2.1) (208 mg) was reacted according to general procedure 4.

Yield: 191 mg, 75% (orange solid).
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14 NMR (DMSO-d6, 500 MHz): 6 9.75 (bs, 1H, OH), 9.12 (d, J = 4.3 Hz, 1H, PhenH),
9.04-9.01 (m, 2H, PhenH), 8.76 (d, J = 8.1 Hz, 1H, PhenH), 8.01 - 7.95 (m, 2H, PhenH),
7.23(d, J=8.7 Hz, 2H, ArH), 6.68 (d, J = 8.6 Hz, 2H, ArH), 6.65 (s, 1H, oxazineCH), 3.91
(s, 3H, CHs) ppm.

13C NMR (DMSO-d6, 126 MHz): § 162.5 (C=0), 158.9 (ArC-OH), 152.6 (PhenC-H),
150.6 (oxazine-C=N), 149.9 (PhenC-H), 142.9 (PhenC), 138.7 (PhenC), 133.0 (PhenC-
H), 131.9 (PhenC-H), 129.2 (ArC), 126.7 (oxazine-CN), 125.7 (PhenC-H), 125.4 PhenC-
H), 124.6 (PhenC), 122.0 (PhenC), 121.8 (PhenC), 115.9 (ArC), 72.4 (oxazine-CO), 53.1
(-OCHs) ppm.

FTIR (KBr, cm™): 3415, 1714 (C=0), 1611, 1588, 1577, 1513, 1436, 1382, 1349, 1260,

1228, 1174, 1099, 1032, 810, 736, 623.

UV-vis: 13,172 Mtcm™ (DMSO, Amax = 389 nm).

[Ag(PPO):]CIO4 (3.2):
PPO (2.2) (214 mg) was reacted according to general procedure 4.
Yield: 0.191 g, 75% (yellow solid).

'H NMR (DMSO-d6, 500 MHz): 6 9.78 (bs, 1H, OH), 9.12 (d, J = 3.1 Hz, 1H, PhenH),
9.05 (d, J=3.2 Hz, 1H PhenH), 9.02 (d, J = 8.2 Hz, 1H, PhenH), 8.75 (d, /= 7.9 Hz, 1H,
PhenH), 8.01 (dd, J = 4.4, 7.9 Hz, 1H, PhenH), 7.96 (dd, J = 4.4, 8.0 Hz, 1H, PhenH),
7.24 (d,J=8.4 Hz, 2H, ArH), 6.70 (d, J = 8.5 Hz, 2H, ArH), 6.64 (s, 1H, oxazineC-H), 4.33
—4.24 (m, 2H, -OCH,), 1.74 - 1.70 (m, 2H, CHz), 0.93 (t, J = 7.3 Hz, 3H, CHs) ppm.

13C NMR (DMSO-d6, 126 MHz): § 161.9 (C=0), 158.9 (C-OH), 152.6 (PhenC-H), 151.1
(oxazineC=N), 149.9 (PhenC-H), 142.8 (PhenC), 138.7 (oxazine-CO), 138.7 (ArC), 133.0
(PhenC-H), 131.9 (PhenC-H), 129.2 (ArC-H), 126.8 (oxazine-CN), 125.7 (PhenC-H),
125.4 (PhenC-H), 124.8 (PhenC), 122.0 (PhenC), 121.7 (PhenC), 115.9 (ArC-H), 72.6
(oxazineC-H), 67.4 (OCH2), 21.5 (CH2), 10.2 (CHs) ppm.
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FTIR (KBr, cm™): 3395, 1740 (C=0), 1717, 1617, 1511, 1436, 1388, 1328, 1262, 1098,

815, 735, 623.

CHN(%): Calculated [Ag(C24H19N304)2](Cl04).DCM: C 52.59, H 3.60, N 7.50; Found: C
52.15,H 3.64, N 7.39.

UV-vis: 15,629 Mt cm™ (DMSO, Amax = 390 nm).

[Ag(HPO):]ClO4 (3.3):

HPO (2.3) (236 mg) was reacted according to general procedure 4.

Yield: 0.148 g, 63% (yellow solid).

14 NMR (DMSO-d6, 500 MHz): 6 9.73 (s, 1H, OH), 9.13 (dd, J = 1.6, 4.5 Hz, 1H, PhenH),
9.05 (dd, J = 1.5, 4.4 Hz, 1H, PhenH), 9.0 (dd, J = 1.6, 8.3 Hz 1H, PhenH), 8.76 (dd, J =
1.6, 8.3 Hz, 1H, PhenH), 8.02 (dd, J = 4.5, 8.3 Hz, 1H, PhenH), 7.95 (dd, J = 4.5, 8.3 Hz,
1H, PhenH), 7.23 (d, J = 8.7 Hz 2H, ArH), 6.68 (d, J = 8.7 Hz, 2H, ArH), 6.63 (s, 1H,
oxazine-CH), 4.35 — 4.25 (m, 2H, -OCH,), 1.68 — 1.64 (m, 2H, CH,), 1.29 — 1.27 (m, 6H,
3 x CH,), 0.86 (t, J = 6.8 Hz 3H, CH3) ppm.

13C NMR (DMSO-d6, 126 MHz): & 161.8 (C=0), 158.9 (C-OH), 152.5 (PhenC-H), 151.1
(oxazine-C=N), 149.9 (PhenC-H), 142.7 (PhenC), 138.7 (oxazine-CO), 138.3 (ArC),
133.0 (PhenC-H), 131.9 (PhenC-H), 129.1 (ArC-H), 126.8 (oxazine-CN), 125.7 (PhenC-
H), 125.3 (PhenC-H), 124.7 (PhenC), 121.9 (PhenC), 121.6 (PhenC), 115.8 (ArC-H),
72.7 (oxazine-CH), 65.9 (OCH.), 30.8 (OCH2CH>), 27.9 (CH2), 24.9 (CH2), 22.0 (CH>),
13.9 (CHs) ppm.

FTIR (KBr, cm™): 3395, 1740 (C=0), 1741, 1614, 1511, 1439, 1253, 1107, 1101, 809,

735, 623.

CHN (%): Calculated for [Ag(C27H25N304)2](Cl04).DCM: C 54.90, H 4.36, N 6.98; Found:
C54.54,H4.19, N 6.45

UV-vis: 15,877 Mtcm™ (DMSO, Amax = 391 nm).
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[Ag(OP0O):]ClO4 (3.4):

OPO (2.4) (125 mg) was reacted with AgClO4 (27 mg) according to general procedure
4,

Yield: 106.7 mg, 34% (orange solid).

IH NMR (DMSO-d6, 500 MHz): § 9.77 (s, 1H, OH), 9.11 (d, / = 3.3 Hz, 1H, PhenH), 9.04
(d, J = 3.3 Hz, 1H, PhenH), 9.00 (d, J = 8.1 Hz, 1H, PhenH), 8.74 (d, J = 7.9 Hz, 1H,
PhenH), 8.00 (dd, J = 4.4, 8.1 Hz, 1H, PhenH), 7.95 (dd, J = 4.5, 8.1 Hz, 1H, PhenH),
7.22(d,J=8.5Hz, 2H, ArH), 6.67 (d, J = 8.5 Hz, 2H, ArH), 6.62 (s, 1H, oxazine-CH), 4.35
-4.24 (m, 2H, -OCHy), 1.67 — 1.65 (m, 2H, CH>), 1.26 — 1.22 (m, 10H, 5 x CH>), 0.84 (t,
J=6.6 Hz, 3H, CHs) ppm.

13C NMR (DMSO-d6, 126 MHz): 6 162.2 (C=0), 159.4 (ArC-OH), 153.0 (PhenCH), 151.5
(oxazine-C=N), 150.3 (PhenC-H), 143.3 (PhenC), 139.2 (PhenC), 139.1 (PhenC), 133.4
(PhenC-H), 132.3 (PhenC-H), 129.6 (ArC), 127.2 (PhenC), 126.1 (PhenC-H), 125.8
(PhenC-H), 125.1 (ArC), 122.4 (PhenC), 122.1 (PhenC), 116.3 (ArC-H), 73.1 (oxazine-
CH), 66.3 (0O-CH3), 31.6 (CH), 29.06 (CH2), 29.03 (CH>), 28.4 (CH), 25.7 (CH>), 22.5
(CH>), 14.4 (CH3) ppm.

FTIR (KBr, cm™): 3387, 2926, 1737 (C=0), 1714, 1611, 1517, 1442, 1382, 1325, 1262,

1104, 815, 735, 623.

HRMS (ESI +): Calcd m/z for CsgHssAgN608: (M+H)* 1075.3425; Found (M+H)*

1075.3371. Difference: -5.00 ppm.

UV-vis: 15,656 Mt cm™ (DMSO, Amax = 390 nm).

2.3.2 Synthesis of Rhenium(l) Tricarbonyl Complexes

148 \where

Starting material Re(CO)3Br was synthesised according to the literature
Rez(CO)1o (0.50 g) was dissolved in DCM (20 mL) by stirring at rt to give a clear

colourless solution. Bromine (3-4 drops) was slowly added dropwise until a slight
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orange colour remained. The reaction mixture was left to stir for a further 5 minutes.
A white precipitate formed that was filtered and washed with DCM (3 x 10 mL) and

dried under vacuum. IR spectrum agreed with that of the literature.

Yield: 364.9 mg, 88% (white solid).

FTIR (ATR, cm™): v(C=0) 2052, 2021, 1987, 1954.

Br | ~
oC ///," \\\\\N G
Re'\

CoO =

Figure 2.6: Re(l) tricarbonyl phenanthroline complex (4a).
[ReBr(CO)s(phen)] (4a):

(1,10-phenanthroline)Re(CO)sBr was synthesised with slight modification to
literature procedures.'* Re(CO)3Br (0.45 g, 0.85 mmol) and 1,10-phenanthroline (0.2
g, 0.85 mmol) were dissolved in toluene (50 mL) and heated at reflux for 24 h with
vigorous stirring. The desired product precipitated from solution. The reaction was
cooled to rt before filtering and washing with petroleum ether (3 x 20 mL) and drying

under vacuum to yield the bright yellow product.
Yield: 0.475 g, 80% (yellow solid)

1H-NMR: (DMSO-d6, 500 MHz) & = 9.46 (dd, J = 1.4, 3.8 Hz, 2H, 2 x ortho-H), 8.97 (dd,
J=1.4,6.9 Hz, 2H, 2 x meta-H), 8.33 (s, 2H, 2 x CH), 8.11 (dd, J = 5.1, 3.1 Hz, 2H, 2 x

para-H ) ppm.

13C-.NMR: (DMSO-d6, 126 MHz) § 192.6 (C=0), 189.8 (C=0), 154.1 (PhenN=C), 146.3
(PhenN-C), 139.8 (meta-PhenCH), 131.0 (g-PhenC), 128.2 (g-PhenC), 127.0 (PhenC-

H) ppm.

FTIR (ATR, cm™): v(C=0) 2014, 1925, 1886 cm™™.
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Figure 2.7: Re(l) tricarbonyl phendione complex (4b).
[ReBr(CO)s(phendione)] (4b)

The product was synthesised with minor modification to literature procedures.>% 1>
Briefly, Re(CO)s(Br) (0.3 g, 0.738 mmol) and 1,10-phenanthroline-5,6-dione (0.155 g,
0.738 mmol) were dissolved in toluene (50 mL) and heated at reflux for 24 h. The
deep red product precipitated from solution and was filtered and washed with

petroleum ether (3 x 20 mL) and dried under vacuum.
Yield: 306 mg, 74% (red solid).

1H-NMR: (CDsCN, 500MHz) & 9.25 (dd, J = 1.4, 4.1 Hz, 2 x ortho-H), 8.67 (dd, J = 1.4,
6.6 Hz, 2 x meta-H), 7.85 (dd, J = 2.5, 5.5 Hz, 2 x para-H) ppm.

13C NMR: (CD3CN, 126 MHz) & 197.2 (C=0), 188.7 (C=0), 175.5 (C=0), 158.9 (N-CH),
155.3 (N=C), 139.0 (CH), 131.0 (qC=C). 129.4 (CH) ppm.

FTIR (ATR, cm™): v(C=0) 2023, 1938, 1878.

General procedure 5 for the synthesis of complexes 4.1 - 4.8

Re(CO)sBr (100 mg, 0.25 mmol) and ligand of choice (0.25 mmol) were dissolved in
30 mL of dried distilled toluene. The reaction mixture was degassed with nitrogen for
30 minutes. The reaction was heated at reflux and stirred vigorously overnight. The
reaction mixture was cooled to rt and the volume of the flask was reduced to dryness.
The purple solid that remained was washed with diethyl ether (3 x 20 mL) and

collected by vacuum filtration.
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Product R Code

/R
Br X 0] 4.1 CHs ReMPO
OC///,, | \\\N N\ (@) 4.2 CsH7y RePPO
OC/ I \N 9) 4.3 CeH13 ReHPO
CcoO | _
OH 4.4 CgH17 ReOPO

Figure 2.8: Rhenium(l) tricarbonyl complex of phenanthroline-oxazine ligand (4.1 -

4.4).

N.B. NMR data revealed the presence of diastereomeric products from the reactions
to form 4.1 —4.4. Where signals are duplicated in the *H or 3C NMR spectra, they are
denoted as A and B to represent different isomers. The details of the assignments for

these complexes will be discussed in Chapter 4.

[ReBr(CO)3(2.1)] (4.1, ReMPO):

MPO (2.1) (96 mg) was reacted according to general procedure 5.
Yield: 128 mg, 70% (orange solid).

1H-NMR: (DMSO-d6, 500 MHz) & 9.79 (m, 1H, OH), 9.45 (d, J = 4.9 Hz, 1H, PhenH),
9.37(d,J=5.0 Hz, 1H, PhenH), 9.18 = 9.16 (m, 1H, PhenH), 8.94 —8.92 (m, 1H, PhenH),
8.13 (dd, 5.1, 8.3 1H, PhenH), 8.06 (dd, J = 5.2, 8.4 Hz, 1H, PhenH), 7.26 (m, 2H, ArH),
6.71 - 6.68 (m, 3H, ArH, oxazineH), 3.89 (s, 3H, CHs, A), 3.88 (s, 3H, CHs, B) ppm.

13C NMR: (DMSO-d6, 126 MHz) § 197.0 (C=0) 196.9 (C=0), 189.0 (C=0), 162.22 (C=0,
A), 162.18 (C=0, B), 159.15 (C-OH, A), 159.09 (C-OH, B), 154.8 (PhenCH), 152.1
(PhenC-0), 151.47 (oxazineC=N, A), 151.28 (oxazineC=N, B), 146.67 (PhenC, A),
146.60 (PhenC, B), 142.47 (PhenC, A), 142.41 (PhenC), 139.49 (PhenC-N, A), 139.49
(PhenC-N, B), 134.1 (PhenCH), 133.30 (PhenCH, A), 133.17 (PhenCH, B), 129.4 (ArC),
128.21 (PhenC, A), 128.14 (PhenC, B). 127.33 (PhenCH, A), 127.27 (PhenCH, B),
126.92 (PhenCH, A), 126.90 (PhenCH, B) 124.7 (ArC), 124.2 (PhenC), 123.36 (PhenC,
A), 123.29 (PhenC, B), 122.04, 116.05 (ArC, A), 115.95 (ArC, B), 73.17 (oxazine-OCH,
A), 72.99 (oxazine-OCH, B), 53.14 (-OCHs, A), 53.11 (-OCHs, B) ppm.
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FTIR (ATR, cm™): 2018 (C=0), 1884 (C=0), 1717 (C=0), 1608, 1514, 1433, 1354, 1260,

1172, 1139, 1089, 1043, 810, 727.

HRMS (ESI +): Calculated m/z for [Re(CsH1sN3O7)Br]; (M+Na)* 757.8651; Found:

(M+Na)* 757.951. Difference = -1.09 ppm.

UV-vis (DMSO) € = 8,362.2 M1cm™ (Amax = 388 nm).

[ReBr(CO)s(2.2)] (4.2, RePPO):
PPO (2.2) (103 mg) was reacted according to general procedure 5.
Yield: 146 mg, 82% (orange solid).

'H NMR: (DMSO-d6, 500 MHz) & 9.80 (bs 1H, OH), 9.46 (d, J = 4.7 Hz, 1H, PhenH) 9.38
(dd, J = 1.3, 5.1 Hz, 1H, PhenH), 9.18 — 9.16 (m, 1H, PhenH), 8.93 (dd, J = 8.4, 1.3 1H,
PhenH), 8.15 (dd, J = 8.5, 5.2 Hz, 1H, PhenH), 8.06 (dd, J = 8.4, 5.2 Hz, 1H, PhenH),
7.28 —7.25 (m, 2H, ArH), 6.71 — 6.68 (m, 3H, 2 x ArH, oxazineH), 4.28 — 4.19 (m, 2H, -
OCHy), 1.71 - 1.64 (m, 2H, CH,), 0.90 — 0.87 (m, 3H, CHs) ppm.

13C NMR: (DMSO-d6, 126 MHz) & 197.0 (C=0), 196.9 (C=0), 189.1 (C=0), 161.62 (C=0,
A), 161.58 (C=0, B), 159.13 (C-OH, A), 159.07 (C-OH, B), 154.8 (PhenC), 152.1 (PhenC-
0), 151.89 (PhenC-H, A), 151.71 (PhenC-H, B), 146.65 (PhenC, A), 146.57 (PhenC, B),
142.46 (PhenC, A), 142.38 (PhenC, B), 139.62 (oxazineC=N, A), 139.45 (oxazineC=N,
B), 134.1 (PhenC-H), 133.24 (PhenC-H, A), 133.13 (PhenC-H, B), 129.47 (ArC-H, A),
129.45 (ArC-H, B), 128.1 (PhenC), 127.34 (PhenC-H, A), 127.30 (PhenC-H, B), 126.91
(PhenC-H, A), 126.88 (PhenC-H, B), 124.92 (ArC, A), 124.44 (ArC, B), 123.35 (PhenC,
A), 123.35 (PhenC, B), 121.95 (PhenC, A), 121.76 (PhenC, B), 116.05 (ArC-H, A), 115.95
(ArC-H, B), 73.41 (oxazineOC-H, A), 73.24 (oxazineOC-H, B), 67.40 (OCH,, A), 67.37
(OCHa, B), 21.4 (CH2), 10.71 (CHs, A), 10.16 (CHs, B) ppm.

FTIR (ATR, cm™): 2019 (C=0), 1886 (C=0), 1712 (C=0), 1609, 1513, 1436, 1259, 1231,

1171, 1139, 1090, 1044, 810, 724.
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HRMS (ESI +): Calculated m/z for [Re(C27H19N307)Br]; (M+Na)* 785.8964; Found

(M+Na)* 785.9834. Difference -1.37 ppm.

UV-vis (DMSO) € = 9,629.4 M1cm™ (Amax = 387 nm).

CHN (%): Calculated C;7H19BrN3O7Re: C42.47,H 2.51, N 5.50; Found: C 42.01, H 2.29,
N 5.34.

[ReBr(CO)s(2.3)] (4.3, ReHPO):

HPO (2.3) (113 mg) was reacted according to general procedure 5.

Yield: 109 mg, 54% (orange solid).

1H NMR: (DMSO-d6, 500 MHz) & 9.85 (bs, 1H, OH), 9.47 (d, J = 4.9 Hz, 1H, PhenH),
9.38 (d, J = 4.7 Hz 1H, PhenH), 9.18 — 9.16 (m, 1H, PhenH), 8.93 (d, J = 8.3 Hz, 1H,
PhenH), 8.93 — 8.90 (m, 1H, PhenH), 8.1 (dd, J = 5.1, 8.4 Hz, 1H, PhenH), 8.06 (dd, J =
5.4, 8.4 Hz, 1H, PhenH), 7.27 - 7.24 (m, 2H, ArH), 6.71 — 6.6 (m, 3H, 2 x ArH, oxazineH),
4.34—4.22 (m, 2H, -OCH,), 1.65 — 1.61 (m, 2H, CHz), 1.27 — 1.24 (m, 6H, 3 x CH>), 0.86
—0.83 (m, 3H, CHs) ppm.

13C NMR: (DMSO-d6, 126 MHz) & 197.9 (C=0), 197.4 (C=0), 189.5 (C=0), 162.01 (C=0,
A), 161.97 (C=0, B), 159.64 (C-OH, A), 159.58 (C-OH, B), 155.3 (PhenC-H), 152.6
(PhenC-0), 152.40 (PhenC-H, A), 152.22 (PhenCH, B), 147.11 (PhenC, A), 147.04
(PhenC, B), 142.91 (PhenC, A), 142.84 (PhenC, B), 140.08 (oxazineC=N, A), 139.90
(oxazineC=N, B), 134.6 (PhenCH), 133.5 (PhenCH), 129.9 (ArCH). 128.6 (PhenC),
127.77 (PhenCH, A), 127.73 (PhenCH, B), 127.37 (PhenCH, A), 127.35 (PhenCH, B),
125.3 (ArC), 123.7 (PhenC), 122.37 (PhenC, A), 122.19 (PhenC, B), 116.48 (ArC-H, A),
116.37 (ArC-H, B), 73.93 (oxazineOC-H, A), 73.77 (oxazineC-H, B), 66.41 (-OCH;, A),
66.38 (-OCH2, B), 31.2 (CH), 28.3 (CH), 25.3 (CH2), 22.42 (CH), 14.3 (CHs) ppm.

FTIR (ATR cm™): 2019 (C=0), 1878 (C=0), 1717 (C=0), 1607, 1517, 1437, 1359, 1226,

1172, 1144, 1092, 1046, 989, 951, 816, 797, 727, 689.
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HRMS (ESI +): Calcd [Re(C3oH25N307)Br]: (M) 827.9448 Found (M+Na)* 828.0298.
Difference =-1.31 ppm.

UV-vis (DMSO) € = 10,259 M1cm™ (Amax = 386 nm).

CHN (%): Calculated C3oH2525BrNsO7Re: C 44.73, H 3.13, N 5.22; Found C 43.49, H
2.85,N 4.92.

[ReBr(CO)s(2.4)] (4.4, ReOPO):
OPO (2.4) (120 mg) was reacted according to general procedure 5.
Yield: 89.9 mg, 43% (orange solid).

1H NMR: (DMSO-d6, 500 MHz) & 9.76 (bs, 1H, OH), 9.47 — 9.45 (m, 1H, PhenH), 9.37
(dd, J = 1.2, 5.0 Hz, 1H, PhenH), 9.18 — 9.15 (m, 1H, PhenH), 8.92 (dd, J = 1.2, 8.3 Hz,
1H, PhenH), 8.15 — 8.12 (m, 1H, PhenH), 8.06 (dd, J = 5.1, 8.5 Hz, 1H, PhenH), 7.26 —
7.23 (m, 2H, ArH), 6.70 — 6.67 (m, 3H, ArH, oxazineH), 4.33 — 4.21 (m, 2H, OCH,), 1.65
—1.62 (m, 2H, CH2), 1.27 = 1.22 (m, 10H, 5 x CH.), 0.84 (t, J = x Hz, 3H, CH3) ppm.

13C NMR: (DMSO-d6, 126 MHz) § 197.5 (C=0), 197.4 (C=0), 189.5 (C=0), 162.01 (C=0,
A), 161.97 (C=0, B), 159.64 (C-OH, A), 159.58 (C-OH, B), 155.3 (PhenC-H), 152.6
(PhenC-0), 152.37 (PhenC-H, A), 152.01 (PhenC-H, B), 147.11 (PhenC, A), 147.02
(PhenC, B), 142.92 (PhenC, A), 142.84 (PhenC, B), 140.07 (oxazineC=N, A), 139.90
(oxazineC=N, B), 134.6 (PhenC-H), 133.64 (PhenC-H, A), 133.53 (PhenC-H, B), 129.91
(ArC-H, A), 129.89 (ArC-H, B), 128.65 (PhenC, A), 128.64 (PhenC, B), 127.74 (PhenC-
H, A), 127.71 (PhenC-H, B), 127.37 (PhenC-H, A), 127.33 (PhenC-H, B), 125.7 (ArC),
124.8 (PhenC), 123.80 (PhenC, A), 123.75 (PhenC, B), 122.38 (PhenC, A), 122.21
(PhenC, B), 116.48 (ArC-H, A), 116.38 (ArC-H, B), 73.92 (oxazineOC-H, A), 73.75
(oxazineOC-H, B), 66.44 (-OCH,, A), 66.40 (-OCH, B), 31.5 (CH>), 29.03 (CH,, A), 29.01
(CH2, B), 28.3 (CHa), 25.7 (CH2), 22.5 (CH>), 14.4 (CH3) ppm.

FTIR (ATR cm'}): 2019 (C=0), 1883 (C=0), 1724 (C=0), 1612. 1516, 1462, 1318, 1281,

1175, 973. 817, 727.
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HRMS (ESI +): Calcd [Re(CszH29N307)Br]: (M+Na)* 855.9747; Found (M+Na)*

856.0611. Difference =-1.06 ppm.

UV-vis (DMSO) € = 11,198 M1cm™ (Amax = 387 nm).

Product R Code
4.5 CHs ReMPP
4.6 CaoHs ReEPP
4.7 CsH7 RePPP
4.8 CeHiz  ReHPP

Figure 2.9: Rhenium(l) tricarbonyl complex of pyrido-phenanthrolinone ligand (4.5 —

4.8)

[ReBr(CO)3(2.5)] (4.5, ReMPP):

MPP (2.5) (103 mg) was reacted according to general procedure 5.
Yield: 96.6 mg, 52% (purple solid).

1H NMR: (CDCls, 500 MHz) 6 9.37 (dd, J = 1.5, 5.4 Hz, 1H, PhenH), 9.12 (d, J = 6.5 Hz,
1H, PhenH), 9.00 (dd, J = 1.4, 8.0 Hz, 1H, PhenH), 8.51 — 8.49 (m, 2H, ArH), 7.97 (dd,
J=5.5,8.1Hz, 1H, PhenH), 7.67 — 7.60 (m, 3H, ArH, PhenH), 3.88 (s, 3H, CHs3) ppm.

13C NMR: (CDCls, 126 MHz) 6 176.1 (ester C=0), 163.5 (C=0), 156.3 (PhenC-H), 153.2
(PhenC), 152.2 (PhenC), 149.5 (PhenC-H), 147.8 (ArC), 137.0 (PhenC), 128.4 (ArC-H),
123.3 (PhenC-H), 123.1 (ArC-H), 122.2 (PhenC-H), 120.1 (PhenC), 53.8 (-OCHs) ppm.

FTIR (ATR cm™!): 2024 (C=0), 1895 (C=0), 1736 (C=0), 1689 (C=0), 1519, 1421, 1344,

1276, 1229, 853, 815, 643, 487.

HRMS (ESI +): Calcd m/z for CysH12BrN4OgRe: (M+Na)+ 784.9278; Found (M+Na)+
784.9278 Difference = 0.30 ppm.
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CHN (%): Calculated CisH12BrN4OsRe.CHCIs : C, 35.43; H, 1.49; N, 6.36. Found: C,
35.06; H, 1.36; N, 6.69.

UV-vis (DMSO): €1 = 12,266 M2 cm™ (Amaxt = 375 nm), €2 = 3071.3 Mtcm™ (Amaxz =

493 nm)

[ReBr(CO)s(2.6)] (4.6, ReEPP):
EPP (2.6) (107 mg) was reacted according to general procedure 5.
Yield: 166.8 mg, 87% (purple solid).

FTIR (ATR, cm™!): 2024 (C=0), 1898 (C=0), 1729 (C=0), 1690 (C=0), 1521, 1343, 1227,

999, 855, 696, 485.

1H NMR (CDCls, 500 MHz): & 9.36 — 9.35 (m, 1H, PhenH), 9.10 (d, J = 6.5 Hz, 1H,
PhenH), 9.00 — 8.98 (m, 1H, PhenH), 8.51 — 8.48 (m, 2H, ArH), 7.97 (dd, J = 5.5, 8.0
Hz, 1H, PhenH), 7.71 (d, J = 5.5 Hz, 1H, PhenH), 7.68 — 7.63 (m, 2H, ArH), 4.29 (q, J =
7.1 Hz, 2H, -OCH,), 1.82 (t, J = 6.6 Hz, 3H, CHs) ppm.

13C NMR (CDCls, 126 MHz): & 195.7 (C=0), 195.4 (C=0), 186.0 (C=0), 177.3 (ester
C=0), 164.3 (C=0), 157.4 (PhenC-H), 154.3 (PhenC), 153.35 (PhenC), 150.6 (PhenC-
H), 149.9 (PhenC), 148.9 (ArC), 145.1 (pyridoC=N), 138.7 (ArC), 138.3 (PhenC-H),
138.2 (PhenC), 134.5 (PhenC), 131.3 (PhenC), 131.0 (PhenC), 130.7 (ArC-H), 129.5
(PhenC-H), 124.4 (ArC-H), 124.3 (ArC-H), 123.3 (PhenC-H), 121.2 (PhenC), 63.2 (-
OCH3), 13.9 (CH3) ppm.

HRMS: Calcd m/z for C26H14BrN4OsRe: (M+Na)* 784.9293; Found (M+Na)* 784.9278.

Difference = 0.30 ppm.

UV-vis (DMSO): €1 = 14,907 M1 cm™ (Amax1 = 374 nm), €2 = 3426.7 Mt cm™ (Amax2 =

495 nm)
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[ReBr(CO)s(2.7)] (4.7, RePPP):

PPP (2.7) (110 mg) was reacted according to general procedure 5.

Yield: 141.5 mg, 72% (purple solid)

FTIR (ATR, cm™!): 2020 (C=0), 1883 (C=0), 1732 (C=0), 1686 (C=0), 1515, 1423, 1346,

1273, 1221, 1199, 1000, 850, 694, 642, 482,

14 NMR (CDCls, 400 MHz): § 9.37 (d, J = 5.2 Hz, 1H, PhenH), 9.11 (d, J = 6.5 Hz, 1H,
PhenH), 9.00 - 8.98 (m, 1H, PhenH), 8.51 — 8.48 (m, 2H, ArH), 7.98 — 7.95 (dd, J = 1H,
PhenH), 7.70 (d, J = 6.5 Hz, 1H, PhenH), 7.66 (dd, J = 8.1, 13.3 Hz, 2H, ArH), 4.20 —
4.17 (m, 2H, -OCH,), 0.83 (t, J = 7.3 Hz, 3H, CHs) ppm.

13 NMR (CDCls, 126 MHz): & 195.3 (C=0), 177.1 (C=0), 164.3 (C=0), 157.3 (PhenC-
H), 154.2 (PhenC), 153.2 (PhenC), 150.5 (PhenC-H), 149.9 (PhenC), 148.8 (ArC), 144.9
(pyridoC=N), 138.6 (ArC), 138.1 (PhenC-H), 138.0 (PhenC), 134.2 (PhenC), 131.1
(PhenC), 130.9 (PhenC), 130.6 (ArC-H), 129.4 (PhenC-H), 124.2 (ArC-H), 123.1 (PhenC-
H), 121.1 (PhenC), 68.6 (-OCH;), 21.6 (CHy), 10.1 (CH3) ppm.

HRMS: Calcd m/z for Ca7H16BrN4OgRe: (M+H)* 790.9782; Found (M+H)* 790.9774.

Difference = 0.56 ppm.

CHN (%): Calculated Cy7H16BrN4OsRe.2DCM: C, 36.27; H, 2.10; N, 5.84. Found: C,
36.04; H, 1.70; N, 6.09.

UV-vis (DMSO): €1 = 11,712 Mtcm™ (Amaxt = 372 nm), €2 = 3066.5 M2 cm™ (Amaxz =

490 nm)

[ReBr(CO)s3(2.8)] (4.8, ReHPP):

HPP (2.8) (121 mg) was reacted according to general procedure 5.

Yield: 172.8 mg, 85% (purple solid).
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FTIR (ATR, cm%): 2020 (C=0), 1889 (C=0), 1732 (C=0), 1686 (C=0), 1521, 1426, 1349,

1276, 1230, 1181, 997, 853, 807, 697, 645, 479.

14 NMR (CDCls, 500 MHz): & 9.36 (dd, J = 1.4, 5.4 Hz, 1H, PhenH), 9.10 (d, J = 6.6 Hz,
1H, PhenH), 8.99 (dd, J = 1.3, 8.0 Hz, 1H, PhenH), 8.51 — 8.48 (m, 2H, ArH), 7.96 (dd,
J=5.4, 8.0 Hz, 1H, PhenH), 7.70 (d, J = 6.5 Hz, 1H, PhenH), 7.69 — 7.64 (m 2H, ArH),
4.21 (t,J = 6.7 Hz, 2H, -OCHy), 1.52 — 1.47 (m, 2H, CHy), 1.27 — 1.16 (m, 8H, 4 x CHy),
0.86 (t, J = 6.9 Hz, 3H, CHs) ppm.

13C NMR (CDCl3, 126 MHz): & 195.7 (€=0), 195.4 (€=0), 186.0 (€C=0), 177.2 (ester
C=0), 164.5 (C=0), 157.4 (PhenC-H), 154.3 (PhenC), 153.3 (PhenC), 150.6 (PhenC-H),
150.1 (PhenC), 148.9 (ArC), 145.1 (pyridoC=N), 138.7 (ArC), 138.3 (PhenC-H), 138.2
(PhenC), 134.3 (PhenC), 131.3 (PhenC), 131.0 (PhenC), 130.8 (ArC-H), 129.5 (PhenC-
H), 124.3 (ArC-H), 123.3 (PhenC-H), 121.2 (PhenC), 67.4 (-OCH), 31.3 (CH.), 28.3
(CHy), 25.4 (CH,), 22.5 (CH>), 14.0 (CH3) ppm.

HRMS: Calcd m/z for C3oH22BrN4OgRe: (M+Na)* 855.0076; Found (M+Na)* 855.0063.

Difference 0.35 ppm.

CHN (%): Calculated C3oH22BrN4OsRe.DCM: C, 40.58; H, 2.64; N, 6.11. Found: C, 40.45;
H, 2.29; N, 6.46.

UV-vis (DMSO): €1 =12,612 Mtecm™ (Amax =371 nm), €2 = 3250 Mt em™? (Amaxz = 490

nm)

2.3.3 Synthesis of Mn(CO)sBr Starting Material

Mn(CO)sBr was synthesised similarly to Re(CO)sBr detailed above. Commercially
available dimanganese decacarbonyl (300 mg, 0.76 mmol) was added to DCM (5 mL)
and allowed to stir at rt. Once fully dissolved, 4-5 drops of bromine were added slowly
while the solution stirred. Once a deep orange colour persisted, the reaction was

stirred for a further 5 minutes. An orange precipitate formed and was collected via
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vacuum filtration. The product was washed with diethyl ether (3 x 20 mL) and dried

under vacuum.

Yield: 179.4 mg, 85% (orange solid).

FTIR (ATR, cm™): 2141, 2080, 2036, 1982.

The IR spectrum agrees with that present in the literature >2.

2.4 Biological Screening of Ligands 2.1 - 2.8 and their Metal Complexes 3.1 - 3.3 and
41-4.3

2.4.1 Materials and Instrumentation

All growth media, Phosphate Buffered Saline (PBS), pipette tips and Eppendorf tubes
used for antimicrobial testing were sterilised in an autoclave (Dixons ST2228) at 120°C
for 15 minutes. All worktop benches and laminar flow cabinets were sterilised with

70% (v/v) EtOH in deionised water (dH20) prior to use.

Nutrient broth and PBS were obtained from Sigma-Aldrich and prepared according to
the manufacturer’s instructions. Minimal Growth Media (MM) was made by
dissolving 2% (w/v) D-glucose, 0.17% (w/v) Yeast Nitrogen Base and 0.5% (w/v)
ammonium sulfate in dH20. Yeast Extract Peptone Dextrose (YEPD) media was made
similarly by dissolving 2% (w/v) D-glucose, 2% (w/v) bacteriological peptone and 1%

(w/v) yeast extract in dHO.

Cultures of C. albicans, S. aureus, MRSA and E. coli were prepared by inoculating 50
mL of the media of choice with a single plate colony and allowed to incubate at 37 °C
overnight in an orbital shaker. C. albicans was obtained from a clinical MEN (serotype

B, wild type originally isolated from ocular infection).

Fungal density was measured using a Neubauer haemocytometer under a light
microscope. Bacterial density was determined using an Eppendorf BioPhotometer

6131 Spectrophotometer at 600 nm. The growth of the microbes in 96-well plates
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was measured using the Synergy HT Bio-Tek plate reader by reading the Optical
Density (OD) at 600 nm.

Sixth instar larvae of G. mellonella were obtained from Livefoods Sheffield, England
and stored in the dark at 15 °C. Larvae weighing between 200 — 300 mg were used.

Inoculation was carried out using a 26G 1 mL syringe from Terumo.

Cancer cell viability measurements were determined by reading the luminescent

output on a BMG Clariostar multi-mode microplate reader.
2.4.2 Preparation of Microbial Cultures

C. albicans cultures were prepared by adding a single plate colony to a 50 mL conical
flask containing minimal media or YEPD media (for nutrient rich experiments). The
fungal density was counted on a haemocytometer. The appropriate dilution was then

made to produce a 1 x 10° cells/ml working culture.

Nutrient Broth media was prepared by adding 13 g per 1 litre of dH,O. Bacterial
strains S. aureus, E. coli and MRSA were prepared in the same manner as C. albicans.
A single plate colony was added to 50 mL of Nutrient broth media. The OD at 600 nm
(ODe0o) of the bacterial culture was measured and the culture was diluted with

nutrient broth to produce a bacterial suspension with ODegoo of 0.1.
2.4.3 Microbial Susceptibility Testing

All compounds were water insoluble, so test compounds were first dissolved in neat
DMSO to produce 20 X* stock solutions. A 20% (v/v) DMSO in media solution was
then prepared by making a 1:5 dilution with growth media to produce a 4 X solution.
100 L of test solution was added to one lane of a 96-well plate containing 100 pL of
media. From this lane the compound was serially diluted on the plate according to
the broth microdilution susceptibility protocol.®® A working culture of the
appropriate microbe was prepared and 100 uL was added to each well. The first lane
now contains a 1 X concentration of the test compound, the second lane contained
0.5 X, the third lane 0.25 X and so on down to the lowest concentration. The plate

was then incubated overnight at 37 °C. The optical density (OD) was read at 600 nm.
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For experiments with C. albicans carried out in nutrient rich media, YEPD media was
used to grow the cultures and prepare the test solutions. Dilutions were carried out

the same as stated above.

* X = the desired top concentration on the 96 well plate.

2.4.4 In vivo Testing Towards Galleria mellonella

Sixth Instar G. mellonella larvae were used for this testing. Five larvae of a similar
weight (200 — 300 mg) were placed in a clean petri dish. Three replicates were
prepared for each test compound (3 x 5 larvae). A 5% (v/v) DMSO in PBS solution was
prepared for each compound at a final concentration of 60, 30 and 15 puM. Each larva
was injected with 20 pL of test solution just below the last left pro-leg. All larvae were
then incubated at 37 °C and monitored every 24 h for up to 7 days for indications of
melanisation. The ability of the larvae to develop into pupae was also noted over this

period.

A similar method was employed to determine the ability of test compounds to reduce
in vivo C. albicans infection. Five larvae were placed in a clean petri dish. Two
replicates were prepared per test condition (2 x 5 larvae). Four test groups were
prepared. The first was a control group that received an inoculation of 20 pL of 5%
(v/v) DMSO in PBS. The second was a control infection group that received 10 pL of a
1 x 10° cells/mL dose of C. albicans. The third and fourth group also received 10 pL of
a 1 x 10° cells/mL dose of C. albicans. All larvae were placed in an incubator at 37 °C.
Larvae that received an infection were removed from the incubator after 1 h. The
control infection group were injected with a further 10 pL of 5% (v/v) DMSO in PBS.
Groups three and four received a 10 pL dose of 60 uM test compound. All larvae were

replaced in the incubator and monitored every 24 hours for 3 days.
2.4.5 Determination of Haemocyte Density of Inoculated G. mellonella Larvae

Stock solutions of each test compound were prepared in DMSO to give a
concentration of 1200 uM. Test solutions were prepared by diluting the stock

solutions in fresh PBS to give a 5% (v/v) DMSO solution of 60 uM. Five larvae per test
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compound were injected with 20 pL of the test solution. The larvae were incubated
for 3 h at 37°C. Each larva was bled by making a small incision by the trachea and
gently massaged to remove the lymph, ensuring only clear lymph was collected in an

Eppendorf tube. The lymph was then diluted 1:5 in fresh PBS.

A sample of 100 uL of the diluted lymph solution was added to one side of a
haemocytometer and was viewed under a microscope. The number of haemocyte
cells were counted. Only cells in the outer corners and middle grid were counted. This
number was then multiplied by 5 to account for the dilution of the lymph in PBS and
then by 50,000 (each square of the grid contains 1/10,000™" of a mL) to give the

number of haemocyte cells/mL.
2.4.6 Anticancer Testing
2.4.6.1 Ovarian Cancer Cell Culture and Cell Seeding

Complete media, consisting of RPMI glutamax media containing 10% (v/v) Fetal
Bovine Serum (FBS), was used for all experiments. The vehicle control (VC) used for
all experiments consisted of media containing 1% (v/v) DMSO. Patient derived
ovarian cancer cell lines PEO1 and PEO4 were cultured in complete media at 37 °C
with 5% CO,. Cells were split and a cell suspension of 5 x 10 cells/mL was prepared
per cell line. The cell suspension (90 uL) was added to each well of a standard flat
bottom 96-well plate. The plate was incubated overnight at 37 °C to allow the cells to

adhere to the surface.
2.4.6.2 Treating Cells to Measure Cell Viability

Following incubation of the cells for 24 h as described above, media was removed
completely. The appropriate treatments (100 L), including the controls were added
to each well before returning to the incubator for a further 72 h at 37 °C. The plate
was removed from the incubator and 2D CellTitre Glo 2.0 reagent (50 uL) was added
to each well. Percentage cell viability was determined by measuring ATP using 2D
CellTitre Glo 2.0 reagent according to the manufacturer’s guidelines.’>* The CellTitre

Glo reagent binds extracellular ATP (indicating cell lysis) and produces luminescence.
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The plate was covered with foil and allowed to gently mix at 150 RPM on a plate
shaker for 5 minutes. The plate was incubated at room temperature for 5-10 minutes
before reading the luminescence output on the Clariostar. The luminescent values
were analysed using excel and to determine the percentage of cell viability compared
to the VC. GraphPad Prism software was used to determine statistical significance.

CalcuSyn software was used to determine ICso values.

2.4.6.3 Treating Cells to Measure Apoptosis

Cells were seeded as described above. Following 24 h, the media was removed. Stock
complete media used to dilute test compounds was prepared and contained 0.05%
(v/v) of Incucyte Caspase-3/7 green dye. Stock solutions of each test compound at
each desired concentration (including VCs) were prepared and added to the wells.
The plate was placed in an Incucyte cell imaging machine. The incucyte imaging
machine analysed the plate every 4 h for five consecutive days. Fluorescent output
was monitored and provided a measurement of caspase 3/7 cleavage as a readout of
apoptosis. Graphpad prism was used to generate graphs for apoptosis and

confluency.
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Chapter 3

Synthesis, Characterisation and
Biological Evaluation of Derivatised
Phenanthroline Ligands and Ag(l)
Phenanthroline Complexes
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Compound Structures and Codes for Chapter 3
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3.1 Introduction

Antimicrobial resistance (AMR) has become one of the top threats facing human
health according to the World Health Organisation (WHO). AMR occurs when
bacterial, fungal, viral or parasitic pathogens no longer respond to treatments. This
leads to drug resistance and therefore more serious or even fatal infections. AMR is
caused by incorrect or excessive use of antimicrobial treatments. The efficacy of
standard first line treatments is significantly reduced, emphasizing the need for new
treatments which unique modes of action. AMR can have significant consequences
for patients undergoing routine surgeries or immunocompromised individuals and
people receiving cancer chemotherapy.®’ Antibiotic resistant bacterial infections have
been widely recognised as a major challenge in healthcare which has directly led to
1.27 million fatalities globally in 2019 and contributed to 4.95 million deaths.'> A
group of microbes known as the ESKAPEE pathogens are multidrug-resistant bacteria
that have advanced mechanisms of resistance and are key targets for novel
antibiotics. This group includes E. coli and S. aureus which cause common, treatable
infections but in gaining resistance can lead to major health problems.'®® E. coli is a
gram-negative bacterial strain that can cause common urinary and gastrointestinal
infections. In recent years, it has become one of the top contributors to antibiotic
resistance. Moreover, S. aureus, known to be a cause of throat infections and acne, is
also of major concern for drug resistance. S. aureus and its highly resistant strain,
MRSA are prevalent in hospital settings and can lead to pneumonia and sepsis. A
survey conducted by the WHO in 2022 highlighted that third generation E. coli and

MRSA infections developed a 42% and 35% rate of resistance, respectively.'®’

While antibiotic resistant infections are rampant, much less attention has been given
to drugresistant fungal infections. The emergence of resistant fungal species has seen
a sharp rise in the morbidity and mortality caused by these infections. More than 150
million people worldwide suffer serious fungal infection with 1.7 million deaths
annually.’>® The WHO has created the first Fungal Priority Pathogens List (FPPL) which
is a list of nineteen high risk fungal species including Candida and Aspergillus species
(spp). Candida is a yeast that commonly causes thrush and skin infections. Candida

are one of the leading causes of hospital-associated bloodstream infections and
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contributes to a 30 - 40% mortality rate.’® There is a clear need to develop new

antimicrobial therapeutics with unique modes of action.

The antimicrobial activity of silver is well established. Ag(0) and Ag(l) complexes have
shown to have low toxicity towards humans.1%* 160 The commercial topical cream
Silvadene is an Ag(l) sulfadiazine complex used on burns.’®' AgNO; as a dilute
aqueous solution has also been used to treat infants with bacterial conjunctivitis.1°
Additionally, Ag(0) and Ag(l) complexes have been incorporated into wound
dressings.'®? The effectiveness of silver(l) based antimicrobial compounds comes
from their ability to dissociate within the cell which allows the release of Ag(l) ions.
The free Ag(l) ions can bind to the fungal cell wall proteins and disrupt potassium ion
channels and can cause changes to mitochondrial morphology.1%® 163 Additionally,
these ions can interrupt the function of intracellular enzymes, inducing cell death.6*

Complexes containing Ag(l) are therefore of great interest as novel antimicrobial

agents.

Phen is a fused heterocyclic ring system, and its planar structure makes it a good DNA
intercalator. The well positioned N-atoms allow bidentate coordination to a metal
centre. Ag(l) complexes containing phen or derivatives have been reported as
antibacterial® 1% 111 antifungal®® and anticancer!'? %6 agents. This project therefore
sought to synthesis a family of novel phen-based Ag(l) complexes and assess their

antifungal activity.

This chapter will discuss the synthesis and characterisation of a family of
phenanthroline-oxazine (phen-oxazine) ligands 2.1 — 2.4, pyrido-phenanthrolinone
(phen-pyrido) ligands 2.5 - 2.8 and Ag(l) bis(phenanthroline-oxazine) complexes 3.1 —
3.4 (Scheme 3.1). The synthetic approach employed in this chapter involves first
synthesising a family of amino acid ester hydrochloride salts 1.1 - 1.8 with a range of
para substituents on the aromatic ring and varying alkyl chain lengths to optimise
lipophilicity. This chapter will discuss the reaction between the amino acid ester salts
1.1 - 1.8 and phendione (2a) to produce the phen-based compounds 2.1 — 2.8. The
reaction parameters will be discussed including the reaction conditions that will

favour one ligand over the other. The complexation of phen-oxazine ligands 2.1 - 2.4
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to Ag(l) will be described. Various characteristics of the Ag(l) phen-oxazine complexes
will be described including their solution behaviour, stability and antifungal activity.
The determination of the solution phase stoichiometry by means of the Job’s plot
method will be discussed. The antifungal screening of ligands 2.1 — 2.3 and Ag(l)

complexes 3.1 — 3.3 against C. albicans will be presented.
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Scheme 3.1: Overview of synthetic procedures to produce amino acid ester salts 1.1
- 1.8 (a), phendione (2a) (b), phen-oxazine ligands 2.1 — 2.4 and phen-pyrido ligands
2.5 -2.8 (b) and Ag(l) bis(phen-oxazine) complexes 3.1 - 3.4 (c)
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3.2 Synthesis and Characterisation of Starting Materials and Phenanthroline-based

Ligands 2.1 -2.8

3.2.1 Synthesis of Starting Materials: 1,10-Phenanthroline-5,6-dione (2a) and
Amino Acid Esters 1.1-1.8

1,10-Phenathroline-5,6-dione (2a) is a functionalised derivative of 1,10-
phenanthroline containing two carbonyl substituents. It is widely used as a reactant
to further derivatise the phen framework.1¢”- 168 Phendione (2a) was synthesised with
slight modification to literature procedures.'4¢ 1,10-Phenantroline was reacted with
KBrOs in the presence of 60% (v/v) H2SO4 (Scheme 3.2). Yields upwards of 80% were
consistently achieved with good purity. Characterisation involved NMR and IR
spectroscopy and the obtained data agreed with the literature: the proton NMR
spectrum in DMSO-d6 shows three distinct peaks at 8.98 (ortho-phenH), 8.38 (para-

phenH) and 7.66 ppm (meta-phenH).16°

o] 0

/ \ / \ KBrO3, 60% H2804= / \ / \

—N N= 30°C,24h —N N=

80%

Scheme 3.2: Reaction of 1,10-phenanthroline to produce 1,10-phenanthroline-5,6-

dione starting material.

The esterification of amino acids is well established.’® 17! Amino acid ester
hydrochloride salts 1.1 - 1.8 were synthesised with modification to these procedures
(Scheme 3.3). Good to excellent yields were achieved. Acetyl chloride reacts with
water in the alcohol and provides a source of HCl which enables this acid catalysed
reaction to proceed. A set of amino acid ester hydrochloride salts was easily achieved
by varying the choice of amino acid and alcohol. The electron density of the aromatic
group of the amino acid ester can vary depending on the functional group R’ of the
starting amino acid. L-Tyrosine (R’= OH) was used to synthesise amino acid ester salts
1.1 - 1.4 containing a hydroxy group at the R’ position, allowing for an electron

donating moiety at the para position of the phenyl ring. Amino acid ester salts 1.5 -
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1.8 were synthesised from 4-nitro-L-phenylalanine (R’= NO3;) which provides an

electron withdrawing nitro group at the R’ position.

o)
o} )j\CI o
o R—OH OR
R NHSI_ Reflux, 3 hrs R +NH3C|'

11-1.8
Product R’ R Code Yield
1.1 -OH CHs LTME 92%
1.2 -OH CsHy LTPE 89%
1.3 -OH CeH13 LTHE 85%
1.4 -OH CgH17 LTOE 67%
15 -NO> CHs NPME 87%
1.6 -NO; CaHs NPEE 93%
1.7 -NO; CsH7 NPPE 95%
1.8 -NO2 CeH13 NPHE 82%

Scheme 3.3: Esterification reaction of L-amino acid in the presence of acetyl chloride

to produce amino acid hydrochloride salts 1.1 — 1.8 in good yields.

The family of amino acid ester salts 1.1 — 1.8 were characterised using NMR and IR
spectroscopy and HRMS analysis. Data of published amino acid ester salts 1.1 — 1.6

were in agreement with those presented in the literature.” 172

In the *H NMR spectra of amino acid ester salts 1.1 - 1.8, the most distinct difference
from the spectra of the starting amino acids is the emergence of the alkyl-associated
peaks. The distinct singlet with a relative integral of 3 associated with the methoxy
(OCHs) of 1.1 and 1.5 is observed at 3.65 and 3.66 ppm respectively. Similarly, the
amino acid ester salts 1.2 — 1.4 and 1.6 — 1.8 all show a characteristic triplet signal
with a relative integral of 2 for the OCH; group at approximately 4.0 ppm. This is
consistent with the alkylation of the carboxylic acid group (COOH) of L-tyrosine and
4-nitro-L-phenylalanine.'’® Additionally, the broad OH singlet at ~9.5 ppm (DMSO-d6)
that is present in the *H NMR spectrum of 4-nitrophenylalanine is no longer observed

in the spectra of amino acid ester salts 1.5 — 1.8. This further suggests successful
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alkylation of the carboxylic acid. Another distinct feature in the NMR spectra for
compounds 1.1 —1.8 is the broad singlet at ~4.5 ppm with a relative integral of 3 that
represents the NHs* group. There are also two separate signals observed for Ha and
Hb (Figure 3.1) at ~3.0 ppm that is consistent with diasterotopic protons. Moreover,
the 3C NMR spectra have a peak at ~170 ppm that is associated with the C=0 group
of the ester. The signal at about 52 ppm for 1.1 and 1.5 and at about 65 ppm for 1.2
— 1.4 and 1.6 — 1.8 is characteristic of the C atom directly bonded to the O atom in

alkoxy groups.t’3

Ha, Hb Q

NHs
cr
Figure 3.1: General structure of L-amino acid ester salt indicating diasterotopic

protons, Ha and Hb.

In the IR spectra, a distinct stretch is observed at ~1740 cm™ which is consistent with
what is expected for a carbonyl v(CO) stretching mode of a carbonyl (C=0) ester
functional group.?’# This band is not present in the starting amino acids. The broad
band which arises from the v(OH) stretching mode of the carboxylic acid band that
exists between 2600 — 3200 cm™ in the starting material is no longer present in the

spectra of the amino acid ester salt products.

HRMS analysis for novel 4-nitro-L-phenylalanine ester salts 1.5, 1.7 and 1.8 detected
a protonated species (M+H)* (where M is the neutral amino acid ester) that matched

the theoretical ionised product (Table 3.1).
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Table 3.1: Theoretical and observed mass to charge ratios of amino acid esters 1.5,

1.7 and 1.8
Theoretical Observed Mass error
Compound Formula
(M+H)* (Da)  (M+H)* (Da) (ppm)
NPME (1.5) C10H12N204 225.0870 225.0871 0.75
NPPE (1.7) C12H16N204 253.1183 253.1183 0.19
NPHE (1.8) C15H22N204 295.1653 295.1651 -0.20

3.2.2 Synthesis and Characterisation of Phenanthroline-derived Ligands 2.1 - 2.8

3.2.2.1 Development of Phenanthroline-oxazine (2.1 - 2.4) and Pyrido-

phenanthrolinone Ligands (2.5 - 2.8)

The reaction of L-tyrosine methyl ester salt (1.1) and phendione (2a) led to the novel
synthesis of methyl phenanthroline-oxazine (phen-oxazine) (2.1) in 2013 reported by
McCann et al.?’> Following this, ligands with extended alkyl chains (R) were produced
(2.2-2.4).17% A study by Ahmed et al. in 2019 showed that the product of the reaction
between the amino acid ester salts and phendione (2a) was dependent on the
electron withdrawing or donating properties of the functional group on the para

position (R’) of the phenyl ring of the amino acid ester salt (Figure 3.2).

R *NH;
cr

R' = NO,, CF3, H, OMe, OH

Figure 3.2: General structure of L-amino acid methyl ester hydrochloride salt.

A series of functional groups at the para position of the aromatic group of the amino
acid were assessed (Table 3.2). A strongly Electron Donating Group (EDG) such as OH

or OMe was found to push the reaction in favour of the phen-oxazine ligand (Scheme
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3.3). Conversely, it was demonstrated that a strongly Electron Withdrawing Group
(EWG), NO; at the para position, an alternative phen-pyrido ligand was synthesised.
Reacting the L-tyrosine methyl ester salt with phendione (2a) produces nine times
more phen-oxazine than phen-pyrido ligand whereas the reaction of the 4-nitro-L-
phenylalanine analogue with phendione (2a) produces one hundred times more
phen-pyrido ligand than phen-oxazine ligand. The electron withdrawing or donating
abilities of the functional group at the para position of the aromatic ring of the amino

acid ester is clearly an important parameter in the selectivity of the reaction.

Table 3.2: Product ratio from the reaction between phendione (2a) and para

substituted L-phenylalanine methyl ester hydrochloride salts (Figure 3.1)'72

R’ Phen-pyrido :
Amino acid ester salt phen-oxazine
group .
ratio*
4-Nitro-L-phenylalanine methyl
. NO> 1:0.01
ester hydrochloride
4-Trifluoromethyl-L-phenylalanine
. CF3 1:0.05
methyl ester hydrochloride
L-Phenylalanine methyl ester Lo
hydrochloride o
4-Methoxy-L-phenylalanine methyl
y-L-pheny y OMe 1:9
ester
L-Tyrosine methyl ester
OH 1:9

hydrochloride

*Ratio of phen-pyrido : phen-oxazine products is determined by LC-MS analysis of the crude
reaction mixtures.

Another variable that was found to control the route of the reaction is
temperature.l’? A study was conducted that assessed the impact of temperature on
the reaction between phendione (2a) and L-phenylalanine methyl ester (Table 3.3).
It was found that lower reaction temperatures of 50 °C produced ten times more
phen-oxazine than phen-pyrido ligands, at 60 °C, there was five times more phen-
oxazine than phen-pyrido. At 75 °C there was close to a 1 : 2 ratio of phen-pyrido :
phen-oxazine. While at a higher reaction temperature of 85 °C, nine times more phen-
pyrido than phen-oxazine was produced. It is evident that lower reaction

temperatures favour the production of phen-oxazine as the major product while
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much higher temperatures favour the phen-pyrido ligand as the major product. The

reaction temperature therefore is a useful parameter for altering the selectivity.

Table 3.3: Ratio of phen-pyrido and phen-oxazine product from the reaction between
phendione (2a) and L-phenylalanine methyl ester hydrochloride at a range of

temperatures.

Reaction temperature = Ratio of phen-pyrido : phen-

(°C) oxazine products*
50 1:10
60 1:53
75 1:1.8
90 1:0.6

*Ratio of phen-pyrido : phen-oxazine products was determined by LC-MS analysis of crude
reaction mixture

The experiments outlined in Tables 3.2 — 3.3 highlight that the electronic properties of the
substituent on aromatic group of the amino acid ester (R’) and the reaction temperature are
important parameters in producing one major product over the other. It was determined that
the most ideal parameters for producing the ligands were to maintain the reaction
temperature at 75°C and alter the electronic properties to tune the reaction in favour of each
product. To produce phen-oxazine as the major product, an electron-donating group at the
R’ position was incorporated by means of reacting L-tyrosine ester salts with phendione
(Scheme 3.4). Alternatively, incorporation of an electron withdrawing group by reacting 4-
nitrophenylalanine salts with phendione results in phen-pyrido as the major product.

A R
% | o Major Product when R' = OH
_R 7 DMSO
(0] + —_— +
*NH; N7 X 0 75°C, 24 h
R' Cr |
/

R = Me, Et, Pr, Hex, Oct

Major Product when R' = NO,

Scheme 3.4: Reaction between L-amino acid ester hydrochloride salts and phendione
(2a) to produce phen-oxazine ligands (2.1 — 2.4) and phen-pyrido ligands (2.5 — 2.8)
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3.2.2.2 Ligand Design Strategy

Lipophilicity is a key parameter in drug design as it can determine the drugs
absorption, distribution and permeability in a biological system. Lipophilicity
contributes to the successful uptake of a drug into a cell and therefore its ability to
reach its target e.g. DNA.Y’’ Lipophilicity is measured as the logP of a compound. The
LogP value is determined by calculating loglO(Partition Coefficient) where the
Partition Coefficient is the concentration of the solute in the organic phase divided by
the concentration of the solute in the aqueous phase. Specifically, LogP is measured
using the partition coefficient between octanol and water.!”® Octanol is used as a
standard as it is a good mimic of cell wall lipids due to it’s hydrophlilic OH tail and
hydrophobic alkyl chain. LogP values can be calculated instead of being determined

by experimental measurement.

The lipophilicity of the phen-oxazine and phen-pyrido ligands was altered by the
choice of alcohol in the amino acid ester reaction (Scheme 3.3). A series of ligands
was synthesised in which the alkyl group R (Scheme 3.4) altered from R = methyl,
propyl, hexyl or octyl for the phen-oxazine ligands and R = methyl, ethyl, propyl or
hexyl for phen-pyrido ligands. A previous study in our research group was conducted
to analyse the lipophilicity and to compare the clogP of ligands 2.1 — 2.4 and an
additional member of this family where R = dodecyl (DPO).”* This experiment was
conducted using reverse phase HPLC where the stationary phase is non-polar and the
mobile phase is polar. Gradient elution was employed using H,O and ACN that
gradually changed from a high ratio of H,O (protic solvent) to a high ratio of ACN
(aprotic solvent). This allows for a gradual increase in elution strength of the mobile

179 1t was determined that the lipophilicity of the phen-oxazine ligands did

phase.
increase as the alkyl chain length increased (Table 3.4). In the case of the values
presented in Table 3.4, the clogP was determined using ChemDraw Ultra. A higher
clogP value is generally an indicator of better affinity for lipids and organic materials.
The premise of altering the alkyl chain length was to determine the optimum chain

length for biological activity. This will be discussed later in the chapter.
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Table 3.4: Retention time and theoretical LogP values of a series of phen-oxazine

ligands
Retention time
Compound R ) Calculated LogP
(min)

MPO (2.1) CHs 21.7 2.8
PPO (2.2) CsH7 22.5 3.6
HPO (2.3) CeH13 27.8 4.9
OPO (2.4) CsH17 30.7 5.7
DPO* CioH21 354 7.4

“Dodecyl phenanthroline-oxazine ligand
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3.2.2.3 Proposed Mechanism for the Formation of Phenanthroline-oxazine Ligands

2.1 - 2.4 and Phenanthroline-pyrido Ligands 2.5 - 2.8

(0] , N | N

R N A 0 N e H
(e}  a A COOR
NH G C
l
- S
phen-pyrido (2.5 - 2.8)
HO OH
/7 N/ \
—N N=

Scheme 3.5: Reported proposed formation of the Schiff-base intermediate into the

keto-imine then enol-imine forms172

Ligands 2.1 — 2.8 are proposed to be formed by concerted cyclisation reactions and

multiple proton transfer steps (Scheme 3.5). This reaction to produce both phen-
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oxazine and phen-pyrido ligands is initiated by a Schiff base condensation which is
widely utilised to derivatise phen using primary amines.'®® Our proposed mechanism
is that the reaction between the amino acid ester and the carbonyl positions of
phendione produces a keto-imine followed by an enol-imine intermediate. A second
phendione molecule then acts as a dehydrogenating agent to form the new C-O bond
and therefore cyclisation to the final product.'’? It was found that the
dehydrogenation by phendione forms a significant amount of the reduced byproduct

phenanthroline-5,6-diol (phen-diol) which limits the potential yield of this reaction.

3.2.2.4 Synthesis and Characterization of Phenanthroline-oxazine Ligands 2.1 - 2.4

o
) ~ [Nj e
|

N _~ 0
. )
OR N 0]
AH, N\ 5 DMSO
HO = | 75°, 24 hours / \
/
—n =

OH

cl
11-14 21-24
Product R Code Yield
2.1 CHs MPO 42%
2.2 CsH7 PPO 43%
2.3 CsH13 HPO 36%
2.4 CgH17 OPO 29%

Scheme 3.6: Reaction of L-tyrosine ester salts with phendione (2a) to produce phen-

oxazine ligands 2.1 — 2.4 and their isolated yields.

The series of phen-oxazine ligands 2.1 — 2.4 were synthesised according to previously
established procedures in our research group.’? 17> Optically active L-Tyrosine ester
hydrochloride salts (1 mmol) 1.1 — 1.4 were reacted with phendione (2a) (1 mmol) in
the presence of a base (N-methylmorpholine) to form a racemic mixture of phen-
oxazine ligand (Scheme 3.6). It was found that the reaction could be scaled up by a
factor of two (2 mmol) from the established procedure!’® without effecting the
efficiency of the reaction. The family of phen-oxazine ligands 2.1 — 2.4 were

successfully synthesised and characterisation data agreed with those in the

84



literature.1”> 176 Yields of isolated phen-oxazine product were less than 43%, with the

longer alkyl chains having marginally lower yields (Scheme 3.6).

A key feature of the *H NMR spectrum in DMSO-d6 is the presence of six non-
equivalent phen signals between 9.15 — 7.50 ppm, each with a relative integration of
one. This is consistent with a loss of symmetry compared to the phendione (2a)
starting material. The NHjs signal present in the L-tyrosine ester NMR spectra is no
longer observed, suggesting the cyclisation reaction has occurred. Additionally, the
a-H signal at about 4.1 ppm and B-H signals at about 3.1 and 2.9 ppm of the amino
acid are no longer observed. Instead, there is the presence of a new oxazine-H signal
ataround 6.5 ppm. The 13C NMR spectra of ligands 2.1 — 2.4 agree with this proposed
structure. The NMR spectra for the phen-oxazine ligands 2.1 — 2.4 are all consistent

with those presented in the literature.’®

The IR spectra of phen-oxazine ligands 2.1 — 2.4 show some distinct differences from
those of the amino acid ester salts. The band associated with the v(C=0) stretching
mode of the L-tyrosine ester salts observed at 1740 cm? shifts to ~1700 cm™ in the
phen-oxazine spectra. This is consistent with the extended conjunction of this region
leading to a shift in the ester signal.l’* The N-H stretch that appears at 614 cm™ in the
IR spectra of the amino acid ester salts is no longer present in the IR spectra of the
phen-oxazine ligands, again suggesting an alternative structure. Once again, these

spectra agree with those published in the literature.1’®
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3.2.2.5 Synthesis and Characterisation of Phenanthroline-pyrido Ligands 2.5 — 2.8

NO,

. _ _ DMSO
oN NH5 N N

3 75°, 24 hours

cl
1518 25-2.8
Product R Code Yield
2.5 CHs MPP 20%
2.6 CaHs EPP 16%
2.7 C3H7 PPP 19%
2.8 CeH13 HPP 15%

Scheme 3.7: Reaction of 4-nitro-L-phenylalanine ester hydrochloride salts with

phendione (2a) to produce phen-pyrido ligands 2.5 — 2.8 and their isolated yields.

Phen-pyrido ligands MPP (2.1) and EPP (2.2) were synthesised and purified according
to established procedures.”” 72 Novel phen-pyrido ligands PPP (2.3) and HPP (2.4)
were additionally synthesised following the same procedure with the appropriate

modifications (Scheme 3.7). Isolated yields of less than 20% were obtained.

Characterisation was carried out using NMR, IR and HRMS. The *H NMR spectra for
the phen-pyrido ligands show five peaks that represent the non-equivalent phen
hydrogen atoms (Figure 3.3b). The presence of five rather than six phen signals is
consistent with the production of the phen-pyrido ligand rather than the phen-
oxazine ligand. The phen-oxazine-H signal present at about 6.5 ppm of the phen-
oxazine 'H NMR spectrum (Figure 3.3a) is no longer observed in the proton NMR
spectrum of the phen-pyrido ligand (Figure 3.3b). This suggests the successful
synthesis of the alternative cyclised product from the Schiff base-initiated reaction
(Scheme 3.5). From the 'H NMR spectra of phen-oxazine and phen-pyrido ligands
(Figure 3.3) it is evident that a pure sample of one ligand over the other can be

achieved following the appropriate choice of amino acid ester salt and purification.
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Figure 3.3: 'H NMR spectrum of PPO (2.2) (a) and PPP (2.7) (b) in DMSO-d6.

The IR spectra obtained for the phen-pyrido ligands have some distinct features.
There is the presence of two C=0 stretching modes at 1732 and 1725 cm™ due to the
additional ester group on the phen moiety of the phen-pyrido ligand. This is different
from the IR spectra of the phen-oxazine ligands where only one ester C=0 stretching

band is observed at ~1732 cm™L.

HRMS analysis also successfully detected the presence of an (M+Na)* ion for novel
phen-pyrido ligands 2.5, 2.7 and 2.8 (Table 3.5). The isotopic patterns also matched

the simulated ones for these species.

The characterisation data of the phen-pyrido ligands 2.5 — 2.8 are consistent with

those presented in the literature.’® 172
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Table 3.5: Theoretical and observed mass to charge ratio for phen-pyrido ligands 2.5,

2.7 and 2.8

. Mass
Theoretical Observed

Compound Formula error
m/z (Da) m/z (Da)

(ppm)
MPP (2.5) C22H12N40s 435.0711 435.0707 2.68
PPP (2.7) C24H16N40s 463.1013 463.1016 2.52
HPP (2.8) C27H22N40s 505.1482 505.1488 2.26
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3.3 Synthesis, Characterisation and Biological Evaluation of Silver(l)

Phenanthroline-oxazine Complexes 3.1 - 3.4

3.3.1 Synthesis and Characterisation of Silver(l) bis(phenanthroline-oxazine)

Complexes 3.1-3.4

OH
OR
(0]
ACN
2 ¥ % . AgCIO,
Reflux, 2 h
/ \
N N—
R = Me, Pr, Hex, Oct OH
21-24 3.1-34
Product R Code Yield
3.1 CHs [Ag(MPO);]ClO4 75%
3.2 CsHy [Ag(PPO),]ClO4 75%
3.3 CeH13 [Ag(HPO),]ClO4 63%
3.4 CgH17 [Ag(OP0);2]ClO4 34%

Scheme 3.8: Reaction of phen-oxazine ligands 2.1 — 2.4 with silver perchlorate to

produce silver(l) bis(phen-oxazine) complexes 3.1 - 3.4.

Silver(l) bis(phen-oxazine) complex (3.1) was synthesised according to a previously
determined procedure in our group.'’® Ag(l) complexes 3.2 — 3.4 were additionally
synthesised with the intention of increasing the lipophilicity of the Ag(l) complex. The
reaction involves heating silver perchlorate with the desired ligand in a 1:2 molar ratio
at reflux in ACN for 2 h (Scheme 3.8). Isolated product yields of 34 — 75% were
obtained. The Ag(l) bis(phen-oxazine) product is extracted by precipitation with
diethyl ether. It is proposed that complexes 3.1 — 3.4 adopt a distorted tetrahedral
structure where each N-atom of the phen-oxazine ligands forms a bond with the Ag(l)
centre. The crystal structures of [Ag(phen).](NOs) and [Ag(phendione);](ClO4) show

this pseudo-tetrahedral formation.% 180
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The Ag(l) complexes 3.1 —3.4 were fully characterised using NMR and IR spectroscopy
and HRMS and elemental analysis. Data was consistent with that presented in the

literature for known Ag(l) bis(phen-oxazine) complex 3.1 ([Ag(MPOQ),]CIO4).”% 176

OH OH

PPO (2.2) [Ag(PPO):]CIO4 (3.2)
Signal Label & (ppm) Label 6 (ppm) AS (ppm)

OH OH 9.69 OH 9.78 0.09
ortho-phenH Ha 9.12 H1 9.12 0.00
ortho-phenH Hb 9.03 H> 9.05 0.02
Para-phenH Hc 8.88 Hs 9.02 0.14
Para-phenH Hd 8.59 Ha 8.75 0.16
Meta-phenH He 7.85 Hs 8.01 0.16
Meta-phenH Hf 7.79 He 7.96 0.11
oxazine-H Hg 6.50 Hy 6.64 0.14

Figure 3.4: 'H NMR signals in DMSO-d6 of free ligand PPO (2.2) and Ag(l) complex
[Ag(PPO)2]ClO4 (3.2).
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Figure 3.5: Comparison of 'H NMR spectra of PPO (2.2) (blue) and [Ag(PPO)2]ClO4

(3.2) (red) in DMSO-d6. Inset shows phen protons in the region 7.7 — 9.2 ppm.

The *H NMR spectra of the family of Ag(l) bis(phen-oxazine) complexes in DMSO-d6
look almost identical to those of the free ligands 2.1 - 2.4. In keeping with literature
precedent for silver(l) complexes, the phen protons are slightly deshielded upon
complexation to silver.'8 182 There is shift of Ag(l) phen-oxazine complex signals of
between 0.02 - 0.16 ppm downfield compared to those of the free ligand (Figure 3.4
—3.5). There is a reasonable shift of 0.09 ppm of the OH signal from 9.69 ppm for the
free PPO ligand (2.2) to 9.78 ppm for the [Ag(PPO);]ClO4 (3.2) complex. This
downfield shift is particularly notable for the phen signals meta and para to the phen

N-atoms. Para-phen signals shift from 8.88 and 8.59 ppm for the free ligand to 9.02

91



and 8.75 ppm upon complexation. Similarly, the meta-phen signals of the free ligand
shift from 7.85 and 7.79 ppm to 8.01 and 7.96 ppm once complexed to Ag(l). There is
very little to no shift observed for the ortho signals. The more deshielded signals of
the protons further from the N-atoms is consistent with the bidentate coordination
of the phen-oxazine ligands at the N positions. The same deshielding effect of
coordination to the Ag(l) centre is observed in the 3C NMR spectra of complexes 3.1
—3.4. The limited effect of silver complexation on the chemical shifts of 2.1 — 2.4 is
compatible with fast ligand exchange for 3.1 — 3.4 in solution on the NMR time
scale.’8! The NMR spectra of [Ag(MPO);]CIO4 (3.1) are in agreement with the
reported spectra in DMSO-d6.”% 176 Spectra of 3.2 — 3.4 are consistent with that of
3.1.

The IR spectra of complexes 3.1 — 3.4 show some key differences compared to those
of the free ligands that are characteristic of metal complexation. A set of intense
perchlorate absorptions are observed between ~1150-1000 cm™ and another band
at 620 cm™ (Figure 3.6) which are indicative of the free perchlorate ions.18% 184 The
aromatic ring stretches that appear between 1600-1500 cm™ shift to higher
wavenumbers upon complexation to the Ag(l) metal centre. Free ligand bands at
1609, 1571 and 1500 cm™ move to 1611, 1579 and 1508 cm™ when complexed as
expected.'® Additionally, there is a subtle shift from ~740 cm™ to ~735 cm
associated with the out of plane bending of the phenC-H bonds upon complexation

(Figure 3.7).1%
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Figure 3.6: IR spectra of PPO (2.2) (blue) and [Ag(PPO).]ClO4 (3.2) (orange) showing

the intense perchlorate bands between 1150 — 1000 cm™ and at 620 cm™.

750 745 740 735 730 725
Wavenumbers [cm ™ ]

Figure 3.7: IR spectra of PPO (2.2) (blue) and [Ag(PPO).]ClO4 (3.2) (orange) showing
the shift of ligand band from 742 to 734 cm™ upon complexation to Ag(l).

HRMS analysis confirmed the presence of [Ag(MPO);]*, [Ag(PPO).]*, [Ag(HPO).]*
(Table 3.6) with the simulated isotopic match pattern expected for these species
corresponding to the actual isotopic pattern. Elemental analysis confirmed complexes
[Ag(PPO)2](ClO4).DCM (3.2) and [Ag(HPO):](ClO4).DCM (3.3). Both HRMS and

elemental analysis results support the proposed 1:2 Ag(l):ligand formulation.
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Table 3.6: Theoretical and observed mass to charge ratios of Ag(l) complexes 3.1 —

3.4
Mass
Theoretical Observed
Compound Formula error
m/z (Da) m/z (Da)
(ppm)
Ag(MPO)]CIO
[Agl o 1))2] *  [Ag(CaHisNsOa)2)*  877.1171  877.1198  3.08
Ag(PPO),]CIO
[Agl o 2);] *  [Ag(CaH1oN3O4)2)*  933.1797  933.1868  7.79
Ag(HPO),]ClO
[Agl - 3))2] * [Ag(CaH2sN3Oa)2]*  1017.2736  1017.3406  6.13
Ag(OPO);]CIO
[Agl (34))2] *  [Ag(CasH2sN30s)2]*  1075.3425  1075.3371  -5.00

UV-vis spectroscopic studies were also conducted on complexes 3.1 — 3.4 in DMSO.
The spectra show an intense band between 300 — 450 nm with a Amax at ~¥390 nm.
This is the lowest energy transition which is proposed to be the m = m* transition
within the ligands which aligns with similar systems in the literature.8® The extinction
coefficient for this band is approximately double that of the phen-oxazine ligands

which correlates with the 1:2 Ag(l):ligand ratio (Table 3.7).

Table 3.7: Wavelengths of absorption maxima (Amax) and extinction coefficient (g)
values for phen-oxazine ligands 2.1 — 2.3 and silver(l) bis(phen-oxazine) complexes

3.1-3.3in DMSO.

Ligand Ag(l) complex
Compound \MpO PPO HPO [Ag(MPO),]CIOs [Ag(PPO);]ClOs [Ag(HPO);]CIO4
(2.1) (2.2) (2.3) (3.1) (3.2) (3.3)
Amax(nM) 389 390 390 389 390 391
e(Mtecm?) 7,646 7,717 7,464 13,172 15,629 15,877
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3.3.2 Determining the Solution Stoichiometry of Ag(l) bis(phenanthroline-oxazine)

Complexes 3.1 -3.3

The characterisation data presented in section 3.2.1 support the proposal of a solid
state 1:2 Ag(l):ligand formulation. The limited effect of metal complexation of the
chemical shifts of the phen-oxazine ligands as evident by their NMR spectra suggests
fast ligand exchange in solution.8! The solution stoichiometry of Ag(l) complexes 3.1
— 3.3 was therefore investigated using the continuous variation Job’s plot method
using NMR spectroscopy.'®’ This experiment involved making solutions with varying
ratios of AgClO4 to phen-oxazine ligand (2.1 — 2.3) with a fixed total concentration of
40 mM in DMSO-d6 at rt. The 'H NMR spectrum for each solution was compared to
that of free ligand. The signals at 8.60 (signal A), 7.85 (signal B) and 7.79 (signal C)
ppm for the free MPO (2.1) ligand were tracked across each NMR spectrum for the
varying ratios (Figure 3.8a). A clear variation of the chemical shifts of protons in the
phen region (7.7 — 8.7 ppm) are observed were multiplied by the mole fraction of
ligand and plotted against mole fraction of the ligand to produce a Job’s plot (Figure
3.8b). Plotting these values produces a bell-shaped curve with a clear maximum at

~0.67 which indicates the formation of a 1:2 complex.&’
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Figure 3.8a: 'H NMR spectra of solutions of AgClO4 and MPO (2.1) with a fixed total

concentration of 40 mM in DMSO-d6 at 25 °C, with relative ratios varying from (i) 7:1

(AgCl04:MPO) to (x) 0:1 (AgCIO4:MPO).
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Figure 3.8b: Job’s Plot created from data given in Figure 3.8a of various AgClO4:MPO

solutions, with a fixed total concentration of 40 mM in DMSO-d6 at 25 °C, where X is

the mole fraction of ligand MPO (2.1), A6*X, is the difference in chemical shift (with

reference to free ligand (x)) multiplied by the mole fraction of the ligand.

Similarly, when the same experiment was carried out with the PPO (2.2) ligand the

same outcome is observed (Figure 3.9a). The free ligand signals at 8.60 (signal A),

7.86 (signal B) and 7.79 (signal C) ppm shift downfield upon addition of AgClO4 in
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increasing ratios. When this data are graphed to produce a Job’s plot, the plot

maximum again appears at ~0.67 (Figure 3.9b).
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Figure 3.9a: 'H NMR spectra of solutions of AgClO4 and PPO (2.2) with a fixed total
concentration of 40 mM in DMSO-d6 at 25 °C, with relative ratios varying from (i) 7:1
(AgClO4:PPO) to (x) 0:1 (AgClO4:PPO).
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Figure 3.9b: Job’s Plot created from data given in Figure 3.9a of various AgClO4:PPO
solutions, with a fixed total concentration of 40 mM in DMSO-d6 at 25 °C, where X is
the mole fraction of ligand PPO (2.2), A6*X, is the difference in chemical shift (with

reference to free ligand (x)) multiplied by the mole fraction of the ligand.
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This trend is similarly observed in the case of the HPO (2.3) when signals at 8.58
(signal A), 7.84 (signal B) and 7.78 (signal C) ppm are tracked upon addition of AgClO4
(Figure 3.10a). The same outcome of a plot maxima at ~0.67 is apparent when a Job’s
plot is produced (Figure 3.10b). This experiment confirms that the most stable
equilibrium exists when there are two ligands coordinated to the Ag(l) centre and

agrees with what has been previously reported for similar compounds.®® 18
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Figure 3.10a: *H NMR spectra of solutions of AgClO4 and HPO (2.3) with a fixed total
concentration of 40 mM in DMSO-d6 at 25 °C, with relative ratios varying from (i) 7:1
(AgClO4:HPO) to (x) 0:1 (AgClO4:HPO).
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Figure 3.10b: Job’s Plot created from data given in Figure 3.10a of various

AgClO4:HPO solutions, with a fixed total concentration of 40 mM in DMSO-d6 at 25
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°C, where X, is the mole fraction of ligand HPO (2.3), A6*X. is the difference in
chemical shift (with reference to free ligand (x)) multiplied by the mole fraction of the

ligand.

3.3.3 Solution Behaviour and Stability of Ag(l) bis(phenanthroline-oxazine)

Complexes 3.1-3.3
3.3.3.1 Solution behaviour of Ag(l) bis(phenanthroline-oxazine) Complexes 3.1 -3.3

Ag(l) complexes containing phenanthroline ligands are known to have a labile Ag-N
bond which means dynamic behaviour in solution is common 8. Ag(l) is also a d*°
metal which means its ligand field stabilisation energy is zero, therefore the Ag(l)
centre will form weak bonds with ligands.'® It was noted that while carrying out the
Job’s plot assays in the previous section that one set of signals was consistently
observed for each AgClOa:ligand ratio. This can be attributed to ligand exchange in
solution that is faster than the NMR timescale leading to an average of signals.*®! This
fluxional behaviour of the Ag(l) complexes was assessed using *H NMR spectroscopy.
'H NMR spectra were recorded for each Ag(l) phen-oxazine complex 3.1 — 3.3 with
the addition of excess ligand in 1:1 and 1:2 ratios and compared to the spectra of
ligand only and complex only (Figures 3.11 - 3.13). This was achieved by addition of
the appropriate volumes of 10 mM solutions of each sample in DMSO-d6. It is
observed, as discussed previously in section 3.3.2, that the protons on the phen
moiety of the phen-oxazine ligands shift downfield upon complexation to the Ag(l)
centre. In Figure 3.11 it is seen that the doublet signal at 8.60 ppm of MPO (2.1) (c)
shifts to 8.75 ppm for [Ag(MPO);]ClO4 (3.1) (a) while the associated signal in the 1:1
Ag(l):L solution is present at 8.70 (b). The doublet of doublets signal at 7.85 ppm for
MPO (2.1) shifts to 8.01 ppm upon complexation and the chemical shift of this signal
is present at 7.94 ppm for the spectrum of the 1:1 ratio of Ag(l):ligand. The second
doublet of doublets signal observed at 7.79 ppm for MPO (2.1) is similarly shifted to
7.96 ppm for [Ag(MPO):]CIO4 (3.1). Again, the relative signal for this phen proton is
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present in between these chemical shifts at 7.88 ppm when the ligand and complex

are in a 1:1 molar ratio.
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Figure 3.11: 'H NMR spectra with a fixed total concentration 10 mM of (a)
[Ag(MPO),]CIO4 (3.1) (b) MPO (2.1) and [Ag(MPO),]CIO4 (3.1) in a 1:1 ratio (c) PPO
(2.2) MPO (2.1) in DMSO-d6 at 25 °C

The same experiment was conducted with phen-oxazine ligand PPO (2.2) and
[Ag(PPO).]ClO4 (3.2). The spectra presented in Figure 3.12 shows the [Ag(PPO);]ClO4
(3.2) only spectrum (a), a spectrum of a 1:1 ratio of PPO (2.1) : [Ag(PPO),]ClO4 (3.2),
(c) a spectrum of a 2:1 ratio of PPO:[Ag(PPO),]ClO4 and (d) PPO (2.2) ligand only
spectrum. In keeping with the chemical shifts of the phen backbone upon
complexation, the signals at 8.59, 7.85 and 7.79 ppm for PPO (2.2) (Figure 3.10d) shift
to 8.75, 8.01 and 7.96 respectively. While these signals in the spectra of the 1:1 and
2:1 ratios of Ligand:Ag(l) show an average of signals, lying at chemical shifts in

between the values seen for ligand only and complex only.
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Figure 3.12: 'H NMR spectra with a fixed total concentration 10 mM of (a)
[Ag(PPO),]ClO4 (3.2) (b) PPO (2.2) and [Ag(PP0)2]ClO4 (3.2) in a 1:1 ratio (c) PPO (2.2)
and [Ag(PP0)2]Cl04 (3.2) in a 2:1 ratio (d) PPO (2.2) in DMSO-d6 at 25 °C

The dynamic behaviour of [Ag(HPO):]ClO4 (3.3) was also assessed by the same
method (Figure 3.13). The resulting spectra were similar to those seen for both
[Ag(MPO)2]ClO4 (3.1) and [Ag(PP0)2]ClO4 (3.2) The ligand signals for HPO (3.3) show
the same chemical shift trend when complexed to Ag(l) to form [Ag(HPO),]ClO4 (3.3).
The doublet of doublets signals present at 8.60, 7.86 and 7.80 ppm that correspond
to the phen protons, shift to 8.76, 8.02 and 7.95 ppm respectively. The signals present
in the 1:1 HPO (3.3) : [Ag(HPO)2]CIO4 (3.3) spectrum (Figure 3.13b) associated with
these particular phen protons lie at chemical shifts between those observed for ligand
only and complex only spectra, reflecting the 1:1 ligand:Ag(l) ratio. One set of signals
is consistently observed for spectra of Ag(l) complex with added ligand. This is
rationalised to be due to the phen-oxazine ligands dissociating and reassociating to

the Ag(l) centre as is expected from literature precedent.188 10
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Figure 3.13: 'H NMR spectra with a fixed total concentration 10 mM of (a)
[Ag(HPO);]ClO4 (3.3) (b) HPO (2.3) and [Ag(HPO),]Cl04 (3.3) in a 1:1 ratio (c) HPO (2.3)

in DMSO-d6 at 25 °C

A similar experiment was conducted in which a bidentate competitor (phen) was
added to a solution of Ag(l) phen-oxazine complexina 1:2 and 1:2 ratio (Figure 3.14).
This experiment again showed an overall average of signals which can be rationalised
as the dissociation and reassociation of the phen-oxazine ligand to the Ag(l) centre at

a rate which is faster than the NMR timescale of 0.1 to 10 seconds meaning an

average set of signals is observed.'*!
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Figure 3.14: 'H NMR spectra at a fixed total concentration 10 mM of (a) complex

[Ag(HPO);]ClO4 (3.3), (b) phen and [Ag(HPO)2]ClO4 (3.3) in a 1:1 ratio, (c) phen and
[Ag(HPO),]ClO4 (3.3) in a 2:1 ratio, (d) phen in DMSO-d6 at 25 °C.

An additional experiment was conducted where pyridine, a monodentate ligand, was
added to a solution of Ag(l) complex. It appeared that pyridine is unable to compete
with the bidentate phen-oxazine ligands and as a result signals for both
[Ag(HPO),]ClO4 (3.3) and pyridine are present in the spectra (Figure 3.15). This is also
evident by the lack of shifts on the pyridine and Ag(l) associated peak in the mixture
in comparison to complex only and pyridine only spectra. This observation is
consistent with the chelate effect where the monodentate pyridine is unable to
compete with bidentate phen-oxazine. The chelate effect is a coordination behaviour
where ligands with more donor atoms such as phen which has two N-donor sites,
have a greater affinity for the metal centre than monodentate ligands like pyridine

that only have one coordination site.'®?
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Figure 3.15: 'H NMR spectra at a fixed total concentration 10 mM of (a)
[Ag(HPO),]ClO4 (3.3), (b) pyridine and [Ag(HPO):]ClO4 (3.3) in a 1:2 ratio, (c) pyridine
and [Ag(HPO);]ClO4 (3.3) in a 4:1 ratio, (d) pyridine in DMSO-d6 at 25 °C.

The fluxional behaviour of the Ag(l) phen-oxazine complexes in solution may have
implications for biological activity as it is well known that this can alter the nuclearity
of the complex in solution.*® This effect was observed previously in our group when
an Ag(l) bis(phenanthroline-isoniazid) complex formed a polymeric crystalline
material after slow diffusion of DCM in a solution of the isoniazid complex in DMSO.11!
The speciation of a metal complexin solution is an important factor for understanding
the mode of action. Ag(l) ions may bind to compounds found in biological media such

as proteins, water or halide anions rendering the complex inactive.**®
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3.3.3.2 Stability of Ag(l) bis(phenanthroline-oxazine) Complexes in Solution

The stability of the Ag(l) complexes 3.1 - 3.3 in biological growth media was assessed.
Solutions of 5% (v/v) DMSO in minimal media (60 uM) which was used for biological
testing were prepared. The samples were then recorded using UV-vis spectroscopy
over a 72 h period (Figure 3.16). Complexes [Ag(MPO),]ClO4 (3.1) and [Ag(PP0)2]ClO4
(3.2) had small changes over the time-period whereas [Ag(HPO);]ClO4 (3.3) had more
apparent changes. The band at 392 nm (Amax) for the [Ag(HPO)2]ClO4 (3.3) complex
decreases after 6 h and begins to shift to a longer wavelength where Amnax moves to
401 nm after 24 h. This complex contains ligands with the longest alkyl chain length
and this change in the UV-vis band is indicative of aggregation of the complex in the

polar growth media which is observed for similar compounds in the literature .
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Figure 3.16: UV-visible spectra of a 60 uM solution in 5% (v/v) DMSO in minimal
media monitored from 0 - 72 h on standing at ambient temperature in the dark of (a)

[Ag(MPO)2]CIO4 (3.1), (b) [Ag(PPO).]ClO4 (3.2), (c) [Ag(HPO)2]CIO4 (3.3)

3.3.4 In vitro Activity of Phenanthroline-oxazine Ligands 2.1 — 2.4 and Ag(l)

Complexes 3.1 — 3.3 against Candida albicans

The antifungal activity of phen-oxazine ligands MPO (2.1), PPO (2.2), HPO (2.3) and
complexes [Ag(MPQ)2]ClO4 (3.1), [Ag(PPO),]ClO4 (3.2) and [Ag(HPO),]ClO4 (3.3) was

assessed against the pathogenic yeast Candida albicans. The activity of the free
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ligands was compared to that of the ligands coordinated to the Ag(l) centre. All
compounds were also compared to silver perchlorate. Standard antifungal testing
protocols were used as detailed in section 2.4. This involved incubating the test
compounds with C. albicans in a 96-well plate for 24 h at 37°C. The OD at 600 nm was
measured using a plate reader. The effectiveness of the compounds was determined
as the percentage of OD measured with respect to that of the control, where the
control was C. albicans grown in minimal media. The control was taken to be 100%
growth (no inhibition) while 0% would be complete inhibition of growth. The
standard protocol to assess antifungal activity involved testing 60 - 15 uM
concentrations of each test compound in minimal media. The potential influence of
the organic solvent DMSO was also assessed by testing 2.5% (v/v) DMSO in minimal
media, the highest concentration in any well. The percentage growth was held above
96% compared to that of the control so was determined to have little impact on

fungal growth.

Table 3.8: /n vitro inhibitory effects of test samples determined as their ability after

24 h incubation to limit the growth of C. albicans in minimal media

Test sample and dosage Test sample and dosage

Ligand 60 uM 30 uM 15 uM Silver Salt 60 uM  30puM 15 uM

Percentage Growth* Percentage Growth*
Ag(MPO);]CIO

MPO (2.1) 67%  99%  100% [Agl " 1))2] Yo% 12% 11%
Ag(PPO);]CIO

PPO(2.2) 17%  80%  100% [Agl o 2);] Yo% 10% 9%
Ag(HPO):]CIO

HPO (2.3) 18%  27%  57% [Agl - 3))2] Yo% 12% 14%

AgClO4 9% 10% 12%

*Percentage growth is determined relative to a control sample where 100% growth = no
inhibition, 0% = complete inhibition of growth

All compounds had some ability to limit C. albicans growth (Table 3.8). MPO (2.1) had
minimal effectiveness with only the highest concentration of 60 UM having an impact
(67% growth). The MICso (Minimum Concentration to inhibit 50% of growth) was not

determined as it was too inactive in the concentration range tested. PPO (2.2) was
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more effective, having some activity at 30 uM (80% growth). Finally, HPO (3.3) clearly
demonstrated significant inhibition of C. albicans with activity at the lowest
concentration of 15 uM where fungal growth was at 57%. MICso values for PPO (2.2)
and HPO (2.3) were determined to be 43.32 uM and 14.63 uM respectively.

There is a clear correlation between the lipophilicity of the ligands and the activity,
with the most lipophilic ligand HPO (2.3) ligand having the best antifungal activity
against C. albicans. Statistical evidence supports this as the effectiveness of HPO (2.3)
compared to (i) MPO (2.1) and (ii) PPO (2.2) both give high statistical significance of
P<0.0001.

When statistically analysing a result, a hypothesis must first be established. In these
experiments we create the hypothesis ‘The anti-C. albicans activity of compound A is
similar to if not the same as compound B’. The P-value is the probability of the
hypothesis being true and will lie between 0 and 1. For example, in the case of
comparing the growth inhibition of HPO (2.3) to MPO (2.1), the P-value is <0.0001. A
P-value of less than 0.0001 means there is high statistical significance which implies
the hypothesis is not correct while little statistical significance would give a P-value
of >0.05 and hence the statement is very likely to be true.'®* The high statistical
significance of P<0.0001 when the antifungal activity of HPO (2.3) is compared to (i)
MPO (2.1) and (ii) PPO (2.2) at each concentration confirms that the more lipophilic
ligand is more biologically active against C. albicans at the concentrations tested. This
could be down to the better penetration of the biological membrane by the longer
alkyl chain. The lipophilic effect of the phen-oxazine ligands was also evident in
previous studies where the longer hexyl and octyl chains demonstrated increased

antibacterial activity against S. aureus (Table 3.9).176
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Table 3.9: Minimum Inhibitory Concentration (MIC) values of phen-oxazine ligand 2.1

— 2.4 against S. aureus

S. aureus MIC (uM)

Compound Calculated logP
MICso MICso
MPO (2.1) 2.8 ND ND
PPO (2.2) 3.6 8 9
HPO (2.3) 4.9
OPO (2.4) 5.7 2 3

ND = not determined

The antifungal activities of the silver(l) complexes 3.1 — 3.3 and silver perchlorate
were far superior to the ligands 2.1 — 2.3. Treatment with all complexes and AgClO4
resulted in percentage growth of C. albicans of less than 15% across the range of
concentrations tested (60 — 15 puM). The Ag(l) complexes are therefore much more
active than the free ligands and hold activity down to 15 uM. The coordination to
Ag(l) undoubtedly enhances antifungal activity. This is backed up by the high
statistical significance of P<0.0001 at 15 and 30 uM between each ligand and complex
pair. The complexes and AgClO4 were too active in the concentration range tested to
determine MICsp values. MICgo values would be less than 15 uM for all complexes.
From this data it is also apparent that the Ag(l) phen-oxazine complexes are just as
active as AgClO4, where P>0.05 between each complex and silver perchlorate.
Although a lipophilic effect is seen amongst the free ligands, this is not true for the
Ag(l) salts. Clearly showing that the complexation to Ag(l) is a more significant factor
than the lipophilicity of the ligands for the experiments conducted in the
concentration range of 60 — 15 uM. This outcome was also observed in McCann’s
2004 study into the anti-Candida albicans activity of [Ag(phen);] and
[Ag(phendione);] compared to the free phen or phendione (2a) ligands.®® This
enhanced activity upon complexation to a metal centre was evident in previous
studies where Ag(l) and Cu(ll) bis complexes of MPO (2.1) show higher DNA binding
affinity than phenanthroline analogues.'’> The authors also found that there is
increased DNA binding compared to the minor grove binding drugs pentamidine and
netropsin. It is proposed that this is due to the extended conjugation of the phen-

oxazine ligand that provides a secondary binding sites as the binding constant for
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[Ag(MPO);]ClO4 (3.1) was found to be three times larger than the binding constant

for Ag(phen),.

With cognisance to the dynamic behaviour of the Ag(l) complexes in solution and
potential aggregation of the [Ag(HPO);]ClO4 (3.3) in biological media that is observed
using UV-vis spectroscopy (Figure 3.16c), the effect of incubating the compounds in
minimal media for 0 — 72 h prior to antifungal testing was assessed. The antifungal
activity of a compound is greatly influenced by the choice of biological media.'?>-1%7
Minimal media contains glucose, inorganic components such as nitrogen and sulphur
and essential amino acids. These components may interact with the Ag* ions in
solution and impact the activity. The growth, adhesion and formation of biofilms of

Candida species can also be greatly impacted by the choice of media.'%®

To investigate the impact of the choice of media, test solutions of ligands 2.1 - 2.3,
AgClO4 and Ag(l) complexes 3.1 — 3.3 were freshly prepared at 120 uM in 5% (v/v)
DMSO in minimal media and allowed to stand in the dark at rt for O, 3, 6, 24, 48 and
72 h. Following the specified time, the 120 uM test solutions were inoculated as
described above and the plate was read after 24 h. The length of time that the
compounds were left in the media prior to use did not have an impact on the
antifungal activity against C. albicans for any compound at any time standing in media
prior to use (Tables 3.10 - 3.11). As expected, the activity of the free ligands 2.1 -2.3
were not affected by prior incubation in media. The 60 uM test solution of PPO (2.2)
lead to a percentage growth of 17% when left for 0 h, 13% when left for 6 h and 18%
when left to stand for 72 h before use (Table 3.10). Similarly, a 60 uM test solution of
[Ag(PPO).]ClO4 (3.2) produces inhibition of 12, 9 and 10% following 0, 6 and 72 h
standing of media prior to testing (Table 3.11). When the values for each time point
of each compound are compared against one another, P>0.05 is calculated,
supporting the conclusion that standing in media for any time period prior to use has
no impact on the biological activity against C. albicans under the conditions tested.
The inhibition observed using the standard protocol matched very closely to all
activity observed at the varying time points for all compounds tested at each
concentration. This experiment highlights that under the conditions tested, the
impact of the dynamic behaviour of the silver complexes is negligible.
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Table 3.10: /n vitro inhibitory effects of ligands 2.1 — 2.3 as determined as their ability
after 24 h incubation to limit the growth of C. albicans, following prior standing of

test solution in minimal media for time periods between 0-72 h.

Test compound

Time standing MPO (2.1) PPO (2.2) HPO (2.3)

in minimal Percentage Growth* at 60 uM, 30 uM and 15 uM dosage

media (h) levels
Oh 67,99, 100% 17, 80, 100% 18, 27, 59%
3h 55, 95, 100% 16, 72, 100% 24, 36, 65%
6h 53,93,97% 13, 73,97% 19,17, 31%
24 h 80, 100, 100% 20, 99, 100% 20, 61, 94%
48 h 59, 95, 99% 14, 76, 96% 21, 39, 88%
72 h 69, 100, 100% 18, 90, 98% 15, 37, 69%

*Percentage growth is determined relative to a control sample where 100% growth = no
inhibition, 0% = complete inhibition of growth
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Table 3.11: /n vitro inhibitory effects of complexes 3.1 -3.3 and AgClO4 as determined
as their ability after 24 h incubation to limit the growth of C. albicans, following prior

standing of test solution in minimal media for time periods between 0-72 h.

Test Compound
Time [Ag(MPO);]CIOs [Ag(PPO):]CIOs [Ag(HPO):]CIO4
AgClO4
standing (3.1) (3.2) (3.3)
in
minimal Percentage Growth* at 60 uM, 30 uM and 15 uM dosage levels
media (h)

17, 80,
Oh 15,12, 11% 12, 10, 9% 11,12, 14%
100%
16,72,
3h 13,13, 12% 10,9,8% 13, 11, 13%
100%
13,73,
6h 11,11, 12% 9,8, 8% 11,9, 9%
97%
20, 99,
24 h 13,13, 13% 12,11, 10% 14,12, 19%
100%
14,76,
48 h 15,17, 18% 11, 10, 9% 25, 20, 19%
96%
18, 90,
72 h 12,12, 14% 10, 8, 7% 12, 10, 13%
98%

*Percentage growth is determined relative to a control sample where 100% growth = no
inhibition, 0% = complete inhibition of growth

It is known that the incubation time may influence the behaviour of antifungal
agents.’®® Therefore, to further probe the biological activity of the compounds in
solution, the initiation and duration of activity in minimal media was analysed. This
analysis was achieved by reading the OD of the plates at 3, 6, 24 and 48 h following
inoculation (Tables 3.12 — 3.13). The activity of ligands 2.1 — 2.3 was less than 10%
after 3 h incubation. Activity for all compounds became apparent between 3 and 6 h.
From 24 h onwards, key differences were observed. All free ligands 2.1 — 2.3 showed

their highest activity after 24 h with their potency decreasing at this point. The
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activity of the MPO (2.1) and PPO (2.2) ligands significantly dropped at this point with
PPO (2.2) decreasing from 17% growth (60 uM, 24 h) to 64% growth (60 uM, 48 h)
which gave a statistical significance of P<0.0001. HPO (2.3) had better ability to hold
some activity, with its inhibition only decreasing from 18% to 24% at the highest dose
of 60 uM from 24 h to 48 h. At the lower dose of 30 uM, the activity of HPO (2.3)
decreased from 27% to 45%.

Table 3.12: In vitro inhibitory effects of phen-oxazine ligands 2.1 — 2.3 as determined

as their ability after 3 - 48 h incubation to limit the growth of C. albicans in minimal

media.
Test Sample
Ligands
MPO (2.1) PPO (2.2) HPO (2.3)
Incubation Time  percentage Growth* at 60 pM, 30 uM and 15 pM dosage

levels

3h 90, 93,95% 93, 93, 94% 100, 100, 100%

6 h 75, 83,91% 75, 78, 84% 100, 92, 87%

24 h 68, 99, 100% 17, 80, 100% 18, 27, 57%

48 h 100, 100, 100% 64, 100, 100% 24,45, 95%

*Percentage growth is determined relative to a control sample where 100% growth = no
inhibition, 0% = complete inhibition of growth
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Table 3.13: In vitro inhibitory effects of Ag(l) complexes 3.1 — 3.3 and AgClO4 as
determined as their ability after 3 - 48 h incubation to limit the growth of C. albicans

in minimal media.

Test Compound

[Ag(MPO),]CIO;  [Ag(PPO),ICIOs [Ag(HPO),]CIO4

Incubation AgClO,4
(3.1) (3.2) (3.3)

Time
Percentage Growth* at 60 uM, 30 uM and 15 uM dosage levels

3h 100, 100, 97% 100, 100, 100% 100, 100, 100% 100, 90, 93%
6h 84,75, 74% 95, 81, 75% 87,79, 79% 100, 77, 79%
24 h 15,12, 11% 12, 10, 9% 11, 12, 14% 9,10,12%

48 h 19, 19, 17% 13, 10, 9% 15,17, 21% 11, 91, 100%

*Percentage growth is determined relative to a control sample where 100% growth = no
inhibition, 0% = complete inhibition of growth

The most interesting result was that of the complexes. There was a clear difference
in effectiveness and duration of activity for the silver(l) phen-oxazine complexes
compared to the metal free ligands. There was no significant difference (P>0.05) for
complexes 3.1 — 3.3 from 24 h to 48 h at all doses (60 — 15 uM). In contrast, silver
perchlorate only held activity at the highest dose of 60 uM after 48 h where growth
remained at 11%. The activity of AgClO4 after 24 h decreased from 10% to 91% growth
at 30 uM and from 12% to 100% growth at 15 uM. The activity of complexes 3.1 -3.3

was significantly better (P<0.0001) compared to silver perchlorate at 48 h.

The dynamic behaviour of Ag(l) complexes 3.1 — 3.3 did not impact the antifungal
activity when the susceptibility assays were conducted in nutrient poor minimal
media. The impact of the solution behaviour of complexes 3.1 — 3.3 was probed
further by conducting similar experiments using nutrient rich, YEPD media. The media
composition is an important parameter when conducting antifungal testing and can
greatly affect the biological activity.1%> 19 198 YEPD media is a much more nutrient
rich media as it contains peptones and yeast extracts that provide peptides, amino
acids, inorganic salts and lipids.?®® The standard 24 h susceptibility assay was

conducted for ligands 2.1 — 2.3, complexes 3.1 — 3.3 and AgClO4 at concentrations of
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60 — 15 uM in YEPD against C. albicans (Table 3.14, row A). There was no fungal
inhibition observed at any concentration for any compound. The influence of standing
the compounds in YEPD media for varying time points prior to use was also assessed
(Table 3.14, rows B-F). No fungal inhibition was observed for any compound standing
in YEPD media for any time point prior to inoculation. This outcome is consistent with
similar experiments where the antifungal growth noticeably varied from media to
media. A study by Hoeprich and Huston assessed the zones of inhibition of C. albicans
using the commercial antifungal drug amphotericin B. Brain-Heart Infusion (BHI)
media gave a zone of inhibition of 17.2 mm while Yeast Nitrogen Base (YNB) media
gave a larger zone of inhibition of 19.6 mm.®7 A similar study showed that the choice

of media can alter the MICsp value of the antifungal agent.1®®

Table 3.14: In vitro inhibitory effects of test samples determined as their ability after
24 h incubation to limit the growth of C. albicans in YEPD media following standing of

test compounds in solution for time periods between 0-72 h

Time standing  Percentage Percentage Percentage

in media (h) Growth* Growth* Growth*
prior to testing 60 pM dose 30 pM dose 15 pM dose
A 0 100 100 100
B 3 100 100 100
C 6 100 100 100
D 24 100 100 100
E 48 100 100 100
F 72 100 100 100

*Percentage growth is determined relative to a control sample where 100% growth = no
inhibition, 0% = complete inhibition of growth.

The antifungal activity of phen-oxazine ligands 2.1 — 2.3 is much less than the activity
of phen and phendione against C. albicans presented in the literature.®® HPO (2.3)
has a similar antifungal effect to phen (Table 3.15). The Ag(l) phen-oxazine complexes
(3.1 — 3.3) appear more effective than unsubstituted phen. They are also predicted
to have similar inhibitory effects as phendione, [Ag(phen);]CIOs and
[Ag(phendione);]ClOa4. The Ag(l) phen-oxazine complexes are much more active than
the free phen-oxazine ligands and silver salt AgNOs. The standard treatment for C.

albicans infections is amphotericin B which has an extremely low MICsp of 0.54 puM.2°1
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With this in mind, it is clear that the phen-oxazine ligands and Ag(l) complexes are far

less potent than the standard treatment.

Table 3.15: Comparison of minimum inhibitory concentrations (MIC) of phen-

oxazines, Ag(l) phen-oxazines and reported Ag(l) phen complexes®

Ligand MICso (LM) Complex MICso (UM)
phen 14 [Ag(phen);]ClO4 8.8
phendione 3 [Ag(phendione);]ClO4 0.5
MPO (2.1) > 60 [Ag(MPO),]ClO4 (3.1) <15
PPO (2.2) 43 [Ag(PPO),]ClO4 (3.2) <15
HPO (2.3) 14 [Ag(HPO),]ClO; (3.3) <15
AgNO3 30
AgClO4 <15

3.3.5 In vivo Toxicity Towards Galleria mellonella

Galleria mellonella (greater wax moth) is a widely used insect model to indicate
toxicity of a compound and to study the pathogenesis of an infection.?°% 293 Larvae of
G. mellonella have a similar innate immune response to mammals which affords them
a valuable model to study in vivo toxicity and virulence of infections. The larvae are
inexpensive, straightforward to inoculate, have no ethical restrictions and the results
are collected within a few days.?%* 295 G. mellonella larvae were used to assess the in
vivo toxicity of a phen-oxazine ligand and an Ag(l) phen-oxazine complex. Test
solutions of PPO (2.2) and [Ag(PP0O);]ClO4 (3.2) were prepared at 60 uM and 30 uM
in 5% (v/v) DMSO in PBS. A control solution of 5% (v/v) DMSO in PBS was also
prepared. Five larvae weighing between 200 — 300 mg were placed in a clean petri
dish per replicate. Three replicates per test solution were conducted. Each larva was
inoculated with 20 uL of test solution beside the last left proleg using a 1 mL insulin
syringe. The larvae were placed in an incubator at 37 °C and monitored every 24 h up
to 72 h for indications of melanisation or death. Healthy larvae appeared white in

colour and had good mobility. They were gently flipped on their back and their ability
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to right themselves was noted. All larvae tested survived and appeared healthy after

72 h (Table 3.16).

Table 3.16: Percentage survival of larvae after 24, 48 and 72 h incubation following a
20 pL inoculation of test compounds PPO (2.2), [Ag(PP0):]ClO4 (3.2) or control (5%
v/v DMSO in PBS).

% Survival
Concentration
Test compound 24 h 48 h 72 h
(uM)
5% (v/v) DMSO in PBS 100 100 100
60 100 100 100
PPO (2.2)
30 100 100 100
[Ag(PPO)2]CIOs (3.2) 60 100 100 100
AlAASAEIE 30 100 100 100

Another assessment of the in vivo toxicity of PPO (2.1) and [Ag(PP0)2]ClO4 (3.2) was
conducted to determine whether there was an increase in inflammation in the larval
bloodstreams following inoculation.?% Fresh test solutions of 60 UM were prepared
as before. Five larvae per test condition were injected with 20 pL of test solution.
Following 3 h of incubation at 37 °C, the larvae were collected. A single larva was
treated as one replicate, with 3 larvae evaluated per test condition. The lymph of the
larvae was collected in a clean Eppendorf. The lymph was diluted by a factor of 5 in
fresh PBS. A sample was then pipetted onto a haemocytometer and the number of
cells were counted under a microscope. The control number of haemocytes was
determined to be 1.23 x 107 cells/ml. For the test group inoculated with 60 uM of
PPO (2.2), 1.25 x 10’ cells/ml were calculated. Similarly, the 60 pM inoculation of
[Ag(PP0O)2]ClOs (3.2) was determined to be 9.82 x 10° (Table 3.17). Given the
haemocyte numbers of PPO (2.1) and [Ag(PPO),]ClO4 (3.2) were similar to that of the
PBS control with no significant increases, it was determined that no inflammatory

response was induced.

Table 3.17: Haemocyte densities calculated following inoculation of 60 uM test

solutions of PPO (2.2) and [Ag(PP0)2]ClO4 (3.2)
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Test Compound Concentration (uM) Haemocyte count (cells/mL)

5% v/v DMSO in PBS - 1.23 x 107
PPO (2.2) 60 1.25 x 107
[Ag(PPO),]ClO4 (3.2) 60 9.82 x 10°

3.3.6 Survival Rate of Galleria mellonella Infected with C. albicans Followed by

Treatment with PPO (2.2) and [Ag(PP0).]CIO4 (3.2).

The G. mellonella model is a good insect infection model to indicate in vivo efficacy
of antimicrobial agents as the larvae can be maintained at 37 °C, the temperature
human pathogens proliferate at.?°® G. mellonella has been widely used as a model to
assess treatment of Candida infections.?%3 205 The efficacy of antifungal compounds
PPO (2.2) and [Ag(PP0)2]ClO4 (3.2) was evaluated using G. mellonella. From protocols
in the literature, a lethal dose of C. albicans is administered to the larvae at a range
of concentrations of between 1 x 10° — 5 x 10°> CFU/larva.?9% 205 207 The highest C.
albicans dose of 5 x 10°> CFU/larvae administered to larvae of 0.33 mg weight resulted
in a 50% death rate after 48 h.29 The volume of inoculum used was either 5 or 10
uL.2%7: 208 vertyporokh and coworkers used a lethal 5 pL dose of 2 x 10° CFU/larva to

conduct their experiments.?%’

Given the broad range of protocols in the literature, it was decided to first assess the
higher C. albicans concentration of 5 x 10°> CFU/larva against G. mellonella. A C.
albicans culture was grown overnight in YEPD media in an orbital shaker. A working
culture of 5 x 107 cells/mL in PBS was prepared. A control solution of 5% (v/v) DMSO
in PBS was also prepared. Five larvae per test condition were placed in a clean petri
dish. Larvae weighing between 200 — 300 mg were used. Two replicates were
conducted per test condition. A control group received a 20 pL dose of 5% (v/v) DMSO
in PBS and were placed in an incubator at 37 °C. Three groups of 10 larvae were
inoculated with 10 pL of the 1 x 107 cells/mL working culture of C. albicans. The
infected larvae were placed in the incubator at 37 °C for 1 h. After this time the larvae

were taken out of the incubator and given a second inoculation as follows; one group
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were injected with a 10 pL dose of 5% (v/v) DMSO in PBS, one group were treated
with a 10 pL dose of the 60 uM solution of PPO (2.2) ligand and the final group were
treated with a 10 pL dose of 60 uM of complex [Ag(PPO).]ClO4 (3.2). All larvae were
placed in the incubator once again and were monitored for survival, melanisation and
changes in mobility. After 24 h no larvae infected with C. albicans survived. The
control group that received the PBS inoculum all survived. The infected larvae had
clear patches of dark melanisation which suggested a very high fungal load that

spread very quickly.

A second experiment was conducted similar to the first but with the use of a C.
albicans solution of 1 x 10° cells/mL which was administered in a volume of 10 pL.
The larvae were again monitored for survival, melanisation and changes in mobility
for up to 72 h. This experiment yielded more promising results. The survival rate of
the larvae was noted and are presented in Table 3.18. After incubation for 24 h, all
control larvae were alive, had no melanisation and were fully mobile. The test group
infected with C. albicans and left untreated showed clear signs of sickness following
24 h. This group showed clear melanisation and were lethargic with a limited ability
to right themselves when turned over. Groups infected and followed with treatment
of PPO (2.2) had minor melanisation after 24 h and appeared quite mobile. The test
group treated with [Ag(PP0O)2]ClO4 (3.2) appeared similar to those treated with free
ligand PPO (2.2) but had slightly more melanisation. Upon inspection after 48 h there
were obvious differences. Only 60% of infection only larvae were alive while those
treated with PPO (2.2) and [Ag(PP0O):]ClO4 (3.2) had a survival rate of 90 and 80%
respectively at 48 h. It appeared that the free ligand had slightly better antifungal
activity at this point. Following 72 h of infection and treatment differences became
apparent. As expected, the negative control group infected with C. albicans and left
untreated had the lowest survival of 60% after 72 h. Interestingly, the survival of the
larvae treated with PPO (2.2) decreased to 70% while those treated with
[Ag(PPO).]ClO4 (3.2) only decreased to 80%. The ability of the Ag(l) phen-oxazine
complex to hold activity for longer agrees with the results presented earlier in Table

3.11. There is clear evidence that both PPO (2.2) and [Ag(PP0):]ClO4 (3.2) have in vivo
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antifungal activity given the survival rates for the larvae treated with these

compounds were higher than that of the infection only larvae group.

Table 3.18: Percentage of survival of larvae infected with C. albicans and followed by

(i) no treatment, (ii) treatment of PPO (2.2), (iii) treatment of [Ag(PP0),]ClO4 (3.2)

% Survival
Test First . .
. . . Second inoculation 24 h 48h 72h
condition inoculation
5% v/v
Control DMSO in PBS - 100 100 100
(20 pL)
C. albicans 5% v/v DMSO in PBS (10
i 90 60 60
(10 L) uL)
C. albicans 60 uM PPO (2.2)
i 90 90 70
(10 pL) (10 pL)
C. albicans 60 uM [Ag(PPO),]ClO4 (3.2
ii MM [Ag(PPORICIOs (3.2) o 80 80
(10 pL) (10 pL)
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3.4 Conclusion

The work in this chapter has described the synthesis and characterisation of starting
materials phendione (2a) and L-amino acid ester salts 1.1 - 1.8. The reaction between
phendione (2a) and L-tyrosine ester hydrochlorides (1.1 —1.4) produces phen-oxazine
ligands 2.1 — 2.4 as the major product while reacting phendione (2a) with 4-nitro-L-
phenylalanine ester hydrochlorides (1.5 — 1.8) results in the phen-pyrido ligands 2.4
— 2.8 as the major product. The tuneable nature of the ligand reaction to yield one
major product can be attributed to the electron withdrawing or donating ability of
the para substituent on the phenyl ring of the amino acid. Synthesis and
characterisation of phenanthroline-based ligands phen-oxazine (2.1 — 2.4) and phen-
pyrido (2.4 — 2.8) ligands has been presented. The ligands were synthesised with
increasing lipophilicity by increasing the alkyl chain length at the ester position. There
is precedent that the longer alkyl chain length affords increased in vitro biological
activity. It is proposed that the mechanism of formation of both ligands is initiated by
a Schiff-base condensation reaction that forms a keto-imine intermediate. Following
multiple H* transfers an enol-imine intermediate if formed which undergoes
intramolecular cyclisation to form the phen-oxazine or phen-pyrido ligand. Phen-
oxazine ligands 2.1 — 2.3 were complexed to Ag(l) to form complexes 3.1 - 3.3. Key
differences were observed using NMR and IR spectroscopy which suggested
successful complexation. The solution stoichiometry of Ag(l) phen-oxazine complexes
3.1 - 3.3 was determined using the Job’s Plot method to be 1:2 Ag(l):phen-oxazine.
Complexes 3.1 - 3.3 all demonstrated fluxional behaviour in solution. Fast
competitive exchange of ligands was apparent in DMSO-d6. Bidentate phen ligands
can compete with bidentate phen-oxazine ligands in solution while monodentate
pyridine is unable to compete with phen-oxazine which is consistent with the chelate
effect. UV-visible spectroscopy of 3.1 and 3.2 in 5% (v/v) DMSO in minimal media
suggests solution stability, however, the most lipophilic derivative [Ag(HPO)2]ClO4
(3.3) appears to aggregate after 72 h. Biological evaluation of phen-oxazine ligands
2.1 — 2.3 and Ag(l) complexes 3.1 — 3.3 and AgClO4 against C. albicans yielded
interesting results. There was a clear lipophilic effect between the ligands, with the

antifungal activity increasing as the alkyl chain length and lipophilicity increased. This

121



result supports the importance of lipophilicity in ligand design. While the Ag(l) phen-
oxazine complexes did not appear to have this lipophilic effect, there was clear
evidence that complexation to Ag(l) greatly enhanced the anti-C. albicans activity of
the ligands in vitro. All compounds tested had activity in minimal media, but no
activity was observed when the same experiments were conducted in YEPD media.
There were no significant differences observed between freshly prepared and pre-
prepared test solutions of all compounds. Incubating complexes 3.1 - 3.3 for the
standard 24 h period suggested they were just as active as AgClO4 but upon extending
the study to 48 h, the Ag(l) phen-oxazine complexes held their activity while AgClO4
became inactive. These results highlight the importance of the choice of biological
media, sample preparation and incubation time. The extension of the biological
studies to the G. mellonella model suggested PPO (2.2) and [Ag(PP0O),]ClO4 (3.2) were
well tolerated in vivo. Inoculation of the test compounds did not impact the mobility,
cause melanisation or induce an immune response in the larvae. Test compounds PPO
(2.2) and [Ag(PPO);]ClO4 (3.2) also had some ability to recover the larvae from C.

albicans infection after 72 h.
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Chapter 4

Synthesis and Characterisation of
Re(l) Tricarbonyl Phenanthroline
Complexes 4.1 — 4.8 their
Photochemical and
Electrochemical Properties
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4.1 Introduction

Rhenium tricarbonyl compounds have been studied extensively due to their diverse
spectroscopic and physical properties.tl’, 209 210 Re(l) tricarbonyl complexes have
found applications as catalysts in the photoreduction of CO,?'%, cellular imaging
agents!?® 209,212 3nd photodynamic therapy (PDT) agents to treat cancer!?? 209,213,214,
The wide variety of applications of Re(l) tricarbonyl complexes is attributed to their
luminescence.?!® Luminescence is the emission of light from a substance due to
electronic transition from higher energy molecular orbitals.?!> Re(l) tricarbonyl
luminescence arises from the intense emission as a result of the triplet state metal-
to-ligand charge transfer (MLCT).?1° Re(l) tricarbonyl phenanthroline compounds are
of particular interest as they possess unique luminescent properties such as long
emission lifetimes, high photostability and large Stokes shifts.'”- 129216 Emjssion from
such complexes can be easily tuned through derivatisation of the phen ligand as the
ligand rt* orbital dictates the intensity and wavelength of the MLCT.*3% 210 Phen-based
Re(l) complexes also provide attractive redox activity. Oxidation of Re(l) to Re(ll) has
been exploited for photocatalysis?!!, artificial photosynthetic materials!??, ion

sensors?!® and in solar energy conversion cells.?!’

There are also multiple examples of therapeutic and diagnostic (theranostic) Re(l)
agents (Figure 4.1a,b) that harness the MLCT luminescence to create anticancer
agents that are trackable by fluorescent microscopy to identify cellular
localisation.'?® 30 Another key feature of this class of Re(l) complexes is the
incorporation of carbon monoxide (CO) ligands. Re(l) diimine complexes containing
CO ligands provide wide scope for dual purpose, trackable, targeted therapies in the
treatment and diagnosis of cancer.'?®31 Molecules that are designed to release CO
molecules into the microenvironment in response to stimuli are known as CO
Releasing Molecules (CORMs). PhotoCORMs are molecules that release CO in
response to UV or visible light.?!8 The ability to stimulate intracellular CO release from
Re(l) tricarbonyl phen complexes have provided many examples of potent dual
purpose anticancer agents to treat breast (Figure 4.1b), cervical and ovarian cancers

(Figure 4.1b,c).12% 131
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Figure 4.1: Reported Re(l) tricarbonyl phen complexes with dual action

photochemical and biological activity (Melm = methylimidazole).12°-131

We therefore sought to synthesise a family of novel Re(l) tricarbonyl phenanthroline-
based complexes 4.1 — 4.8 (Figure 4.2) to explore their biological activity.
Photochemical, electrochemical studies and biological screening of complexes 4.1 —
4.8 will be discussed across Chapters 4 and 5. As outlined in Chapter 2, the phen-
oxazine ligands 2.1 — 2.4 have shown good biological activity as antibacterial*’® and
antifungal®®® agents. The phen-pyrido ligands 2.5 — 2.8 are anticipated to have
promising biological activity. The phen-pyrido ligands are analogous to a naturally
occurring alkaloid, ascididemin which has exhibited potent anticancer activity.?2°
Complexation of a phen-oxazine or phen-pyrido ligand to Re(l) is proposed to provide
a structure with potential as a dual action, CO-releasing photoactivated pro-drug. This
dual action is proposed to arise from the biological activity of the organic ligand and

the photo-induced release of CO into the microenvironment of the cellular target.

This chapter will discuss the synthesis of starting material Re(CO)sBr and known
complexes [Re(CO)3Br(phen)] (4a) and [Re(CO)sBr(phendione)] (4b). Synthesis and
characterisation of novel Re(l) tricarbonyl phen-oxazine complexes 4.1 — 4.4 and Re(l)
tricarbonyl phen-pyrido complexes 4.5 — 4.8 will be described. The photochemistry
of complexes 4.1 — 4.8 will be investigated. Electrochemical analysis to assess redox

potential of complexes 4.1 — 4.8 using cyclic voltammetry will be presented.
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Figure 4.2: General structures of (a) Re(l) phen-oxazine complexes 4.1 — 4.8 (R = Me,

Pr, Hex, Oct) and (b) Re(l) phen-pyrido complexes of 4.5 — 4.8 (R = Me, Et, Pr, Hex).

4.2 Synthesis and Characterisation of Re(l) Tricarbonyl Phenanthroline Complexes

4.1-4.8

4.2.1 Synthesis of Bromopentacarbonylrhenium(l) Starting Material
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co OC CO rt, 5 min co

Scheme 4.1: Reaction of dirhenium decacarbonyl in the presence of bromine to

produce Re(CO)sBr starting material

The reaction to produce Re(CO)sBr involves breaking the metal-to-metal bond of
commercially available dirhenium decacarbonyl which is replaced by a bromide
ligand to produce the monomeric Re(CO)sBr starting material (Scheme 4.1). This
reaction produces up to 88% vyield. The IR spectrum of Re(CO)sBr obtained is
consistent with that found in the literature.'*® Re,CO10 has a characteristically intense
band at 1920 cm? that corresponds to a v(CO) stretch. This shifts to 1946 cm™ and

decreases in intensity which is consistent with the production of Re(CO)sBr.
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4.2.2. Synthesis of Known Re(l) Tricarbonyl Complexes of 1,10-Phenanthroline (4a)
and 1,10-Phenanthroline-5,6-dione (4b)

The known Re(l) tricarbonyl complexes containing phenanthroline (Scheme 4.2) and
phendione (2a) (Scheme 4.3) were synthesised as per literature methods.14%-15!
Briefly, the ligand of choice (phen or phendione (2a)) was reacted in a 1:1 ratio with
Re(CO)sBr and the reaction mixture was heated at reflux in toluene overnight. The
resulting suspension was reduced to dryness. The product was re-suspended in
diethyl ether, washed with several portions of diethyl ether and dried using vacuum
filtration. Good yields of more than 75% were achieved. The structures of
[Re(CO)3Br(phen)] (4a) and [Re(CO)sBr(phendione)] (4b) were confirmed using NMR
and IR spectroscopy and data obtained agreed with characterisation in the

literature.14% 151

x
Br |l
/ \ Toluene OCy, | wN~F
Re(CO)sBr + > Re
=N N= reflux, 24 hrs oc” l\N X
co l_
4a

Scheme 4.2: Reaction of phen with Re(CO)sBr to form [Re(CO)3Br(phen)] (4a)

OC// \N >
Toluene n, | S

- Re
reflux, 24 hrs OC/ l \N
coO S

4b

Scheme 4.3: Reaction of phendione (2a) with Re(CO)sBr to form
[Re(CO)3Br(phendione)] (4b).
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H NMR spectra recorded for Re(l) complexes 4a and 4b appeared almost identical to
spectra of the free ligands. All signals present in the DMSO-d6 'H NMR spectrum of
4a shift downfield by between 0.35 — 0.49 ppm compared to the proton resonance
positions of free phen ligand. For example, the phen signal associated with the
protons at the position ortho to the N-atoms shifts by 0.49 ppm while the signal of
the protons at the position para to the N-atoms have a lesser downfield shift of 0.35
ppm. This accords with the reported downfield shift of the protons of 4a relative to
those of the free phen ligand in CDCl; of between 0.14 — 0.76 ppm reported in the

literature.210

Similarly, all proton signals of the phendione complex (4b) shift downfield by between
0.26 — 0.34 ppm in DMSO-d6 compared to free phendione (2a). These downfield
changes in chemical shift position of free ligand resonances compared to Re(l)

complex are observed for many phen-based Re(l) complexes.130 172,210

Comparison of 3C NMR spectra recorded for 4a and 4b and their respective free
ligands shows the appearance of new signals at high chemical shifts associated with
the carbon atoms of the carbonyl ligands and shifts of the order of 1 -2 ppm for other
ArC signals. Signals for the carbon nuclei of the carbonyl ligands in 4a are present at
192.6 and 189.8 ppm. The spectrum recorded for 4b shows two carbonyl ligand
carbon signals at 197.2 and 188.7 ppm. These new carbonyl signals are consistent

with the production of the Re(l) complexes.}’% 213

IR spectra recorded for the reaction products are consistent with the formation of the
Re(l) tricarbonyl complexes 4a and 4b. The spectra of complex 4a have three distinct
v(CO) stretching bands at 2014, 1925 and 1886 cm™. Complex 4b has similar bands
present at 2023, 1938 and 1878 cm™L. These Re-CO stretching bands appear at slightly
higher wavenumbers for Re(l) phendione complex 4b, due to the functionalisation of
the phen ring which makes the ligand less electron donating. These three IR
stretching modes present in both spectra of complexes 4a and 4b are consistent with

the formation of fac-Re(l) tricarbonyl complexes.130 131, 221
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4.2.3 Synthesis and Characterisation of Re(l) Tricarbonyl Phenanthroline-oxazine

Complexes 4.1-4.4

Synthesis of novel Re(l) complexes containing phen-oxazine ligands (4.1 — 4.4) was
carried out using similar conditions employed for complexes 4a and 4b. The reaction
involved heating the ligand of choice (0.25 mmol) in a 1:1 ratio with the Re(CO)sBr
starting material (Scheme 4.4) at reflux in toluene overnight as described in section

2.3.2. Yields of 43 — 82% were obtained.

OH
0) R
’OJS—Q Br o~
R N o Toluene OC//"R ‘\\\\N Ns (0]
Re(CO)sBr + reflux, 24 hrs ¢ \e‘N o)
4 ) co U OH
=N N=
R = Me, Pr, Hex, Oct
21-2.4 41-44
Product R Code Yield
4.1 CHs ReMPO 70%
4.2 CsH7 RePPO 82%
4.3 CsH13 ReHPO 54%
4.4 C3H17 ReOPO 43%

Scheme 4.4: Reaction between Re(CO)sBr and phen-oxazine ligands (2.1 — 2.4) to

form Re(l) tricarbonyl phen-oxazine complexes 4.1 — 4.4.

Characterisation of the Re(l) phen-oxazine family 4.1 — 4.4 was carried out using NMR,
IR and UV/vis spectroscopy, mass spectrometry and x-ray crystallography. The *H
NMR spectral data of Re(l) phen-oxazine complexes (4.1 — 4.4), especially in the
‘oxazine’ region were more complex than anticipated. Signals for a number of protons
appeared to present in duplicate. This observation is suggestive of the presence of a
pair of diastereomers. Herrick and co-workers have previously shown that their Re(l)
complexes of general formula [Re(CO)s:Cl(pyca-R’-OR)] (Figure 4.3) formed as a
diastereomeric mixture with diastereomer ratios varying from 55:45 to 90:10

depending on the nature of the substituents R and R’.??2 In these complexes Herrick
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describes the metal centre as stereogenic, with pseudo-tetrahedral geometry
assuming the three facial carbonyls as a single unit. The chiral ligand moiety presents
a second stereocentre. The structure shown below is designated as a S,S-

stereoisomer.

Cl
oCy,, | WCOo
Re’ — R
N( | \N <
— CO M

Figure 4.3: General structure of S,5-[Re(CO)sCl(pyca-R’-OR)].

Suarez-Ortiz and colleagues also present a Re(l) tricarbonyl complex that formed as a
mixture of diastereomers and their respective enantiomers (Figure 4.4). The complex
was formed from a racemic sample of the bidentate iminopyridine ligand (L(r/s)).
Taken together with the new Re stereocentre, which is generated in the complexation
reaction, four stereoisomers are possible.??*> The configuration of one diastereomeric
pair is illustrated below. Again, the CO ligands are grouped as one ligand to give a
pseudo-tetrahedral structure around the Re centre as described above. Therefore,
the order of significance of the ligands would be: (1) Br, (2) N-ring, (3) N=C. This gives
an S assignment for the Re centre of structure (a) and an R assignment for structure
(b). The second stereocentre on the ligand follows the significance (1) N=C, (2) Ph-R,

(3) CHs. This gives an R assignment for both structures as they are diastereomers.

(a) R b
( ) Br l X
OC//I/, l _\\\\\N F
N
~
0C,, NS OC” co N
Re “ty
PARINE
ocY ¢o Nl
R
Res-LR ReR—LR

Figure 4.4: General structure of one pair diastereomers of fac-[Br(CO)sRer/s)Lir/s)].22
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The Re(l) phen-oxazine adducts 4.1 — 4.4 also potentially present as four
stereoisomers: a pair of diastereomers with enantiomers of each. As described above
in section 3.2.2.4, synthesis of the phen-oxazine ligands began with an optically active
amino acid ester, however, the ligand is shown to form as a racemic mixture. Complex
formation results in a product with two stereocentres. Starting from the R-
enantiomer of the ligand, structures A and B (Figure 4.5) are possible diastereomeric
products. Structures C and D can arise from reaction with the S-enantiomer of the
ligand. The stereoisomers are assigned following the same method as above for the
structures in Figures 4.3 — 4.4. The CO ligands are grouped as one unit, giving a
pseudo-tetrahedral structure as illustrated in Figure 4.6. The ligands around the Re
centre are then assigned in order of significance. The coordinating N ligands of phen-
oxazine are ordered based on the next significant atom. Therefore, the N and O atoms
labelled in red are more significant than the N and N atoms labelled in blue. So, the
order of significant to assign the stereochemistry around the Re centre follows: (1) Br,

(2JN=>O0(3)N > N.

R
Br I S O/
OC//', \\\\N N\ O OC/",
Re' Re
4
oc?” | ™ O oc?
CO FZ OH
A: Res-Le B: Rex-Lz
_R

OH Br X o

C: ReR-Ls D: R65-L5

Figure 4.5: Predicted stereoisomeric structures of Re(l) phen-oxazine complexes 4.1

-4.4.
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OH
Figure 4.6: Assigning the configuration at the Re centre: S-enantiomer

Examination of the '3C data for the family 4.1 — 4.4 showed many more signals than
would have been expected for the number of unique carbon atoms, if the reaction
produced only one diastereomer. The duplication of the majority of the carbon
signals is in keeping with the suggestion of a mixture of diastereomers.??2 Signals at
or near 197, 196 and 189 ppm were observed for the family which is consistent with
the formation of closely related Re(l) tricarbonyl complexes.'’? It was difficult to
unambiguously assign the carbon resonances of the phen region. However, signals
can be readily assigned for the carbon nuclei associated with the oxazine moiety and
its ester substituent. *H NMR data show limited evidence for duplication of the phen
resonances while two sets of signals are evident for protons in the oxazine region. It
was difficult to definitively assign signals as being associated with one diastereomer
over the other so duplicate signals are denoted as being associated with

diastereomer A or B in Tables 4.1 — 4.2 showing key signals in the 'H and '3C NMR

spectra.
OR
Oxazine C=N /
A
\ RO _ Ester C=0
Br \{ ! ‘_./
o Cf/ﬂ, \\‘\\N N ~c” N
"Re" I 4— ArCH (130 ppm)
~ _c N
OC/ N 07 4 \‘/fc ——— ArCH (116 ppm)
| / t':l A
co ~c% ~0H

Oxazine C-O

Figure 4.7: General structure of Re(l) phen-oxazine complex identifying carbon atoms

for which two resonances appear in the 13C NMR spectra.
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After careful examination of *H, 3C, HSQC and HMBC NMR data for Re(l) complexes
4.1 - 4.4, key signals for the nuclei associated with the oxazine moiety and its
substituents were assigned for each diastereomer based on the characterisation
methods employed by Herrick and co-workers.??? The key signals for the proton and
carbon resonances of each diastereomers are presented in Tables 4.1 - 4.2. Typically,
the carbon nuclei resonances differ by ~0.2 ppm for related signals in the
diastereomeric pairs. The 13C resonances were not integrated but the relative heights
of corresponding pairs of signals allows a tentative suggestion of an approximately

1:1 ratio of diastereomers.

Table 4.1: Key '3C NMR data for Re(l) phen-oxazine complexes 4.1 — 4.4 in support of

the presentation as a pair of diastereomers

. Oxazine Oxazine Ester Ester
Solvent Diastereomer ArCH ArCH
c-0 C=N c=0 OR
ReMPO A 115.95 73.16 151.46  162.18  53.13 (OCH3)
(4.1) 129.46
B 116.05 72.99 151.28 162.21 = 53.10 (OCHs)
A 130.19 116.44 74.10 162.58 68.36 (OCHa),
RePPO : : : : 22.19 (CH2),
(4.2) #
68.35 (OCH>),
B 130.17 116.38 73.97 162.53
22.18 (CH>)
66.43 (OCH.),
A 129.93 116.48 73.93 152.40 162.01
25.35 (CH>)
ReHPO
(4.3) 66.40
) B 129.91 116.37 73.78 152.22 161.97 (OCH>),
25.34 (CH>)
66.43 (OCH>),
A 129.90 116.47 73.90 152.37 162.01
ReOPO 29.02 (CH2)
(4.4) 66.39 (OCH>),
B 129.88 116.37 73.75 152.20 161.96
29.01 (CH2),
68.75 (OCH>),
A 130.60 116.87 74.53 152.88 163.00
RePPO 22.61 (CH2)
(4.2)* 68.78 (OCH.),
B 130.58 116.81 74.40 152.81 162.96
22.60 (CH>)

*recorded in CD3CN; # *H NMR data correlates to four separate carbon signals at very similar
chemical shift positions so the specific signals for the oxazine C=N could not be assigned.

Careful analysis of 2D data helped assign key *H NMR signals of each diastereomer.
For example, the more deshielded aromatic proton resonance of RePPO (4.2), at 7.27

ppm, correlated to two carbon signals at 130.19 and 130.17 ppm. The second Ar-H
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signal resonates within a 3H multiplet at 6.71 ppm which also represents the oxazine-
H This signal correlates with four separate carbon signals; two in the ArCH region,
116.44 and 116.38 ppm, and two in the region where the oxazine C-O is expected,
74.10 and 73.97 ppm.

Signals attributed to the nuclei of the ester functional group, CO;R, also show some
clear duplication in both the *H and 3C spectra. For example, the methyl protons of
ReMPO (4.1) presents two singlet signals at 3.88 and 3.89 ppm. These correlate to a
pair of carbon resonances at 53.13 and 53.10 ppm. Many of the alkyl proton and
carbon signals from other members of the family also appear as duplicate
resonances; two ester C=0 signals are observed at ~162 ppm in the *3C spectra for all

complexes. Key 3C NMR data is summarised in Table 4.1.

As stated above there was limited evidence for signal duplication in the *H NMR
spectra in the region where the phen protons resonate. 'H NMR data for complexes
4.1 - 4.4 do show a shift upon complexation. For example, the phen signals of PPO
(2.2) are deshielded by between 0.25 — 0.33 ppm upon formation of 4.2 (Figures 4.8
—4.9). The most significant shift of 0.33 pm is from 9.05 ppm (Hb) to 9.38 ppm (H>)
for the most deshielded phen signals that are at the position ortho to the N-atom of
the phen region of the phen-oxazine ligand (Figure 4.9). There is a small downfield
shift of 0.02 and 0.06 ppm observed for the aromatic proton signals ortho and meta
to the phenolic group of the oxazine ring. These aromatic proton signals shift from
6.68 to 6.70 ppm and 7.21 to 7.27 pm respectively when PPO (2.2) is complexed to
form RePPO (4.2). The magnitude of the chemical shift change is most apparent for
the protons closest to the N-atoms of the phen moiety similar to what is observed for
complexes 4a and 4b. On some occasions the signal appeared more complex than
expected. For example, in RePPO (4.2) the multiplet signal at ~8.15 representing Hs
could be considered as a pair of overlapping dd signals in keeping with formation of

the product as a diastereomeric mixture (Figure 4.10).
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PPO (2.2) RePPO (4.2)
Chemical Ad

Chemical )
Proton . Proton shift (ppm)
shift (ppm)
(ppm)
Ha 9.46 Hi 9.14 0.32
Hb 9.38 H: 9.05 0.33
Hc 9.18 Hs 8.89 0.29
Hd 8.93 Ha 8.61 0.32
He 8.15 Hs 7.87 0.28
Hf 8.06 He 7.87 0.25

Figure 4.8: Chemical shift changes observed for the protons of the phenanthroline

core of PPO (2.2) upon complexation to Re(l) to form RePPO (4.2).
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Figure 4.9: 'H NMR spectra of free ligand PPO (2.2) (top) and complex RePPO (4.2)

(bottom) showing the chemical shift changes of the phen signals in DMSO-d6.
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Figure 4.10: Portion of *H spectrum of RePPO (4.2) showing the appearance of the Hs

phen proton as a pair of overlapping dd signals

Similar to the 3C data, the 'H NMR spectra for the complexes 4.1 - 4.4 showed
multiple signals for some but not all protons. Signals arising from the oxazine ring,
the OH group and those associated with the ester substituent appear in duplicate.
Key proton signals for 4.1 — 4.4, are presented in Table 4.2. For example, the methyl
protons of ReMPO (4.1), resonate as a pair of signals at 3.89 and 3.88 ppm with a
relative intensity of 1:1. This is supported by their correlation to duplicate signals in
the 13C NMR as discussed above. In almost all cases two resonances were observed

for the OH proton which generally appear in an almost 1:1 ratio.

For complexes 4.2 — 4.4 there is no obvious duplication, although the signals appear
more complex for protons of the alkyl chain. The alkyl proton signals correlate to two
signals in the 3C NMR spectra. For example, for RePPO (4.2), the signal at 4.25 ppm
correlates to carbon signals at 68.36 and 68.35 ppm. Similarly, the signal at 1.68 ppm
correlates to '3C resonances at 22.19 and 22.18 ppm. Generally, the CHs signals
appear as skewed triplets across the family of 4.1 — 4.4. Spectra were recorded in

DMSO-d6.
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Table 4.2: 'H NMR data for Re(l) phen-oxazine complexes 4.1 — 4.4 in support of their

presentation as a pair of diastereomers

Complex Diastereomer -OH ArH ArH Oxazine-H COzR
3.89
A 9.80
ReMPO (OCHs)
7.26 6.69
(4.1) 3.88
B 9.78
(OCHs)
RePPO A 2.81 More
ot 7.27 6.71 o
: 8 9.80 complex
ReHPO A .78 More
3 7.26 6.69 ot
(4.3) B 976 complex
ReOPO A 9.81 More
7.26 6.70
(4.4) B 9.79 complex”
RePPO A A 6.65 0.96 (CHs)
7.29 6.72
(4.2)*
B A 6.63 0.95 (CH3)

*recorded in CDsCN; #signals have more complex multiplicities; ~no signal observed

NMR data for complex RePPO (4.2) was also recorded in CD3CN. In this solvent, the
signals for the ArH and oxazine-H protons no longer overlap. The oxazine-H proton is
now represented by two signals, 6.65 and 6.63 ppm. In this solvent there is an

emergence of two triplet signals for the CHs group of the ester chain at 0.96 and 0.95

In conclusion, there is strong NMR evidence that the Re(l) phen-oxazine complexes
for as a pair of diastereomers in keeping with literature reports for related Re

complexes.??? 223

Suarez-Ortiz and colleagues successfully separated the Re diastereomers using
column chromatography over silica gel using a mixture of DCM/EtOAc/hexane.??3
Chromatographic separation of the diastereomers of Re phen-oxazine adducts 4.1 —
4.4 was attempted. A range of standard solvents with varying polarity were used:
from very polar solvents such as MeOH, EtOH to ACN, DCM, CHsCl, EtOAc and non-

polar solvents such as hexane. Different ratios of solvents were also trialled. Both
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silica and alumina plates were used. The Re phen-oxazine compounds consistently
remained at the baseline with all combinations of mobile and stationary phases. It
was noted that Herrick and coworkers did not successfully separate their

diastereomers by chromatography or fractional crystallisation.?%?

Attempts to separate the Re phen-oxazine diastereomers were unsuccessful by TLC,
however HPLC conditions were found to separate the diastereomers. Samples of
complexes 4.1 — 4.4 were prepared by dissolving ~1 mg of complex in 1 mL ACN. The
analytes were eluted using reversed-phase chromatography with a mobile phase of
0.01 % (v/v) formic acid in H,0. Figure 4.11 shows two analytes with similar intensities
elute between 37 and 41 minutes. HPLC analysis conducted on ReMPO (4.1), ReHPO
(4.3) and ReOPO (4.4) presented similar chromatograms to that obtained for RePPO
(4.2) The relative intensity of the two analytes observed by HPLC correlates with the

presence of two species in the NMR data.

Intensity  WWD: Signal A, 254 nm
RePP0O_31-1-24_1_Scan1_is1.datx 2024.02.19 15:05:38 ;
3,000
2,000 ‘ ‘
1,000 ‘ ‘

0 T T T
0.00 8.33 16.67 25.00 3333 41.67 50.00

Figure 4.11: HPLC chromatogram of RePPO (4.2) showing two analytes with similar

retention times

Further characterisation of complexes 4.1 — 4.4 involved IR and UV/vis spectroscopy,
mass spectrometry and x-ray crystallography. The IR spectra obtained for Re(l)
complexes show some unique signals compared to the free ligands. The key
difference is the presence of two intense bands between 2020 - 1800 cm™. Figure
4.12 shows the carbonyl stretching region of the IR spectrum of ReMPO (4.1). The
second band at ~1880 cm™ appears very broad with a consistent shoulder at ~1915
cm! across the family of Re(l) phen-oxazine complexes 4.1 — 4.4. The presence of
three stretching modes in the metal carbonyl region are characteristic of a facial (fac)
arrangement of the CO ligands around the Re(l) centre.??! Although the IR data is

consistent with the formation of the fac isomer it cannot be confirmed. The ester
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v(C=0) band present in the free phen-oxazine ligands at 1732 cm™ shifts to a lower

wavenumber of 1714 cm™ upon complexation to Re(l).

2100 2080 2080 2040 2020 2000 1880 1960 1340 1820 1300 1880 1860 1840 1820 1300 1780 1780 1740
Wavenumbers [cm ™ ]

Figure 4.12: Portion of the IR spectrum of ReMPO (4.1) showing the Re-CO stretching

modes

High resolution mass spectrometry was conducted on the family of novel Re(l) phen-
oxazine complexes 4.1 — 4.4. An (M+Na)* ion was detected for each complex. The
isotope match score was above 97% for all compounds which supports the proposed

molecular formulae (Table 4.3).

Table 4.3: Theoretical and observed masses of Re(l) complexes 4.1 — 4.4

Observed Observed

Theoretical Mass
neutral mass
Compound Formula neutral error
(Da) mass (+Na*) ( )
mass (Da ppm
(Da) (m/z)
ReMPO
(a.1) [Re(C2sH1sN3O7)Br]  757.8651  732.9615 757.9519 -1.09
RePPO
(4.2) [Re(C27H19N30O7)Br]  760.9926  760.9926 785.9834 -1.37
ReHPO
(4.3) [Re(C30H25N307)Br]  803.0405  803.0395 828.0298 -1.31
ReOPO
(2.4) [Re(Cs2H29N307)Br]  831.0718  831.0710 856.0611 -1.06
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X-ray crystallography data were obtained for RePPO (4.2) from a clear yellow plate-
shaped crystal grown by slow evaporation of solvent from an ACN solution of the
complex (Figure 4.13). The bond angles around the Re centre range from 75.48 —
99.08° for those expected to be approximately 90°, while those expected to be
approximately 180° range from 170.80 —176.86°. This confirms a distorted octahedral
structure. The complex is also confirmed to exist as the fac isomer as predicted. The
three Re-C bond distances were determined to between 1.91 — 1.95 A. The two Re-N
bonds were 2.17 A long. The Re-Br bond distance was determined to be 2.61 A. It is
noteworthy that the structure is obtained for R,S-stereocisomer of RePPO (4.2). It is
predicted that crystallisation in ACN may selectively crystallise this diastereomer from

the ~1:1 isomeric mixture of Re(l) phen-oxazines fac-[Br(CO)sRer/s)Lir/s)].

Figure 4.13: Molecular structure of RePPO (4.2) with atomic displacement shown at

50% probability.

UV-visible spectroscopy was used to determine the extinction coefficient, € of the
Re(l) complexes 4.1 — 4.4. A stock solution was prepared for each complex by
dissolving 20 mg into DMSO (50 mL). The stock solution was diluted until a sample
with an absorbance of 1 was obtained. This sample was serially diluted (Figure 4.14).
The concentration for each solution was calculated based on the dilution factor. The
Amax Was identified as the point of highest absorbance for each band. The absorbance

at Amax was noted for each solution. The absorbance at Amax was plotted against
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concentration for each test solution to produce a standard curve graph. The
extinction coefficient was determined to be the slope of the graph. The extinction
coefficients for complexes 4.1 — 4.4 are presented in Table 4.4 and range from 8362
— 11102 M1cm™. The UV/vis spectra for the Re(l) phen-oxazine complexes show an
intense band between 350 - 390 nm with a Amax at ~¥390 nm. This absorption band is
consistent with a metal to ligand charge transfer (MLCT) [d(Re(l) = n*(phen-oxazine)]
as seen in similar Re(l) tricarbonyl complexes containing a phen-based bidentate
ligand.117, 210,224,225 MLCT bands generally have an € of between 3000 — 4000 Mt cm-
1,224 The magnitude of the extinction coefficient, € for complexes 4.1 — 4.4 is much
higher than anticipated. The free phen-oxazine ligands 2.1 — 2.4 also absorb at
approximately 390 nm; therefore, it is predicted that the complex band is an
overlapping intraligand and MLCT band. This overlap of bands has been observed for

Re(l) tricarbonyl bipy complexes.?2°
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Figure 4.14: UV-visible spectra of RePPO (4.2) at concentrations 9.82 x 10~ - 1.35 x

10> M in DMSO used to determine the extinction coefficient ().
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Table 4.4: Wavelengths of absorption maxima (Amax) and extinction coefficient (g)

values for Re (l) phen-oxazine complexes 4.1 — 4.4 in DMSO.

Compound Amax (nm) e (Mlcm?)
ReMPO (4.1) 388 8362
RePPO (4.2) 387 9629
ReHPO (4.3) 386 10259
ReOPO (4.4) 387 11102

Novel Re(l) tricarbonyl phen-oxazine complexes 4.1 — 4.4 were successfully
synthesised and characterised using NMR, IR and UV-visible spectroscopy, HRMS,
HPLC analysis and x-ray crystallography. The family of four phen-oxazine containing
Re(l) complexes exhibited duplicate signals in both the *H and 3C NMR data for all
compounds which was due to the presence of diastereomers which is supported by
HPLC data. Both the NMR and IR data supported the formation of the series of
tricarbonyl Re(l) species. The UV/vis data indicates that the compounds will undergo
a MLCT transition upon absorption of visible light (~386 nm). Accurate mass analysis
agreed with the predicted molecular formulae of all compounds. X-ray
crystallography of RePPO (4.2) revealed that the complexes exist in the fac isomer

and form a distorted octahedral geometry.

4.2.4 Synthesis and Characterisation of Re(l) Tricarbonyl Phenanthroline-pyrido

Complexes 4.5 - 4.8

Synthesis of Re(l) phen-pyrido complexes 4.5 — 4.8 was carried out using the same
protocol employed for the Re(l) phen-oxazine complexes 4.1 — 4.4. The phen-pyrido
ligand of choice (2.5 — 2.8) was heated at reflux in a 1:1 ratio (0.25 mmol) with
Re(CO)sBrin toluene overnight. The resulting suspension was reduced to dryness and

the deep purple product was re-suspended in diethyl ether, washed with several
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portions of diethyl ether and dried via vacuum filtration. All compounds were

obtained in good yield and purity (Scheme 4.5).

Toluene

reflux, 20 h oc” ‘ NN

R = Me, Et, Pr, Hex

25-238

Product R Code Yield
4.5 CH3 ReMPP 52%
4.6 CaoHs ReEPP 87%
4.7 CsH7 RePPP 72%
4.8 CeH13 ReHPP 85%

Scheme 4.5: Reaction between phen-pyrido ligands (2.5 — 2.8) and Re(CO)sBr to from

Re(l) phen-pyrido complexes 4.5 — 4.8.

Characterisation of novel Re(l) phen-pyrido complexes 4.5 — 4.8 was carried out using

NMR, IR and UV-visible spectroscopy, mass spectrometry and x-ray crystallography.

'H NMR data obtained for the Re(l) phen-pyrido complexes 4.5 — 4.8 shows a similar
pattern to that of the corresponding free phen-pyrido ligands 2.5 — 2.8. As was
expected based on Re(l) complexes 4a, 4b and 4.1 — 4.4, there is a downfield shift for
the phen protons upon complexation to Re(l). The phen proton signals of the free
ligand shift by between 0.01 — 0.31 ppm when complexed. Figure 4.16 shows the
chemical shift changes of ReMPP (4.5) that appear in the *H NMR spectrum in Figure
4.17. The largest changes in chemical shift occur for the phen protons closest to the
C=0 on the phen moiety. The doublet signals that appear at 9.15 ppm (Ha) and 8.67
ppm (Hc) ppm shift to 9.42 ppm (Hi) and 8.98 ppm (H3) ppm respectively upon
complexation to Re(l). Similarly, the dd signal at 7.86 ppm (He) shifts to 8.13 ppm (Hs).
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Another observation is that the aromatic signals of the free ligand that appear at 7.79
and 7.60 ppm become one multiplet at 7.86 ppm that has a relative integration of 4
for the complex. Similar to complexes 4.1 — 4.4, the Re(l) phen-pyrido complexes 4.5
- 4.8 have a stereogenic centre around the metal. There is however no additional
chiral centre within the ligand therefore the phen-pyrido complexes form as a pair of

enantiomers (Figure 4.15).

Br
OCM/

o ™y

CO

Reg Res

Figure 4.15: Enantiomers of Re phen-pyrido complexes 4.5 — 4.8 formed by the

reaction between Re(CO)sBr and phen-pyrido ligands 2.5 — 2.8.
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MPP (2.5) ReMPP (4.5)

1Y)
Chemical Chemical
Proton ) Proton ) (ppm)
shift (ppm) shift (ppm)
Ha 9.15 Hi: 9.42 0.27
Hb 9.06 H2 9.13 0.07
Hc 8.67 Hs 8.98 0.31
Hd 8.48 Hs 8.49 0.01
He 7.86 Hs 8.13 0.27

Figure 4.16: Chemical shift changes observed for the protons on the phenanthroline

core of MPP (2.5) upon complexation to Re(l) to form ReMPP (4.5)
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(b)
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Figure 4.17: 'H NMR spectra of (a) phen-pyrido ligand, MPP (2.5) and (b) Re(l) phen-
pyrido complex, ReMPP (4.5) showing the changes in chemical shift position of the

phen protons upon complexation to Re(l) in DMSO-d6.

The 3C NMR spectra obtained for complexes 4.6 — 4.8 supported the synthesis of the
Re(l) tricarbonyl structures by the presence of three quaternary carbon signals
between 195 — 185 ppm arising from the three Re-CO ligands Figure 4.17 shows the
associated region of the 3C NMR spectrum of ReHPP (4.9). It was noted that these

carbon signals were not observed for the methyl analogue, ReMPP (4.5).
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Figure 4.18: Portion of the 3C NMR spectrum of ReHPP (4.9) showing the Re-CO
signals present at 195.5, 195.3 and 185.8 ppm in DMSO-d6.
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The IR data obtained for all Re(l) phen-pyrido complexes 4.5 — 4.8 show two v(CO)

stretching bands between 2010 - 1880 cm™. In all cases the band at 1880 cm™ has a

shoulder at ~1920 cm™ The IR spectrum of ReMPP showing this region is given in

Figure 4.19.

ttance [%)]

2000 1880 1360
Wavenumbers[cm™* ]

Figure 4.19: IR spectrum of ReMPP (4.5) showing the Re-CO stretching modes.

High resolution mass spectrometry was conducted on the family of novel Re(l) phen-

pyrido complexes 4.5 —-4.8. An (M+H)* ion was detected for ReEPP (4.6); (M+Na)* ions

were detected for ReMPP (4.5), RePPP (4.7) and ReHPP (4.8). In each case the isotope

match score was above 96% in all cases supporting the predicted molecular formulae

(Table 4.5)

Table 4.5: Theoretical and observed mass to charge ratios of Re(l) complexes 4.5 —

4.8

Compound Formula

ReMPP (4.5) [Re(CasH12N408)Br]

ReEPP (4.6) [Re(C26H14N4Og)Br]
RePPP (4.7)  [Re(Cz7H1sNsOg)Br]
ReHPP (4.8)  [Re(CsoH:2N405)Br]

*Observed mass (+H")

Theoretical
neutral mass
(Da)

759.9368
773.9525
787.9681
830.0151
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Observed
neutral
mass (Da)

759.9370

773.9525
987.686

830.0153

Observed
mass
(+Na*)
(m/z)
784.9278
776.9619*
812.9593
855.0063

Mass
error

(ppm)

0.30
0.73
0.56
0.35



X-ray crystallography data were obtained for RePPP (4.7) from a red, plate-shaped
crystal grown by slow evaporation of solvent from a MeOH solution of the complex
(Figure 4.20). The crystal structure obtained support the formation of the fac isomer
in a distorted octahedral geometry. Bonds lengths were determined to be 2.6 A for

Re-Br, 2.1 A for both Re-N bonds are between 1.8 — 1.9 A for the three Re-CO bonds.

Figure 4.20: RePPP (4.7) modelled with disorder shown at a 50% probability.

UV-visible spectroscopy was conducted on complexes 4.5 —4.8 in DMSO to determine
their extinction coefficients, €. The spectra for the Re(l) phen-pyrido complexes show
an intense band between 350 - 390 nm with a Amax at “375 nm (Figure 4.21). The free
ligands also absorb at this wavelength. It is predicted that this absorption band
consists of an intraligand and a MLCT absorption band ([drt(Re) -> n*(phen-pyrido)])
similar to the Re(l) phen-oxazine complexes. The extinction coefficients for Amax1
(~375 nm) range from 11712 — 14907 M cm™ for the family 4.5 — 4.8 and are
presented in Table 4.6. The magnitude of the extinction coefficient, €1 associated
with Amax1 is consistent with the presence of an intraligand and MLCT absorption.??®
A second, less intense band is observed between 440 — 660 nm, assigned as Amaxz.
The extinction coefficients (€2) of this second band were calculated to be between
3066 — 3426 M1cm™. This band is tentatively assigned as another MLCT band as it is

not present in the free ligand. The magnitude of €2 is consistent with that of an MLCT

band for Re(l) complexes.??* This band also exhibits solvatochromism which is a
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common behaviour of MLCT absorption bands. This will be discussed later in the

chapter.
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Figure 4.21: UV/vis spectra for ReHPP (4.8) at concentrations between 1.39 x 10 —

5.80 x 10° M in DMSO used to determine the extinction coefficients (€1 and £2).

Table 4.6: Wavelengths of absorption maxima (Amax) and extinction coefficient (g)

values for Re (I) phen-pyrido complexes 4.5 — 4.8 in DMSO.

Compound Amax1 (nm) €l (M1cml) Amaxz (hnm) €2 (M1cm?)
ReMPP (4.5) 375 12266 493 3071
ReEPP (4.6) 374 14907 495 3427
RePPP (4.7) 372 11712 490 3066
ReHPP (4.8) 371 12612 490 3250

4.3 Properties of Re(l) Tricarbonyl Complexes 4a, 4b and 4.1 - 4.8

4.3.1 Solution Stability and Solvatochromism Behaviour of Re(l) Tricarbonyl

Complexes 4.1 -4.8

Solution stability, speciation and behaviour are important considerations when
assessing biological activity.?® The solution stability of novel Re(l) complexes 4.1 —
4.8 was first established in DMSO by preparing a 50 uM sample of each compound
and standing it in the dark for several days. The data obtained for RePPO (4.2) are

presented in Figure 4.22. Over a 72 h period no changes were observed for any Re(l)
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complex using UV-vis spectroscopy. It was determined that complexes 4.1 — 4.8 were

highly stable in DMSO in the dark over a 72 h period.
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Figure 4.22: UV/vis spectra for a 50 uM DMSO solution of RePPO (4.2) left to stand in
the dark at rt for 72 h.

Re(l) complexes 4.1 — 4.8 were assessed for solvatochromism. This is a phenomenon
where molecules absorb light at different wavelengths depending on the choice of
solvent.??’ It is a consequence of differing solvation energy of the ground and excited
states when solvent molecules interact with the compound in solution.??®
Solvatochromism is typical of MLCT absorption bands.??° Solutions of Re(l) phen-
oxazine complexes RePPO (4.2) and ReHPO (4.3) were prepared in both DMSO and
ACN. Likewise, solutions of Re(l) phen-pyrido complexes ReMPP (4.5) and ReEPP (4.6)
were prepared in both DMSO and DCM. The choice of solvent was based on the best
solubility for each family. UV-vis data were obtained for the complexes in the different
solvents. The data show a subtle change of 2 - 3 nm in the Anax1 position from one
solvent to another for all compounds tested which suggests, as expected for
intraligand transitions, the compounds do not exhibit significant solvatochromism at
this wavelength. A more evident change is observed for Amaxz of phen-pyrido
complexes ReMPP (4.5) and ReEPP (4.6). The Amax2 band is present at 491 nm for
ReMPP (4.5) when dissolved in DMSO but shifts to 558 nm when dissolved in DCM.
Similarly, a DMSO solution of ReEPP (4.6) shows Amax2 at 489 nm while the band shifts
to 557 nm when dissolved in DCM. This behaviour is indicative of a MLCT band. The
red shift observed for the species when dissolved in DCM suggest the excited state is

stabilised by lower polarity solvents and therefore has a small dipole moment.
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4.3.2 Photo-Luminescence Studies on Re(l) complexes Tricarbonyl Phenanthroline

complexes (4a,b, 4.1-4.8)

Photo-irradiation of rhenium tricarbonyl diimine complexes leading to luminescence
has been extensively reported.’?® The photoluminescence occurs through emission

from the MLCT triplet state (Scheme 4.6).

Scheme 4.6: Photoluminescence of rhenium(l) tricarbonyl complexes complex of

general formula fac-[Re(CO)s(phen)X]

The attractive photophysical properties of Re tricarbonyl phen complexes include the
intense near UV/visible absorbance, long emission lifetimes and large Stokes shifts.
The electronic properties can be easily tuned through derivatisation of the
coordinated phen ligand. The strong emission of Re tricarbonyl phen complexes has
found applications as intracellular imaging agents (Figure 4.23a,b)*?° 13° and as pH

sensors (Figure 4.23c).?16
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Figure 4.23: Re(l) tricarbonyl phen complexes that function as intracellular imaging

agents (a,b) and pH sensors (c).
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Standard protocols to assess the luminescence of Re tricarbonyl complexes involves
excitation at Amax1 of @ 2 — 5 x 10~ M solution.1?® 131, 230 Chakraborty and coworkers
assessed the luminescence of [Re(CO)s(phen)Cl]. In their study they excited a 4.5 x
10> M ACN solution at 370 nm. The sample produced an emission band centred at
605 nm. In the present study, the analogous bromide complex [Re(CO)s(phen)Br] (4a)
was first assessed using a similar protocol. A 2 x 10% M solution of 4a was prepared
in ACN. Luminescence was visible by eye under a UV lamp operating at 365 nm. The
sample was placed in a fluorometer and excited at 385 nm and emission was
monitored between 450 -750 nm. A broad band emission was observed at 592 nm

with a relative intensity of 220 a.u. (Figure 4.24).

1000 N
S 900 Br |
S 800 0Cy, | SN
> ‘Re
Z 700
> W X
S 600 oc?” | N
€ 500 o A
S 400
(&)
S 300
(&)
5 200
2 100

0

450 500 550 600 650 700 750

Wavelength (nm)

Figure 4.24: Luminescence emission spectrum recorded for 4a (2 x 10* M) following

excitation at 385 nm in ACN at rt.

The luminescence properties of [Re(CO)s(phendione)Br] (4b) were investigated. A 2.2
x 10* M solution of 4b in ACN was prepared. Interestingly, the solution did not appear
to be luminescent by eye when exposed to a UV lamp (365 nm). The sample was
excited in the fluorometer at a wavelength of 377 nm but no emission band was
observed. This is proposed to be a result of functionalisation of the phen ring. There
is literature precedent to suggest that substitution of the phen ligand can greatly alter
the photophysical properties of the Re(CO)s complexes.?31233 The introduction of
electron withdrawing groups such as C=0, COOH and NO; into the phen ligand can
shorten emission lifetimes and reduce emission efficiency.?3* A study by Komreddy

and coworkers demonstrated that functionalisation of the phen ligand of
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[Re(phen)(CO)sCl], lowers the emission compared to the unsubstituted analogue. An
epoxy ring or a carboxylic acid (COOH) group have the greatest effect on lowering the
emission intensity and quantum yields (¢) as presented in Table 4.7.2° From these
data, it is predicted that the 5,6-disubstituted phendione ligand may quench the

emission of 4b.

Table 4.7: Quantum yields of Re(l) tricarbonyl complexes containing substituted phen

ligands?10
Compound Substituent bem?
Re(phen)(CO)sClI H 0.032
Re(5-CN-phen)(CO)sCl CN 0.015
Re(5-NH2CO-phen)(CO)sCl NH.CO 0.010
Re(5,6-epoxy-phen)(CO)sCl epoxy 0.008
Re(5-COOH-phen)(CO)sCl COOH 0.005

9 ¢ is expressed as a value between 0 and 1

Based on the literature precedent described above, it was predicted that the
derivatised phen-oxazine and phen-pyrido ligands may result in little or no emission
of the Re(l) complexes. There is evidence in the literature that suggests population of
non-emission excited states may result in fluorescent quenching?3> and from our UV-
vis studies on the phen-oxazine and phen-pyrido complexes discussed above it would

appear the intraligand t—n* and the MLCT band is overlapping.

Re(l) complexes (4.1 - 4.8) were investigated in a similar manner to complexes 4a and
4b. A 20 uM ACN solution of each complex 4.1 — 4.8 were prepared. Using a UV lamp,
no visual luminescence was observed for any Re(l) phen-oxazine complex. The
samples of RePPO (4.2) and ReHPO (4.3) were assessed using the fluorometer. Each
sample was excited at 391 nm. As expected, no luminescence was observed for either
phen-oxazine complex. The ACN solutions of RePPP (4.7) and ReHPP (4.8) were also
analysed. The samples were excited at 373 nm. No luminescent output was observed

for either phen-pyrido complex.
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4.3.3 Assessment of the Photochemical Stability of Re(l) Tricarbonyl Complexes 4.1

— 4.8 using UV-visible Spectroscopy

Rhenium tricarbonyl diimine complexes can undergo a variety of photochemical
reactions following irradiation. These include CO release, fac/mer isomerisation and
loss of the ancillary halide (Scheme 4.7). CO substitution and fac/mer isomerisation
have previously been observed for fac-[Re(bipy)(CO)sCl] following irradiation.?3®
While Chakraborty and co-workers have observed photo-induced CO loss from
(Phen)Re(CO)sClin both ACN and PBS solutions. They prepared a 4.5 x 10 M solution
in PBS and irradiated at 302 nm at regular intervals. UV/vis data was obtained at each
time interval. The resulting spectra showed a clear time-dependent decrease in the
intensity of the absorbance band with Amax at 370mn with loss of CO molecules. A
key application of these complexes is in photodynamic therapy in the treatment of
cancer. Many Re(l) tricarbonyl phen complexes have been identified as potent CO-

releasing chemotherapeutic agents.12% 131,233,237
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Scheme 4.7: Possible photochemical reactions resulting from irradiation of complex

of general formula fac-[Re(CO)s(phen)X] (S = solvent molecule, X = halide).

Photochemical stability studies were carried out on complexes 4a, 4b and 4.1 — 4.8.
The solutions were prepared by dissolving the desired compound in ACN at a
concentration of between 1 — 2 x 10 M. The test solution, which was left under
aerobic conditions in order to reflect a biological system, was added to a quartz

cuvette and placed 30 cm from the light source. A broad band xenon lamp that emits
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between 240 — 2400 nm was used for all experiments. UV-vis spectra were obtained

at regular time intervals to monitor changes following exposure to UV light.

A solution of 1.44 x 10* M (A = 0.45) of 4a was prepared in ACN. The sample was
irradiated at intervals of 5 — 10 minutes and absorption spectra were obtained at each
time point (Figure 4.25). Irradiation for a total of 40 minutes reveals a clear time-
dependent decrease in the band at Amax While a new band appears centred at a
wavelength of 520 nm. A similar experiment conducted using a solution of
[Re(CO)3(phen)Cl] by Chakraborty and co-workers results in the same time-
dependent decrease of the complex absorption band following irradiation.'?® Two
isosbestic points are present at 350 nm and 416 nm suggesting one photoproduct as

is seen in the literature.?13
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Figure 4.25: UV-visible spectra of 4a (1.44 x 10* M) following irradiation by broad
band light from 0 — 40 minutes in ACN.

A 2.11 x 10* M (A = 1) solution of complex 4b in ACN was prepared. The same
experimental set up was used as for the irradiation of 4a. UV-vis spectra of 4b
following irradiation at 5/10 minute intervals were obtained (Figure 4.26) over a time
period of 40 minutes. Similarly to 4a, there is a time-dependent decrease in the
absorption band of the starting material at 373 nm. After 30 minutes there is also an
apparent shift of Amax from 373 nm to 364 nm. A time-dependent appearance of a
new absorption band, centred at ~520 nm which continued increase in intensity is

also observed. One isosbestic point is observed at 402 nm.
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Figure 4.26: UV-visible spectra of 4b (2.11 x 10* M) following irradiation by broad
band light from 0 — 40 minutes in ACN.

Photo-irradiation of Re(l) phen-oxazine complexes 4.2 and 4.3 was conducted
following the same protocol as above. A 9.8 x 10> M solution of RePPO (4.2) in ACN
was prepared. The sample was irradiated for a total of 40 minutes and UV-vis spectra
were obtained at each time interval (Figure 4.27). There is an obvious decrease in the
absorbance band Amax1 383 nm. This decrease in absorbance intensity correlates to a
decrease in the concentration of the RePPO (4.2) starting material. The emergence of
a new absorption band centred at 520 nm is indicative of the production of a new
photochemical product. A clear isosbestic point is present at 430 nm. The resulting
spectra of irradiated RePPO (4.2) are suggestive of a similar photo-induced behaviour

to that observed for complexes 4a and 4b.
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Figure 4.27: UV-visible spectra of RePPO (4.2) following irradiation by broad band

light from 0 — 40 minutes.
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Another member of the Re(l) phen-oxazine family, ReHPO (4.3) was assessed in the
same manner. A solution of 9.3 x 10> M was prepared in ACN. A clear time-dependent
decrease in the intensity of the band associated with the starting material was
observed at Amax and emergence of a new absorption band at 520 nm (Figure 4.28).
A single isosbestic point appears at 430 nm. The profiles of the UV-vis absorption
spectra of RePPO (4.2) and ReHPO (4.3) following irradiation are almost identical.
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Figure 4.28: UV-visible spectra of ReHPO (4.3) following irradiation by broad band

light from 0 — 40 minutes.

A member of the Re(l) phen-pyrido complex family was investigated in a similar
manner. ReMPP (4.5) was dissolved in ACN to give a 6.8 x 10 M solution. The solution
was irradiated at 10 minute intervals for a total of 60 minutes. The Re(l) phen-pyrido
complexes possess two absorption bands with Amax ~375 and ~555 nm that both
decrease in intensity upon irradiation with a broad band UV lamp (Figure 4.29). A
small new absorption band emerges at ~¥830 nm. Irradiation of this solution induces

a gradual colour change from purple to brown over the 60 minute period.
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Figure 4.29: UV-visible spectra of ReMPP (4.5) following irradiation by broad band

light from 0 — 60 minutes.

4.4 Myoglobin Assays of Re(l) Complexes 4.1 - 4.8

There is evidence from the UV-vis studies to suggest the Re(l) complexes are
photochemically active (Figures 4.25 — 4.29). As the behaviour of the complexes was
similar to that reported for UV-vis studies associated with photoactivated CO loss of
similar complexes.'?® 213 Studies were carried out on complexes 4b, 4.2, 4.3 and 4.7
using a myoglobin assay to assess if there was any evidence of CO loss. Myoglobin
(Mb) is a protein primarily present in muscle that reversibly binds oxygen through a
Fe(ll) centre bound to a heme group.?*® Myoglobin also readily binds CO and can be
used to analyse the photo-activated release of CO from CORMSs.23° UV-vis spectra for
oxy-myoglobin, carboxy-myoglobin and deoxy-myoglobin were obtained from the
literature (Figure 4.30).2%C There are two key regions in the spectra: for all species,
the most intense band is present in the Soret region between about 350 — 460 nm,
one or more bands are also seen in the Q-band region at the longer wavelength of
450 — 700 nm. The most noticeable difference between the three species is observed
in the Soret band region. Uncoordinated deoxy-Mb (purple) has an absorption band
at 433 nm in the Soret band region and a single band centred at 555 nm in the Q-
band region. The Soret band of carboxy-Mb (blue) is seen at 423 nm while the Q-band

region for this species has two separate bands at about 545 and 575 nm. The Soret
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band of Oxy-Mb (red) is at 417 nm while the Q-band region has two bands at 547 and

581 nm. The wavelengths are summarised in Figure 4.30.24°

Wavelength (nm) Species
433 555 deoxy-Mb (purple)
417 547, 581 oxy-Mb (red)
423 545, 575 carboxy-Mb (blue)
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Figure 4.30: UV/vis spectra of oxy-Mb (red), carboxy-Mb (blue) and deoxy-Mb

(purple). Inset shows the Q-band region from 450 — 700 nm?4°

Myoglobin assays were conducted on a sample group of Re(l) complexes to assess
whether photo-activated CO loss is occurring. A 0.08 mM solution of deoxy-Mb was
prepared in fresh PBS. A solution containing 0.09 M sodium hydrosulphite in PBS was
also prepared. The role of the sodium hydrosulphite is to maintain an oxygen free
solution. Re(l) test compounds were prepared at a concentration of 0.2 mM in ACN.
A test solution containing a total volume of 2 mL was prepared, as per Table 4.8, in a

quartz cuvette and the sample was covered in a small layer of mineral oil.
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Table 4.8: Myoglobin assay test solution preparation components

. Stock Final Total
Solution . Amount used .
Concentration concentration Volume
Myoglobin 0.08 mM 0.5mL 0.02 mM
Sodium
. 0.09M 0.5mL 0.023 mM
Hydrosulphite
Test
. 2mL
compound in 0.2 mM 0.1 mL 0.01 mM
ACN
PBS 0.9 mL
Mineral oil A few drops

RePPO (4.7) was prepared according to Table 4.8. This involved making a 2 mL
solution containing 0.5 mL of the 0.08 mM deoxy-Mb stock solution, 0.5 mL of the
0.09 mM sodium thiosulfate stock solution, 0.1 mL of a 0.02 mM ACN solution of
RePPO (4.7), 0.9 mL of PBS and a few drops of mineral oil. The test solution was
irradiated with broad band light for a total of 60 minutes and any changes were
monitored using UV-vis spectroscopy (Figure 4.31). The Soret band is characteristic
of deoxy-Mb with a wavelength of maximum intensity at 433 nm. Similarly, the Q-
band presents a characteristic single band centred at 555nm. There is a clear decrease
in the intensity of both bands. This could suggest a decrease in the concentration of
deoxy-Mb but there no evidence for formation of oxy-Mb or carboxy-Mb therefore

evidence for CO loss from the complex is limited.
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Figure 4.31: UV-visible spectra following irradiation for a total of 60 minutes of a
solution containing RePPO (4.2) (0.01 mM) and deoxy myoglobin. Inset shows the Q-

band region from 480 — 670 nm.

The same experiment was conducted with the phen-pyrido complex RePPP (4.7). The
sample was prepared according to Table 4.8. The test solution containing 0.01 mM of
RePPP (4.7) was irradiated for a total of 60 minutes and UV-vis spectra were obtained
at each time point as shown in Figure 4.32. On first glance, the bands are
characteristic of deoxy-Mb with the Soret band centred at 433 nm and the Q-band
present at 555 nm. There is a decrease in both bands over time, similar to the study
with RePPO (4.2). Again, it cannot be confirmed that the changes are due to

formation of CO-myoglobin.
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Figure 4.32: UV-visible spectra of an ACN solution containing RePPP (4.7) and deoxy
myoglobin following irradiation for a total of 60 minutes. Inset shows the Q-band

region from 480 — 670 nm.
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It can be concluded that the complexes are photochemically active upon irradiation
as is observed in the UV-visible spectra (Figures 4.25 — 4.29). The myoglobin assays
could not confirm the mechanism to be CO loss. There is limited evidence for
decrease in the concentration of deoxy-Mb but no definite evidence for conversion

to carboxy-Mb.

4.5 Electrochemical studies of Re(l) complexes

Re(l) tricarbonyl phen complexes have well established redox activity that has seen
their use in the reduction of CO,21%, solar energy conversion?!’ and as sensors.?® Re(l)
diimine complexes of general formula [Re(CO)3(N~N)X] (where X = Cl or Br) undergo
at least two reductions. The first is either reversible or quasi-reversible and is
associated with the diimine ligand and the second is an irreversible reduction of Re(l)
to Re(0).2*! It is also common for [Re(CO)3(NAN)X] complexes to undergo an
irreversible Re”" oxidation at positive potentials. When a current is applied an
electrochemical-chemical-electrochemical (ECE) reaction occurs. This mechanism
involves a Re'"" oxidation (E) followed by replacement of the halide with a solvent
molecule (C). This species then undergoes a second reversible oxidation of Re"
(E).242-244 A typical ECE reaction for a fac-Re(CO)s(L)Cl complex is shown in Scheme

4.8.

Re(CONM)CI - & == Rel(COxM)CI’ (1)

Rell(CO)5(L)Cl" + ACN @)

—> Rel(CO);(L)ACN)" + ClI

Re!(CO);(LY(ACN)" - ¢ === Re'[(CO);(L)(ACN)** 3)

Scheme 4.8: Electrochemical and chemical processes that occur when a current is

applied to Re(CO)s(L)CI?*®

164



The reversibility of a redox reaction is determined by the peak separation (AE) of E,*
and E,™d. In general, when AE = 57 mV, the reaction is reversible. A redox couple with
57 mV > AE > 200 mV is quasi-reversible. An irreversible redox reaction typically has
a much larger AE of > 200 mV.2*¢ The redox activity of Re(l) complexes 4.1 — 4.3 and
4.5, 4.7, 4.8 was investigated. Electrochemical studies were conducted based on the
parameters used by Bao and coworkers.?*” A three-electrode cell was used for all
experiments. This consisted of a glassy carbon electrode (GCE) as the working
electrode, a saturated calomel electrode (SCE) as the reference electrode and
platinum wire as the counter electrode. Tertbutylammonium tetrafluoroborate
(TBATFB) was used as the supporting electrolyte. Non-aqueous solutions were made
to contain 1 mM of the selected complex and 0.1 M of supporting electrolyte in ACN.
Ferrocene was used as a control. Solutions were degassed for at least 30 minutes
prior to use. A nitrogen atmosphere was maintained in the cell. Cyclic voltammetry

was conducted on all complexes at a scan rate of 100 mV/s.

A standard cyclic voltammogram (CV) obtained for the ferrocene/ferrocenium
couple, Fc/Fc* (Figure 4.33). Ferrocene has been well established as a standard for
calibration of an electrochemical system.?*”-248 The CV shows a clear oxidation at 0.46
V vs SCE that is associated with the Fe'/'" oxidation. The Fe"”" reduction is observed

at 0.39 V vs SCE.
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Figure 4.33: Cyclic Voltammogram of ferrocene (1 mM) in 0.1 M TBATFB/ACN; scan
rate of 100 mV/s.

The simple complex Re(l) tricarbonyl phen was investigated first. However, as
[Re(CO)s(phen)Br] (4a) was insoluble in ACN, the analogous complex
[Re(CO)s3(phen)Cl] was assessed. A solution was prepared as described above. The
oxidation and reduction peaks are listed in Table 4.9. The CV of [Re(CO)s(phen)Cl] is
presented in Figure 4.34. The oxidation peak at 1.37 V vs SCE is consistent with
irreversible oxidation of Re'/" of Re tricarbonyl phen complexes.?*! The reduction peak
at -1.37 V vs SCE is assigned to reduction of the phen ligand which is consistent with

the literature.210

Table 4.9: Redox properties* of Re(l) complexes of phen and phendione (2a)

Compound Ep®* (V) Ep"d (V)
[Re(CO)s(phen)Cl -1.49, -1.27, 1.37 (Re'") -1.37 (phen)
-0.84,-0.17

[Re(CO)s(phendione)Cl]  -1.61,-0.79, -0.09, 1.50 (Re'")

[Re(CO)s(phendione)Br] -0.85, -0.14
(4b)

*0.1 M TBATFB in ACN, rt, vs SCE

-0.78, -0.09, 1.49 (Re'")
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Figure 4.34: Cyclic Voltammogram of [Re(CO)s(phen)Cl] (1 mM) in 0.1 M TBATFB/ACN;

scan rate of 100 mV/s.

The electrochemical properties of [Re(CO)s(phendione)Cl] were assessed in the same
manner as [Re(CO)s(phen)Cl] and the CV is presented in Figure 4.35. As expected,
there is an anodic peak at 1.50 V vs SCE that can be assigned as the irreversible Re""
oxidation. Two new redox couples arise in the region -1 — 0 V compared to the CV of
the simple phen complex, [Re(CO)s(phen)Cl]. These redox couples are predicted to be
associated with functional groups of phendione. The first redox couple (A) is observed
at-0.09 V vs SCE (E,>*) and -0.17 V vs SCE (E,™9) as presented in Table 4.9. The second
redox couple (B) emerges at -0.79 V vs SCE (E,%*) and -0.84 V vs SCE (Ep"™"). These
redox couples are particularly efficient as the peak separations, AE are small; 0.08 and
0.05 V respectively. From these values, redox couple A can be assigned as a quasi-
reversible process while B can be assigned as reversible. An additional oxidation is
observed at -1.61 V vs SCE. A very similar voltammogram was recorded when the
experiment was repeated for [Re(CO)s(phendione)Br], and the peaks are given in
Table 4.9. This indicates that varying the halide ligand had little effect on the

electrochemical properties of the complexes.
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Figure 4.35: Cyclic Voltammogram of [Re(CO)s(phendione)Cl] (1 mM) in 0.1 M
TBATFB/ACN; scan rate of 100 mV/s.

A series of CVs were obtained for each Re(l) phen-oxazine complexes, 4.1 — 4.3, as
described above. Figure 4.36 shows a CV of RePPO (4.2). The positions of the
oxidation and reduction peaks for each complex are listed in Table 4.10. The oxidation
peaks at -0.90 and -0.05 V vs SCE and reduction peaks at -0.98 and -0.51 V vs SCE are
predicted to be associated with the phen-oxazine ligand. The free phen-oxazine
ligands were insoluble in ACN so electrochemical analysis could not be carried out
under the same conditions as the complexes. Interestingly the irreversible Re""

oxidation (ca. 1.4 V vs SCE) was little affected by the change in the alkyl chain length.
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Figure 4.36: Cyclic Voltammogram of RePPO (4.2) (1 mM) in 0.1 M TBATFB/ACN; scan

rate of 100 mV/s.

Table 4.10: Redox properties* of Re(l) complexes 4.1 — 4.3

Compound Ep% (V) Epd (V)
ReMPO (4.1) -0.79, -0.10, 0.46, 1.43 (Re'")  -1.03,0.10
RePPO (4.2) -1.61,-0.90, -0.05, 1.42 (Re"")  -0.98, -0.51
ReHPO (4.3) -1.60, -0.96, -0.11, 1.40 (Re'") -1.01

*0.1 M TBATFB in ACN, rt, vs SCE

Cyclic voltammetry was carried out on the Re(l) phen-pyrido complexes 4.5, 4.7 and
4.8 and the data are given in Table 4.11. Figure 4.37 shows the CV of RePPP (4.7).
When compared to the CV of RePPO (4.2), it is clear that the CV of RePPP (l) has three
unique redox couples. These redox couples are observed in the region of -1.3 -0V vs
SCE. The redox activity is clearly reversible in this region. Redox couple A is observed
at-1.17 (Ep®) and -1.21 (Ep"d) V vs SCE. The second redox couple, B is observed at -
0.67 (Ep®™) and -0.75 (Ep™9) V vs SCE. The third redox couple (C) is observed at -0.08
(Ep®™) and -0.16 (Ep™d) V vs SCE. These additional redox couples are predicted to be

ligand associated. The irreversible Rel/Il oxidation appears to come at a slightly higher
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potential than for the phen-oxazine analogues appearing at approximately 1.5 V vs

SCE.
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Figure 4.37: Cyclic Voltammogram of RePPP (4.7) (1 mM) in 0.1 M TBATFB/ACN; scan

rate of 100 mV/s.

Table 4.11: Redox properties® of Re(l) complexes 4.5, 4.7 and 4.8

Compound Ep%* (V) E,d (V)
ReMPP (4.5) -1.13,-0.66, -0.11, 1.49 (Re'") -1.20,-0.15
-1.21,-0.75,-0.16
RePPP (4.7) -1.17,-0.67, -0.08, 1.48 (Re"")
-1.20,-0.74,-0.17
ReHPP (4.8) -1.15,-0.68, -0.11, 1.50 (Re'")

*0.1 M TBATFB in ACN, rt, vs SCE

The electrochemical studies of novel Re(l) phen-oxazine complexes 4.1 —4.3 and Re(l)
phen-pyrido complexes 4.5, 4.7 and 4.8 reveal that they easily undergo Re"" oxidation
between 1.4 - 1.5 V vs SCE. The data demonstrates that functionalization of the phen
ligand generally increases the redox activity of the complexes. The most redox active
are the Re(l) phen-pyrido complexes 4.5, 4.7 and 4.8. The redox activity could make

them good candidates for inducing reactive oxygen species (ROS). Moreover, multiple
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redox couples may enable the phen-pyrido complexes to participate in redox cycling
that leads to sustained ROS production. Generation of ROS can lead to oxidation of
lipids, proteins and DNA and hence microbial death.® Redox activity may also facilitate
other modes of action such as interaction with redox sensitive biological targets such

as DNA or enzymes.?*

4.6 Manganese(l) Tricarbonyl Phenanthroline Complexes

Carbonyl complexes of group 7 and 8 transition metals such as Re(l), Mn(l), Fe(ll) and
Ru(ll) have been extensively studied for their ability to release a controlled amount
of CO to biological targets.?*° This mechanism has been exploited for use as in
photodynamic therapy to treat cancer.®® This chapter has so far discussed
applications of Re(l) carbonyl complexes. It was determined that the novel Re(l)
complexes 4.1 — 4.8 do not readily release CO in response to a light stimulus as
presented in section 4.4. It is well known that Mn-CO bonds are weaker than Re-CO
bonds and are thus likely to undergo faster ligand exchange.?>> Multiple examples of
Mn(l) tricarbonyl diimine complexes have been identified as CORMs?%3,
electrocatalysts for reduction of CO,%>*, antimicrobial agents®>*> 2°¢ and anticancer
agents.® It was therefore postulated that Mn(l) tricarbonyl complexes of phen-
oxazine (2.1 — 2.4) and phen-pyrido (2.5 — 2.8) ligands may more readily release CO
in response to UV light and still possess many of the interesting properties observed
for the Re(l) complexes. To investigate the reaction of Mn(CO)s with PPO (2.2) and

PPP (2.7) was attempted.
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4.6.1 Synthesis of Starting Material Bromopentacarbonylmanganese(l)

oc £o0C co Br
S \ B Br, oc, | ~co
OC_/Nin Mn——CO > 2 “Mn’
2, DCM A"
oc co OC ‘co 5 min, rt ocC (|;o co

Scheme 4.9: Reaction of dimanganese decacarbonyl in the presence of bromine to

produce Mn(CO)sBr.

The starting material Mn(CO)sBr was synthesised following a similar methodology to
that used to form Re(CO)sBr detailed in section 4.2.1 (Scheme 4.9). Commercially
available dimanganese decacarbonyl (300 mg, 0.76 mmol) was added to DCM (5 mL)
and allowed to stir at rt. Once fully dissolved, 4-5 drops of bromine were added slowly
while the solution stirred. Once a deep orange colour persisted, the reaction was
stirred for a further 5 minutes. After work-up a good yield of 85% was obtained. The
sample was analysed using FTIR spectroscopy and the Mn-CO stretching bands at

2141, 2080, 2036 and 1982 cm™ agreed with the literature.>?

4.6.2 Attempted Synthesis of Novel Mn(l) Phenanthroline-oxazine Complex

OH

Figure 4.38: Predicted structure of [Mn(CO)3(2.2)Br].

The synthesis of complex [Mn(CO)s(2.2)Br] (Figure 4.38), (analogue of RePPO (4.2))
was attempted in the same manner as for Re(l) complexes 4.1 — 4.8. This involved
heating Mn(CO)sBr (100 mg, 0.36 mmol) and PPO (2.2) (148 mg, 0.36 mmol) at reflux

in toluene overnight. Upon workup, the FTIR spectrum of the reaction product
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revealed that no metal CO stretching bands were present. The spectrum correlated

to that of the free PPO (2.2). It was concluded that the elevated temperature may
have resulted in dissociation of the labile Mn-CO bonds. A literature protocol for the

synthesis of [Mn(CO)s(phen)Br] was adopted instead.?> This method involved adding
Mn(CO)sBr (100 mg, 0.36 mmol) and PPO (2.2) (148 mg, 0.36 mmol) to DCM (20 mL)
to create a slurry. This reaction mixture was allowed to stir at rt overnight until an
orange solution developed. Upon work up, the orange product was initially analysed
using IR spectroscopy. The IR spectrum shows two intense metal-carbonyl stretching
bands at 2026 and 1914 cm* (Figure 4.39). The band at 1914 cm™ has a shoulder at
1935 cm™. These data are similar to those obtained for the fac Re(l) complexes 4.1 -
4.8. 'H NMR spectrum of the product was carried out in DMSO-d6 but the spectrum

was not consistent with the formation of the desired complex.
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Figure 4.39: IR spectrum of the reaction product obtained from the reaction between

Mn(CO)s and PPO (2.2) upon stirring in DCM at rt.
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4.6.3 Attempted Synthesis of Novel Mn(l) Phenanthroline-pyrido Complex

Figure 4.40: Predicted structure of [Mn(CO)3(2.7)Br].

The protocol employed by Stanbury et al in the synthesis of [Mn(CO)s3(phendione)Br]
was adopted for the attempted synthesis of [Mn(CO)3(2.7)Br] (Figure 4.40).2>*
Mn(CO)sBr (100 mg, 0.36 mmol) and PPP (2.7) (160 mg, 0.36 mmol) were added to
ACN (15 mL). The reaction mixture was heated at 50 °C for 3 h. The reaction mixture
was cooled to rt before evaporating to dryness. Upon workup, a deep green solid (193
mg) was collected. The solid was analysed using IR spectroscopy. Two intense Mn-
carbonyl stretching bands were observed at 2024 and 1941 cm™. A band shoulder is

present at 1952 cm™ on the stretch at 1941 cm™ as shown in Figure 4.41.
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Figure 4.41: IR spectrum of the product obtained from the reaction between Mn(CO)s

and PPP (2.7).
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H NMR spectroscopy was carried out in DMSO-d6 on the product obtained from the
reaction between Mn(CO)s and PPP (2.7) and is shown in Figure 4.42. Six broad
singlets are observed at high chemical shifts of between 8 — 10 ppm. Broad proton
signals are common for Mn complexes 2°’. From the 'H NMR spectrum of the free
PPP (2.7) ligand, seven signals are expected in this region. The signals at 7.84 ppm
(phenH) and 7.84 ppm (ArH) of PPP (2.7) are distinguishable in the free ligand but
may overlap in the spectrum for the Mn complex. The signal at 8.35 ppm in the
product has a relative integral of approximately 3 which aligns with this prediction.
The alkyl signals present at 4.71 (OCH;) , 2.29 (CH;) and 1.35 (CH3) ppm are as
expected. There are some impurities present at 4.00 and 1.70 ppm that do not
correlate with residual solvent. The water peak at 3.3 ppm is much broader than
expected. There is a general downfield shift of resonances of the Mn(l) complex with
respect to the free ligand as shown in Figure 4.43. There is strong evidence for the
formation of [Mn(CO)s3(2.7)Br]. However, further analysis was not possible due to

degradation of the product.
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Figure 4.42: 'H NMR spectrum of product obtained from the reaction between

Mn(CO)s and PPP (2.7).
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Figure 4.43: Comparison of 'H NMR spectra of PPP (2.7) (blue) and the product
obtained from the reaction between Mn(CO)s and PPP (2.7) (red)

IR data for [Mn(CO)s3(2.2)Br] and [Mn(CO)3(2.7)Br] and proton NMR data for
[Mn(CO)3(2.7)Br] were consistent with the formation of the desired products.
However, without full characterisation data, formation could not be confirmed. It is
hoped that future work on this can refine the synthetic and purification methods to
obtain samples that can be fully characterised. Appropriate handling and storage
methods will need to be determined. Upon successful synthesis of products
[Mn(CO)3(2.2)Br] and [Mn(CO)s3(2.7)Br], it is hoped that their photophysical and
photochemical properties can be probed. It is anticipated that the labile nature of the
Mn-CO may lead to effective photo-induced CO release. Future goals include
antimicrobial and anticancer testing of the targeted manganese complexes in the

presence and absence of UV light.
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4.7 Conclusion

This research aimed to establish a novel family of Re(l) tricarbonyl complexes of
derivatised phen ligands, namely the Re(l) phen-oxazine complexes (4.1 — 4.4) and
Re(l) phen-pyrido complexes (4.5 — 4.8) with potential as photoactivated CORMs.
Complexes 4.1 — 4.4 were successfully synthesised and purified. Characterisation was
carried out using NMR, IR and UV/vis spectroscopy, HRMS and HPLC analysis and x-
ray crystallography. 'H and '3C NMR data revealed duplication of signals and more
complex multiplicities than expected for the Re(l) phen-oxazine complexes 4.1 — 4.4
proposing they exist as a pair of diastereomers: HPLC data is consistent with this
suggestion. In all cases IR data showed two intense Re-CO bands in the region of
2020 - 1800 cm™ which are consistent with the formation of fac isomers. The UV
spectra of the complexes exhibit a band with a Amax at ca. 390 nm in DMSO and it is
proposed this band arises from a MLCT transition. Data from high resolution mass
spectrometry was consistent with the formation of the desired complexes. X-ray
crystallography conducted on RePPO (4.2) confirmed the structure. The complexes

exist as the fac isomer in a distorted octahedral geometry.

The Re(l) phen-pyrido family 4.5 — 4.8 were successfully synthesised and purified. The
complexes were characterised using NMR, IR and UV/vis spectroscopy, HRMS and x-
ray crystallography. 'H NMR signals of the complexes were generally shifted
downfield compared to the free ligand. High chemical shift signals between 185 - 197
ppm in the 3C NMR data was also consistent with formation of new complexes
containing carbonyl ligands. IR data similarly presented a pair of intense metal
carbonyl signals between 2010 - 1880 cm™. UV-vis spectroscopy revealed an intense
absorption band centred at ca. 370 nm, assigned as a MLCT band. A second less
intense  MLCT band is observed at the longer wavelength of ~490 nm.
Solvatochromism of this band was also evident for the phen-pyrido complexes 4.5 —
4.8. HRMS analysis was consistent with the formation of each complex. X-ray

crystallography confirmed RePPP (4.7) formed as the fac isomer.

Having successfully synthesised and characterised Re(l) complexes 4.1 — 4.8, their

photophysical and photochemical properties were investigated. The simple complex
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[Re(CO)s3(phen)Br] (4a) was found to produce low intensity luminescence. However,

none of the novel complexes 4.1 — 4.8 were luminescent.

Photochemical studies of a sample group of Re(l) complexes 4a, 4b and 4.1 — 4.8
revealed promising activity observed using UV-vis spectroscopy. Irradiation of
solutions of each complex resulted in a decrease in the Amax band and emergence of
a new band at a longer wavelength over time. One or more isosbestic points were
observed which is indicative of a straightforward photochemical reaction in which
reactants are converted to products without formation of significant intermediates
or side reactions. The data was initially thought to be consistent with photo-induced
CO release. However, myoglobin assays revealed CO release could not be confirmed

as the photochemical reaction mechanism.

Electrochemical studies by means of cyclic voltammetry were conducted on a series
of the Re(l) complexes 4.1 — 4.8. Redox behaviour was apparent for all complexes.
The phen-pyrido complexes (4.5 — 4.8) were found to undergo more redox processes
than the phen-oxazine complexes. The Re'" oxidation for all complexes was found to
occur between 1.30 — 1.50 V vs SCE. The various redox couples occurring between -

1.30-0.55 V vs SCE were determined to be ligand-associated.

Synthesis of analogous Mn(l) complexes of PPO (2.2) and PPP (4.7) was attempted.
Formation of [Mn(CO)s3(2.2)Br] and [Mn(CO)3(2.7)Br] was apparent when analysed
using preliminary spectroscopic analysis. However, further analytical data could not
be obtained therefore, the Mn(l) complexes could not be confirmed. It is proposed
that the complexes were formed but subsequently decomposed due to issues with

their stability.

This chapter has presented a detailed insight into the synthesis, characterisation and
properties of the novel Re(l) tricarbonyl diimine complexes 4.1 — 4.8. The complexes
exhibit promising photochemical and electrochemical behaviour. The biological

activity of complexes 4.1 — 4.8 will be examined in Chapter 5.
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Chapter 5

Antimicrobial and Anticancer
Activity of Novel Re(l) Tricarbonyl
Phenanthroline Complexes 4.1 —
4.8
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Compound Structures and Codes for Chapter 5
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ReMPO (4.1)
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NO, NO,

MPP (2.5) EPP (2.6)

NO, NO,

PPP (2.7) HPP (2.8)

NO,

ReEPP (4.6)

ReMPP (4.5)
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NO,

RePPP (4.7) ReHPP (4.8)
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5.1 Introduction

Antimicrobial resistance has become a leading global health threat. This is largely due
to the ‘antibiotic era’ which has seen the exponential use and overuse of antibiotics
since their discovery. Antimicrobial agents have become increasingly ineffective due
to bacteria, fungi and viruses developing resistance to standard treatments.
Resistance can lead to severe and even recurring infections resulting in higher rates
of morbidity and mortality in patients.® This greatly impacts routine surgeries, c-
sections, patients receiving chemotherapy and immunocompromised individuals.®’
The three main classes of antibiotics; tyrothricin, penicillin and actinomycin were
discovered between 1939 - 1940. Since their discovery, there was rapid development
of over 30 types of antimicrobial agents.?®® However, there has been little
development of novel antimicrobial agents since the late 1980’s.°® Microbial
resistance became apparent in the 1960’s and 1970’s with the emergence of multiple
resistant microbial strains of S. aureus (MRSA) and Neisseria gonorrhoeae,
Haemophilus influenzae and E. coli.?*® In 2015, the mcr-1 gene in bacteria was
discovered to contribute to high levels of resistance towards antibiotics known as
polymyxins. Until 2015, polymyxins were the only class of antibiotics that had not
succumbed to resistance.?®® To date, there has been little diversity in the cellular
targets of known antibiotics which contributes to development of resistance.® There
is now a critical need to develop novel, multi-modal antimicrobial agents to overcome

this global crisis.

Cancer is another leading cause of death globally with over 10 million deaths
recorded in 2020.2%! In Ireland, cancer accounts for 30% of deaths each year.?%?
Breast, lung, colon and prostate cancers are among the most common cancers to be
diagnosed.?®® Gynaecological cancers account for over 30% of cancer-related deaths
amongst women.?%* Gynaecological malignancies are amongst those with the worst
prognosis as they are generally detected at advanced stages which leads to high rates
of drug resistance, relapse and metastasis.?®> First-line treatments include surgical
resection and treatment with platinum-based therapeutics. Despite this, there is still
a 70% chance of relapse for ovarian cancer patients.?®® Cancer treatment relies

heavily on the use of platinum-based therapeutics. Cisplatin is the most widely used
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as a first-line treatment for many cancers.?%” Although patients have an 80% response
rate to cisplatin, the treatment comes with two major obstacles: toxicity and
resistance.?®’ Cisplatin is well known for its severe side effects which include nausea,
vomiting, hair loss, urinary problems and muscle pain and weakness (as a result of
peripheral neuropathy).2® Cisplatin analogues, carboplatin and oxaliplatin were
developed to reduce these toxic side effects. Chemotherapeutic treatment of ovarian
cancer uses a combination of carboplatin and paclitaxel for patients at an advanced
stage of disease.?®® While carboplatin and oxaliplatin have succeeded in reducing

severe chemotherapy side effects, the challenge of chemo-resistance remains.

Given the significant downsides to platinum-based anticancer agents, there has been
huge interest in the last few decades into finding novel therapies that incorporate
other transition metals. Complexes of group 7 and 8 transition metals have come to
the forefront of anticancer research in recent decades. Novel therapeutics containing

271

iron?’?, ruthenium?’!, and rhenium?!?> are of particular interest. There has been

increasing interest in Re(l) tricarbonyl complexes due to their low in vivo toxicity?’?,
antibacterial'?® and anticancer'?> 273 properties. The Re(l) tricarbonyl core has been
widely utilised in the development of agents to treat ovarian cancer in vivo.'31, 135274
We therefore sought to synthesise a family of novel Re(l) tricarbonyl phenanthroline

complexes as potentially novel antimicrobial and anticancer agents with unique

modes of action.

This chapter will discuss the antimicrobial screening of free phen-oxazine ligands 2.1
— 2.4, phen-pyrido ligands 2.5 — 2.8 and Re(l) complexes 4.1 — 4.4 against S. aureus,
MRSA, E. coli and C. albicans. Assessment of the in vivo toxicity of RePPO (4.2) and
RePPP (4.7) against G. mellonella will be presented. Anticancer screening of ligands
PPO (2.2), PPP (2.7) and complexes RePPO (4.2) and RePPP (4.7) against PEO1 and
PEO4 ovarian cancer cell line will be discussed. The ability of these compounds to

induce apoptosis against the PEO1 and PEO4 cell lines will also be presented.
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5.2 In vitro Antimicrobial Testing of Ligands 2.1 — 2.8 and Re(l) Complexes 4.1 — 4.8

5.2.1 Antibacterial Testing of Ligands 2.1 — 2.8 and Complexes 4.1 — 4.8 against S.

aureus, MRSA and E. coli

The antibacterial activity of phen-oxazine ligands 2.1 — 2.4, phen-pyrido ligand 2.5 -
2.8 and their respective Re(l) complexes 4.1 - 4.4 and 4.5 — 4.8 was assessed. In vitro
activity of the compounds against gram-positive bacteria, S. aureus and its highly
resistant strain, MRSA was determined. Antibacterial testing against gram-negative
bacteria, E. coli was also conducted. The activity of the free ligands 2.1 — 2.8 was

compared to that of the Re(l) complexes.

Cultures of each bacterial strain were prepared as described in section 2.4.2. Briefly,
a single plate colony was added to 50 mL of fresh nutrient broth media. The culture
was incubated at 37 °C in an orbital shaker overnight. It was noted that MRSA
required at least 24 h to culture. DMSO stock solutions of all compounds 2.1 — 2.8
and 4.1 - 4.8 were prepared at a concentration of 120 puM. In vitro susceptibility
assays were set up as previously described in section 2.4.3. In initial runs, the
concentration of each test compound ranged from 30 — 3.75 uM on the 96-well
plates. Very active compounds were subsequently diluted down to a concentration
0.11 uM. The statistical significance was determined in relation to that observed with
the control sample (5% DMSO in media). Highly significant data had a P-value of
<0.0001 while moderately significant data were those with 0.0001 < P < 0.01.1%

5.2.1.1 In vitro Activity of Ligands 2.1 — 2.8 and Re(l) Complexes 4.1 — 4.8 against S.

aureus

The results for the investigations of the ligands 2.1 - 2.8 (at concentrations of 30 —
3.75 uM) against a gram-positive bacteria, S. aureus, are shown in Figure 5.1. All of
the phen-oxazine ligands had some antibacterial activity against S. aureus. The

activity of the propyl, hexyl and octyl phen-oxazines 2.2 — 2.4 was statistically
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significant at 30 uM. HPO (2.3) and OPO (2.4) were the most active members of this

family; statistically significant activity was maintained even at 7.5 uM.

The data was plotted to determine MICso for the family. MPO (2.1) was too inactive
at the concentration range tested to determine the MICso. PPO (2.3) and OPO (2.4)
were determined to have MICso values of 22.9 and 4.1 uM respectively. HPO (2.3)
was too active in the concentration range tested to determine the MICso but it is
evidently less than 3.75 uM. As discussed above in section 3.2.2.2, the increasing
lipophilicity of the ester side chain of the phen-oxazine ligands may be the structural
feature that is responsible for increasing their activity. The ligands here show that
changes in the length of the alkyl chain and hence the lipophilicity does have an effect
on their level of activity against S. aureus. Activity increases in the order R = Me, to,

propyl to hexyl and then drops down when R = octyl.

Ligand MICso (LM)

MPO (2.1) >30
PPO (2.2) 22.9
HPO (2.3) <3.75
OPO (2.4) 4.1
£ 1257 % MPO (2.1)
= g £33 PPO (2.2)
S 1004 g
o g - 1 E3 HPO (2.3)
s 5 . : @D OPO (2.4)
5 50{E g : :
= = :
= ] m :
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%
7s

Concentration (uM)

Figure 5.1: In vitro inhibitory effects of phen-oxazine ligands 2.1 — 2.4 across the range
30 — 3.75 uM against S. aureus after incubation for 24 h in nutrient broth media

(where R = methyl, propyl, hexyl or octyl).
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The Re(l) phen-oxazine compounds 4.1 - 4.4 (Figure 5.2) were moderately active
against S. aureus. ReMPO (4.1) and RePPO (4.2) were more active than the free phen-
oxazine ligands MPO (2.1) and PPO (2.2) respectively. Relative to the control, the
activity of ReMPO (4.1) and RePPO (4.2) were highly statistically significant at the
highest dose of 30 uM. RePPO (4.2) was determined to be moderately statistically
significant from 15 — 3.75 uM. RePPO (4.2) was determined as the most active of the
family with an MICso of 14.7 uM. Conversely, ReHPO (4.3) and ReOPO (4.4) were much
less active their associated free ligands HPO (2.3) and OPO (2.4). It is noted that
ReOPO (4.4) was the least active. ReOPO (4.4) was too inactive in the concentration
range tested to determine the MICso. It is interesting to note that the most active free

ligands yield the least active Re complexes.
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ocC Q
AR RePPO (4.2) 14.7
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Figure 5.2: In vitro inhibitory effects of Re(l) phen-oxazine complexes 4.1 —4.4 across
the range 30 — 3.75 uM against S. aureus after incubation for 24 h in nutrient broth

media (where R = methyl, propyl, hexyl or octyl).
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The antibacterial activity of the free phen-pyrido ligands 2.5 — 2.8 are shown in Figure
5.3. The phen-pyrido ligands had a much greater ability to limit S. aureus growth
compared to the free and coordinated phen-oxazine ligands. All ligands 2.5 — 2.8 had
the ability to hold bacterial growth below 20% at concentrations as low as 0.46 uM.
High statistical significance was determined for all phen-pyrido ligands at all
concentrations tested relative to the control. Due to the similar activity of all the
ligands at all of the concentrations studied it was not possible to determine if there
was any structure activity relationship. The ligands were too active at the

concentrations tested to determine the MICsp values.

Ligand MICso (LM)
MPP (2.5) <0.11
EPP (2.6) <0.11
NO, PPP (2.7) <0.11
HPP (2.8) <0.11
100+
MPP (2.5)
€23 EPP (2.6)
7 B PPP (2.7)
@D HPP (2.8)
50-

% Bacterial Growth

Concentration (uM)

Figure 5.3: In vitro inhibitory effects of phen-pyrido ligands 2.5 — 2.8 across the range
30 — 0.11 puM against S. aureus after incubation for 24 h in nutrient broth media

(where R = methyl, ethyl propyl or hexyl).

The inhibitory effects against S. aureus of the Re(l) phen-pyrido complexes 4.5 — 4.8
are presented in Figure 5.4. ReHPP (4.8), was the least active, and it was not studied
at doses below 3.75 uM as no activity was observed at this concentration. Complexes
4.5 — 4.7 with methyl, ethyl and propyl ester side chains, maintained good activity at

concentrations down to 0.46 puM with about 20% bacterial growth observed
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compared to the control. MICspvalues were determined to be 0.38 uM (4.5), 0.21 uM
(4.6), 0.17 uM (4.7) and 28.5 uM (4.8). High statistical significance was observed for
4.5-4.7 at doses of 30 —0.23 uM. RePPP (4.7) was the most active of the family with
an ability to substantially inhibit bacterial growth at concentrations as low as 0.23

uM.
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Figure 5.4: /n vitro inhibitory effects of Re(l) phen-pyrido complexes 4.5 — 4.8 across
the range 30 — 0.11 uM against S. aureus after incubation for 24 h in nutrient broth

media (where R = methyl, ethyl propyl or hexyl).

The antibacterial screening of ligands 2.1 — 2.8 and the Re(l) complexes 4.1 — 4.8
against S. aureus revealed that the most active family were the uncoordinated phen-
pyrido ligands 2.5 — 2.8. This family of ligands were all equally active at the
concentrations tested. Re(l) phen-pyrido complexes 4.5 — 4.7 also had good activity
at does as low as 0.46 puM. It was also noteworthy that the Re(l) complexes of both
ligand families were, in general, less active than the uncoordinated ligands. This was
particularly evident for the ReHPO (4.3) and ReOPO (4.4). The most notable activity
therefore is of the phen-pyrido ligands which produced MICsp values of <0.11 uM and
the Re(l) phen-pyrido complexes 4.1 — 4.3 which had MICsp values between 0.17 —
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0.38 uM. The most common clinical antibiotics are streptomycin, tetracycline and
vancomycin which have MICso values of 10, 6 and 2 uM respectively.}’® It is evident
that compounds 2.5 — 2.8 and 4.1 — 4.3 are far more potent than the standard
antibacterial treatments. S. aureus is one of the key pathogens that contributes to
AMR. It is included in the group of ESKAPE pathogens for this reason. Therefore, it is
encouraging to find a novel class of compounds like the phen-pyrido ligands that have

much greater ability to curtail S. aureus growth compared to clinical antibiotics.

5.2.1.2 In vitro Activity of Ligands 2.1 — 2.8 and Re(l) Complexes 4.1 — 4.8 against
MRSA

Methicillin-resistant Staphylococcus aureus (MRSA) is a highly resistant strain of S.
aureus. MRSA is classed as a multi-drug resistant (MDR) strain. MDR species are those
which cannot be treated with three or more types of antibacterial agents.® MRSA is
particularly prevalent in hospital and nursing home settings. Vancomycin is the
current antibiotic prescribed for MRSA infections. As anticipated, there has already

been cases of vancomycin-resistant S. aureus reported.?’>

Antibacterial testing against the multi-resistant bacterial strain MRSA was conducted
in the same manner as described for S. aureus. Initially, all compounds were tested in
the concentration range of 30 — 3.75 uM, more active compounds were subsequently
tested at concentrations down to 0.11 uM to capture the MICso. The antibacterial
activity of ligands 2.1 — 2.4 is presented in Figure 5.5. MPO (2.1) and had very little
activity against MRSA with 88% growth observed at the highest concentration tested
(30 uM). PPO (2.2) was also minimally active with the 30 uM dose resulting in 29%
growth. The lower 15 uM dose only reduced growth to 83%. The most lipophilic
members, HPO (2.3) and OPO (2.4) were the most active, with statistically significant
growth control at all concentrations. Both HPO (2.3) and OPO (2.4) maintained
growth below 30% down to 7.5 uM dosages. There is clearly a correlation between

the lipophilicity of the ligands and the activity against MRSA. The MICso could only be
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determined for PPO (2.2) and was 24.1 uM; for both HPO and OPO it falls below 3.75
UM,

Ligand MICso (LM)
MPO (2.1) >30

PPO (2.2) 24.1

HPO (2.3) <3.75
OPO (2.4) <3.75

< 1259 MPO (2.1)
3 100- : E3 PPO(2.2)
I . ak: Ak B3 HPO (2.3)
8 75[ HE HE ik @D OPO (2.4)
S 501 b
2 BHE-m  HE |
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Figure 5.5: In vitro inhibitory effects of phen-oxazine ligands 2.1 —2.4 across the range
30 — 3.75 uM against MRSA after incubation for 24 h in nutrient broth media (where

R = methyl, propyl, hexyl, octyl).

The Re(l) phen-oxazine complexes, 4.1 — 4.4 are overall less effective against MRSA
compared to the free ligands (Figure 5.6). Re(l) complexes 4.2 — 4.4 hold bacterial
growth below 26% at the 30 uM dose which is highly statistically significant. This
increases to above 50% growth at the lower dose of 15 uM. The family has limited
activity at 7.5 uM and below. It is evident that the phen-oxazine complexes have
much less MRSA inhibition compared to the uncoordinated ligands. MICso values
were determined for RePPO (4.2), ReHPO (4.3) and ReOPO (4.4) as 16.5, 19.3 and

23.3 uM respectively.
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Figure 5.6: In vitro inhibitory effects of Re(l) phen-oxazine complexes 4.1 — 4.4 across
the range 30— 3.75 uM against MRSA after incubation for 24 h in nutrient broth media

(where R = methyl, propyl, hexyl, octyl).

The phen-pyrido family 2.5 — 2.8 appear to be the most active out of the compounds
tested against MRSA (Figure 5.7). The ligands 2.5 — 2.7 have the ability to hold
bacterial growth below 25% at a dose as low as 0.93 puM. More lipophilic ligands 2.6
and 2.7 are highly active across the range of concentrations tested; they show highly
statistically significant activity even at the lowest concentrations. The least lipophilic
ligand, MPP (2.5) significantly loses activity below 0.46 uM. The MICsp of MPP (2.5) is
determined to be 0.36 uM. The other phen-pyrido ligands 2.6 — 2.8 were too active
in the concentration range tested to determine their MICsp but these values are below

0.11 uM in all cases.

192



Ligand MICso (LM)

MPP (2.5) 0.36
EPP (2.6) <0.11
NO, PPP (2.7) <0.11
HPP (2.8) <0.11
MPP (2.5)
1007 3 EPP (2.6)
< y B3 PPP(2.7)
g 75 __ﬁ: D HPP (2.8)
5
S
@ 25 .
0- = - o
® ® S N X S

Concentration (pM)

Figure 5.7: In vitro inhibitory effects of phen-pyrido ligands 2.5 — 2.8 across the range
30 - 0.11 uM against MRSA after incubation for 24 h in nutrient broth media (where

R = methyl, ethyl, propyl, hexyl).

The antibacterial activity of complexes 4.5 — 4.8 against MRSA is shown in Figure 5.8.
It is clear that these phen-pyrido complexes are much less active than their
corresponding free ligands. Bacterial growth is held between 20 — 60% for 4.5 — 4.7
in the range 30 — 0.93 uM. All complexes have limited activity below 0.46 uM. MICsg
values were calculated to be 2.2 uM (4.5), 0.75 uM (4.6), 0.72 uM (4.7) and 7.6 uM
(4.8). As for the results for S. aureus (Figure 5.4), there is a similar trend in the activity

of the family with ReHPP (4.8) being the least active against MRSA.
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Figure 5.8: In vitro inhibitory effects of Re(l) phen-pyrido complexes 4.5 — 4.8 across
the range 30—-0.11 uM against MRSA after incubation for 24 h in nutrient broth media

(where R = methyl, ethyl, propyl, hexyl). ND = not determined

The data presented in Figures 5.5 — 5.8 demonstrates all compounds have some
ability to inhibit the growth of MRSA. It is evident that, in general, uncoordinated
phen-oxazine ligands exhibit better activity than their respective complexes. This is
also the case for the uncoordinated phen-pyrido ligands 2.5 — 2.8. The phen-pyrido
ligands are clearly the most active out of all compounds tested against MRSA.
Additionally, RePPP (4.7) holds activity to concentrations as low as 0.93 uM.
Vancomycin is the antibiotic typically prescribed for MRSA infections. The MICso
reported for vancomycin against MRSA is generally between 0.6 — 1.3 uM.?’® The
novel phen-pyrido ligands, having MICs of <0.11 uM, appear to much more active
than the standard treatment. Other treatments for MRSA infections include
teicoplanin, linezolid and daptomycin which have MIC values that are much lower

than vancomycin.?”” This would align the effectiveness of the phen-pyrido ligands
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with these alternative treatments. These results are encouraging given the high

resistance of MRSA.

Comparison of the antibacterial effects of the ligands shows that the activity against
both S. aureus and MRSA is similar for the phen-oxazine and phen-pyrido families
(Table 5.1). Similar values are also observed when the activity of the Re(l) complexes

is compared between the two bacterial strains (Table 5.2).

Table 5.1: Comparison of the antibacterial activity of ligands 2.1 — 2.8 against S.
aureus and MRSA

Ligand MiCso (uM)

S. aureus MRSA
MPO (2.1) > 30 > 30
PPO (2.2) 22.9 24.1
HPO (2.3) <3.75 <3.75
OPO (2.4) 4.1 <3.75
MPP (2.5) <0.11 0.36
EPP (2.6) <0.11 <0.11
PPP (2.7) <0.11 <0.11
HPP (2.8) <0.11 <0.11

Table 5.2: Comparison of the antibacterial activity of Re(l) complexes 4.1 —4.8
against S. aureus and MRSA

Complex MiCso (M)
S. aureus MRSA
ReMPO (4.1) 28.9 >30
RePPO (4.2) 14.7 16.5
ReHPO (4.3) 28.5 19.3
ReOPO (4.4) > 30 23.3
ReMPP (4.5) 0.38 ND
ReEPP (4.6) 0.21 ND
RePPP (4.7) 0.17 ND
ReHPP (4.8) 28.5 7.6
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5.2.1.3 In vitro Activity of Ligands 2.1 — 2.8 and Re(l) Complexes 4.1 — 4.8 against E.

coli

Gram-negative bacteria such as E. coli are usually more difficult to treat due to the
presence of two cell membranes. Antibiotics therefore need to pass two lipid bilayers
to enter the cell. Additionally, gram-negative bacteria often possess efflux pumps and
other mechanisms that can expel antibiotics. E. coli is considered to have extensive
drug resistance (XDR). XDR strains are those which are non-susceptible to all classes
of antimicrobials. E. coli is a leading cause of urinary tract infections which can easily

result in sepsis as a consequence of resistance to commonly prescribed drugs.?’®

Antibacterial testing against E. coli was carried out as described for S. aureus and
MRSA. The phen-oxazine ligands 2.1 — 2.4 and all Re(l) complexes 4.1 — 4.8 were
found to be inactive against E. coli at all doses tested (30 — 3.75 uM). Phen-pyrido
ligands were minimally active against E. coli at the highest dose of 30 uM as seen in
Figure 5.9. The inhibitory effects of 2.5 — 2.8 against E. coli were moderately

statistically significant at 30 uM.
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Figure 5.9: In vitro activity of phen-pyrido ligands 2.5 — 2.8 across the range 30— 3.75
MM against E. coli after incubation for 24 h in nutrient broth media (where R = methyl,

ethyl, propyl, hexyl).

These results are not surprising given that metal complexes of phen are known to be
less effective against gram-negative bacteria. Cell permeability is much more difficult
in gram-negative bacteria, largely due to the presence of two lipid membranes.® 3¢ E.
coli is also capable of gaining resistant genes through horizontal gene transfer
(HGT).?’° HGT involves acquiring genes from other organisms that contribute to multi-

drug resistance.

5.2.2 In vitro Antifungal Activity of Ligands 2.1 — 2.8 and Re(l) Complexes 4.1 — 4.8

against C. albicans

Candida albicans is an opportunistic pathogenic yeast that can contribute to
significant bloodstream infections. As discussed in Chapter 3, incidence of drug-
resistant fungal infections have increased significantly in recent years. Ag(l) phen-

oxazine complexes 3.1 — 3.3 exhibited significant antifungal activity against C.
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albicans. Ligands 2.1 — 2.8 and Re(l) tricarbonyl complexes 4.1 — 4.8 were screened in

a similar manner as described in section 3.2.4. Compounds 2.1 — 2.8 and 4.1 - 4.8

were assessed in the concentration range of 30 —3.75 uM.

Phen-oxazine ligands 2.1 — 2.3 were previously assessed and the data are presented

in section 3.2.4. These experiments were repeated, and antifungal assessment of

these ligands is given in Figure 5.10 and is consistent with that seen previously.

Additionally, OPO (2.4) was tested; it was the most active of the family. This activity

of OPO in the range 30 — 7.5 uM was found to be highly significant with respect to

the control. An MICsp of 8.1 uM was determined for OPO (2.4). As noted earlier, there

is a clear correlation between lipophilicity and activity against C. albicans.
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Figure 5.10: /n vitro activity of phen-oxazine ligands 2.1 — 2.4 across the range 30 —

3.75 uM against C. albicans after incubation for 24 h in minimal media (where R =

methyl, propyl, hexyl, octyl).
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The Re(l) tricarbonyl complexes of the phen-oxazine ligands were much less active
than the free ligands as seen in Figure 5.11. ReMPO (4.1) had limited activity at 30
UM. Complexes 4.2 — 4.4 displayed reasonable fungal growth inhibition at 30 uM.
These data were moderately statistically significant. For all compounds, fungal growth
increased to above 75% at the lower dose of 15 uM. Complexes are too inactive to
allow any analysis of the impact of the length of the ester side chain. Relatively high

MICsp values of 24.8, 26.2 and 24.9 uM were determined for 4.2 — 4.4 respectively.
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Br | N ? ReMPO (4.1) > 30
OC”"'oRé\\\\\\N Y ° RePPO (4.2) 24.8
oo’ | \N| 0 ReHPO (4.3) 26.2
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ReMPO (4.1)
£33 RePPO (4.2)
B3 ReHPO (4.3)
@D ReOPO (4.4)

% Fungal Growth
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Figure 5.11: In vitro activity of Re(l) phen-oxazine complexes 4.1 — 4.4 across the
range 30 — 3.75 uM against C. albicans after incubation for 24 h in minimal media

(where R = methyl, propyl, hexyl, octyl).

Antifungal screening of phen-pyrido ligands 2.5 — 2.8 revealed a clear lipophilic effect
on the activity against C. albicans as shown in Figure 5.12. MPP (2.5) and EPP (2.6)
were moderately active with MICso values of 25.0 and 17.9 uM respectively. PPP (2.7)
had good activity between 30 — 7.5 uM and an MICsp of 6.2 uM. The most lipophilic
member, HPP (4.8) had significant antifungal activity (an MICso could not be
determined from the range of concentrations studied). Fungal growth was held below

10% down to 7.5 uM and below 20% at 3.75 puM.
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Figure 5.12: In vitro activity of phen-pyrido ligands 2.5 — 2.8 across the range 30-3.75
MM against C. albicans after incubation for 24 h in minimal media (where R = methyl,

ethyl, propyl, hexyl).

With the exception of the methyl derivative, the Re(l) phen-pyrido complexes 4.5 —
4.8 were less active against C. albicans compared to the free ligands (Figure 5.13).
ReHPP (4.8), the most active complex, held fungal growth at 11% at 30 uM, activity
fell off rapidly and growth rose to 61% of the vehicle control for a 15 uM dose.
Complexes 4.5 — 4.7 were less active than ReHPP (4.8) with fungal growth of between
35 — 40% at the highest dose, 30 uM. MICsp values were determined to be 25.3 uM
(4.5), 23.1 UM (4.6), 23.5 UM (4.7) and 18.0 uM (4.8).
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Figure 5.13: In vitro activity of Re(l) complexes 4.5 — 4.8 across the range 30 - 3.75
MM against C. albicans after incubation for 24 h in minimal media (where R = methyl,

ethyl, propyl, hexyl).

The antifungal activity of ligands 2.1 — 2.8 and Re(l) complexes 4.1 — 4.8 presented in
Figures 5.10 — 5.12 demonstrates, in most cases a decrease in activity upon
complexation to Re(l). MPO (2.1) has limited activity (>75%) and PPO (2.2) has
reasonable activity (34%) at 30 uM. HPO (2.3) and OPO (2.4) have better inhibitory
effects with the latter being the most active. This decreases with complexation of
phen-oxazine ligands to Re(l) where activity is only apparent at 30 uM. A similar
decrease in activity upon complexation was observed for 4.6 — 4.8. The phen-pyrido
ligands PPP (2.7) and HPP (2.8) were the most active against C. albicans with MICsg
values of 6.2 uM and < 3.75 uM, their corresponding complexes 4.7 and 4.8 were
found to have MICsp values of 23.5 uM and 18.0 uM. Although the most active
compounds PPP (2.7) and HPP (2.8) had low micromolar MIC values, they cannot
compete with clinical treatment, amphotericin B which has a much lower MICso of

0.54 uM.
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Biological screening of ligands 2.1 — 2.8 and their respective Re(l) complexes 4.1 —
4.8 against a variety of microbes yielded interesting results. Ligands 2.1 - 2.4 and
complexes 4.1 — 4.8 were inactive against gram-negative E. coli growth while ligands
2.5 — 2.8 were minimally active (> 58% growth). It is evident from the data for S.
aureus, MRSA and C. albicans that complexation of the phen-oxazine or phen-pyrido
ligands to Re(l) generally reduces the inhibitory effects. Overall, phen-pyrido ligands
2.5 - 2.8 were found to have the greatest ability to curtail microbial growth. Ligands
2.5- 2.8 and RePPP (4.7) were found to be most active against gram-positive S.
aureus and MRSA. All phen-pyrido ligands limited S. aureus growth to below 20% at
doses as low as 0.23 uM while RePPP (4.7) limited growth to below 30% from 30 —
0.23 uM. Ligands 2.5 — 2.7 had a similar ability to hold MRSA growth below 25% at
doses down to 0.93 uM. The natural product, ascididemin, which is analogous to
phen-pyrido (Figure 5.14), exhibits antimicrobial effects against Bacillus subtilis
(gram-positive bacteria), E. coli, and C. albicans and Cladisporinm resinae
(fungus).?® This may explain the potent antibacterial activity observed for the phen-
pyrido ligands. RePPP (4.7) maintained activity down to 0.93 um, with an MICsg of
0.72 uM against MRSA. A lipophilic effect was observed for the phen-pyrido ligands
against C. albicans with HPP (2.8) having the greatest ability to inhibit fungal
growth. It is incredibly encouraging that the phen-pyrido ligands have significant

activity against bacterial and fungal strains.

NO,

Figure 5.14: Structure of ascididemin (left) and phen-pyrido ligand (right).
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5.3 In vivo Toxicity Towards Galleria mellonella

G. mellonella larvae were used to assess the in vivo toxicity of ligands PPO (4.2) and
PPP (4.7) and Re(l) tricarbonyl complexes RePPO (4.2) and RePPP (4.7). Test solutions
of each compound were prepared at 60 uM and 30 uM in 5% (v/v) DMSO in PBS. A
control solution of 5% (v/v) DMSO in PBS was also prepared. Five larvae weighing
between 200 —300 mg were placed in a clean petri dish per replicate. Three replicates
per test solution were conducted. Each larva was inoculated with 20 plL of test
solution beside the last left proleg using a 1 mL insulin syringe. The larvae were placed
in an incubator at 37 °C and monitored every 24 h up to 72 h for indications of
melanisation or death. Healthy larvae appeared white in colour and had good
mobility. They were gently flipped on their back and their ability to right themselves
was noted. All larvae tested with the control, PPO (2.2), RePPO (4.2) and PPP (2.7)
survived and appeared healthy after 72 h (Table 5.3). One larva (out of 15) tested
with 60 uM of RePPP (4.7) melanised and died after 48 h, giving a 93% survival for
the test group. It was concluded that the larvae may have been minimally affected by

the 60 uM dose of RePPP (4.7).

Table 5.3: Percentage survival of larvae after 24, 48 and 72 h incubation following a
20 pl inoculation of test compounds PPO (2.2), RePPO (4.2), PPP (2.7) and RePPP
(4.7) or control (5% v/v DMSO in PBS).

% Survival
Test Concentration
24 h 48 h 72 h
compound (1M)
5% (v/v)
. 100 100 100
DMSO in PBS
60 100 100 100
PPO (2.2)
30 100 100 100
60 100 100 100
RePPO (4.2)
30 100 100 100
60 100 100 100
PPP (4.7)
30 100 100 100
60 100 93 93
RePPP (4.7)
30 100 100 100
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The in vivo toxicity of PPO (2.2), PPP (2.7), RePPO (4.2) and RePPP (4.7) against G.
mellonella was further assessed. This involved quantifying the number of haemocyte
cells following inoculation of the compounds and comparing to the control larvae
injected with 5% (v/v) DMSO in PBS. This is indicative of any potential inflammatory
response. Fresh test solutions of 60 UM were prepared as before. Five larvae per test
condition were injected with 20 uL of test solution. Following 3 h of incubation at 37
°C, the larvae were collected. A single larva was treated as one replicate, with 3 larvae
evaluated per test condition. The lymph of the larvae was collected in a clean
Eppendorf. The lymph was diluted by a factor of 5 in fresh PBS. A sample was then
pipetted onto a haemocytometer and the number of cells were counted under a
microscope. The control number of haemocytes was determined to be 1.23 x 107
cells/ml. For the test groups inoculated with 60 uM of PPO (2.2) and PPP (4.7), 1.25 x
107 and 1.05 x 107 cells/mL were calculated respectively. Similarly, the 60 uM
inoculations of RePPO (4.2) and RePPP (4.7) were determined to be 1.22 x 107 and
1.18 x 107 cell/mL (Table 5.4). Given that the haemocyte numbers of the test
compounds were similar to that of the PBS control with no significant increases, it

was determined that no inflammatory response was induced by the test compounds.

Table 5.4: Haemocyte densities calculated following inoculation of 60 uM test

solutions of PPO (2.2), PPP (2.7), RePPO (4.2) and RePPP (4.7)

Haemocyte count

Test Compound Concentration (uM)
(cells/mL)
5% v/v DMSO in PBS - 1.23 x 107
PPO (2.2) 60 1.25 x 107
PPP (2.7) 60 1.05 x 10/
RePPO (4.2) 60 1.22 x 107
RePPP (4.7) 60 1.18 x 107
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5.4 In vitro Anticancer Testing against Ovarian Cancer Cell Lines PEO1 and PEO4

The late diagnosis and poor prognosis for patients suffering from ovarian cancer is of
great concern. This is worsened by the emergence of resistance to
chemotherapeutics, particularly platinum-based treatments which are one of the first
lines of treatment along with surgical resection.?®> 26’ The immense side effects and
toxicity associated with platinum based therapies greatly impacts the patient’s
quality of life. There has been a huge surge in research into novel metal-based cancer
treatments with minimal toxicity that can also reduce instances of chemo-resistance.
Rhenium tricarbonyl phen complexes have been extensively studied for their

cytotoxicity towards cancer cells.12> 129-131, 135,281

The anticancer activity of PPO (4.2), PPP (2.7) and their novel Re(l) tricarbonyl
complexes, RePPO (4.2) and RePPP (4.7) was assessed against the patient-derived
ovarian cancer cell lines, PEO1 and PEO4. PEO1 is a cisplatin-sensitive cell line while
PEOA4 is a cisplatin-resistant cell line. The ability of cisplatin to reduce ovarian cancer
cell viability against PEO1 and PEO4 was determined as a control. A 2D CellTitre glo
2.0 assay was set up as described in section 2.4.5. Test solutions of cisplatin were
made to contain 1% (v/v) DMSO in complete RMPI media containing 100 — 0.78 uM
of cisplatin. The test solutions were added to the wells containing cancer cells and
the plates were incubated for 72 h. CellTitre glo reagent (50 pL) was added to each
well. Once incubated, the fluorescent output was read on the Clariostar luminescent
reader. Three replicates were obtained for each cell line. Percentage of cell viability
was determined as a percentage of the Vehicle Control (VC) which consisted of 1%
(v/v) DMSO in complete RPMI media (% VC Growth). The statistical significance was
determined with respect to the VC. High statistical significance is defined as P<0.0001

while moderate statistical significance is where 0.0001 < P < 0.01.

The 2D cell viability of PEO1 and PEO4 cells treated with chemotherapy agent,
cisplatin were assessed. Figure 5.15 shows the dose dependent decrease in cell
viability in response to cisplatin in the dosage range 0.78 — 100 uM. The ICso values
for cisplatin were determined to be 2.82 uM (PEO1) and 15.63 uM (PEOA4) as
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presented in Table 5.6. These values are in keeping with those determined by

Greenwood et al: 2.6 uM + 0.85 uM (PEO1) and 14.0 uM * 5.3 pM.2®2
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Figure 5.15: Percentage cell viability of PEO1 (a) and PEO4 (b) cells treated with

cisplatin in the range 0.78 — 100 uM as compared to the VC.

The anticancer activity of test compounds PPO (2.2), PPP (2.7), RePPO (4.2) and
RePPP (4.7) was determined using the same protocol as cisplatin. PPO (2.2) was

tested in the range of 12.5-0.097 uM for PEO1 and PEO4 cell lines. Figure 5.14 shows
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the percentage cell viability for PPO (2.2) tested against PEO1 (a) and PEO4 (b). No
activity was observed below 0.78 uM so the results at these concentrations have
been omitted from the graph. There is significant activity observed for PPO (2.2)
against both cell lines. High statistical significance (P<0.0001) was determined for
12.5 - 3.125 uM compared to the VC for PEO1. The 12.5 uM dose against PEO1 was
also determined to have high statistical significance of P<0.0001. Doses 6.23 — 3.125
UM of PPO (2.2) against PEO4 had moderate significance of 0.0001 < P < 0.05. The
ICso values were determined to be 3.30 uM (PEO1) and 2.79 uM (PEO4) as presented
in Table 5.6. It is evident PPO (2.2) has a similar ability to inhibit cell viability of both
PEO1 and PEO4. The ICso of 3.30 uM against PEO1 is in a similar range to cisplatin
(2.82 uM). Conversely, PPO (2.2) had a much greater ability to limit PEO4 viability.
The ICsp of 2.79 uM was much lower than that of cisplatin (15.63 uM).
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Figure 5.16: Percentage cell viability of PEO1 (a) and PEO4 (b) cells treated with PPO
(2.2) in the range 0.78 — 12.5 uM as compared to the VC.

Re(l) tricarbonyl complex, RePPO (4.2) was much less active against both PEO1 and
PEOA4 cell lines. The complex was tested in the range 100 —0.78 uM. Inhibition of cell
viability was only observed at the highest does of 100 uM (Figure 5.17). It was not
possible to test at higher concentrations due to precipitation of the compound at
concentrations above 100 uM. The highest dose of 100 uM had significant ability to
limit growth of PEO1 cells (P<0.0001). The same dose had a similar effect against
PEO4 but this was not determined to be statistically significant. The concentration
range tested did not successfully capture the ICsg values for this compound. It was
unexpected that complexation to the Re(l) tricarbonyl core appears to significantly

reduce the anticancer ability of PPO (2.2).
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Figure 5.17: Percentage cell viability of PEO1 (a) and PEO4 (b) cells treated with
RePPO (4.2) in the range 25 - 100 uM as compared to the VC.

The 2D cell viability of PEO1 and PEO4 cells treated with PPP (2.7) was assessed using
concentrations from 6.10 — 0.38 nM. The ligand was extremely active showing
activity in the nanomolar range against both cell lines. Figure 5.18 shows that PPP
(2.7) has a good ability to limit cell growth of PEO1 and PEO4 at a dose as low as 0.76
nM. The impact of PPP (2.7) on PEO1 at the 3.05 and 1.53 nM is reasonably
significant: 0.0001 < P < 0.05. The ability of PPP (2.7) to inhibit PEO4 cells is
particularly evident in the range 6.10 — 0.76 nM with the inhibition at 3.05-0.76 nM
having high statistical significance (P<0.0001). The ICsp was determined to be 1.22 nM
for PEO1 and 0.78 nM for PEO4 (Table 5.6). PPP (2.7) clearly has a similar ability to
limit viability of both PEO1 and PEO4 cell lines. With 1Csp values of 1.22 and 0.78 nM,
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this ligand, PPP is substantially more active than the analogous PPO and cisplatin

which have ICso values in the micromolar range.
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Figure 5.18: Percentage cell viability of PEO1 (a) and PEO4 (b) cells treated with PPP
(2.7) in the range 0.38 —3.05 nM as compared to the VC.

These results are perhaps unsurprising given that PPP (2.7) has structural similarity
to ascididemin (Figure 5.14). Ascididemin has potent anticancer effects that was first
reported in 1988.282 The antimicrobial and anticancer effects are largely a result of
ascididemin having a planar polycyclic structure which allows for DNA intercalation.
Matsumoto and colleagues demonstrated that ascididemin can also oxidatively
damage DNA in a thiol-dependent manner.?®* Ascididemin and its analogous are
known to have potent anticancer activity against a variety of human cell lines.
Delfourne and coworkers screened ascididemin against a host of cell lines revealing

low nanomolar activity against a variety of cancers, given in Table 5.5.28
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Table 5.5: In vitro cytotoxic effects of ascididemin reported in the literature?8>

Cell line Cell location 1Cs0 (NM)
HCT-15 Large intestine 6
PC-3 Prostate 8
A-427 Lungs 60
MCF7 Breast 70
U-87MG Brain 70

Anticancer testing was also conducted on RePPP (4.7) This complex was tested in the
concentration range of 12.5 — 0.09 uM against both PEO1 and PEO4 in the same
manner as the above compounds. RePPP (4.7) had significant ability to limit viability
of both cell lines as shown in Figure 5.19. The inhibitory effects of RePPP (4.7) at
doses 6.25 — 1.56 uM against PEO1 were highly significant (P<0.0001). The inhibitory
effects of RePPP (4.7) against PEO4 were reasonable significant: 0.0001 < P < 0.05.
The ICso values were determined to be 1.67 uM (PEO1) and 1.70 (PEO4). RePPP (4.7)
is substantially active against both cell lines and has a greater ability than cisplatin to
limit cell viability, particularly for the PEO4 cell line as seen in Table 5.6. The low
micromolar activity of RePPP (4.7) shows great promise as this is the typical
concentration range for standard therapeutics. This may infer lower in vivo toxicity
than uncoordinated PPP (2.7) given that Re(l) tricarbonyl diimine complexes are

reported to have low in vivo toxicity.!33 134
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Figure 5.19: Percentage cell viability of PEO1 (a) and PEO4 (b) cells treated with RePPP
(4.7) in the range 0.78 — 6.25 uM as compared to the VC.

Table 5.6: Compound concentrations to inhibit 50% of cell growth (ICso)

Compound PEO1 ICso (M) £ SEM PEOA4 ICso (uM) + SEM
PPO (2.2) 3.30+£0.46 2.79 £0.67
RePPO (4.2) > 100 > 100
PPP (2.7) 0.00122 + 0.000287 0.000725 + 0.000144
(1.22 £ 0.28 nM) (0.78 £ 0.14 nM)
RePPP (4.7) 1.67 £0.11 1.70 £ 0.25
Cisplatin 2.82+0.42 15.63 £ 0.48
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The data presented has demonstrated the ability of PPO (2.2), PPP (2.7) and RePPP
(4.7), but not of RePPO (4.2), to significantly reduce cell viability of both PEO1 and
PEOA4 ovarian cancer cells. It is also evident that these compounds are just as capable
of limiting cisplatin-resistant PEO4 cells growth as cisplatin-sensitive PEO1 cells. This
suggests that the compounds may have a mode of action unique to that of cisplatin.
Although the 2D viability assay is a good indication of anticancer activity of a
compound, further testing is required to determine the potential mode of action of

the drugs.

5.5 Assessing the Apoptotic Ability of PPO (2.2), PPP (2.7), RePPO (4.2) and RePPP
(4.7).

The results presented above are extremely encouraging in the search for novel
anticancer therapeutics. There is clear evidence that PPO (2.2), PPP (2.7) and RePPP
(4.7) have potential as novel anticancer agents. Further analysis was required to
identify the potential mode of action of these compounds. A 2D caspase-3/7
apoptosis assay was conducted on each compound. This experiment involved setting
up a 2D viability assay that incorporated a caspase-3/7 green dye. This protocol is
described in section 2.4.5. The premise behind this experiment is to monitor the
apoptotic markers, caspase-3/7. Caspase-3/7 are effector molecules involved in
mediating cell signalling pathways leading to cell death by apoptosis. Presence of
cleaved caspase (the activated form) is indicative of apoptosis?®®. The caspase-3/7
assay therefore monitors levels of cleaved caspase-3 and caspase-7 and in turn

apoptosis.

The 2D apoptosis assay was set up in a similar manner to the 2D cell viability assay.
The cells were treated with three concentrations of each compound. For each test
sample, concentrations chosen included the ICso value for both PEO1 and PEO4 cell
lines. PPO (2.2) was tested in the range 6.25 — 1.56 uM; PPP (2.7) in the range 3.05 —
0.75 nM; RePPO (4.2) was tested at 100 uM; RePPP (4.7) was tested in the range 3.12

—0.75 uM. Experiments were designed to have a VC for each test compound. Once
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treated, the 96-well plates were placed in an incucyte imaging machine. Fluorescent
readings and images were taken every 4 hours over 5 days. The fluorescent output
(apoptosis) is measured relative to that determined at t = 0 h. The percentage of the
well covered by cells (confluency) was also monitored over this time. Where
apoptosis is not occurring, confluency measurements are presented to show reduced

cell proliferation.

The data obtained for PPO (2.2) presented in Figures 5.20 reveals gradual caspase-
3/7 activation at each concentration over the course of 0 - 72 h compared to the VC
(blue) for both PEO1 (a) and PEO4 (b) cell lines. This indicates that at the
concentrations tested, PPO (2.2) has the ability to induce cell death by apoptosis

against ovarian cancer cells PEO1 and PEOA4.
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Figure 5.20: Caspase-3/7 fluorescent output over 0 — 72 h for PEO1 (a) and PEO4 (b)
cells treated with PPO (2.2) at 6.25 — 1.56 uM

Unfortunately, the data obtained for the casapase-3/7 assay involving PPP (2.7) was
inconclusive due to experimental errors with the VC. This assay is due to be repeated

in the near future.

The Re(l) complex, RePPO (4.2) was shown to have a limited ability to reduce cell
viability in the previous section. The active dose of 100 uM was assessed for

production of cleaved caspase-3/7. Figure 5.21 displays the fluorescent output
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produced in the presence of the complex at a dose of 100 uM. The low fluorescent
output observed for PEO1 suggests apoptosis was not induced. There is a greater
fluorescent response for the PEO4 which is indicative of apoptosis. Anticancer activity
can be a result of either cytotoxic mechanisms such as apoptosis or cytostatic
mechanisms which slow or inhibit proliferation of the cancer cells without actively
killing the cells ?%7. Additionally, there are many mechanisms of cell death such as
pyroptosis, necrosis and autophagy.?®® The confluence of RePPO (4.2) was also
monitored during this assay. Cancer cells will continue to proliferate and increase in
density (confluence) in the absence of anticancer agents until nutrients are no longer
available. In contrast, cancer cells in the presence of an anticancer agent will gradually
die and therefore the confluence will remain the same. Figure 5.22 shows the
confluence of the cells exposed to RePPO (4.2) from 0 — 72 h for PEO1 (a) and PEO4
(b). The cells in the VC have the ability to gradually increase in confluence, indicating
they are unaffected by the 1% (v/v) DMSO media. The 100 uM dose of RePPO (4.2)
appears to inhibit cell proliferation over the 72 h period for both cell lines. The
complex therefore has the ability to curtail PEO1 growth by a cytostatic or cytotoxic

mechanisms other than apoptosis.
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Figure 5.21: Caspase-3/7 fluorescent output over 0 — 72 h for PEO1 (a) and PEO4 (b)
cells treated with RePPO (4.2) at 100 uM.

217



100-
O///
80+ ©
)]
O
G 60- OH
3
o
c
8 404 -~ VC
N -= 100 pM
20-
OI L] L] L] L] L] 1
° r{\' > 5 w® & AV
Time (h)
(b)
100+
80-
Q
=
3 601 -~ VC
g -# 100 uM
8 401 K
X
20-
OI L] L] L] L] L] 1
DN . I
Time (h)

Figure 5.22: Percentage confluency of PEO1 (a) PEO4 (b) cells treated with RePPO

(4.2) at 100 uM from 0 -72 h.

The caspase-3/7 output for RePPP (4.7) against PEO1 and PEO4 cell lines is presented
in Figure 5.23. It is evident that there is little fluorescence observed for the cells
treated with RePPP (4.7) at the doses 3.13 — 0.78 uM for both cell lines when
compared to the VC. This indicates no activation of caspase-3/7 and therefore

apoptosis is not induced. Interestingly, the confluency graphs shown in Figure 5.24
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reveals that RePPP (4.7) does impact cell growth. It can be concluded that RePPP (4.7)
inhibits proliferation of PEO1 and PEO4 cells by a cytostatic or alternative cytotoxic

mechanism.
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Figure 5.23: Caspase-3/7 fluorescent output over 0 — 72 h for PEO1 (a) and PEO4 (b)
cells treated with RePPP (4.7) at 3.13 - 0.78 uM.
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Figure 5.24: Percentage confluency of PEO1 (a) PEO4 (b) cells treated with RePPP (4.7)
at3.13-0.78 uM from0—-72h..

The apoptosis assay conducted on compounds PPO (2.2), RePPO (4.2) and RePPP
(4.7) yielded interesting results. All compounds had the ability to impact proliferation
of PEO1 and PEO4 cells as observed with the 2D viability assays. It was determined
that PPO (2.2) induced cell death by apoptosis at all concentrations tested for both
cell lines. The results for PPP (2.7) were inconclusive given the activity observed for

the VC. RePPO (4.2) had some ability to induce apoptosis of PEO1 cells while PEO4
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cells were inhibited by an alternative manner to apoptosis is it not the case that
apoptosis is evident in the case of PEOA4. Finally, RePPP (4.7) was determined to inhibit

cell growth of both PEO1 and PEO4 cells by a mechanism other than apoptosis.

5.6 Conclusion

Antimicrobial screening was conducted on phen-oxazine ligands 2.1 — 2.8, phen-
pyrido ligands 2.5 — 2.8 and their respective Re(l) tricarbonyl complexes 4.1 — 4.8
against a variety of microbes; S. aureus, MRSA, E. coli and C. albicans. HPO (2.3) and
OPO (2.4) had good activity against S. aureus and MRSA. Re(l) phen-oxazines had
limited activity against all species. The rhenium complexes were in general
determined to be less active than the uncoordinated ligands. The phen-pyrido ligands
2.5-2.8 were determined to be the most potent of the compounds tested. The family
had an ability to limit S. aureus growth to less than 25% at doses as low as 0.11 uM.
Similarly, MRSA growth was limited to below 25% down to 0.93 pM. Ligands 2.5 -2.8
were also the only compounds tested to show inhibitory effects against E. coli, with a
30 uM dose of MPP (2.5) having the greatest effect (58% growth). The more lipophilic
phen-pyrido ligands PPP (2.7) and HPP (2.8) were the most active against the yeast C.
albicans. The Re(l) phen-pyrido complexes 4.5 — 4.7 had reasonable effects against S.
aureus and MRSA with RePPP (4.7) showing the greatest effect. The activity of the
phen-pyrido family was shown to be more active than vancomycin and have similar
activity to teicoplanin, linezolid and daptomycin. In vivo testing of PPO (2.2), PPP (2.7),
RePPO (4.2) and RePPP (4.7) against G. mellonella demonstrated that the compounds
are well tolerated at doses of 60 and 30 uM. Additionally, the compounds were not
found to initiate an inflammatory response in the larvae. These results are incredibly

encouraging in the search for novel antimicrobial agents.

In vitro anticancer testing against ovarian cancer cell lines PEO1 and PEO4 was
conducted on PPO (2.2), PPP (2.7), RePPO (4.2) and RePPP (4.7). The activity was
assessed using a 2D CellTitre glo viability assay. PPO (2.2), PPP (2.7) and RePPP (4.7)

were shown to elicit a similar dose-dependent decrease in PEO1 and PEO4 cell
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viability. These compounds were found have greater activity than cisplatin against the
resistant PEO4 cell line. PPP (2.7) was extremely potent with activity in the nanomolar
range. This is predicted to be due to its structure which is analogous to the potent
anticancer agent, ascididemin. Low micromolar ICsp values of 1.67 — 3.30 uM were
determined for PPO (2.2) and RePPP (4.7). RePPO (4.2) had a limited impact on cell
viability at the highest dose of 100 uM. The potential mode of action of the four
compounds was assessed by means of a 2D caspase-3/7 assay to monitor apoptosis.
PPO (2.2) was confirmed to induce cell death by apoptosis for PEO1 and PEO4 cells.
Results for PPP (2.7) were inconclusive due to errors with the VC. RePPO (4.2) had
some ability to induce apoptosis in PEO1 cells but not PEO4. The mechanism for PEO4
cells is predicted to be by an alternative cytotoxic or cytostatic mechanism. This was
also the case for RePPP (4.7). No apoptosis was identified; however, cell proliferation
was greatly impacted. It is promising that there is little difference between the activity
of the compounds on PEO1 and PEO4 cell lines. It is predicted that this could indicate
a mechanism that is different to that of cisplatin. PPO (2.2), PPP (2.7) and RePPP (4.7)
therefore have great potential as novel anticancer agents that can circumvent chemo-

resistance mechanisms.
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Chapter 6

Future Perspectives
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This thesis has explored the synthesis and biological activity of derivatised
phenanthroline ligands with extended conjugation, namely the phenanthroline-
oxazine (2.1 — 2.4) and pyrido-phenanthrolinone (2.5 — 2.8) ligands. The first part of
this research investigated the stability, solution behaviour and biological activity of
Ag(l) bis(phenanthroline-oxazine) complexes. It was determined that the Ag(l)
complexes are fluxional in solution. The solution equilibrium lies with a 1:2, Ag(l):L
ratio. The phen-oxazine ligands (2.1 — 2.3) exhibited good antifungal activity against
C. albicans and displayed a clear lipophilic effect; the most lipophilic variants were
the most biologically active. Complexation to Ag(l) proved to greatly enhance the
antifungal activity of the ligands, suggesting a synergistic effect. Phen-oxazine ligand
(2.2) and Ag(l) phen-oxazine (3.2) were well tolerated by G. mellonella and no
inflammatory response was observed in the larvae. The output of this body of work
is promising and there are several avenues that can be explored going forward. The
first would be to carry out proteomic analysis of C. albicans treated with the Ag(l)
complexes. This would provide insightful information on the potential mode of action
of the complexes. Additionally, the ability of the Ag(l) complexes to disrupt Candida
adherence could be assessed. Furthermore, respiration assays could be conducted to
determine if the complexes effect cellular respiration within the yeast. It would also
be beneficial to determine the antifungal capabilities of the Ag(l) phen-oxazine
complexes against other problematic Candida strains. These may include C.
parapsilosis, C. dubliniensis and C. tropicalis. It would also be beneficial to assess their
activity against other harmful species such as Aspergillus. Given the good activity of
the Ag(l) phen-oxazine complexes, it would also be interesting to evaluate the activity

of Ag(l) phen-pyrido analogues as these were not explored in this project.

This body of work has also investigated the chemical synthesis and structure
characterisation as well as the photophysical, photochemical and biological
properties of novel Re(l) tricarbonyl complexes (4.1 — 4.8). Characterisation of the
Re(l) phen-oxazine family revealed they exist as a pair of diastereomers. It is hoped
that future work can include separation of the diastereomeric products. The
complexes were unfortunately found to be non-luminescent. Irradiation studies

revealed the complexes undergo a photochemical change in response to UV light but
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the nature of which was not identified. It is hoped that future work may include
further investigations of this photochemical behaviour. Myoglobin assays indicated
that the complexes do not readily release CO and therefore do not function as
CORMs. To address this, it is hoped that the ancillary Br ligand could be replaced by
a phosphine or tetrazolate ligand. This may enhance the CO release capabilities and
provide luminescent analogues. Information on the HOMO and LUMO states were
not determined during this project. DFT calculations are planned in the near future
to elucidate this information for the Re(l) complexes 4.1 — 4.8. Electrochemical
studies using CV demonstrated the rich redox activity of the Re(l) phen-pyrido
complexes (4.5 — 4.8). This behaviour may make these complexes ROS generators. It
is hoped that this may be investigated using electrochemical and biological methods.
The anticancer studies conducted on the lead compounds provided promising results.
The 2D caspase-3/7 assay is planned to be repeated on PPP (2.7) in the coming
months to identify its potential to induce apoptosis. It is also planned that PPO (2.2),
PPP (2.7), RePPO (4.2) and RePPP (4.7) will be tested against a non-cancerous cell
line. This will help to distinguish that the biological activity is specific to cancer cells

rather than healthy cells.
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Crystallography Data

Molecular structure of RePPO (4.2) showing the Re complex. Displacement
parameters shown at 50% probability.
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Crystal data and structure refinement for RePPO (4.2)

Empirical formula
Formula weight
Temperature [K]
Crystal system
Space group (number)
a [A]

b [A]

c [A]

o [°]

BI°]

v []

Volume [A3]

Zz

Peaic [gem ]

p [mm]

F(000)

Crystal size [mm?3]
Crystal colour
Crystal shape
Radiation

20 range [°]

Index ranges

Reflections collected

Independent reflections

Cy7H19BrN3O7Re
763.56

100(2)
orthorhombic
Pbca (61)
23.2478(5)
8.8797(2)
23.9340(6)

90

90

90

4940.8(2)

8

2.053

11.996

2944
0.091x0.057x0.018
clear yellow

plate

Cu K (\=1.54178 A)
7.61to0 139.92 (0.82 A)

-28<h <26
-10<k<10
-28<1<29

45619

4664
Rint = 0.0575
Rsigma = 0.0281
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Completeness to
0=67.679°

Data / Restraints / Parameters

Absorption correction
Tmin/Tmax (method)

Goodness-of-fit on F?

Final R indexes
[1220(/)]

Final R indexes
[all data]

Largest peak/hole [eA3]

100.0 %

4664/1/357

0.5858/0.7533
(multi-scan)

1.036

R1=0.0280
WR2 = 0.0697

R1=0.0329
wR> =0.0725

1.82/-0.75
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Disordered molecular structure of RePPP (4.7) showing both independent
complexes in the asymmetric unit as well as two partially occupied MeOH solvent
molecules. One ligand is disordered. Displacement parameters shown at 50%
probability and hydrogen atoms omitted for clarity.
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Individual representations of the complexes in RePPP (4.7) with (A) not disordered, (B)
majority occupied moiety disordered ligand in complex2, 78% occupied and (C) minority
occupied disordered ligand in complex2 at 22% occupied.
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Crystal data and structure refinement for RePPP (4.7).

Empirical formula
Formula weight
Temperature [K]
Crystal system
Space group (number)
a [A]

b [A]

c [A]

o [°]

B[°]

v []

Volume [A3]

Z

Pealc [gcm™]

p [mm]

F(000)

Crystal size [mm?3]
Crystal colour
Crystal shape
Radiation

20 range [°]

Index ranges

Reflections collected

C27.70H18.80BrN4Os 70Re
812.98

100(2)

triclinic

P1(2)

12.6692(3)
13.5756(4)
16.3975(4)
96.5844(18)
100.1983(17)
97.355(2)
2725.46(12)

4

1.981

10.984

1570
0.139x0.038x0.023
red

plate

Cu Ky (\=1.54178 A)
5.53 t0 137.29 (0.83 A)

-15<h<15
-16<k<16
-19<1<19

34304
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Independent reflections

Completeness to
0=67.679°

Data / Restraints / Parameters

Absorption correction
Trmin/ Tmax (method)

Goodness-of-fit on F2

Final R indexes
[1=20(/)]

Final R indexes
[all data]

Largest peak/hole [eA3]

9970
Rint = 0.0679
Rsigma =0.0706

99.7 %

9970/1524/996

0.6007/0.7531
(multi-scan)

1.020

R1=0.0537
wR2 = 0.1346

R1=0.0757
WR2 = 0.1499

2.07/-1.24
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