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Abstract

In today’s world, antimicrobial resistance is one of the biggest global health issues that mankind
is facing. This most effective way to ensure a wound does not become infected is through

cleanliness and continued disinfection of the wound site.

There is a lack of new antimicrobial drugs coming to the market due to economical and clinical
reasons, this is evident in Lord O’Neill’s 2016 report and is addressed by Professor Dame Sally
Davies in Parliament, (“We have reached a critical point and must act now on a global scale to
slow down antimicrobial resistance”?). Prescription drugs have led to this epidemic that was
highlighted by O’Neill.

The latest report (2016) by O’Neill states, it is critical to improve sanitation and hygiene, refrain
from overusing antibiotics in agriculture and the environment as well as introducing rapid
diagnostics and vaccines®. This is leading to the need for photodynamic antimicrobial
chemotherapy (PACT) that involves the use of a reactive oxygen species (ROS), photosensitiser,
and light to cause microbial death. PACT is a treatment for resistant and non-resistant pathogens
that is included in the treatment of multidrug resistant infections. The approach is to use novel
antimicrobial drugs topically, avoiding systemic photo-toxicity, thus leading itself towards topical

infection control.

Herein, we report the development of a range of novel photosensitisers based on the second
generation photodynamic therapeutic dyes (PDT) that are based on the tricyclic isoalloxazine
structure of riboflavin, vitamin B2. Photosensitisers were synthesised using similar strategies to
the isoalloxazine for a number of reasons: e.g. photoactivity and capability of degradation. In
order to investigate which photosensitisers gave the highest reactive oxygen yield, functional
group changes were made on the N-phenyl ring by substituting a range of electron
withdrawing/donating substituents at different positions (ortho, meta, para). The free amide
moiety was used to attach the photosensitiser to a solid support that would act as proof of principal

of a photosensitiser attached to a bandage.

These dyes show a phototherapeutic response via a Type | and Il mechanism upon illumination
by light of a selected wavelength. The mechanisms produce highly toxic oxygen-species, such
as radical production via Type | pathway and singlet oxygen generation by Type Il, thus causing
terminal damage to microbes in a short time period. The synthesised photosensitisers are
illuminated using blue light (440 - 490 nm) and white light in order to monitor and compare the
singlet oxygen and radical yields generated as they absorb approximately at 440 nm, thus blue

light being ideal for irradiation. The outstanding singlet oxygen result generated by compound

iv



12c¢ of 172% and a radical production by 11c of 227% show promising generators of cytotoxic

species, resulting in microbial death.

The synthesised photosensitisers have been tested against two opportunistic microbes (Gram
positive and Gram negative bacteria; Staphylococcus aureus (S. aureus), and Escherichia coli
(E.coli). They have proven to be problematic from its presence within the healthcare system
especially when found on surgical site infections. From the statistics generated for the National
Health Service (NHS) in the UK we can see that 52.4 % of S. aureus, and 43.1 % E.coli originates

within the hospital environment.

Antimicrobial activity was observed for several compounds under different light regimes on and
off the solid support. As a result, the best observed MIC value of 0.25 mM/mL was achieved for
S. aureus in darkness and in blue light without the polymer support. Additionally, when these
compounds were linked to a polymer support (mimicking a bandage), antimicrobial activity was
retained when irradiated using blue light at 1.0 mM/mL. These results show potential towards

the next generation of antimicrobial disinfection agents.

In time, these compounds could be integrated into the healthcare system for use as a new
generation of self-cleaning bandages towards post-operative wound disinfection rather than
employing front line antimicrobials. This is a moot subject under review in parliament and former
UK prime minister has highlighted the concern. In a statement recently released, he states “If we
fail to act, we are looking at an almost unthinkable scenario where antibiotics no longer work

and we are cast back into the dark ages of medicine" — David Cameron, UK Prime Minister?.
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Chapter 1

General Introduction - Antimicrobials

1.1 Antimicrobial resistance

Antimicrobial resistance (AMR) is becoming an symbolic feature of resistant microorganisms
towards existing antimicrobial agents*®. The British Society for Antimicrobial Chemotherapy is
gravely concerned of the relentless rise in antimicrobial resistance, as this will have severe and
harmful effects about global health and our ability to treat infections in hospitals and the
community.

During the primary stages of the 1970’s, clinicians were forced to abandon their beliefs that
virtually all microbial infection was treatable with the range of existing antimicrobial agents®.
This optimism was shattered by resistance of the bacteria to numerous antibiotics, such as
Staphylococcus aureus, Streptococcus pneumoniae, Pseudomonas aeruginosa, and

Mycobacterium tuberculosis®.

The rapid upsurge in the evolution of antimicrobial resistance may have been effected by several
possible factors such as the prolonged and inappropriate use of antibiotics’, increased travels to
both national and international countries® hence causing the spread of germs/bacterial infections.
Humans have become the major driving force behind the accelerated evolution of bacterial
resistance that has led to a complexity of resistance and scope, that the health care system is

stretched to cope with?®.

Acquired resistance to different antimicrobials has been categorised in a wide variety of bacteria®.
It is known that some resistant organisms are important causes of community associated infections
(CANX, Examples of these would be penicillin resistance Streptococcus pneumonia or the multi-
drug resistant Neisseria gonorrhoeae!. Additional resistant organisms that are of crucial concern
within the hospital settings are those that are responsible for “hospital acquired infections (HAI)”,
otherwise known as nosocomial infections'?. These are acquired either; in a hospital or a health
care environment, that arise 48 hours or more after hospital admission or within 30 days post

discharge following in-patient care?3.

Infections with drug resistant gram negative bacteria pose a particular challenge, because of the
complexities they pose that make them physically resistant, not only to drugs, but also in their

spreading abilities®.
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The organisms amongst the most common pathogens causing nosocomial infections are gram
positive bacteria (Staphylococcus aureus, and Enterococcus species), & gram-negative-
(Pseudomonas aeruginosa, Klebsiella pneumoniae, and Enterobacter species)™.

Over the years bacteria have rapidly developed major resistance towards existing antibacterial
agents, and this is illustrated in timeline overleaf (Figure 1).
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The drug development of new antimicrobials to treat gram negative bacteria has been extremely

challenging due to various reasons;

I.  Biologically related
Il.  Clinical trials

Biological related: Gram negative bacteria possess an additional outer membrane, which is
composed of phospholipids and lipopolysaccharides. It is located on the outer side of the
peptidoglycan layer. The highly charged nature of lipopolysaccharides confer an overall negative
charge to the gram negative cell wall*’. The permeability of this membrane layer is controlled
tightly, causing problems for many potential drugs to cross the layer!®. This is one of the prime
challenges faced by many researches when developing drugs for gram negative bacteria. An
additional hindrance halting research of novel antimicrobial agents is the existence of numerous

differing resistance mechanisms present within multi drug resistance gram negative bacteria®®.

Clinical trials: These results from the regulatory process for antimicrobial drugs. It is crucial to
show that the tests of the newly developed drugs are effective and designed adequately. For novel
drugs to enter clinical trials, the regulatory approval process needs be met ethically since it is not
possible to test the new drug(s) in a placebo controlled trial. This in itself becomes an obstacle
as additional expenses and alternative trails must be conducted. These trials need to produce
drugs that are FDA approved as well as being invested by pharmaceutical companies as they are

short lived?2.

In general, patients often develop drug resistant infections during their stay in hospitals®.
However, these infections are caused by bacterial species that are normal elements of the human
microbiota?*. Gram negative bacteria is mostly resistant to antimicrobial drugs, hence the focus
on these pathogens??. This is believed to be the case as majority of the antibiotic drugs are either
natural products or derivatives of natural products that are produced by microbes?. Consequently
majority of the naturally occurring genes have resistance to antibiotic drugs prior to the developed
drugs before they have even been applied to use 2. It is these resistance genes that in time become

problematic once they begin to spread on clinically important bacteria 2,

Many antimicrobial drugs have been used for agricultural purposes for example; therapeutic,
prophylactic, and growth reasons 2. Subsequently bacterial drug resistance are frequently being
found in both meat and other foods??8. Hence, those that are contaminated have been associated
with several drug resistant enteric pathogenic outbreaks. Examples of these pathogens include
Salmonella, Escherichia coli (E.coli), and Campylobacter?®2, It is these drug resistant bacteria
that cause resistant infections directly, or function as a pool of drug resistance genes that can be

spread to other bacteria that reside in the human gut?.
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1.2 Resistance in hospitals

The era of antibiotics begun in the early 1940’s. This was when hospitals were introduced to
Penicillin!. Not long after (1950’s) did the infamous problem of the resistance Staphylococcus
aureus strains were isolated, as they had shown resistance towards the Penicillin drug. These
antibiotic resistant organisms are biologically capable of causing life threatening infections that
are proving to be challenging to manage, due to the availability of limited treatment3.
Consequently, substantial problems within hospitals have evolved. In the early 1960’s Methicillin
and other forms of penicillin had known to be effective forms of treatment towards the resistant
organism®2, The proportion of infections with strains that are resistant to standard therapy is rising
for several human pathogens®. The frequency of infection today is recognized as a major threat
to the treatment of infectious diseases, and is of great concern to the public health®.
Unfortunately, opportunistic pathogenic infections have increased resulting in the increase in
frequency of hospitalisation for longer periods. This in turn has increased exposure to multidrug
resistant pathogens, which are present in the healthcare settings® for example S. aureus is one of
the major pathogens, (specifically methicillin resistant strains) that is causing enhanced

morbidity, mortality, and additional costs®.

The development of a new antimicrobial drug have been followed by the evolution of resistant
pathogens. Research today is primarily showing that resistant organisms to multiple
antimicrobials agents have become increasingly common®’, and a number of organisms have

developed resistance towards the all standard antimicrobial treatments that are present today.

1.2.1 Staphylococcus aureus

Staphylococcus aureus (S. aureus) are gram positive cells that are comprised of 28 species and 7
sub species in this genus. Originally, only two species called S. aureus and Staphylococcus. albus
existed. When members of the genus Staphylococci are observed under the microscope, they
appear as spherical bacteria (cocci), which are between 0.5-1.5 um in diameter. Staphylococci
occur in various forms: individually, irregularly grouped, in pairs, or sometimes as grape like
clusters®. S. aureus are non-motile and non-spore forming species. They have an optimum
growth temperature of 37 °C.

Staphylococcus aureus is recognized as an important human pathogen that is currently the leading
cause of infections in humans, including superficial skin infections such as boils, abscesses and
other serious infections such as those infections present in the bloodstream, and pneumonia®. S.
aureus can cause toxic shock syndrome by producing exotoxins into the bloodstream, and cause
food poisoning by releasing enterotoxins into food*®4L,

The major cause of nosocomial infections, (including surgical site infections and infections
associated with indwelling medical services) are primarily caused by S. aureus®. Literature states

that surgical infections have occurred as long as surgery has been performed., as an example it is
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known that more than 50 % of deaths that occurred in the mid-19" century were due to post-

operative surgical site infections®,

1.2.2 Escherichia coli

E.coli are gram negative bacteria that is a member of the Enterobacteriaceae family, which have
a rod like shape. Enterobacteriaceae are a non-spore forming, facultative anaerobic bacteria.
These are primarily found in the lower intestines of warm blooded organisms*. Most E.coli
strains are motile and can ferment sugars that appear as smooth colonies, which range from 2-3
mm in diameter. Some species of the Enterobacteriaceae family such as Salmonella and Shigella
are highly pathogenic whilst other are non-pathogenic®.

E.coli is one of the most prevalent aerobic gram-negative bacterial pathogen, that causes
infections such as: gastroenteritis, urinary tract infection, meningitis, peritonitis, and
septicaemia*’. Majority of the blood stream infections have been caused by E.coli*. It is also
one of the most common causes of community acquired and nosocomial infections*®. Research
shows that enteric E.coli usually causes enteritis and diarrhoea®. Infections containing gram-
negative bacilli, specifically in neonatals is one of the major reasons for having a high mortality

rate of children®..

E.coli develops resistance towards fluoroquinolones, quicker than other members of the
Enterobacteriaceae®®. Fluoroquinolones are an important class of antimicrobial agents that have

exceptional activity against infections caused by Gram negative bacteria, particularly E.coli %2.

This bacteria is used frequently as an indicator to monitor faecal contamination in drinking water
and in food®. It has been detected in many sources such as water, soil, and other varying
environments due to faecal contamination. Studies to date show that vegetarians are most likely

to contain the resistant of E.coli as omnivores®*.

1.2.3 Hospital associated methicillin resistant S.aureus.

Over the past 20 years methicillin resistant staphyloccus aureus (MRSA) has become one of the
most important causes of infections in both the hospital and community associated methicillin
resistant infections®.

Hospital associated (HA-MRSA) and community associated (CA-MRSA) infections tend to
overlap as is difficult to diagnose where they have been contracted due to the presence of strains

in both environments.

HA-MRSA strains have typically been resistant to multiple antimicrobials®®. There are many risk
factors established due to HA-MRSA, these can be; dramatically increased length of stay in
hospitals, or undergoing either multiple or prolonged antimicrobial therapy®®. In many cases the

patient can be present with a surgical wound, or in various cases people could be and are in contact
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with MRSA patients and dialysis*.

1.2.4 Community associated methicillin resistant S.aureus
Community acquired MRSA (CA-MRSA) describes the spread of MRSA infection, which is
diagnosed outside the hospital or less than 48-72 hours of admission®’.
CA-MRSA is most commonly found and associated with the skin and soft tissue infection. This
however can develop into a life threatening infection®. On the contrary, this differs from HA-
MRSA infections as CA-MRSA infections lack the established risk factors that HA-MRSA

infection have.

Studies on CA-MRSA infections have shown different bacteriologic characteristics than those
present in HA-MRSA®, The isolated pathogens of CA-MRSA are resistant to a reduced number
of antimicrobial agents. These are a class of antibiotics that fall into the category of B-lactams,

for example; penicillins and cephalosporins®, shown in Figure 10.

1.3 The role of microbes in wounds

The impact of microorganisms on wounds, particularly chronic wounds have been studied
extensively. They have been reviewed using many types of approaches to elicit their role in the
process of non-healing for example the occurrence of particular species, or groups of organisms®..
A variety of bacteria and fungi has colonized the human skin. In principle, the colonization
provides an effective barrier for microbial penetration and therefore aids tissue infection®. The
development of a wound compromises this barrier, therefore increases the odds for invasion of
what normally would be a sterile tissue and wound colonization by microorganisms. The spread
of infection is majorly related to various factors including: the type of wound present, and general
wound care. It is also affected by additional factors such as; underlying disease, age, nutritional

and the general immune status of the patient®.

The importance of reducing microbial load in wounds is treated by the use of prophylaxis. Thus
facilitating the healing process of wounds®4®°, However, an infected wound prolongs the process

in healing, which subsequently increases the health care costs for the patient®.

1.4 Cost Impact

The increase in pervasiveness of resistance is of utmost importance due to both the clinical and
economic impact of infection, which is caused by the resistant organisms.

Infections on post-operative wounds have a remarkably huge impact on patients’ quality of life,
consequently affecting the financial cost of patient care®’. Literature shows that within the US
alone, in one year, approximately one million patients have had to extend their stay in hospitals

due to the infection caused from an open wound, which has led to either increased pain of the
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wound, sepsis and in some cases death of the patient. Thus, the cost of the stay rising to $1.5

billion in health care costs annually within the US®.

Here in the UK, the latter part of the 1990°s approximately fifty million pounds worth of
antibiotics were manufactured and utilised for people both in homes and hospitals®®. The financial
cost in the health care system alone has estimated to have been generated more than an excess of
£400 million per annum These wounds are usually managed in the primary healthcare settings™.
Nonetheless Callam et al. demonstrated that majority of the patients were managed in the
community, of this 5% were inpatients in hospitals and the 12% were either by a health care team
or as an outpatient’. Callam et al. suggested that 63% of areas within the UK, venous ulcers are
becoming further widespread, from a more recent published article’.

1.5 Ehrlich’s Magic Bullet

Paul Ehrlich is often seen as the father of modern day chemotherapy. His fascination within the
area of dye chemistry begun during the early 1900s”. Ehrlich brought dyes into the forefront of
biomedical use; the realisation that microorganisms could be selectively stained revolutionised
the new and emerging areas of microbiology and molecular pathology’. From here, Ehrlich
conceived the idea of selectivity toxicity (Ehrlich’s magic bullet) and this was further enhanced
when he used the tricyclic phenothiazine dye, methylene blue (Figure 2) to successfully treat
human malaria in 18917, causing dye therapy to become integrated into clinical medicine’. The
idea behind the magic bullet was to selectively target diseased cells in the presence of healthy
cells. The selectivity of methylene blue was achieved by proteins binding to invading cells, and
attacking them. This detection was observed in the early 1980°s when antibody experiments were

tested on cancer patients’”.

Although methylene blue (Figure 2) showed potential as an antimalarial agent, its use was short-
lived due to the emergence of quinine, (Figure 3) and quinine derivatives such as chloroquine
shown in Figure 4. Methylene blue was employed to treat a whole host of alternative conditions

such as treatments for psychiatric patients’®.
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Although quinine is still active today as an antimalarial, it comes with side effects such as ringing
in the ears and partial deafness™. Chloroquinine was seen as a good replacement for quinine for
multiple reasons:

i Low yielding side effects
ii. Its renowned for its efficacy
iii. Ease of use

iv. Reduced toxicity

Resistance to this drug is now being seen in East Africa most notably the boarder of Tanzania®.

1l

\

Cl N

Nonetheless, Ehrlich’s quest to find better therapeutic agents to target diseases continued. His
focus now changed from treating malaria, to fighting the horrific disfiguring disease Syphilis,
thus leading to the infamous discovery of the arsenic containing compound Salvarsan — 606 as

shown in Figure 574, This discovery was noted as Ehrlich’s magic bullet!
OH
2HCI. HN As._ /©:
HO

Salvarsan proved effective and was introduced into clinical use at the start of 1910. Salvarsan
became the world’s first blockbuster drug, until in 1940’s when penicillin became available.
Unfortunately, Salvarsan did not respond very well with patients that suffered from the later stages
of Syphilis or against other bacterial infections. However, it did responded well against the

sleeping sickness disease but many physicians found it to be difficult to handle and administer.
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Salvarsan was available in powder form and extremely unstable in air, thus needing to be

dissolved in pure water before patient administration.

The instability and toxic effects of Salvarsan, led Ehrlich to enhance his research further on
improving this drug. Upon evaluation and continuation on the research, Ehrlich discovered
Neosalvarsan — 914, Figure 6. Neosalvarsan contained a lower arsenic content, had increased
water solubility and appeared to be more active upon comparison with Salvarsan.

By the 1920’s Salvarsan became the world’s most popular drug, however Ehrlich’s hope that it
would become the first of many magic bullets was ill-founded. However, with Europe at war, an
underlying problem was now beginning to show itself, infection and how to control it. Infections
caused by the most minor of injuries became uncontrollable, hospital wards were rapidly filling
with the dying and desperate. With treatment wards soon turning into septic wards, doctors and
nurses could do nothing but clean infected wounds and offer comfort, opposed to a curable

prognosis. Thus, the need for novel active antimicrobial agents was now greater than ever!
1.6 Penicillin

The discovery of penicillin, Figure 7, in 1928 by Sir Alexander Flemming was seen as a
breakthrough for antimicrobial chemotherapy and gained him the Nobel Prize. Although Sir
Flemming observed that a substance produced by a fungal mould®, (Penicillin species)
Penicillium notatum, had the ability to prevent growth of Staphylococcus aureus, he could not

isolate or purify the active product, which we know today as penicillin.
R
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Later Sir Flemming concluded that in his opinion, the structure of penicillin was too unstable to

be isolated, however Sir Flemming did note in his famous publication in 1928, that penicillin
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showed great potential as an antimicrobial agent. He also noted that this molecule could one day
suffer from bacterial resistance. With Europe on the verge of the Second World War, the need to
push forward with the development of novel antimicrobial agent was now a priority. At this point
in time, the discovery of penicillin went unnoticed for 10 years until researchers at the Dunn
School of Pathology in Oxford University turned penicillin from a medical curiosity into the
wonder drug. The Oxford team consisting of Howard Florey, Ernst Chain and Norman Heatley
were able to grow and isolate the active ingredient penicillin and conducted successful in-vivo
trials, with the first human to be injected with penicillin on the 27" January 1941 to test its
toxicity®. For their hard work, Florey, Chain, and Fleming were awarded the Nobel Prize in
1945,

Penicillin has a unique mode of action, targeting one of the enzymes responsible for the
biosynthesis of the bacterial cell wall, the transpepidase enzyme. The transpepidase enzyme is
involved in the final cross-linking of the sugar backbones (N-acetylmuramic acid (NAM) and N-
acetylglucosamine (NAG)) of the peptidoglycan cell wall of the bacteria, illustrated in Scheme 1.
If this is not accomplished, it leaves the cell wall poorly constructed and susceptible to bursting,
due to changes in osmotic pressures, resulting in a cell wall framework that is no longer

interlinked®.
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Scheme 1: Mechanism for cross-linking of the bacterial cell wall*

The transpeptidase enzyme is bound to the cell membranes outer surface (e.g. serine protease)
this contains the serine residue in the active site and catalyse the hydrolysis of the peptide bonds.
The serine, a nucleophile, splits the peptide bond between the two D-alanine units on the peptide
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chain. The terminal alanine unit vacates the active site, leaving the peptide chain bound. From
another peptide chain, the pentaglycyl moiety enters the active site, and the terminal glycine forms
a peptide bond with the alanine unit by displacing it from the serine and linking the chains

together, illustrated in Scheme 2.

Peptide
Peptide Chain . .
D-Ala D-Ala Chain geptd (F;ﬁgﬂ?e
) ) M %\ o) Chain Me H
Chain Peptide H o  Me NH Gly Y N\/g
LLL\/ N A f NH; N o)
N COy H
H Me 3 (o]

M R + +
o R o i
|
Ser Lys Ser Lys Ser Lys

Transpeptidase enzyme Transpeptidase enzyme Transpeptidase enzyme

Scheme 2: Mechanism of transpeptidase cross-linking

Although penicillin became a household name due to its life-saving ability, resistance was soon
being observed in hospitals, ironically from S. aureus®, the bacterial culture which Fleming first
noted penicillin’s activity. Bacterial strains can differ in their resistance to penicillin, as noted
above. S. aureus was initially susceptible, and can build up resistance after lengthy exposure to
the drug. Although, some species such as Streptococci are extremely vulnerable, bacteria such as
Pseudomonas Aeruginosa is particularly resistant. Resistance has been attributed to a number of

reasons such as:

The presence of a B-lactamase enzyme.

Physical barriers.

Over production of transpeptidase enzymes caused by the bacteria.
Affinity of transpeptidase enzyme by penicillin.

Transport of penicillin- across the cell wall (efflux pumps).

© ok~ w N P

Mutations and genetic transfers.

The most problematic resistance is caused by the presence of -lactamase enzyme, and causes
resistance towards many variations of the f-lactam antibiotics for example penicillin, cephamycin
and carbapenems®. Methicillin, Figure 8 produced by Beechams in 1959, stemmed from the

emergence of penicillin resistance.
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Not long after the introduction of methicillin into clinical trials, methicillin resistance strains of
Staphylococci were identified, (MRSA)®. In the early 1960’s, European hospitals announced the
first outbreak of methicillin resistance MRSA infections?’.

Prior to synthesising penicillin, the resistant strains of staphylococci were isolated from a surgical
wound infection®. Thus, in order to combat the resistivity to penicillin’s, new generations of
penicillin’s based on the p-lactams and the cephalosporin’s such as Ceftaroline (Figure 9) were

being developed.

ﬁ)ﬁ(j;( A

H,oN

Cephalosporins are a type of B-lactam antibiotic that is closely related to the penicillin’s. They

are bactericidal, and have the same mode of action as other p-lactams.

The mode of action of cephalosporins is to disrupt synthesis of the peptidoglycan layer of bacterial
cell walls. Cephalosporins inhibit the synthesis of bacterial cell wall by combing with penicillin
binding proteins (PBP).

As a result of over-prescribing the B-lactams, bacterial strains producing B-lactamases with
different properties emerged, as well as those with other resistant mechanisms®. B-Lactamase
breaks down B-lactams through a hydrolysis mechanism as shown in Scheme 3. This simply
occurs by hydrolysis of the four membered B-lactam ring, subsequently deactivating the

antibacterial properties®.
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Scheme 3 Mechanism of action of cephalosporins
B-Lactam antibiotics are by far the mostly used antibiotics. Derivatives of penicillin antibiotics

are those containing the B-lactam ring (Figure 10). Most of these derivatives are known as
scaffolds, which are produced by microorganisms®:.

O
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A = Penams

B = Cephalosporins (cephems)
C = Monobactams

D = Carbapenems

Carbapenems are also inhibitors of B-lactamases, however, they are unique types of inhibitors

because they generally are resistant to hydrolysis by most -lactamases, and can still target
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penicillin binding proteins. Carbapenems have the greatest potency against Gram-positive and

negative bacteria, and have the broadest spectrum of activity®.

For a class of B-lactamas, the mechanism of action for cabapenams identifies that carbepenams
cannot to diffuse through bacterial cell wall. However, they enter through the porins of the
gram negative bacteria and acylate the PBPs. Carbapenems behave as mechanism based
inhibitors for the peptidase domain of PBPs and inhibit the peptide cross-linking in parallel to
other peptidase reactions®. The speciality of carbapenams is their efficacy of ability to bind to
multiple different PBPs. This is illustrated in its mechanism of the cell wall formation, which is
a “three-dimensional process,” with its formation and autolysis occurring at the same time. The
PBPs are inhibited and autolysis continues, eventually weakening the peptidoglycan, resulting
in the cell to bursts due to the osmotic pressure®®s.

B-Lactam rings form stable adducts with the serine residue of the PBPs, which have an active
site. PBPs are segregated into two forms; p-lactams target the class A PBP, and are crucial to

cell survival.

The next generation of antibiotics, Figure 11, are highly effective in fighting infections caused by
the B-lactamase producing organisms®. Its effectivity is increased when used in combination
with B-lactam antibiotics e.g. amoxicillin® rather than its lone use as it will have a weak intrinsic

antibacterial activity.
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Three of the next generation antibiotics showed great potency as B-lactamase inhibitors and were
introduced into clinical trials. These B-lactamase inhibitors were: clavulanic acid-(A) (1970),
sulbactam-(B) (1978) and tazobactam-(C) (1980) *.

Clavulanic acid has shown to be an active inhibitor of some class D enzymes. Although it has a
B-lactam ring, it has either little or no inhibition activity against 3-lactamase enzymes in class B
or C but has high affinity towards the class A B-lactamases ®. However, evidence suggests that

clavulanate may influence the activity of B-lactam antimicrobials against pathogenic bacteria by
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mechanisms other than the inhibition of B-lactamase. This evidence is seen in research conducted
by J. Finlay et.al., which identifies that B-lactam activity is influenced by clavulanate against S.
pneumoniae through interaction at the cell wall and complementary binding of the clavulanate

and amoxicillin to PBPs %. The mechanism of clauvulanic acid is illustrated in Scheme 4.
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Scheme 4: Mode of action of clavulanic acid

Although avibactam, Figure 11, a non [B-lactam serine B-lactamase inhibitor is used in
combination with cephalosporins and aztreonam, its activity becomes potent against Klebsiella
and other gram negative infections®%?, Compound H (BAL30072) shown in Figure 11 entered
clinical trials, phase one in June 2014 and is investigated for the use as an intravenous antibiotic
with bactericidal properties against the multidrug resistance gram negative bacteria. It currently

shows activity against Pseudomonas aeruginosa and metallo-p-lactamases®.

1.7 Sulphonamides

In the 30 years following Ehrlich’s discovery of Salvarsan-606, no significant developments had
been achieved in the field of chemotherapy, then in 1939 Garhard Domagk, a Nobel Prize winner,
was the first to discover an important group of chemicals called sulphonamides or sulphur drugs,

shown in Figure 12. The discovery of sulphonamides was considered to be a major advance in

PR
R! H

the chemotherapeutic industry.
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In 1935 Domagk unveiled sulphanilamide as a pro-drug of Prontosil. The red dye showed that it
had antimicrobial properties in vivo but none in vitro thus, the discovery of sulphonamide was by

mechanism of prontosil being metabolised by bacteria.

Sulphanilamides had demonstrated to be extremely effective against several bacterial infections.
The affectivity of sulphanilamides proved to be so great that the fatality rate of meningococcal
infections (Gram positive organisms) had dropped severely from World War | to World War 1I.
This drug was used to treat wounded soldiers in the war. Sulphanilamide was the first

commercially available antibiotic on the market!2,

The discovery of sulphanilamide’s efficacy led to researcher’s to investigate further on similar
types of medicinal drugs that could add to the chemotherapeutic market!®®. Many derivatives
since have been successfully synthesised. However, the most effective derivative is the
substitution of a proton on the R? group of the SO,NHR? moiety resulting in the product to be
called sulphanilamide, illustrated in Scheme 5. The R* group moiety has had a range of groups
that have been substituted onto this position. These groups being a library of aromatic or

heterocyclic structures®,

(I? (0]
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Scheme 5: Azo reductase of prontosil to sulphanilamide

A number of sulphanilamide derivatives for example sulphanilamides, sulphathiazole,
sulphadiazine and sulphadoxine, have been synthesised by reacting sulphanilamide with the R
groups illustrated in Table 1. In all these analogues, the amino group at the para position must
remain un-substituted or have a proton attached. An exception to this rule is the R*to be an acyl
group as the amides are inactive, but have the ability to metabolise by themselves in vivo. These

two rules are vital for drug activity'®.
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Table 1:Aromatic structures for sulphanilamide derivatives

R Structure Name
X
R=1 | Sulphapyridine
=
R N

S .
R=2 \ Sulphathiazole
R/L\
N

NT
R=3 )I\ z Sulphadiazine

NT X
R=4 )I\ = Sulphamerazine

R=5 )I\ — Sulphamethazine

Sulphanilamides are considered to be one of the least expensive drugs and thus accounted for the

extensive use of the chemotherapeutic agent mostly in developing countries, e.g. India.

Sulphanilamides were employed to treat various types of infections systemically in humans
ranging from urinary tract infections, meningitis, streptococcal pharyngitis, bacillary dysentery,

trachoma, chancroid, malaria, toxoplasmosis, nocardiasis and conjunctivitis'®.

Sulphapyridine and sulphamerazine have both been used to treat patients with pneumonia.
Sulphapyridine had been the more effective analogue from the two synthetic drugs.
Sulphathiazole on the other hand undergoes metabolisation in the human body, resulting in an
acetylated form of sulphathiazole, which is proved to be somewhat toxic due to its lack of
solubility. Thus, it is poorly absorbed from the intestines. Hence the heterocyclic thiazole ring
had been substituted with an aromatic pyrimidine ring, forming the sulphadiazine analogue®.
The enhancement in solubility is achieved from the pyrimidine ring, which is more electron
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withdrawing, hence increasing the acidity of the proton on the amino group thus stabilizing the

anion (as it is protonated, and is in a salt form)4,

In the late 1950’s sulphamethazine was used to treat infections in animals and promote growth in
food producing animals for example in cattle, sheep and poultry. Sulphamethazine was also
utilised to treat respiratory diseases. Sulphamethazine has similar properties to those of
sulfamethoxazole, and is today used in a combination of drugs, for example it is used with
Trimethoprim, Figure 137,

\

H,N N NH,

Trimethoprim is a synthetic antimicrobial agent and is referred to as an antifolate. It is a structural
analogue of folic acid. Trimethoprim sulfonamides inhibit enzyme systems that are involved in
the synthesis of tetrahydrofolic acid®,

It is important to note the core structure of all sulphonamides is the same and resembles the
structure of a chemical called para-amino benzoic acid (PABA). PABA is used in the biosynthesis
of a vitamin called folic acid. Sulphanilamides interfere with the biosynthesis of folic acid.

Majority of the bacteria require PABA as a building block for a coenzyme called tetrahydrofolic
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Woods (1940) had demonstrated that PABA has the ability to inhibit the bacteriostatic actions of

acid, Figure 14.

sulphonamides on various types of bacteria'®. The recent report by Lord Jim O’Neill extensively
discusses the overuse of antibiotics and how they constitute towards bacterial resistance globally.
The report makes numerous recommendations such as; restricting the use of antibiotics, a

discontinuation of antibiotics in agriculture, and monitoring the amount prescribed by GP’s. In
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addition to this, the search for new antimicrobial drugs is an ongoing challenge in order to combat

antimicrobial resistance?.

22 |Page



Literature Review on PDT

1.8 Dyes

1.8.1 Tyrian purple

The most valuable dye in ancient history is tyrian purple, shown in Figure 15. It is a royal
purple/red-ish purple dye. A minute amount of this dye is secreted by various species of snails
and is said to be exceptionally expensive''®. To produce 1.4 g of this pure pigment of tyrian
purple 12,000 Murex brandaris species of snails are required, hence the cost for this dye is very
hight!t,

The ancient Phoenicians first produced tyrian purple. Tyrian purple was prized in antiquity
because it became brighter and more intense with weathering and sunlight rather than fading**2.
Production of the dye was tightly controlled in Byzantium and subsidised by the imperial court.
The use of tyrian purple was restricted for use only to colour silk for imperial use, so that a child
born to a reigning emperor was porphyrogenitos, “born in the purple" 3. In 1909, Paul
Friedlander first identified 6,6'-dibromoindigo as the major component of tyrian purple, which is

a derivative of the colour indigo,*'*

Figure 16. The mechanism of how tyrian purple was derived from is shown in Scheme 6.
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Scheme 6: Mechanism for the synthesis of indigo

1.8.2 Crystal violet

A French chemist, Charles Lauth first synthesised Gentian violet/crystal violet in 1861*° and was
further researched in 1880 by a German pharmacist, George Grubler**s, The chemical name for
crystal violet (CV), Figure 17, is hexamethyl pararosaniline. It is a triarlymethane dye, which is
used for histological staining.
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Hans Christian Gram noted in 1884 the irreversible fixation of CV by Gram positive bacteria and
it was this observation by Gram that became the basis of Gram staining for histological
purposestt’. Gram’s examination of lung tissues from patients that died of pneumonia discovered
that certain stains were preferentially taken up and retained by bacterial cells. In this procedure
the bacterial smear was flooded with crystal violet, iodine solution (to fix the dye inside the cells),
alcohol (to wash away excess dye from the bacteria) and lastly with safranin, a red dye.

Gram developed this technique to make bacteria more visible in stained sections of lung tissue
and not for the purpose of distinguishing one type of bacterium from another'®. However, Gram
stain is employed to differentiate bacteria into either Gram positive or Gram negative. Bacteria
consisting of a thick peptidoglycan layer are said to be Gram positive as they retain the stain of

CV. Those that do not are classified as Gram negative bacteria®®.

CV, is known to have antibacterial, and antifungal properties?’. With these medicinal properties

it has previously used as a topical antiseptic agent.

In 1891, Stilling introduced CV for its first use in medicinal purposes as an antiseptic. It was
marketed using the name ‘pyoctanin’ that has various therapeutic uses particularly for wounds
and infections of the eye. Literature shows that injections of pyoctanin have been given to patients
and have successfully treated two cases of sarcoma'?’. Although this treatment had positive
outcomes, further research on pyocatanin and its therapeutic uses had not been successful, thus it

was abandoned.

Two decades later research carried out by Churchman in 1912 observed the effect CV had on
bacteria, particularly on gram positive microorganisms both in vivo and in vitro?2, In 1925,
twelve patients suffering from severe sepsis were intravenously injected with CV, of these seven
patients improved'?®. Three years later a challenging disease caused by Staphylococcus called

Staphylococcus meningitis was cured by the use of CV!/.
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Crystal violet has also been used as a non-toxic dye in DNA staining'?* instead of using
fluorescent dyes. It is important to know that CV is not used as a textile dye, but is used for paper
dying, in addition to being used in printing, and in ball point pens. It is also used in fertilizers,

antifreezes, and detergents!?.

Although CV has been employed in an array of products, the discovery of sulphur drugs and
penicillin in the 1940 has rapidly reduced the use of CV by physicians.

1.8.3 Mauve

In the event of Hoffman attempting to synthesise quinine, Figure 18, an antimalarial drug from
aniline'?®, William Perkin learnt that aniline reacts with potassium dichromate to form a black
sludge. On attempt to clean the black sludge with alcohol, Perkin noted that a purple substance
was being released into the alcohol. This discovery led to further research of the purple substance
by Perkin'?’,

N
/ W\OH
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Perkin, Hall and Green found the purple colour was able to dye silk. This colour did not fade
when exposed to sunlight or run when washed. Thus, Perkin patented this compound, and set up
an industry to manufacture the dye on a large scale. From here on this colour was named

mauveine as it coloured fabrics mauve!?8,

Although the discovery of mauveine (A), Figure 19, a synthetic dye was obtained by William

Perkin in 1856, Heinrich Caro, found an efficient way of synthesising this dye!?’.

Mauveine is known by two names; aniline purple and Perkins mauveine!?. It is an aromatic
compound, which is a mixture of other compounds derived from mauveine A. The derivatives of
mauveine have varying number of methyl groups and they differ in the positions of which they

are attached to the structure.
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i = Mauvine A
ii = Mauvine B
iii = Mauvine B2
iv = Mauvine C

1.8.4 Methylene blue-staining

Methylene Blue (MB), Figure 20, is the most common dye amongst many dyes. Methylene blue
was first synthesised by Heinrich Caro, a German chemist in 1876%°. For many decades, MB has
been used as a redox indicator!®!, a photosensitiser'®?, a dye for cellular staining**, antiseptic and

in medicine®®*. Within the textile industry MB is generally used for dyeing cotton and silk.

Wider applications of MB include colouring paper, temporary hair colorants, and coatings for
paper stock. Although methylene blue is not a very hazardous dye, it does somewhat have
harmful effects for example; acute exposure to MB can cause increased heart rate, vomiting, and

shock®3®.

The uses of MB have progressed from a simple dye used for staining to playing important roles
in the medicinal field and in hygiene. MB is used to treat urinary tract infections and
methemoglobinemia due to its mild antiseptic properties, which Kill bacteria that is present in the
urinary tract. Methylene blue is particularly used as staining agent to make certain body fluids

and tissues easier to view during surgery and on an X-ray or other diagnostic examinations.
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Traditionally Isosulfan blue'® dye, Figure 21, was used to identify the sentinel lymph node in
breast cancer, but this has now been replaced by MB as it is more cost effective'®’. Medicinal

properties of MB have led to its use in the disinfection of blood plasma®,
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In 1886, the medicinal talents of MB were noticed by Paul Ehrlich’s curiosity during his

CHsy H3C

SO3Na

experiments. MB turned live neurons and plasmodium blue. It was from here on that Ehrlich
concluded the possibility of employing MB to selectively target malaria in the human body*3°.
Years later Ehrlich tested MB to treat swamp fever as a remedy, resulting positively.

Paul Ehrlich popularized the concept of magic bullet and invented the precursor technique to
Gram staining bacteria. The methods developed for staining tissue made it possible to distinguish
the difference between varying types of blood cells, resulting in diagnoses of numerous blood

diseases4,
1.8.5 Photodynamic Therapy (PDT)

Photodynamic therapy (PDT) involves the administration of a photosensitizer which can be
administered systemically, locally, or topically . Upon activation using light of an appropriate
wavelength, the photosensiter in combination with molecular oxygen produces reactive oxygen
species (both singlet oxygen and redox radicals) which are both cyctotoxic. These damage the
target cell, consequently resulting in cellular death 142143, The use of PDT is becoming attractive

and in recent years shown to be successful in treating various forms of cancer #4,

1.8.6 Mode of action of photosensitisers

The term photodynamic action was coined near the turn of the 20" century.’*® Some
photosensitisers used in photodynamic therapy (PDT) exhibit a degree of (tumour) selectivity.
Researchers today are striving to achieve additional control over photosensitisers and their
photodynamic action.

To understand the mode of action of photosensitisers, it is important to comprehend their
mechanism. Thus, the movement of electrons in terms of their electronic state must be considered

and is discussed further in section 1.10.9.
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1.8.7 Mechanism of photodynamic therapy

In PDT, the mechanism of PDT involves using light of an appropriate wavelength to excite the
photosensitiser into the singlet excited state'“®. Thus, the photosensitiser goes into a more stable
but lower energy triplet state. It is here, that the interactions of the photosensitiser (excited states)
with endogenous oxygen in the target cells or surrounding target tissue induces cytotoxic effects,
which can lead into two pathways®’. These pathways being Type I, or Type Il (as shown in
Figure 22).

Type | pathway involves electron-transfer reactions from the photosensitiser triplet state that
result in the formation of reactive oxygen species, for example superoxide, hydroxyl radicals, and
hydrogen peroxide!4,

Type |l pathway involves energy transfer by the photosensitiser (from the triplet state to the
ground state). The cytotoxic species formed is singlet oxygen, which is produced by from the

molecular oxygen®°,

Bacterial damage resulting from these pathways associated with PDT has been reported to occur
at both the level of nucleic acids, and on the cytoplasmic membrane®*®. The photosensitiser action
is illustrated in Figure 22.
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1.9 Photosensitisers
Shown below are a range of existing photosensitiser’s with their excitation ranges from 400 nm to 900 nm.

400-500 nm

A = Br o=s ,,
N HoN N O Q NaO $=0

HsC NH,

500-600 nm
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600 — 700 nm

x+_CH HaC X +.CH; H3Co Xt CH
H,N s N TN S NS PN S NS
| | | H |
CH

‘ CHs CHg CHs

700-800 nm
(1 "1
KIS
Et Et
800 -900 nm
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1.10 Light

The value of light is underestimated as day to day life would impossible without it. Photons are
discrete bundles of electromagnetic (light) energy, which travel at the speed of light, as waves®.
Applications of light in biomedical research for example molecular imaging requires the
excitation of a molecule which is fluorescent (dye) and a source of light'®. The excitation of the
molecule results in the production of long wavelengths or lower energy of emitted light and is
beneficial for use in photodynamic therapy (PDT)2. It is important to note that the absorption
of light can vary in the electromagnetic spectrum (from gamma rays through to radio-waves),

Figure 23.

Gamma X-Rays

Rays

10 109 107 10° 103 10! 10 103

1.10.1 History

The initiation of photosensitisers stemmed from Raab’s experiments of adding dyes to petri dishes
containing paramecia caudatum®*. The unexplained death of Paramecia during sunlight but not
in the evenings led to further curiosity by Raab. He later noted a connection between light
activation of the dyes and a therapeutic outcome. Further research on this showed a link between
oxygen and light-dependent photodynamic reactions®>4. Thus, Raab successfully coined the term

photodynamic therapy?®.

1.10.2 Phenothiazinium dyes

Phenothiazinium dyes, such as methylene blue and toluidine blue O, have been studied for many
years and are used as photosensitisers clinically*®®.

Some of the medical applications that phenothiazinium derivatives have been used against are:
local bacterial infection such as tuberculosis'®’%8, trypanosomiasis, rickettsia® fungal, viral

infections!® such as malaria, and cancer (bladder)°.
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R4 § R3
Table 2:Phenothiazinium derivatives 161

Photosensitiser R1 R2 Rs R4 Rs Rs Amax 10, yield
Methylene blue (MB) H H NMe; NMe; H H 670 1.00°
Toluidine blue O H Me NHEt NHEt Me H 630 1.35
New methylene blue Me H NMe, NMe, H Me 648 1.22
Dimethyl methylene blue H H NMe; NH: Me H 625 0.86
Azure Blue H H NMe; NHMe H H 648 0.41

*10, yield relative to that of MB.
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1.10.3 Acridines

The photosensitiser acridine is not good generator of singlet oxygen and is insoluble in water®2. Thus the use of acridine as a photosensitiser theoretically is

not advantageous due to its toxicity levels®,

R; Ry Rg
Ry N Ry
98
Rs ||\| Re
Ri Ry Rs
Table 3: Acridine derivatives
Photosensitiser R: R, Rs R4 Rs Rs R; Rs Ro Rio Amax
Acridine H H H H H H H H H - 450
Acridine Orange H H N(CHs3), H H N(CHs), H H H - 488
Proflavine H H NH> H H NH, H H H - 445
Aminacrine H H H H H H H H NH> -
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Ethacridine H H NH: H H H EtO H NH: -

Acriflavine H H NH2 H H NH H H H CHs

*R10 = N alkylation will generate a quaternary amine.
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Research was developed further based on the acridine structure for use of these types of molecules
as antimicrobial agents, (Table 3). Acridine analogues such as proflavine is of great use in both

the antimicrobial application and as an anticancer treatment63,

The introduction of proflavine by Browning’s into wound therapy in 1916/1917%* saved many
lives that would otherwise have been lost to sepsis*®.

Although there are several methods reported to synthesise acridines and its analogues, the most

common one used is Bernthsen synthesis or Ullmann synthesis.

Bernthsen synthesis involves the reaction of diphenylamine with carboxylic acid in the presence

of zinc chloride, resulting in the formation of acridine, Scheme 7.

0,0 - L0

i=EtCO,H, ii= ZnCly, iii= 200-270°C, R= CH,-CH3, 2h

H
1/ Cl

Q zn HO
\/\I( \l:l N
oY Zn-Cl

i=EtCO,H, o -HCI
—_— 20y, —_—
ii= ZnCl,
N N

I
I
H H

Scheme 7: Bernthsen synthesis
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The Ullmann synthesis, Scheme 8, is the condensation of a primary amine with either an aromatic
aldehyde or an aromatic carboxylic acid in the presence of a strong acid for example conc.
sulphuric acid or hydrochloric acid (c.H.SO./c.HCI), followed by a dehydrogenation reaction.

L™ O OO i

COOH

N
H
X=Cl, Br, |
ii | reduction
i= Cu, EtOH, K,CO3,A . ii= H,SO,4 or PPA. iii= Zn, AcOH, A
H

Scheme 8: Ullmann synthesis!6®

1.10.4 Xanthene derivatives
A search for new antimicrobial agents has necessitated due to the emergence of drug-resistant

pathogens®®’. Thus, research has focussed on the antibacterial abilities of xanthene based

photosensitisers®.
A common example of a xanthene derivative is Rose Bengal. It has four aromatic rings that differ

to the way they are positioned to the phenothiazinium dyes.
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Xanthene derivatives, Table 4, (particularly the fluorescein-type structures) have a positive charge
delocalised around the full ring system. Fluorescein derivatives are anionic or neutral and

lipophilic photosensitisers. Whereas the rhodamines are cationic or neutral®.

Table 4: Xanthene derivatives

Photosensitiser R: Ry R;: R Rs Rs Ry Rsg Ri3 102

(%)*
Rose Bengal* | =0 I H H | ONa | CO2Na 0.75
Fluoresceintype* H OH H H H H OH H COH
Fluorescein H NaO H H H H =0 H CO:Na 0.03

Rhodaminetype** H NH, H H H H NH; H COH 0.01
*Rg-R1> = Cl, ** Re-R12 = H

Derivatives of xanthenes can be synthesised in a number of ways. One of which is by a
condensation reaction of o-tolualdehyde and 4-chlororesorcinol in the presence of
methanesulfonic acid to form the intermediate. This is reacted with p-toluenesulfonic acid (p-
TsOH), purified by crystallisation and subsequently reacted with 2,3-dichloro-5,6-dicyano-1,4-
benzoquinone (DDQ) to form fluorescein®®, Scheme 9.

cl i. cl cl ii. Cl X cl
i i O O
IR

HO OH HO OH 0 OH 0 o

iv.
HO
i= ArCHO. ii= H*. iii= p-TsOH/toluene. iv= DDQ

Scheme 9: Synthesis of xanthene derivatives — fluorescein
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1.10.5 Cyanine based photosensitisers

In previous years cyanine based photosensitisers were used greatly in photography, particularly
for its ability to transfer energy and electrons to pigments at certain wavelengths for colour film
development'®®. It was for this purpose that cyanine based dyes were developed as
photosensitisers for their potential use in the 1920°s*"°, The development of compounds such as
naphthalocyanines and cyanine bridged compounds is of great interest to scientists as the extended
polymethine 7 system would alter the absorbance range to longer wavelengths, resulting in deeper

tissue penetration. This of course is an ideal characteristic feature for PDT*°.

N N 1~
1 \
Et Et
Table 5: Cyanine derivatives!®

Photosensitiser Amax 10, yield
Indocyanine Green (ICG) 780 0.01
New Indocyanine Green 824 0.08
2-quinolinyl analogue 850 1.22

Today polymethine dyes such as ICG are also used in a large range of applications, purely due to
their reduced toxicity’™* and its excellent photo-physical propertiest’?. The Medicines and
Healthcare Products Regulatory Agency (MHRA)!” and the United States Food and Drug
Administration (FDA) have approved ICG dye for use in their products/industry*’217,

Most cyanine dyes are synthesised by a condensation reaction between a heterocyclic base that
contains an activated methyl group and an unsaturated bisaldehyde or its equivalent, usually as
Schiff base in the presence of a catalyst (sodium acetate)'’>. Narayanan et al. synthesised a library
of cyanine derivatives replacing the catalyst with a mixture of solvents (1-butanol: benzene: 7:3
(Dean Stark conditions)). Solvents such as ethanol, acetic acid or acetic anhydride have also

commonly been used for the synthesis of cyanine derivatives 6.
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The general synthesis of these derivatives is shown in Scheme 10 and Scheme 11.

%0
o~ [

H
i. Toluene, reflux, 18h A \\\\

SO3”

Irz=z+

Cl

O~ QlydnC

ii. POCI3/DMF. iii. aniline, EtOH, HCI, H,0, reflux 1h.

Scheme 10: Synthesis of cyanine intermediate

Name of cyanine intermediate: (N-[5-Anilino-3-chloro-2,4-(propane-1,3-diyl)-2,4-pentadiene-1-ylidene]anilinium
Chloride)

iv. NaOAc, EtOH, reflux 3h. N,
SOz

Scheme 11: Synthesis of cyanine dyes!®

Additional analogues of ICG dyes have been synthesised to improve Amax Of the dyes, resulting in
a bathchomic shift, subsequently pushing the Amaxinto the NIR region. The general editions made
to the ICG dyes was to the aromatic termini of the bridged polymethine chain'”’. Scheme 10 and
Scheme 11 show the insertion of a cyclohexenyl moiety and a halogen atom (Cl) which stabilizes
the molecule. Further examples of stabilized dyes with a bridge are the squarine or squarylium
type dyes, illustrated in Table 6.
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1.10.6 Squarine dyes

Squarylium dyes have recently become a point of focus for scientists because of their special
properties for example: a) high photochemical stability, b) intense absorption-in the visible NIR,
making them potential candidates for photosensitisers'’®. It is for this reason derivatives of
squarylium type dyes have become an active area of research particularly to improve their
properties as PDT agents and an example of it is shown in Figure 24'7°.

The derivatives of squaryilum type dyes, with their Amax and singlet oxygen yields of several
squarylium cyanine dyes derived from benzothiazole, benzoselenazole and quinoline presented
in Table 6 were determined measuring the luminescence of the dyes in the NIR. The results
obtained from their absorption and singlet oxygen generation by some of the dyes show
potentiality of candidates as ideal photosensitisers for their use in PDT,
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Table 6: Squarylium derivatives

Photosensitiser hmax 10, yield
o)
591 -
704 1.35
786
647 0.17
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The general synthesis of squarylium derivatives is shown in Scheme 12.

HO 0]
OH
HO
\ L vy et
/N HO o +/N_ 5 -H,0 }N_ OH
HO o)
O
NQ
OH o)
+/ \ OH
N = N -H20
O=OC o 3
0 o|1|_| \
o)
P~~~
N — N
/ < \
(0]

Scheme 12: Synthesis of squarylium derivatives'6®

A shift in absorption further into the NIR region is observed when an amino group is added in
place of the oxygen atom on the squaric acid?®e.,

The synthesis of these derivatives (squarylium equivalent PS) differ slightly to the general
synthesis of squarylium dyes themselves. The squarylium equivalent, otherwise known as
‘aminosquarylium cyanine dyes’ are synthesised from either benzothiazole, benzoselenazole and

quinolone, shown in Scheme 132 and the mechanism for this is shown in
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Scheme 14 .
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H3C(H2C)4H,C

Clr— ——(L»— ——

v )
| CHy(CHz)4CHs
)
CHy(CH5)4CH3
iii
H3C(H2C)4H2(|3 HSC(HZC)4H2(|:
N
O =~ N O B
iv,v
Y VY
Vi +4
i NHR ‘. OMe
)
CHy(CH3)4CH3 CF3S05 CH2(CH2)4CHg

i = ICH,(CH5)4CH3, MeCN reflux. ii = squarig acid, n-BuOH/pyridine, DCM, N, reflux.
iii= CF3SO3CH3, DCM,N,, rt. iv=R,DCM, Ny, rtp. v=R, 14% aq.KlI, rt.

Scheme 13: Synthesis of aminosquarylium derivatives
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N
/
H3C(H2C)4H2C

X
-H,0 C[
N

)
H3C(H2C)4H2C

/
H3C(H2C)4H2C

Scheme 14: Mechanism for the synthesis (steps ii to iii) of aminosquarylium derivative

Croconic acid dyes, Figure 25 are similar to the squarylium dyes. The difference between these
two dyes is the central ring. Croconic dyes have a five member ring present (croconic ring)*3.

They have been investigated and synthesised to a much lesser degree than the squarines!®.
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Croconine dyes have strong absorption at longer wavelengths, greater photo-stability and better
yields ranging in 55-70%% compared to the squarylium dyes. These characteristics make

croconium dyes suitable as photosensitisers in comparison to the squaryliums

Synthesis of croconium dyes is similar to squarylium dyes. Instead of using squaric acid, croconic
acid is used. This reaction involves a condensation reaction between aromatic or heterocyclic

methylene base (2 equiv) with croconic acid (1 equiv).

oH - HO

O +
HO o) RN NR2
R2N + A i =
é
e}

-2H,0
OH o o OH
O

Scheme 15: Synthesis of croconium dyes

Very little investigation has been done on rhodizonic acids Figure 26 (A). Rhodizonic acid is a
six membered ring, which is included into the addition of xanthene derivatives. Its ring system,
is very similar to the squarylium and croconium dyes, Figure 24 and Figure 25. Inclusion of the
six membered ring (croconic acid) shows the derivatives absorb at longer wavelengths, approx.
800 nmt.

O
HO O
HO O
o
A

The shift in absorbance makes rhodizonic acid derivatives potential candidates for use in
applications such as PDT®*’. However, it is noted that rhodizonium dyes have a low triplet

quantum yield and a small amount of experiments have been performed to prove the formation of
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singlet oxygen production?®, The synthesis of rhodizonic dyes is similar to the synthesis of

croconium dyes.

1.10.7 Phthalocyanine based photosensitisers

Following the search for intense, long-wavelength absorption and a high singlet oxygen
production is yet of great importance in photosensitisers. It is for this reason additional types of
Photosensitisers are extensively researched. Phthalocyanines (Pcs) contain desirable
photophysical properties as they absorb at longer wavelengths, bathochromic shift (red shift), thus
resulting in deeper light penetration into tissues'®®. As Pcs can aggregate, the singlet excited state
lifetime is shortened, thus decreasing the singlet oxygen quantum yield by dissipating energy
through internal conversions. Hence, this problem is overcome by the addition of large
substituents.

Pcs can also have metal ions in the centre that favours the photophysical properties by increasing
the triplet state quantum yields, and longer lifetimes, generating singlet oxygen!®. Examples of

common metal containing Pcs are zinc Pcs and silicon Pcs®®L.

1.10.8 Photosensitisers designed for clinical use-cyanine

A great deal of interest recently has risen in medical imaging techniques, particularly
fluorescence-based image-guided surgery®®2. This technique is primarily being used to detect
tumours intra-operatively. NIR imaging techniques is utilised in a combinatorial manner with
NIR fluorescent agents which use a wavelength range between 700—900 nm. Molecules that
absorb in the NIR region (700-900 nm) are at present being used efficiently within clinical
settings®. These molecules, called contrasting agents, Figure 27 (ICG-cyanine based dyes) are

arguably the best known heptacyanine dyes for absorption in the long wavelength region®2,
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The importance of these polymethine dyes, (cyanine chain) is the conjugation of the methine
chain as they are composed of an odd number of carbons within their metheine unit. The cationic
charge form the conjugated system allows delocalization to occur over the manifold of carbon

atoms®®4, Figure 28.

NIR imaging produces minimal photo-damage to biological samples, and negligible interference
occurs from the background auto-fluorescence from the biomolecules themselves. These can be
seen in the cyanine analogues Figure 27 and Figure 28 are utilised for the investigation of in-vivo
testing to examine mammalian tissues as they produce small amounts of NIR fluorescence!®.
Fluorescence-based image guided surgery shows preclinical success using in vivo models®® . It
is mainly for this reason in addition to the long absorption range that porphyrin based
photosensitisers in combination with polymethine chain are of great interest to scientists in the

development of novel PDT agents.

1.10.9 Electronic states

Electrons in molecules are restricted to particular orbits they can enter dependant on their
energies. They can jump from one energy level to another, however, the orbits are forbidden to
have energies other than those that are allowed in that particular energy level. Thus, electrons
can be promoted to higher energy levels on absorption or of the correct energy. This rule

elucidates how particular radiation wavelength corresponds to excitation of electrons®®’.

Electrons present in orbitals exist largely in pairs, and have opposing spins to one another. This
spin state is referred to as the ‘singlet state’. Promotion of one singlet state electron to another
energy level, (that is higher in energy) keeps the same spin state as it was prior to promotion.

Thus, this electron is then in the ‘singlet excited state’*%,

1.10.10 Jablonski

A molecule (photosensitiser) in its ground state absorbs radiation, and can produce several
different electronically excited states that have different chemical and physical properties from
the ground state®. The photosensitiser has a higher amount of energy in the excited state that
can be utilised in several ways e.g.; chemical reactions, emission of radiation of long wavelengths

or by heat loss.
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Photosensitisers in the ground state are said to be in the singlet state (So) as they have no unpaired
electrons. Upon absorption of light from the lowest electronic level, the molecule gets promoted

to one of the many populated vibrational levels in the excited state (S1)2%.

The lifetime of these species in the singlet excited state is extremely short lived (approximately:
singlet: 10° s, triplet: 1073 s) because further internal conversions of the molecule occur to other
higher vibrational levels within the ground state, resulting in the possibility to fluoresce by
returning to the ground state®*.

Energy

B‘I I Singlet excited state, S,

4ﬂ_ Triplet excited state, T,

L= =}
fon ]

Fluorescence

Absorption

Phosphorescence /
delayed fluorescence

jﬁ Singlet ground state, S,

Figure 1.5 Absorption, fluorescence and phosphorescence.

Jablonski diagram (Figure 29) show changes in the spin state of a molecule that occurs via an
intersystem crossing, from the lowest vibrational level of the S; state into a vibrational state of
the Th, triplet electronic state. Vibrational relaxation occurs incredibly rapidly in the T, state, as
in the singlet excited state’*’. However, here additional processes also occur from their lowest
vibrational states. This is due to the spin forbidden nature between the singlet to triplet transition.
The singlet excited state tends to have a shorter life span than that of a triplet excited state!®.

The overall mechanisms of deactivation involve a net reduction in energy. These include:
vibrational relaxation into the Sy state of the lowest vibrational level, intersystem crossing, and

radiative decay again back to the So state resulting in phosphorescence.

A long-lived triplet excited state photosensitiser can be achieved by two key features:
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i Attachment of halogens atoms to the photosensitiser.
ii. Chromophoric atoms could be replaced with sulphur or oxygen atoms-(atoms from a

low period).
These would increase the spin-orbit coupling, resulting in enhanced antimicrobial action?.

1.11 Applications of photosensitisers

Today the applications of photosensitisers is of great importance 2°2. Dermatological diseases are
amongst the first to be studied using photosensitisers and a light source?®®, The application of
photodynamic therapy (PDT) in vivo is growing significantly. However, there remains a large
gap for the use of photosensitisers in areas of medicial applicationst. Currently the main
application of PDT is in the treatment of cancer and ophthalmology?®.

Photodynamic antimicrobial chemotherapy (PACT) follows principles to PDT, and its application
is not fully exploited®®. The applications of PACT are currently limited because of its
dependency towards exposure of a directed light source, consequently affecting the treatment that

can be carried out and therefore PACT can only be used as a local treatment source?®®,

An example of local photosensitiser use, is to treat the microbial organism called
propionibacterium acnes (P. acnes) (acne) by clearing the skin of these microorganisms?”,
Fungal infections particularly toe nails are becoming increasingly common in humans. PACT is
being used successfully to treat this infection, in addition to this PACT has been approved for its

use in treatment of dental infections206:208,

1.11.1 Cancer

PDT is employed to treat a range of cancers for example esophageal cancer, and lung cancer?®,
Photofrin™, Figure 30, is a porphyrin based photosensitiser also known as porfimer sodium is
used for treatment in cancer?®, In 1993 hematoporphyrin derivative (HpD) was the first
photosensitiser to receive regulatory approval 2. Since then HpD has been approved for its use
in USA, Europe, and Japan particularly to treat cervical, endobronchial, bladder, and gastric

cancers?!,
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1.11.2 Applications of tumour

Tumours are an abnormal mass growth of tissue that can be classified as benign or malignant?'2,
Benign tumours grow slower than malignant and do not invade other nearby tissue or spread to
other parts of the body unlike cancer?:3214,

Tumours are usually named from their cell origin, for example; sarcomas, carcinomas, and
lymphomas?®®, Cutaneous T-cell lymphoma is a lymphoma which affects the skin, and caused by
uncontrolled multiplication and growth of the T-cell lymphocytes?4.

PDT has emerged due to its safety and efficacy. Methyl-aminolevulinic acid (MAL), Figure 31,
is a methyl-ester derivative of ALA?®, Figure 32 and is used for the treatment of mycosis

fungoides (cutaneous lymphoma).

0]

e HCI H2N /\”/\)J\OCHS
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5-Aminolevulinic acid (ALA), Figure 32 and MAL are both known photosensitiser prodrugs.
ALA is a precursor in the heme biosynthetic pathway. MAL has proven to be more effective and
produces fewer side effects than ALA when used for treatment of actinic keratoses and basal cell
carcinomas 2.

The administration of exogenous ALA induces the build-up of the natural endogenous
photosensitizer protoporphyrin IX (PpIX).2® The accumulation of PpIX in tissues is achieved by
exogenous administration of its natural precursor 5-aminolaevulinic acid (ALA). The haem

biosynthesis cycle tightly regulates the endogenous levels of ALA. ALA administered
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exogenously bypasses the feedback control and consequently free PpIX accumulates in the
cells??®, MAL is selectively absorbed into cancer cells. The drug is converted into photoactive
porphyrins, naturally occurring intracellular photosensitising chemicals that bind with iron to
make haemoglobin. When cancer cells full of porphyrins are exposed to a specific wavelength
of light (570-670 nm), a molecular reaction occurs that results in destruction of the cancer cells??°.
MAL is more lipophilic than ALA and selective towards tumour cells. It is this property that
enables the PDT agent to penetrate better through the epidermis and deeper into tumour than
ALA?,

Other types of tumours PDT has been reported for treatment purposes are Kaposi’s sarcoma???,

extra mammary paget’s disease®?®, and cutaneous B cell lymphoma??,

1.11.3 Port wine stain

Port wine stains (PWS) is a vascular birthmark, caused by abnormal development of blood vessels
in the skin?®. The complete fading of PWS has proven to be difficult to achieve using laser
systems. This technique generally involves using a pulse dye system and a laser to undergo
selective photothermolysis??®,

During the 1980’s lasers and pulse dyes (PD) revolutionized clinically for the treatment of PWS.
PD lasers produce pulses of visible light at a particular wavelength. The first PD laser therapy
used a wavelength of 577 nm??” . This treatment proved to be unsuccessful as penetration of light
was not deep enough to enter into the tissue to enable maximum clearance of the lesion??,

The lack of effectivity of laser treatment for complete removal of port wine stains is forcing
researchers to seek alternative means for this therapy. Thus PDT has been introduced as a new

means for its effectivity to treat PWS?%°,

In PDT the absorption of light triggers a photochemical- biological reaction which leads to the
generation of cytotoxic species such as singlet oxygen, resulting in cell death?®. Using PDT as a
technique to remove PWS, has proven to be an effective treatment as the pulse dye lasers??,

particularly for purple flat lesions rather than the pink flat lesions®3,

1.11.4 Viral

The discovery of PDT using photosensitisers to kill organisms was over 100’s of years ago®*.
PDT has also been used for applications of viral infections too, examples of this are infections
caused by herpes and papilloma viruses®*. During the 1970’s, initial studies of PDT involved
clinical trials of viral lesions®3. However, this treatment ceased in 1975%*due to new findings
that the treatment were infective and the cause of cancer?®,

Viral warts have also reported to have been treated using PDT without causing any side effects?®,
An example of the virus being treated with PDT is photosensitiser; 5-aminolevulinic acid (ALA),
Figure 32.
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The treatment of warts with PDT showed a therapeutic strategy for successive reduction of the
virus?®’. Herpes keratitis, is also a viral infection, that was known to heal using PDT and

proflavine, Figure 33, as the photosensitiser?,

X
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HQN N NH?

Other viral infections for example genital herpes utilized PDT as a treatment. Eradication of the
infection was possible; however, prevention for reoccurrence was unsuccessful®®,

Human papilloma virus (HPV), is a virus which affects the skin and spreads between people
through skin to skin contact?*®. PDT is used against HPV both systemically and topically.
Numerous clinical trials of PDT have been conducted against viral infections including the
HPV?4, Statistical studies show a decrease of the virus by approximately 50%, thus proving to

be a promising treatment for HP\V/242,

Alternative applications of PDT have also been utilized for the sterilization of blood plasma in
order to remove blood borne viruses?®, agricultural uses which include insecticides and

herbicides®*.

1.11.5 Surface disinfection

The food industry has also utilized PDT with regular white light as a source of disinfectant for
surface cleaning and sanitation?®. The purpose of surface disinfection has risen from medical
fields, as photosensitisers are employed as antimicrobial agents. The ability of PDT agents to kill
bacterial and viral pathogens in addition to yeasts and protozoa, (which can be readily found in
the food industry) is favourable for hygienic purposes®.

Other areas of integrating PDT for surface disinfectants for either eradication of microorganisms
or the control of disease(s) can be disinfectants in surface coatings and bedside tables (the PDT
agent would behave as a biocide)?®.

PDT agents can ideally work in textiles that are used in the medicinal field, for example wound
dressings®’. This principle for PDT agents on wound dressing is represented diagrammatically

in Figure 34
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Principle: PDT agents would be attached to the wound dressing (bandage) that would be
illuminated with light of certain wavelength to eradicate the microorganisms, consequently

reducing infections.

Bandage
T

v

Bacterial]
colonisation

> Time

Figure 34: Colonisation of wound on a bandage

1.11.6 PDT and Bacteria

The search for new approaches to eradicate bacteria and not induce the appearance of undesired
drug-resistant strains suggests that PDT has advantages over the traditional therapeutic use of
antibiotics?®. Antimicrobial photodynamic therapy is beginning to be considered as a promising
alternative approach to resistant infections?*° as we are fast approaching the post antibiotic era?®.
Today an increasing amount of photosensitisers are being used in PDT to eradicate pathogenic
microorganisms, such as S. aureus 2. Research using PDT for elimination of pathogenic bacteria
have demonstrated effective bactericidal effects in vitro against microbial resistance by

employing the photosensitiser’s; methylene blue and toluidine blue 0%, Figure 35.

Toluidine blue O

Figure 35: Chemical structure of PDT agent
Photodynamic action on the eradication of pathogenic microorganisms (from infections) were
studied using methylene blue (Figure 20) and toluidine blue O 2°2. Bacterial species such as S.
aureus®? is one of the most significant causes of skin infections that have been known to develop

into serious or even fatal systemic diseases?®. Other species such as P. aeruginosa, and C.
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albicans, (fungi) are still being investigated using PDT for eradication of pathogenic organisms?*°.
Antifungal photodynamic therapy is a developing area of research in PDT?*, particularly as

resistance of yeast (Candida)®® to antifungal agents are increasingly being reported?®,
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1.12 Antimicrobial compounds, their nature, mode of action and resistance

mechanisms — Biological perspective

1.12.1 Antimicrobial control-physical methods

“Antimicrobial resistance is a crisis that must be managed with the extreme urgency” as it is
becoming a symbolic acknowledged feature of microorganisms to be resistant towards
antimicrobial agents®’.

It is very important to understand the basic principles of antimicrobial mechanisms, therefore, this
section will briefly give a broad overview of antimicrobials with respect to their microbiology.

The control of microorganisms in medicine, industry, and in our homes includes the use of
physical methods to achieve microbial decontamination?®, Examples of physical methods to
control, prevent, remove or destroy microbial growth, are the use of heat, radiation and

filtration®®,

1.12.2 Heat sterilisation

Heat sterilisation is one of the most widespread methods used to control microbial growth. The
susceptibility of microorganisms to heat is affected by temperature, type of heat (dry/moist), and
the duration of heat treatment?e,

At high temperatures microorganisms lose viability because denaturing of the macromolecules
occurs, thus causing loss of structure and function, (Figure 36)%. Hence, in many laboratories
and industries, autoclaves are frequently used for decontamination/sterilisation of materials
harbouring microorganisms.  Heat resistant endospores can effectively be killed off at
temperatures above boiling point of water (approximately 120 °C steam), which is achieved by
applying pressure in an autoclave at 100 k Pa (15 psi)?®? for 15 minutes?®®. Examples of

sterilization methods and conditions used are explained in Table 7.

58| Page



Table 7: Heat sterilisation methods262

Method Sterilizing conditions Advantages Precautions Spore testing
Steam 15-20 mins at 250 °C Time efficient ClntaE el of_non stainless Bacillus
steel items.
Autoclave Items are wet after cycle.

B. stearothermophilus strips or

3.5-10 mins at 270 °C Good penetration Can’t use close containers, .
vented vials

may leave deposits.

Time efficient, no Ly CEITELE (151 &2

Unsaturated chemical vapour 20 mins at 270 °C corTosion rubber items. Must use B. stearothermophilus
' special solution.
No corrosion, closed Y TG LA
Dry heat (oven type) 60-120 mins at 320 °C . ’ rubber items. Long cycle B. stearothermophilus
containers can be used. times
B. stearothermophilus
Dry heat (rapid transfer) 12 mins at 375 °C Ulids efflc'lent, no bty damag_e plastic &
corrosion. rubber items.
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The “decimal reduction time”, D, (time required for a 10-fold reduction) in the viability of
microbial population which is used to calculate the effectivity of heat sterilization at a given

temperature (70 °C, 60 °C, and 50 °C). An example of this is shown in Figure 36.

Decimal
reduction
time (D)

50C

100

10 L

Survival fraction (log scale)

0.1

10 20 30 40 50
Time (min)

Figure 36: Temperature effects over time on microorganism (e.g. mycobacterium tuberculosis) viability?62,

At lower temperatures, sterilisation of microorganisms takes longer than at higher temperatures
and is dependent on the type of heat used (moist/dry).
The relationship between temperature and the rate of death of microorganisms is generally of first

order. The rate increases rapidly as temperature rises. However, this differs for mesophiles and

thermophiles, which is shown in Figure 3724,
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Data were obtained for decimal reduction times, D, at several different
temperatures. For organism A, a typical mesophile, exposure to 110°C for less
than 20 sec resulted in a decimal reduction, while for organism B, a thermophile,
10 min was required to achieve a decimal reduction.

Figure 37: D for microorganisms (e.g. E.coli)?%*

1.12.3 Radiation sterilisation

Radiation in the form of microwaves, ultraviolet, x-rays, and gamma rays, are also effective
methods to remove or reduce unwanted microbial growth?®. Antimicrobial effects from
microwave radiation occur by thermal effects. Microorganisms can also be killed or inactivated

using other forms of radiation.

1.12.4 Filter sterilisation

Filter sterilization is based upon the size of contaminants to be removed. It is utilised for removal

of decontaminants in liquids and gasses.

There are three types of filters that exist: depth, membrane and nucleopore filters. Membrane

filtration technique is commonly employed in sterilization of liquids in microbiology laboratories.

1.13 Antimicrobial chemical control methods
Many types of chemical technologies are used to control the growth of microbes in particular
environments?®.  To this end, a range of chemical antimicrobial agents are employed to kill
microorganisms. Chemical antimicrobial agents include antiseptics, disinfectants and sanitizers
all of which are used on a daily basis to either kill or control these pathogenic microorganisms?®’.
An antimicrobial agent, including chemical agents, should be:

o effective against a wide range of microbes,

e remain effective in the presence of organic material
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e toxic to microbes but non-toxic to living tissue and non-corrosive to surfaces?s®

If all three of these properties were present in one antimicrobial agent, the problem of resistant
pathogenic organisms would not occur. However, this is not the case as yet, and therefore, a
range of antimicrobial agents have been developed that can be used individually for specific
targets. Hence, the importance of carefully selecting the correct chemical agent?.

1.13.1 Chemical antimicrobial agents

Antimicrobial chemical agents are used in the home and in the workplace. Commercial
laboratories use chemicals routinely to control microbial growth?8, Natural or synthetic
chemicals which either inhibit microbial growth or kill microorganisms are referred to as
‘antimicrobial agents’. Antimicrobial agents that kill bacteria, fungi, viruses, or algae are called

bacteriocidal?”, fungicidal?’* , viricidal agents?’?, and algicide respectively.
1.13.2 Control of growth by chemical means

The toxicity of antimicrobial agents can differ from agent to agent. It is important to note that
‘selective agents’ are more toxic to microorganisms than they are to animal tissues®”,
Antimicrobial agents which have selective toxicity are useful for treating infectious diseases

because they can kill selected microorganisms in vivo, usually without damaging the host cells?’.

1.13.3 Antimicrobial agents and their mode of action
Observing the effects of antimicrobial agents on bacterial cultures can help to determine their
classification i.e. whether they are bacteriostatic, bactericidal or bacteriolytic?”.
Bacteriostatic agents inhibit protein synthesis, usually by binding to ribosomes. Some antibiotics
work in a similar fashion as they use a comparable mechanism to that used by the bacteriostatic
agents?’®. Bactericidal antimicrobial agents work by binding very tightly to their cellular targets
and thus killing the cell. Antibiotics, such as the penicillin’s and certain detergents such as
alcohol, and cationic detergents for example , lysol, are considered as bacteriolytic agents which
work by inhibiting cell wall synthesis and/or by rupturing the cytoplasmic membrane of the cell?””.
Chemical agents can be categorized into two broad classes;

1. Antiseptics

2. Sterilants/ disinfectants/ sanitizers.
Various types of antiseptic agents are: alcohol (60-85% ethanol-cleaning), Isopropy! alcohol
(IPA) in water (topical antiseptics), phenol containing compounds (soaps, lotion), and cationic
detergents (topical disinfectants, soaps)?’®. Antiseptics are non-toxic enough to Kill the
microorganism, however can still be applied for use on living tissue. For example, topical agents

can be used for treatments of surface wounds, and hand washing.
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Sanitizers are generally used in industry to disinfect surfaces and production areas, and in
hospitals to disinfect medical equipment?”®. Some common sanitizers, disinfectants, include:

% chlorine gas- for the purification of water supplies

+¢ chorine related compounds- cleaning agents in food industry e.g. equipment,

«¢+ copper sulphate — used in water storage and in pools

¢ ethylene oxide - sterilizing plastic and lensed instruments

s 60-85% ethanol and isopropyl alcohol (IPA) for use in water as topical antiseptics

% phenolic compounds - used in the formulation of soaps and lotions 2.

1.14 Antimicrobial Activity

Antimicrobial activity against pathogenic microorganisms is of importance as it helps to identify
whether the antimicrobial agent used is successful in killing the microorganism(s), or simply
damaging the cell®4, The site of action and the mode of action of any potential antimicrobial
agent, against its target organism (s) is important information to have. Antimicrobial activity can
also be used to understand how toxic the agent is towards the pathogenic microorganisms by

carrying out simple biological techniques such as ‘minimal inhibitory concentration’, MIC?,
1.14.1 Measuring antimicrobial activity

Antimicrobial activity can be measured in numerous ways. One of the frequently used methods
is by measuring the MIC?2, MIC involves determining the minimal amount of an antimicrobial
agent required to inhibit growth of the organism(s).

In this investigation the MIC of selected compounds was tested against the Gram negative and
Gram positive organisms Escherichia coli, and Staphylococcus aureus respectively.

The standard method for testing the MIC of a compound is called ‘tube dilution’?®, This involves
using tubes of broth containing an increasing concentration of the antimicrobial agent to be tested,
which are all inoculated with the same level of microorganism to be tested. After a period of
incubation these tubes are checked for the turbidity of the cultures. The tube with the lowest
concentration showing no growth (no turbidity) is this concentration that is then referred to as the
MIC?84,

An alternative method of measuring MIC is via a technique called the ‘disc diffusion
technique’?®®.  This involves using filter paper discs, which contain a known concentration of
antimicrobial agent that are placed onto the surface of agar in a petri dish, which has been seeded
with the organism to be tested. The antimicrobial agent diffuses from the disc into the agar, which
establishes the gradient®!. The further the antimicrobial agent diffuses from the filter paper discs,
the lower is its concentration in the agar , thus the MIC is measured from establishing the diffusion

gradient?®, these are usually referred to as a zones of inhibition.
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1.15 Antimicrobial Agents-In vivo

Chemical antimicrobial agents, such as the mild antiseptics (as discussed above in section 1.13.3),
are used as topical agents for control of infection. However, these agents cannot be administered
internally due to their toxic effects?®’. Hence, the purpose of research into the development of
antimicrobial drugs for their potential use as systemic agents usage which in due course would
help reduce and/or control the spread of infection.

1.15.1 Antimicrobial drugs

The development of new antimicrobial drugs in the 1960’s presented an array of treatment options
for antimicrobial resistance and life threatening diseases?®. The discovery of antimicrobial drugs
has played a major role within the fields of medicine and agriculture. Antimicrobial drugs are
classified in two broad categories: ‘synthetic agents’, and ‘naturally occurring antimicrobial
drugs’ (antibiotics). These are sub classified into their molecular structure and on their

mechanism of action.
1.15.2 Synthetic antimicrobial drugs

The infamous Paul Ehrlich made the initial discovery of precursor staining for bacteria. From
this time onwards, the development of synthetic drugs, such as, Salvarsan, (Figure 38), began.

Salvarsan, an arsenic containing compound was used to treat syphilis?®.

HCI. HoN As_
:©/ -
HO

Paul Ehrlich was the pioneer of the modern day chemotherapeutic drugs and was awarded as a
Nobel prize in 1908 for his concept of the ‘magic bullet theory’?”®. The magic bullet concept is
the ability of the chemical compound (antimicrobial agent) to kill off or inhibit the

microorganism(s) selectively, without damaging the host cells?’.

1.15.3 Mode of action

The mode of action of antimicrobial compounds is classified according to their site of action i.e.
the target structures in the bacterial cell. This is shown in Figure 39%°.

Antimicrobial agents generally affect a limited and well defined group of microorganisms?™.
There are a number of antimicrobial agents that are very specific and affect the growth of only a
single genus. For example penicillins are affective against both gram positive and negative

bacteria®. The B-lactam antibiotics are known to be inhibitors of cell wall synthesis. The
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transpeptidase enzymes bind to the penicillin or other B-lactam antibiotics (referred to as
‘penicillin binding proteins’ (PBPs) 2°1. Once the PBPs are bound to penicillin they lose the
ability to catalyse the transpeptidase reaction, however, cell wall synthesis continues.
Consequently, the newly synthesised cell wall is not cross linked and is unable to maintain its
strength resulting in a weak, and a self-degrading cell wall. Thus, the cell wall can be digested
by the enzyme autolysin, whose release is stimulated by the antibiotic-PBP complex. Thus, the
difference in osmotic pressure between the inner and outer cell cause a lysis?®2. B-lactam

antibiotics are selective and not toxic to their host cells because they do not have cell walls*,
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Figure 39: Mode of action of antimicrobial agents(A) and mechanisms of resistance (B) 2%
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1.15.4 Resistance mechanisms of bacterial cell (Figure 39-B)

e pathway which modifies the bacterial cell wall so that it does not contain the binding site
of the antimicrobial agent.

e The bacterial genome can contain mutations that limit access of antimicrobial agents to
its intracellular target site?%.

e The organism can develop resistance to drugs, particularly sulphur containing compounds
that are inhibitors of folic acid.

e The bacteria may have efflux pumps that extrude the antibacterial agent from the cell
before it reaches its target site 2.

1.16 Drug resistance

Drug resistance is the ability of microorganisms to resist the effects of the antimicrobial agents to
which they are normally susceptible to?®. There is no single antimicrobial agent that is able to
inhibit all microorganisms?®. For antimicrobial drug resistant to occur the microorganism
producing the antibiotic must be able to neutralize and destroy its own antibiotic?®”. Hence, the
importance of gene encoding in organisms that allows, antimicrobial drug resistance to occur by

the transfer of resistance genes between microorganisms?%,
1.16.1 Antimicrobial drug resistance

In healthcare antimicrobial drug resistance is of great concern, as it is a major problem to deal
with in countless pathogenic microorganisms?®. Resistant bacteria spreads rapidly and is
therefore causing problems not only in general healthcare settings, but also in community
associated settings®®. The increasing spread of bacterial resistance within the community poses
obvious difficulties for infection control in environments, such as, long-term care facilities,
military recruitment centres, and day care centres. Thus, there is a real need to be aware of the
problem and to develop new antimicrobial drugs to fight and control the spread of the unwanted

microbial resistance.3t,

1.16.2 Biocides

Biocides are antimicrobial molecules that are used for killing microorganisms or their harmful
effects by either chemical or biological means®?2. Examples of biocides in common use include
disinfectants, preservatives®®, antiseptics, pesticides, herbicides®®*, fungicides and insecticides®®.
The use of biocides is generally unpopular because of their toxic nature and potential danger to
the environment®®.  However, importance of using biocides is socially recognised by
organisations such as COST 511 and the European Biocide Directives,as they have a role in
combating the rapid increase of microbial resistance, predominantly within the healthcare

settings®®.
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1.17 Quantitative Structure-Activity Relationship (QSAR)

The relationship between chemical structure and the activity of chemical compounds helps in
understanding the mechanism of bioactivity and provides a tool to predict the activity of new
compounds based on knowledge of the structural parameters. Quantitative structure-activity
relationship (QSAR) methods have been utilized for estimating a potential toxicity of organic
compounds and development of drugs®”. Hansch and Fujita in 1964 proposed a method for
correlating biological activity with the chemical structure. A general model for biological QSAR
was derived from a linear free energy-related approach, later called Hansch analysis. All
parameters used by Hansch were linear free energy-related values derived from rates or

equilibrium constants.
1.18 Log P

Log P is the logarithm of the n octanol/water partition coefficient as a measure of the
hydrophobicity. The goal of this study is to understand the relationship between the structural
parameters (in terms of electron withdrawing and donating substituents attached to the molecule)
and the antimicrobial activity ultimately providing a tool to predict the biocidal properties of new

compounds.
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1.19 Isoalloxazine analogues in literature
The crucial search for the ideal photosentisers are persistently being developed by scientists. For
the purpose of this research the synthesis of alloxazine analogues in literature is studied in order

to find a synthetic pathway to achieve this aim.

1.19.1 Synthesis of isoalloxazine analogues in literature

The total success in synthesis of riboflavin was accomplished by Paul Karrer in 19353, He
received the Nobel Prize for this work in 1937. It was this work that provided a platform for the
synthesis of further riboflavin analogues.

The original method devised by Karrer describes the reductive amination of 3,4-dimethylaniline
with D-ribose (13), followed by the addition of an amine group by using a diazonium species,
with the nitrogen becoming position N5 of the flavin (Figure 43). Alloxan was then reacted with

the intermediate species (14), resulting in formation of a riboflavin (15), Scheme 16.

Il?ibityl Il?ibityl
HsC NH, HsC NH HsC NH
:O/ D-ribose . :O/ (RNy)X . :@:
Pd/H
HsC 2 HsC HsC |}|I
11 12 13 N R

H
Os  _N_ O
Ribityl Y

NH Fleibityl
HaC N N \fo o) HaC NH
o)
= NH <
H3C N HsC NH,
5 O 14

(RN5)X = one of many diazonium salts used by Karrer
Scheme 16: Total synthesis of riboflavin3%®

Although this synthesis, (Scheme 16) has been developed by Karrer, other researchers have
continued on enhancements of this reaction. Improvements to individual reactions and/or
alternative routes have been developed largely due to the advancement knowledge of organic
chemistry. Examples of these can be seen from Scheme 17 to Scheme 32.

One of the routes used to synthesise the substituted isoalloxazines by Ram Singh and Geetanjali
involved cyclo-condensation of the N-substituted 2-aminophenyl aniline with alloxan

monohydrate in agueous or organic solvents, Scheme 17.
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Scheme 17: Synthesis of substituted isoalloxazines

This method was utilised for the synthesis of a library of isoalloxazines that were used as chemical
models for flavin monooxygenase and tested as potential anti-malarial agents®,

The same authors (Ram Singh and Geetanjali) used an alternative route to synthesise 10-
substituted isoalloxazine (20). This route involved using microwave assisted reactions in the
presence of solid acids®® (Scheme 18).

R R
| H I
NH O N (e} N /N (0]
Y g hd
+ NR' i. Solid acid P NR'
NH, 0 N
0] (0]
R= Aryl 18 19 20

R'= CHj,
Scheme 18: Microwave assisted (MW) synthesis of substituted isoalloxazine

These researchers observed that an increased yield was obtainable if the reaction was carried out
using microwave irradiation. The addition of a catalyst or mineral based reagents for example
alumina, clays, silica, and zeolites showed further enhancement on the overall yield of the
product. It is the catalysts/mineral based reagents that are referred to as the “solid acid”. The
yield was enhanced from 18-40% to 74-84% respectively®!.

Researchers Dadova et al®? synthesised isoalloxazines using an additional method, which is

shown in Scheme 19.
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Scheme 19: Synthesis of 10-aryl flavins

The 10-aryl isoalloxazines (24) were synthesised by converting the substituted anilines (21) with
6-chlorouracil (22) into 6-arylaminouracil (23). It was noted that there was an overall decrease
in the yields of the 10-aryl isalloxazines, which was caused by steric hindrance on positions C2
and C6 of the phenyl ring. However, the non-substituted isoalloxazine derivatives- phenyl
isoalloxazine, could only be isolated in moderate yields upon elongated reaction times. Changing
conditions within this reaction scheme showed no enhancements in the yields of the synthesised
isoalloxazines. The observed yields for this method were between 13-25%.%!2

A.M. Kanhed et al. initially synthesised alloxan monohydrate and continued synthesis to form
isoalloxazine, shown in Scheme 20.

o
HNJJ\NH

o H
. OWO .. . . N /N O
i. CrOg, AcOHI ii. 0 - phenylenedlamlneb @i \f
OMO Heat HNTNH H3BO3, ACOH,RT, 8h N/L]/NH
(@]
26

25

Scheme 20: Synthetic procedure for isoalloxazine

The oxidation of barbituric acid (25) was used to prepare alloxan monohydrate (26)%. This in
turn was utilised to synthesise the isoalloxazine derivatives (27) by cyclisation with o-
phenylenediamine in presence of boric acid and acetic acid at room temperature, Scheme 21.

An additional route used by the same research group is shown in Scheme 22.
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Scheme 21: Synthetic route for derivatives of isoalloxazine

The second route shows alkylation of the synthesised isoalloxazines at the 10 position using a
range of alkyl reagents. The starting material, 1-fluoro-2-nitrobenzene (28) was reacted with the
required alkyl or aryl amine in the presence of a K.COs, with DMF as the solvent to yield the
substituted intermediate (29). The intermediate product was subsequently reduced using zinc in
acetic acid and methanol to form the substituted amino aniline (30). This was consequently
cyclised to form the final product (31) using boric acid in acetic acid®!“.

M. Baumann et al. also synthesised a range of isoalloxazine derivatives in 2014. The difference
in this synthesis (Scheme 22 to Scheme 21) is the method used for reduction of the nitro moiety
to the amine, and not the final cyclisation step to form the isoalloxazine derivative. This method
involved hydrogenation using an H-cube™. The H-cube™ flow hydrogenation system was
used to prepare 1, 2-diaminobenzene intermediates (32) using 2-nitroaniline (31) as the

starting material in methanol/ethyl acetate (1:1).

H

o) N\fo
OZ(NH H
X NO2 i, H-cube ™ 45°C, AN NH; AN N /N o
T MeOH/EtOAC, L ii. HCI/ MeOH RT, L = NH
(@]
33

31 32

R= e~ withdrawing/donating groups

Scheme 22: Hydrogenation method for the synthesis of isoalloxazine derivatives
This research group, did not isolate the substituted 1,2-diaminobenzene intermediates (32) instead
they simply transferred the intermediate in a stirred vial containing alloxan in methanol and HCI

to afford the desired isoalloxazine (33),Scheme 22. The best purification and yield was observed

when the reaction was performed at room temperature®®®,

72 |Page



V. Kumar et al. in 1986 synthesised a range of isoalloxazine derivatives, which were
functionalised at the 8-position. During the synthesis of a particular flavin, 8-chlorolumiflavin
(35), it was noted that an additional compound (36) was formed with the desired product and is

shown in Scheme 2331,
¢Hs
Cl N /N YO
CH3 o N NH
HN Cl . . 3
i.AcOH, PtO, H50, 60 psi, 3-4 h, o)
- = = > 35
O\ 1. HgBO& AcOH, N2 (@)
CHs

alloxan

CH
HaC I{I i H (@]
34 3 \f
:@[ z NH

Cl N

(@]
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Scheme 23: Hydrogenation using PtO2 for the synthesis of isoalloxazine derivatives

The synthetic route involved the reactants to be hydrogenated using platinum oxide using
pressure. This suspension was subsequently suspended into alloxan monohydrate and boric acid.
The resulting material formed a mixture of 2 products; compounds 35 and 36. The products were
isolated and purified by crystallisation, The yields of these isoalloxazines were reported to be
54% and 39% respectively®®, Scheme 24.

Another research team from Geneve (Muller and Dudley) also synthesised derivatives of
isoalloxazines shown in Scheme 25.

CH,OH
H
H3C N ..~ (CHOH),
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R= CHs 37 38 39

Scheme 24: Hydrogenation using Pd/C for the synthesis of isoalloxazine derivatives

This synthesis involved a condensation reaction with the starting material 37 and 38. This
synthesis seemed straight forward, however four addition steps, which proved to be a lengthy

procedure were required for the removal of the chain to form a flavin with the methyl group
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attached to the N-10 position. For this reason this method was not used a classical route to
synthesise isoalloxazine derivatives®’.

O’Brien et al reported difficulties between the starting materials 4,5-dimethyl-N-
ribitylanthraniladehyde and barbituric acid in the synthesis of a riboflavin derivative ,Scheme 25.
Nonetheless, a similar method was reported by Weinstock et al. using 2,4,6-piperidinetrione
instead of barbituric acid.
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R= ribityl group group
Scheme 25; Synthesis of riboflavin derivative by O. Brien et al.
Although the reaction proved to be successful, several undesired by-products were also identified,
consequently resulting in lower yields of the desired product®®,
A synthetic breakthrough for the synthesis of riboflavin analogues was achieved by Yoneda et al
in 1976. Whilst synthesising riboflavin and riboflavin N5-oxide, the intermediate compound (44)

(Scheme 26) during this synthesis was identified to be a remarkable compound and was employed

as the starting reagent in further synthesis of flavin analogues, Scheme 27 3%°,

H
Cl N (0]
Ribityl Y Ribityl
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H
NH _ N N o)
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43 44

Scheme 26: Intermediate compound of Yoneda et al 31°

Ring closure of this intermediate (44) material was achieved using trimethyl orthoformate and p-

toluenesulfonic acid, which was obtained in a 46 % yield, Scheme 27.

I?ibityl OMe Ribityl
|

N o )\
PO RO AELS. Y
NH > — NH
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iii. 1IN HCI
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44 45

Scheme 27: Ring closure to form riboflavin derivative

74| Page



An alternative route for the synthesis of flavin derivatives is also reported by Yoneda et al, who
used Vilsmeier-Haack reagents, phosphorus oxychloride (POCIs) and dimethylformamide (DMF)
to primarily introduce a reactive intermediate species, which would be susceptible to nucleophilic

attack®? which can be seen in Scheme 28

IO (I? Cl
\NJ + CI/P"'C' — = \I’(l/)
I cl I
46 47 48
DMF POCI3 Chlorinium intermediate

Scheme 28: Reactive intermediate species

This reactive species (48)was then reacted with a bicyclic intermediate (49) to form an iminium
species (50), which could undergo an intramolecular reaction resulting in the desired isoalloxazine
(52), Scheme 293°

R Cl
R R
| H \*'/) | H |
N N (0] N N N o] N N o]
NH : NH > NH
CI~( |
(e} /"N\ O (e} 0
49 50 51
R= Ribityl group l
¥
N N (0]
z \(
:O: =z NH
N

Scheme 29: Vilsmeier-Haack used to synthesise flavin derivatives®®

Shaker Youssif devised a one pot route to synthesise a library of alloxazine derivatives. The
synthesis involved intramolecular cyclization of a substituted 6-anilinouracils via Vilsmeier
reagent®2.,

6-Anilino-1-methyluracils (53) were reacted with diethyl azodiformate (DAD) to undergo a

cyclization reaction to form 1-methylalloxazines derivatives (54),Scheme 30.
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a= Ry=H, Ry = H, Ry= H
b= Rl: Br, R2 =H, R3: H

c= Rlz OCH3, Rz =H, R3: H
d= Rl: F, Rz = Cl, R3: H

e= R]_: Cl, RZ =H, R3: CH3

Scheme 30: Synthesis of 1-methylalloxazines derivatives

The isoalloxazine derivative in this reaction was synthesised over a broad yield, ranging from 35
to 83%.
The same author treated 6-anilinouracils (55) with potassium nitrate and acetic acid in the

presence of sulfuric acid to result in alloxazine-5-oxide derivatives (56).

0] o ?
Ry
HN | i. KNOg, H,S0, HN _N R1
)\ ii. AcOH - )\ «
© '}' N R o) N N Ry
I
CHs Rs CHg R3
55 56

a= R]_: H, R2 =H, R3: H

b= R;= Br, R, = H, Rg= H

¢= Ry= OCHg, Ry = H, Ry= H
d= Rl: F, R2 = Cl, R3: H

e= R]_: Cl, R2 =H, R3: CH3

Scheme 31: Synthesis of alloxazine-5-oxide derivatives

These derivatives were synthesised in a yield ranging from 40 to 85%. By analysis this clearly
shows that using potassium nitrate, acetic acid in the presence of sulfuric acid was a better method
to use as there was a light enhancement in the overall yield®?.

Derivatives of aryl-5-deazaalloxazines (58) were synthesised by Youssif by reacting 6-
anilinouracils (57) with a variation of aryl aldehydes e.g. benzaldehyde, anisaldehyde in the

presence of glacial acetic acid.
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a= R;= H, R, = H, Rg= H, Ar=Ph

b= Ry= B, Ry = H, Rs= H, Ar=Ph

c= R]_: OCH3, R2 =H, R3: H, Ar= Ph

d=Ry= H, Ry = H, Re= H, Ar= Ph

e= R]_: OCH3, R2 =H, R3: H’Ar= POCH3C6H4

Scheme 32: Synthesis of aryl deazaalloxazine derivatives

Derivatives of deazaalloxazine, (58) were synthesised in a range yielding between 49 to 71%.
This synthesis of dezalloxazine showed its yields to be somewhat less than both the yields
obtained from synthesising methylalloxazines, and alloxazine-5-oxide derivatives as shown in

Scheme 31 and Scheme 32.

Literature has shown a number of methods to synthesise flavins. Based on the methods analysed,
the isoalloxazines in this project shall be synthesised using the pathway described in Scheme 33.
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Chapter 2

2.1 Rationale

In 2013, Professor Dame Sally Davies addressed the UK parliament and informed its members
that ““Antimicrobial resistance poses a catastrophic threat. If we don’t act now, any one of us
could go into hospital in 20 years for minor surgery and die because of an ordinary infection that
can’t be treated by antibiotics”. In 2014, the World Health Organisation (WHO) published a
report highlighting the significant rise in antimicrobial resistance around the globe. The WHO
worryingly predicted a situation where common infections and small injuries will once again
bring death in a post-antibiotic era (The Alliance to Save Our Antibiotics, 2014). In 2015 the
O’Neill Report (commissioned by the UK government) made similar predictions (O’Neill, 2015).
The recently published O’Neill Review (O’Neill, 2016) made final suggestions on “methods to
globally tackle drug resistant infections”. The council of European Union published a report
(June 2016) to adopt a One Health approach to combat antimicrobial resistance. It’s clear that
there are numerous issues around creating new antimicrobial agents to fight our pathogenic foes
and these have been highlighted by the British Society for Antimicrobial Chemotherapy (BSAC)
Working Party within the Journal of Antimicrobial Chemotherapy. To expand these issues cover:

1. The economics of antibacterial resistance and its control — The magnitude of this threat
has and is being recognised to the point that WHO have estimated that 10 million lives a

year and more that 100 trillion USD of economic outputs are at risk.

2. Discovery research: the scientific challenge of finding new antibiotics.

3. Regulatory opportunities to encourage technology solutions to antibacterial drug
resistance

4, The urgent need for new antibacterial agents

It is clear that we must now save our life saving wonder drugs whilst focusing on infection control.
This project seeks to generate a wound care technology which would generate a non-invasive
self-cleaning bandage capable of keeping a wound clean and infection free. The concept behind
this technique is to generate novel range of photoactive dyes that will provide doctors to treat
bacterial colonisation promptly and efficiently, thus allowing early treatment of potential
infections. Subsequently reducing the need for systemic antibiotics and provide a cheap and quick
form of post-operative wound care.

With the above criterion in mind this project seeks to:
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Develop a range of semi-synthetic molecules based on the tricyclic isoalloxazine
structure of Riboflavin (Vitamin B2), which is known to generate singlet oxygen upon
the application of blue light. Indeed, Riboflavin has been shown to be active against the
Human Immunodeficiency Virus (HIV 1 and HIV 2).

Quantify the amount of singlet oxygen and redox radicals upon illumination with blue
light using a non-direct spectrophometic measurement.

Test the new developed photoantimicrobials against two different pathogenic species of
Gram positive- (S.aureus) and Gram negative (E. coli) bacteria. The rational for using
these species is because they are responsible for 25% of HAI. S.aureus are particularly
responsible for infections around the skin and tissue.

Add the synthesised antimicrobial agents to a solid support- as proof of principal testing,

towards self-cleaning bandages.
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Results and Discussion (i)

2.2 Aims/Objective

The rationale behind using the riboflavin structure is as follows:
i.  Riboflavin is recognised to be photoactive due to its isoalloxazine structure.
il. Riboflavin’s are known to degrade to form two further isoalloxazines, which are both

known to be photoactive and are shown in Figure 40.

Lumichrome -392 nm
©: NH hy
—_—

Rlbose
Ribose-475 nm

Lumiflavin - 475 nm

Figure 40: Chemical structure of riboflavin and its degradation molecules

iii.  Semi-synthetic isoalloxazine (Figure 41) is cost effective to synthesise and this is
explained in section 1.4,
(@)

CLLX
N \N/&O

Figure 41: Chemical structure of a semi-synthetic isoalloxazine

iv.  There is the ability to functionalise (via a variety of electron withdrawing/donating
substituents) the phenyl ring (Figure 42). This should effect the enhancement of yield

production for singlet oxygen and redox radicals, due to differing electronic effects.

v.  Free amide allows further attachment of a solid support as shown in Figure 42.

80|Page



N
©: N NH-=————Free amide for potential attachment to bandage
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Ability to functionalise

The need for developing new antimicrobial agents for mankind with unmet medical needs is
essential in the fight against superbugs. The emergence of resistance has accelerated and is
threatening our ability to control infection by not responding to the existing drugs.

2.3 Introduction to flavins

2.3.1 Flavin background

The term “flavin” is derived from the Latin ‘flavus’, meaning yellow. Flavus describes a
biological molecule containing a tricyclic isoalloxazine structure, depicted in Figure 43. Its
unique structure permits flavin to be used in a diverse range of functions for example; they may
act as a redox cofactor®?, a light accepting chromophore in the detoxification and removal of free-

radicals and peroxides within the cell, or as a signal transducer during programmed cell death 323,

R
9 H 1 9 | 1
N N_2_0O H3C g N N_2_0O
8 107 Y 10\ \(
7 Z NH 7 = NH
S NT AR HaC™ 7 % N 23
(@] (6] (e
A 1 2
Isoalloxazine Flavin Riboflavin

Riboflavin (2), also known as vitamin B, Figure 43, is the simplest form of flavin (1)
(isoalloxazine-A) formed by nature®?. The name indicates it is a combination of a ribose sugar
and isoalloxazine, which are linked together by the nitrogen in the 10" position (N10) of the
flavin, Figure 43. The D-ribityl group (attached to the flavin) is originally derived from the sugar
ribose, which in nature is only present as the D-enantiomer. Its original stereochemistry is
retained throughout all biological forms of flavin. Riboflavin is a cofactor enzyme in many

flavoprotein enzyme reactions.
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2.4  Flavin redox behaviour

Flavin’s generally have good chromophores because of the extended delocalisation of electrons
throughout the structure3?®. They have a planar, sp? hybridised structure and (flavins) commonly
appear as yellow in colour because they are able to accept photons of visible wavelength, 445 nm
to 450 nm3?,

Flavin’s can be easily reduced at positions N1 and NS5, to yield a “hydroquinone” form, by
accepting 2 electrons and 2 protons, forming Flavin Mono Nucleotide (FMNH2) or Flavin
Adenine Dinucleotide (FADHS,) these are referred to as Flox and Flrq, Figure 44.

? i R,
I
H3C N N O H3C N N O HsC N N (@]
z z
Y Y Y
z NH ~__NH NH
HsC N HsC H HsC H
0 ) 0]
3 4 5
Flox FIH o Flreg

Upon reduction of the flavin, a loss of aromaticity occurs. The loss of conjugation leads to a
reduction in extinction coefficient and therefore a shift in the absorbance of Flox (3) from 445 nm
to 395 nm. As a result of this, both electron transfer and energy transfer is feasible by flavins as

the loss of aromaticity is energetically unfavourable.

Flavin’s can form stable radical intermediate states®?, known as the flavin semiquinone (FIHs)
(4). The stability of this intermediate allows the transfer of single electrons in the electron

transport chain.

2.5 Much desired resistance antimicrobial agents-synthesised

From the address of Professor Dame Sally Davies to the UK parliament with regards to the
increase in the fast approaching catastrophic effects of antimicrobial resistance around the globe,
there is a vital need to develop a new generation of photo-antimicrobials to save public health
from this serious threat.

In order to control this threat The British Society for Antimicrobial Chemotherapy (BSAC) have
reported global measures to curtail inappropriate use of antibiotics®2. The control for overuse of
antibiotics is urgently required as it contributes heavily to the cause of drug resistant bacteria®?’.
Although Lord Jim O’Neill suggested (in the 2016, annual report) improving the use of existing

treatments as discovery of novel drugs can take a long time, research must prevail®%,

The question arises; how do we prevent this threat to global public health? How can we achieve

this in today’s environment and make it viable to ensure this catastrophe does not happen?

One of the many approaches to help tackle this ongoing challenge of emergence of resistance, is
to develop novel antimicrobials agents. A second approach would be to monitor the
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photophysical properties under different wavelengths of light. An additional strategy would be
to observe the cytotoxic species generated by these antimicrobial agents in different wavelengths
of light. Further approaches to help with this crucial microbial resistance challenge is to substitute
the antimicrobial agents onto a polymer support in order to mimic a bandage that is commonly
used in hospitals. The antimicrobial activity of these agents both with and without the polymer

support could be tested under different wavelength of light.

2.6 Discussion on synthesis

Based on the rationale in section 2.1, this challenge was achieved by synthesising a range of novel
photodynamic therapeutic dyes. The synthetic portion of this research demonstrates the
development of experimental conditions for the synthesis of isoalloxazines. A library of novel
fluorescent chemotherapeutic dyes, are synthesised via a number of routes. Varied methodologies
were involved in the overall synthesis. Scheme 33 shows a general synthetic route used as the

main pathway to synthesise novel isoalloxazines.

NH»
NO
2 A
©: + | . K2C03 O\
X /\R 150°C
X=Br, Cl, F
6 7
il Zn, AcOH
2h, RTP
O
N , S
N NH ii. Alloxane monohydrate, |
- k H3BOg, ACOH, 12h, r.t. SNy
N N~ O R N
NH»
=
X 10 9

R
R= Electron withdrawing/donating gp

Scheme 33: Pathway for flavin synthesis

A halogenated nitrophenyl (6) is reacted with a substituted aniline (7) via microwave irradiation
in the presence of a base (K2CQOs) to form a substituted nitrophenyl phenyl aniline (8). The nitro
moiety is reduced using a reducing agent (zinc powder) under acidic conditions to form
aminophenyl phenyl aniline (9). This subsequently will be cyclised upon reacting with alloxane
monohydrate and boric acid in acetic acid, resulting in the formation of a cyclised product,
isoalloxazine (10). The resulting isoalloxazine would be a synthetic structure that is based on the

tricyclic isoalloxazine riboflavin. The mechanism for this is shown in Scheme 38.
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For this project a range of flavins based on the structure of riboflavin, were synthesised to test
their photophysical ability using blue and white light in order to generate (cytotoxic species)

singlet oxygen and/or radicals to incur cell death.
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Table 8: Table of synthesised novel isoalloxazines with different electron donating groups (EDG) electron
withdrawing groups (EWG) substituted onto the N-10 ring.

o0 = ortho, m = meta, p = para

Compound Code

2c* H NH:
3c* H H NH:
4c OH H H
5¢* H OH H
6c H H OH
7c OMe H H
8c H OMe H
9c H H OMe
10c CHs H H
11c H CHs H
12c H H CHs
B 13¢ H H H
B l4c cl
15¢ H Cl H
16¢ H H Cl
17c OTs H H
18¢c H OTs H
19c H H OTs
20c COOH H H
21c* H COOH H
22¢ H H COOH
23c NO- H H
24c* H NO, H
25¢c* H H NO;
* = Denotes compounds unable to synthesise
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All the substituents shown in Table 8 below 10-phenylisoalloxazine (13c) are in order of weakest
electron withdrawing groups going down to the strongest electron withdrawing group. For this
research 10-phenylisoalloxazine (13c) has no substituents attached, and thus is said to be a neutral
compound, which is used as a control. The positional isomer (o,m,p) of each substituent was
analysed to determine if the Quantitative Structure Activity Relationship (QSARs) affected the
toxicity of the overall antimicrobial activity. The antimicrobial activity of these newly
synthesised photodynamic therapeutic dyes (antimicrobial agents) was achieved by monitoring
their toxicity towards the commonly found bacteria within hospital associated environments, for

example Gram negative and positive bacteria (E.coli and S.aureus).

In 1937 Louis Plack Hammett developed the Hammett equation®?® in order to monitor qualitative
observations in a 1935 publication. The Hammett equation (Equation 1) describes a linear free-
energy relationship, between a series of reactions with substituted aromatics and the hydrolysis
of benzoic esters with the same substituents. This is linked by two parameters; a substituent

constant and a reaction constant®°.

logqo Ko

= op
Or

k
log ko

=o‘p

Where: K or ko= Log of either the reaction rate/equilibrium constant
p = reaction constant- proportionality constant between log of k (or K) values and o.

o = substituent constant - A measure of the total polar effect exerted by substituent X

(relative to no substituent) on the reaction centre.

It is important to note that electron donating substituents will have a negative effect on the ¢
value, whereby electron withdrawing will have a positive effect on the o value. The values
achieved by Hammett substitution constant are dependent on whether the substituents are meta or

para directors.
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Hypothesis

With Hammett’s theory in mind, for this study the isoalloxazines were synthesised with varying
electron withdrawing and donating groups (shown in Table 8) in order to investigate
the effects caused by the change in electron density on the photophysical properties in the
production of the cytotoxic species (singlet oxygen/radicals), with respect to compound 13c (10-
phenylisoalloxazine, substituted with hydrogens). Using Hammett’s theory it is hoped that the
biological activity is greatly affected by the substituted moieties due to their electronic properties.
Thus, compounds ranging from 1c to 12c are hypothesised to have an abundant effect on the
photophysical properties, consequently an increase in the production of cytotoxic species,
resulting in microbial death caused by the effects of substituted electron donating group(s)
because of their electronic properties. An additional hypothesis to this is also that the chlorine
substituent may too generate a high quantity of singlet oxygen and/or radical yields because of its
heavy atom effect®*!. Atoms of relatively high atomic number (e.g. chlorine, bromine, iodine)
attached to the chromophore cause enhanced rates of singlet-triplet or triplet-singlet intersystem
crossing (ISC)**2. Thus, the dependence on a long-lived triplet excited state has encouraged
synthesis to promote this by the addition of a heavy atom?,

Analysis of the results achieved from the chloro substituents due to the heavy atom are of interest
to evaluate and compare with alternative substituents in order to determine if resonance or

inductive effects also affect the production of the ROS and microbial death.
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2.7 Results and discussion on synthetic routes of the synthesised

isoalloxazine’s

One of the major problems continuously arising from synthesising the isoalloxazines, was the
purity of the intermediate step of the synthesised compounds. A number of purification
techniques were employed to obtain pure compounds. These ranged from gravity based column
chromatography, using an array of varying eluting solvents, over alumina based silica gel. Flash
column chromatographgy, was not used as the compounds to be separated were very close one
another in respects of their Rf values. The eluting solvents for column chromatography were used
both as pure solvents and as a mixture from polar to non-polar solvents. In addition to this
purification technique, crystallization using minimal hot solvent(s), and filtration using activated
charcoal dissolved in several selected solvents(s) were also used to identify the best method to
solve this reoccurring issue of purity.

By analysis it was noted that gravity column chromatography achieved the best result in the level
of purity of the final compound. However, column chromatography had a detrimental impact on
the overall yield, as poor yields were continuously achieved due to the impure material remaining
on the silica and largly minute amount of the compound was synthesised. Consequently, on
numerous occasions insufficient amount of material was obtained, resulting in a halt to continue
research on these compounds. Evidently, either other purification methods were required to be
used or conditions with the synthetic steps had to be changed to solve this reoccurring difficulty.

A potential solution to rectify the purity issue was to use a green method. This involved
investigating the route of using microwave enhanced synthesis in the hope to obtain purer

products by purity, and an increase the yield productivity.

Microwave technology has become very important in synthesis and is considered greatly to be a
green methodology. The principles of green chemistry are used in the application of chemical
products and processes that reduce or eliminate the use and generation of hazardous substances®*2.
Microwave synthesis is advantageous as it is commonly recognised that many chemical reactions
require high heating temperatures and/or pressures for reactions to simply proceed more rapidly
or for the reaction to actually occur. Thus, microwave technology, employs a different type of
heat in comparison to conventional heating. This type of heat, known as microwave dielectric
heating has a bulk effect, thus the heating is a consequence of dielectric loss. However, if one or
more species in the reaction mixture has a permanent dipole then dielectric heating by irradiation
with microwave energy, at 2.45 GHz, will be possible®4. Hence, solvents such as methanol,
DMF, acetonitrile, ethyl acetate and water are commonly employed in microwave enhanced
synthesis. Solvents, which contain no dipoles for example hexane, are not able to couple with the

energy from the microwave 3,
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The reactions shown in Scheme 34 and Scheme 35, use either 1-chloro or bromo-nitrobenzene

(50 mmol) in a stoichiometric ratio of substituted anilines was irradiated for 3 h. at 150° C, under
solvent free conditions in the presence of a base (K2COs, 70 mmol) under neat conditions. No
solvent was used as 1-bromo-2-nitrobenzene melts between 40-42° C. A red precipitate was
produced within the reaction vessel upon removal from the microwave reactor; this colour is well
documented for these types of compounds. The reaction was allowed to cool, neutralised with c.
HClq), extracted with DCM, dried over anhydrous Na,SOs, and concentrated under vacuum.
Although no other side products were present, a very minute amount of impurity was showing in
the analysis of thin layer chromatography and *H-NMR. For this reason, gravity column
chromatography; using silica gel was carried out and all impurities were removed quickly and
efficiently. In addition to this, a significant improvement was made not only in the overall yield
but also the amount of impurity had reduced to what was seen in the previous wet synthetic routes.
The purity of these intermediate isolates were confirmed by *H-NMR, 3 C-NMR, and LC-mz. For
this particular reaction, the structure was confirmed by the appearance of a broad singlet at ~9.5
ppm attributed to the NH moiety, in the *H-NMR. A mechanism for this reaction is shown in
Scheme 34. The mechanism shows that it is a standard SNr reaction, which occurs as a standard

electron sync.

2.7.1 Mechanism for a substituted aryl with aniline

NH,
NO,
@i/? — [
Nl “'R R N
NO,

59 60 61

Scheme 34: Substitution mechanism of an aryl aniline

For the synthetic methodology of isoalloxazines with EWG moiety, the reduction of intermediate
compounds (62) was necessary in order to complete cyclisation for the final step to synthesise the

substituted isoalloxazine.
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2.7.1.1  The synthesis of substituted 2-nitrodiphenyleneamine intermediates

NO,
Y- L

>

X R NH, %
X=Cl or Br X \R
62 63 64

Scheme 35: Substitution of 2-nitrodiphenylamines

The pathway shown in Scheme 35 utilises a range of substituted anilines (63) by setting to reflux
for a period of 6 h with varied solvents, (e.g. methanol, water). This type of reaction has provided
established research groups with somewhat difficulties in obtaining good yields, consequently
numerous methodologies have been put in place to overcome this issue. Such examples involve
using solvent free conditions®* refluxing in DMF3¥" or methanol®* and even altering the base in
the reaction e.g. using DBU, and tBuO-K. Although each method has its advantages, huge
limitations were noted such as purity, cost and/or yield. Thus, the decision made was to carry out
this reaction in amyl alcohol in the presence of potassium carbonate and copper powder.
Although, isolation of the product was not achieved, it was apparent that higher yields of the final

isoalloxazines were produced.

2.7.1.2  Reduction of the substituted 2-nitrodiphenyleneamine intermediates

C[NOZ C[NHZ
NH i. Zn/AcOH NH

2 h.
“ “
X\ N
R R
64 65

Scheme 36: Reduction step of substituted 2-nitrodiphenyleneamine intermediates

Reduction of the substituted 2-nitrodiphenyleneamine intermediates (64) is required to form the
free 1° amine, Scheme 36.

The reaction takes place under acidic conditions using glacial acetic acid in the presence of a
reducing agent, zinc dust. The reaction mixture was cooled in ice, (due to the exothermic nature
of the reaction) followed by the gradual addition of zinc dust. Upon completion, the reaction was
removed from the ice bath and allowed to stir at room temperature for 2 h. A colour change was

observed from dark brown to light greenish brown over a two hour period. It was also noted that
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the compound had fully dissolved in the acidic solution after the two hour reaction. The reaction
was filtered over celite™ to remove the zinc. The product was isolated and analysed using mass
spectrometry (electrospray ionisation-ESI) to observe a loss in the mass of 30 g/mol?, a change
in the molecular ion (m/z) from the NO, to 184 NHs.

2.7.1.3 Formation of the Flavin

o)
© NH 0
| X o H/J\O C[N NR
R// N H3BO; > N o
NH, ~
!
R
65 66

Scheme 37: Flavin formation of N-substituted amino aniline to N-substituted isoalloxazine

Upon generating the free primary amine (65), a stoichiometric amount of alloxan monohydrate
and boric acid was added to undergo a cyclocondensation reaction to form the flavin (66). The
reaction was monitored using TLC, with the silica plate being illuminated at 365 nm to observe
the formation of the flavin. Due to the enhanced conjugation of the product, a large amount of
fluorescence was observed, enabling the reaction completion to be monitored easily and in some
cases purification by column chromatography was required even after the compound was
synthesised. However, on numerous occasions ‘H-NMR showed a pure compound was

synthesised. Scheme 38 shows the proposed mechanism for the synthesis of isoalloxazine’s.
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2.7.2 Proposed mechanism for isoalloxazine’s.

o
NH
\\/ 0 F=0  _-Ho
N\ H
N .
NH O\HH N
\
2 NZ 9,4 H
O)\N o
H
H
o H(/ o)
o
N N
X NH NH
-
N
N7 N7 o N7 N7 o

Scheme 38: Mechanism of isoalloxazine

2.8 Discussion of the synthesised isoalloxazines

The synthesis of isoalloxazine derivatives was straight forward after fine tuning the conditions.
No harsh methods were required for these compounds. The flavin derivatives were prepared in

three stages using a substituted aniline as its starting material, Scheme 39.

X
_i.KgCOg @\
150°C AN
R H

62 63 64

X=Cl, Br

Scheme 39: Substitution reaction of aniline
The substituted (2-nitrophenyl) phenyl aniline (64) from Scheme 39 was reduced using zinc
powder in a ten-fold excess with acetic acid as its solvent, Scheme 40, resulting in the successive
formation of the substituted (2-aminophenyl) phenyl aniline amino aniline (65). The reduction

step required the temperature to be kept below 0 °C to control the exothermic reaction.
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Scheme 40: Reduction of nitro aniline to amino aniline

The solution of substituted amino aniline (65) was subsequently cyclised using alloxan
monohydrate and boric acid in acetic acid, resulting in the formation of a yellow precipitate,

isoalloxazine (66). This yellow powder was isolated and washed well with cold hexane.

O

- N

|/ _ i.Alloxane, H3BOs, ~ NH

R H AcOH, 12h, rtp ~ /g

NH, N N @]
“
R= Electron withdrawing/donating gp AN \R
65 66

Scheme 41: Cyclisation of N-substituted amino aniline

The analogues for the substituted anilines were purified by column chromatography, mainly

eluting with ethyl acetate
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Discussion on synthetic studies

2.9 Synthesis of 10-phenyl isoalloxazine (R = H)

0
NO NH N
i. Zn/AcOH, ii. Alloxane monohydrate, N k

H 2h. NH HsBOs, ACOH, RT 12 h. N~ N0

13a 13b 13c

Scheme 42: Synthetic route of 10-phenyl isoalloxazine

Table 9: Percentage yield for 10-phenyl isoalloxazine

Compound | 0 (Ry) m (R2) P (Rs) Yield (%)

13c H H H 98

10-Phenylisoalloxazine (13c) was seen as an important isoalloxazine to prepare, due to the lack
of functional substituents on the phenyl ring in the N-10 position. This compound can therefore
be considered electronically as a “neutral/standard compound” when making comparisons against
singlet oxygen yields generated by other isoalloxazine’s containing both electron donating and
withdrawing substituents. Compound 13c was synthesised using a standard literature method
with minor alterations®*® (e.g. extended reaction time between 13b and alloxan) and the synthetic
route is shown in Scheme 42. The crude product 2-aminodiphenyleneamine (13b) was
impregnated onto silica and was purified by column chromatography using ethyl acetate (EtOAC)
as eluent. Subsequently, compound 13b was dissolved in glacial acetic acid and with constant
stirring, alloxan monohydrate and boric acid (both in 1;1.2 mole excess) was added to the acidic
solution. A yellow solid precipitated after 12 hours, which was isolated at the pump, to yield 10-
phenylisoalloxazine, 13c as a bright yellow powder Figure 44 shows the *H NMR for 13c. The
broad singlet at 11.45 ppm is attributed to the acidic CO(NH)CO amide with an integration of
1H. The aromatic region (9 — 6 ppm) also shows the correct number of protons for this molecule.
To expand, three broad doublets are seen at 8.19 ppm (1H), 7.44 ppm (2H) and 6.75 ppm (1H)
respectively. A broad multiplet is observed between 7.77-7.59 ppm, indicating non-
distinguishable coupling from the aromatic protons from the meta and para positions on the
phenyl ring, attached to the nitrogen on the 10™ position, in addition to the two aromatic protons
in the 7" and 8™ position of the main tricyclic isoalloxazine structure. This is confirmed by the
COSY NMR shown in Figure 46 (and illustrated on the structure as well as a connecting square

drawn in Figure 46). Two signals are also seen up-field at 3.30 ppm and 2.50 ppm respectively;
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this can be attributed to a water saturation in the deuterated solvent (3.30 ppm) and de-DMSO

solvent residue signal (2.50 ppm).
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Figure 45:'H-NMR for 10-phenyl isoalloxazine
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This molecule was also analysed by *C, HMQC, and **DEPT NMR. The compound also gave
the correct molecular formulae by HR-MS (ESI) m/z calcd for [CisH10N4O2]* 290.280 g mol ™,
and found 291.087 g mol* as [M*].

(®
W M M 8 g
< [} | B ————— il
\JIU \YM L6.8
. HA |
A AR WU A
|/ - oy il B
V W Y v
) al S Y il
W/ """""""" il

8.9 88 8.7 8.6 8.5 8.4 8.3 8.2 8.1 8.0 7.9 7.8 7.7 7.6 f7£5( i.4)f.3 72 7.1 7.0 6.9 6.8 6.7 6.6 6.5 6.4 63 6.2 6.1 6.0
ppm

An IR spectrum was also taken for this molecule to identify which functional groups were present
in order to confirm the structure of this compound, (13c).

The IR spectrum shown in Figure 47, revealed the main functional groups corresponding to 13c.
The peak present at y: 3068.72 cm™ indicates the presence of C-H groups. The band at 2822 cm
L. specifies the presence of C-H aromatic bonds. The sharp peaks at 1689 cm™ and 1640 cm™are
attributed to the carbonyl (C=0) group belonging to the amide moiety. The peaks seen at 1540
cmt, 1490 cm?, and 1437 cm™ correlate to the aromatic C=C bonds from the aromatic rings. The
sharp peak present at positions 1288 cm™and 1207 cm™ are attributed to the C-N bonds. Lastly,
the C-H bonds from the aromatic rings are confirmed by the peaks in the fingerprint region; 915

cm™. 806 cm™, 767 cmt, 713 cm?, 691 cm™.

1 HR-MS was obtained from the EPSRC National Mass Spectrometry Centre in Swansea, Wales.
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Figure 47: IR spectrum for 10-phenyl isoalloxazine
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2.10 Amino derivatives of 10-phenylisoalloxazine (R = NH>)

R1 X ) o .
. @ i. MW, 150 C, NH ii. Zn/AcOH, NH

K,COs, 3 h. 2h.
R2 NO, R1 Ry
R3
R2 RZ
0 R3 R3 n
x=F, Cl, Br N 1a-3a 1b - 3b
ULt
X
N N/J\O
Ry

il Alloxane monohydrate,
H3BO3, AcCOH, RT 12 h.

R3
1c - 3¢

Scheme 43: Synthetic route of 10-(N-aminophenyl) isoalloxazines

Table 10: Percentage yield for 10-(N-aminophenyl) isoalloxazine derivatives

Compound 0 (Ry) m (R2) p (Rg) Yield (%)

- 1la | NH: H 46
2a H NH: H N/A2
3a H H NH: N/A
1c NH: H H 69
2c H NH: H

N/A?
3c H H NH:

*, singlet oxygen and radical yields were not measured for all N-substituted phenyl 2-nitroanilines throughout the project.

The synthesis of the amino derivatives of 10-phenyl isoalloxazine is shown in Scheme 43. It
should be noted that only the o-isomer could be synthesised due to issues in the synthesis of the
m and p isomers. Both these isomers were unsuccessful in their synthesis. Each attempt in
synthesis showed large quantities of starting material which was identified frequently in TLC and
!H-NMR even though reactions times and conditions were elongated and changed. This
potentially indicates solubility issues with the starting materials. The lack of success in synthesis
of the m and p isomers could also be a result of having two competing nucleophilic sites as two
amines present in the starting material that are able to react, resulting in the lack of formation of

these compounds.

2 Synthesis unsuccessful.
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Lone pairs associated with the nitrogen atom in anilines are conjugated strongly with the ©
electron cloud from the benzene ring. Thus, the effect of the electron withdrawing substituents is

a net reduction in the electron density at the nitrogen atom.

2.11 Synthesis of the 2, 3, and 4 isomers of N-(aminophenyl)-2-nitroaniline (1a—
3a)
The synthesis of each of the N-(aminophenyl)-2-nitroaniline derivatives (1a—3a) was synthesised

using microwave enhanced sythesis. The reaction proceeded by adding N-phenylenediamine
derivative and 1-fluoro-2-nitrobenzene in a microwave reaction vessel with K;COs. The reaction
proceeded for 3 hours at 150 °C at a pressure of 200 psi. This reaction was monitored at regular
intervals (t = 30, 60, 120 and 180 minutes) throughout heating. Compound 1a eluted first and
was observed as an orange compound. Upon completion, the reaction was poured over a small
amount of ice and the agqueous solution was adjusted to pH=6 to neutralise the K,CO3 and this
was followed by an extraction into chloroform to isolate the crude product which was
subsequently concentrated under reduced pressure, resulting in a red solid. The red solid was
purified by flash column chromatography over silica gel eluting with PE: CHCI; (1:1) to afford
the pure product, N-(2-nitrophenyl)-2-nitroaniline (1a), Figure 48, as dark red crystals.

aC‘ ﬁﬁ;“‘ig\?;;d\éddédd - L 320
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N SN NV 0
200 Hc NH | 240
| | \“ [ “ 100 Hle-i NH2 2
iy i L 200
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L 40
L2
] :
L-20

Figure 48: TH-NMR for N-(2-nitrophenyl)-2-nitroaniline

Figure 48 shows H-NMR for 1a. The singlet peak shown at 9.07 ppm corresponds to secondary
amine (NH) with an integration of 1H. The correct integration of 8H, on peaks showing at

8.22ppm — 6.72 ppm can be seen in the aromatic region. A broad singlet peak at 3.85 ppm with
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an integration of 2 is attributed to the primary amine NH,. This confirms the correct compound

was synthesised.

The synthesis of compounds 10-(3-aminophenyl)-2-nitroaniline (2a) and 10-(4-aminophenyl)-2-
nitroaniline (3a) were attempted using the method described above for compound 1la. Upon
monitoring the reaction by TLC and 'H-NMR, the presence of both starting materials; m-
phenylenediamine and 2-fluoronitrobenzene were seen. As this synthesis did not prove
successful, alterations to the synthetic procedure was made by changing the ratios of the starting
materials. The stoichiometric ratio of reagents m-phenylenediamine to 1-fluoro-2-nitrobenzene
ratio was changed to 0.5:1 respectively. Again, upon analysis of TLC and *H-NMR, the results
showed the presence of both starting materials with additional impurities. The reaction time was
also elongated from 3 to 6 hours since the starting materials were still present in TLC and H-
NMR. Despite lengthening the reaction times combined with the changes of the stoichiometric
ratios of starting materials, using standard spectroscopic techniques no change of the reaction was
observed. On further testing, the reaction the temperature was increased to 200 °C for a further 3
hours. Analysis of the spectroscopic data for this reaction, the compound was unsuccessful using
microwave enhanced synthesis. Therefore another method for the synthesis of compound 2a had

to be pursued.

Compound 2a was subsequently attempted to be synthesised in a round bottom flask. The starting
materials used in this reaction were m-phenylenediamine, 1-fluoro-2-nitrobenzene, and K,CO:s.
This was heated to 150 °C for 5 hours. The reaction was monitored at 60 minute intervals using
silica TLC plates, eluting with a mixture of 40-60: P.E: CH3Cl (1:1). No change was observed
during the reaction, and therefore concluded unsuccessful synthesis of this compound, (2a). As

a result of this, 10-(3-aminophenyl) isoalloxazine (2c) was not possible to synthesise.

Compound 3a was attempted to be accomplished using o-phenylenediamine and 1-fluoro-4-
nitrobenzene respectively, via microwave enhan a pureced synthesis. Compound 3a was
unsuccessful in synthesis as analysis of the standard spectroscopic techniques showed the
presence of a substantial amount of impurity and a negligible amount of product formed. The
purification of the crude material, 3a, was proving to be incredibly difficult. To obtain a pure
compound the crude material was purified using a number of purification techniques for example;
crystallisation using a range of solvents, column chromatography eluting with a variety of solvent
mixtures e.g: 40-60 P.E: CHsCI (1:1), and the impure compound was also boiled in activated
charcoal. Regrettably, a pure product of compound 3a was not isolated successfully as it was
impossible to remove all the impurities and therefore the reaction could not proceed to the final

step.
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2.11.1 Synthesis of 10-(2-aminophenyl) isoalloxazine (1c)

The synthesis of 10-(2-aminophenyl) isoalloxazine (1c) was accomplished using the same
synthetic route as highlighted in section 2.11. 2-Aminophenyl isoalloxazine, 1c precipitated from
the acidic reaction mixture and was isolated at the pump as a bright yellow powder with the yield
69% as shown in Figure 49. The spectroscopic data obtained clearly shows the correct compound.
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Figure 49:'H-NMR for 10-2-(aminophenyl) isoalloxazine

'H-NMR for 1c is shown in Figure 49. The singlet peak shown at 11.43 ppm is attributed to the
acidic CO(NH)CO amide with an integration of 1H. The aromatic region (9 — 6 ppm) also shows
the correct number of protons (8H) for this molecule. To expand, one doublet and three triplets
are seen at 8.18 ppm (1H), 7.75 ppm (1H) 7.60 ppm (1H) and 7.28 ppm (1H) respectively are
correctly attributed to the aromatic protons with an integration of one proton each. A broad singlet
peak seen at 5.30 ppm with an integration of 2H, is attributed to the primary amine NH,. This

confirms the correct compound was synthesised.
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2.12 Hydroxy derivatives of 10-phenylisoalloxazine (R = OH)

R2
R3

x=F, Cl, Br

R1 X
.
NO,

i. MW, 150 C,

EtsN, EtOHs3,3 h.

C[Noz
NH

ii. Zn/AcOH,
R, 2h.
R
R3
4a - 6a

4b - 6b

(@]
N
NS
N N/KO
Ry

R

iii. Alloxane monohydrate,
H3BO3, AcCOH, RT 12 h.

R3
4c - 6C

Scheme 44: Synthetic route of 10-(N-hydroxyphenyl) isoalloxazines

Table 11: Percentage yields for N-(hydroxyphenyl)-2-nitroanilines and 10-(N-hydroxyphenyl) isoalloxazine
derivatives

Compound 0 (Ry) m (R2) p (Rs) Yield (%)
S5a H OH H 28
6a H OH 43
4c OH H 63
5¢C H OH N/A3
6¢ H OH 59

Due to issues in the synthesis the meta isomer (5¢) could not be synthesised
Two methods were used to prepare the materials:
1. Demethylation using boron tribromide, and

2. Synthesis from the starting amine via microwave enhaced synthesis.

2.13 Synthesis of the 2, 3, and 4 isomers of N-(hydroxyphenyl)-2-nitroaniline
(4a—-6a)
Synthesis of the substituted hydroxyphenyl isoalloxazine derivatives was initially attempted via

demethylation of the methoxy moiety to an OH. Although this pathway achieved the desired
compound (4c), an extremely poor yield was obtained. Consequently, it was decided to synthesise

each of these compounds (4a-6a) using microwave enhanced synthesis as shown in Scheme 44.

3 Intermediate was synthesised however cyclising with alloxan monohydrate proved unsuccessful.
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To expand, N-(2-hydroxyphenyl)-2-nitroaniline was synthesised from the starting amine 2-
aminophenol and 1-fluoro-2-nitrobenzene in ethanol and trimethylamine. The change in base
(K2COs to Et3N) is attributed to side reactions that are possible with the free phenol, particularly
as the pKa of phenol is 10.0, thus being acidic enough to react with K.COs;. The pure products
were isolated using column chromatography over silica gel eluting with EtOAc: PE (1:2) to afford
ared solid. Upon analysis via*H NMR, slight impurities were present therefore these compounds
were recrystallized from hot toluene and dried in vacuo to afford the pure products, in yields (4
€= 26.79% and 6¢ = 8.11%) shown in Table 11 as dark red crystals.

2.13.1 Synthesis of 10-(N-hydroxyphenyl) isoalloxazines (4c-6c)

As highlighted above (below Table 11) compound 4c was synthesised via a demethylation of
compound 7a in a solution of dry DCM with a slow addition of boron tribromide (BBr3). The
temperature of the reaction was initially kept at -78 °C using dry ice and acetone and kept to stir
for 4 hours, under argon gas at r.t.

Although this reaction was successful, the yield obtained was only 21% after purification. The
reaction was monitored via TLC and *H-NMR confirmed the demethylation reaction had taken
place by the disappearance of the OCH3; moiety at 3.71 ppm and the appearance of a broad phenol
peak at 9.95 ppm as shown in  Figure 50.
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Figure 50:'H-NMR of 2-hydroxyphenyl and 2-methoxyphenyl isoalloxazines.

Upon successful synthesis of each of the compounds of this series (4a-6a) via microwave enhaced

synthesis, the reduction of these compounds was achieved using the reducing agent zinc powder
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in glacial acetic acid as shown in Scheme 44 resulting in the intermediate compounds (4b and 6b)
which were not isolated. Subsequently, these compounds were reacted with alloxan monohydrate
and boric acid in glacial acetic acid to afford the pure compounds. As before the target compounds
4c and 6c precipitated out of the reaction mixture and isolated by filtration at the pump and were
washed well with cold hexane to isolate the product in the yields (4¢c = 63% and 6¢ = 59%) shown
in Table 11. It was encouraging to observe that both of these compounds were able to generate
singlet oxygen and radicals. Compound 4c yielded singlet oxygen in 26.79% and a poor radical
yield of 2.11% was generated. In comparison to this, compound 6¢ generated extremely poor
yields of both singlet oxygen and radical (8.11% and 0.08%).

2.13.2 Attempted synthesis of 10-(3-hydroxyphenyl) isoalloxazine (5c)

10-(3-Hydroxyphenyl) isoalloxazine (5¢) was not successfully synthesised even though all other
analogues of this series were accomplished. The intermediate, 5a was effectively purified and
isolated in a 28% yield using microwave enhanced synthesis. The amine (5b), from the
subsequent reduction reaction proved problematic, often resulting in mixtures of impurities and/or
lack of a reduction occurring. In order to investigate this further, the reduction time was varied
from 30 minutes to 12 hours and this again did not yield the free amine. Each reduction attempted
was monitored by TLC, *H NMR and LCMS and on all occasions the analytical data showed only
the starting material (5a) present. As a result of no success in the reduction of 5a to form
compound 5b, this isoalloxazine derivative could not be synthesised.

Phenol derivatives are highly susceptible to electrophilic aromatic substitution. Lone pair
electrons from the oxygen are involved in resonance with aromatic systems, thus making the
phenol ring strongly activated. Hydroxyl moiety have electron withdrawing effects by induction,
and also have very strong mesomeric electron donating effects, thus, the overall effect on aromatic

system is electron donating.

By analysis of the yields obtained for the two isomers of the hydroxphenyl isoalloxazines, it can
clearly be seen the ortho and para positions of the benzene ring with hydroxyl substituents are
the most activated positions on the ring. The presence of the hydroxyl group at the para position

reacted better than the hydroxyl on the otho position, and this is evident from the yields obtained.

104 |Page



2.14 Methoxy derivatives of 10-phenylisoalloxazine (R = OCH5)

NH, NO; B NH, 7
R1 % i. MW, 150 C ©: ii. Zn/AcOH
" I.KC’O 3h NH BT NH
2003, . 2h.
R2 NO; R1 R,
R3
R R,
R3 Rs3
X=F,CI,Br o L B
N 7a-9a 7b - 9b
NS
N NAO
R1
<« Alloxane monohydrate,
H3BOg, ACOH, RT 12 h.
Ro
R3
7c - 9c

Scheme 45: Synthetic route of 10-(N-methoxyphenyl) isoalloxazines

Table 12: Percentage yields for N-(methoxyphenyl)-2-nitroanilines and 10-(N-methoxyphenyl) isoalloxazine

derivatives
Compound 0 (Ry) m (R2) P (Rs) Yield (%)
7a OMe H H 38
8a H OMe H 20
%a H H OMe 50
7c OMe H H 53
8c H OMe H 96
9c H H OMe 82

At this junction it is important to discuss structural variations in respect to the isoalloxazines that
were prepared. Table 8, shows each of the different electronic substituents that were added to 10-

phenylisoalloxazine.

The versatility of N-methoxyphenyl derivatives is of immense importance as the OMe provides
an electron donating substituent to the phenyl ring whilst also providing another synthetic route
to additional isoalloxazine derivatives (i.e. OH, OTs) as shown in Scheme 46 with the synthesis

of the meta derivatives.
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Scheme 46: Synthetic route for additional derivatives of isoalloxazine from OMe moiety

2.14.1 Synthesis of 2, 3, and 4 isomers of N-(methoxyphenyl)-2-nitroaniline (7a-
9a)

The synthesis of 7a-9a was accomplished using the methodology discussed in section 2.11.

Different isomers of anisidine and 2-nitro-haloaromatic were used as the starting materials in

order to prepare each of the substituted (N-methoxyphenyl)-2-nitroanilines. To expand, the

intermediates were prepared using the base; potassium carbonate in a 10-fold excess, whilst the

starting materials were used in equal stoichiometric ratios (1:1).

The reaction was monitored throughout heating using TLC with silica plates and eluting with a
mixture of 40-60: PE:EtOAc (1:2). Upon neutralizing the reaction mixture to pH=6 with c¢. HCI
the crude compounds were each filtered at the pump, purified by flash column chromatography
over silica gel eluting with PE: EtOAc (1:2) to afford the pure products 7a-9a in the yields shown
in Table 12.

2.14.2 Synthesis of 10-(N-methoxyphenyl) isoalloxazine (7¢—9c¢)

The synthetic route for 10-(N-methoxyphenyl) isoalloxazines (7c-9c) was accomplished by the
route depicted in Scheme 45, with the yields shown in Table 12. The H-NMR for 10-(2-
methoxyphenyl) isoalloxazine (7c) is shown in Figure 51. The aromatic region (9 — 6 ppm) also

shows the correct number of protons for this molecule. To expand, one doublet and one triplet

106 |Page



can be seen at 8.19 ppm (1H), and 7.77 ppm (1H) respectively, which are correctly attributed to
the aromatic protons with an integration of one proton each. Two multiplet’s seen at 7.70-7.58
ppm (2H) and 7.44 — 7.34 ppm (2H), correspond correctly to the aromatic protons with an
integration of two protons each. Two sets of signals with a splitting of a triplet and a doublet at
7.25 ppm (1H) and 6.79 ppm (1H) respectively can be seen with an integration of one proton each
and are attributed to the aromatic protons. A sharp singlet peak can be seen at 3.71 ppm, which
is attributed to the protons off the methoxy moiety, with an integration of 3H, confirming the
synthesis of the correct compound.

Figure 51 also shows the *H-NMR for 10-(4-methoxyphenyl) isoalloxazine with the correct

number of protons and splitting pattern for the para isomer of the methoxy moiety on the phenyl

ring.
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Figure 51 shows the 'H-NMR as an overlay to clearly see the splitting pattern observed for an
ortho and para substituted isoalloxazine. By analysing Figure 51 closely, a slight shift in the
sharp singlet signals of the methoxy moiety from the o and p isomers can be seen. This *H-NMR
highlights (in colours) the main differences in splitting patterns between the synthesised
molecules 7c and 9c. The correct number of protons for this molecule are shown in the aromatic
region (9 — 6 ppm). To expand, one set of doublet (shown in purple and yellow colour for ease
of identity), and two signals for triplets (shown in pink colour) can be seen at 8.18 ppm (1H), 7.75
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ppm (1H) and 7.61 ppm (1H) respectively, which are correctly attributed to the aromatic protons
with an integration of one. Two sets of Ja.s doublets appear at 7.35 ppm (2H) and 7.24 ppm (2H)
with a coupling constant of 8.9 Hz and 8.9 Hz with an integration of two protons each, are
attributed to the phenyl ring attached to the N-10 position. These two doublets also show the
correct splitting pattern for a p-isomer molecule. A clear doublet can be seen at 6.84 ppm (1H)
with an integration of one is attributed to the aromatic proton. A sharp singlet signal appears at
3.88 ppm (3H) attributed to the OCH3 with a correct integration of three protons. This *H-NMR
confirms the correct compound, 9c¢ was synthesised. It is clearly noted from the singlet signal at
3.88 ppm attributed to the OCH3 moiety appears further down field compared to the o-isomer at
~ 3.7 ppm (7c). The slight shift in the signals having the correct intergration confirms th formation
of different isomers of the methoxyphenyl isoalloxazine..

Although the methoxy substituents are overall electron donating, they are electron withdrawing
by inductive effects from the oxygen atom. Methoxy moiety strongly activates the ortho and para
positions of the benzene ring and are ortho/para directors.

Evaluation of yields obtained for the three methoxyphenyl isoalloxazine isomers (ortho, meta and
para) show enhanced yields for the ortho and para substituted isomers and this can be correlated
to electronic effects produced by the methoxy moiety. This indicates that electronic properties of
the substiuent have ability to interact with the main alloxazine ring system, resulting in a good
production of singlet oxygen and radicals. Although 38% yield was achieved by the meta isomer,

this was still an average yield production for an electron donating moiety33°,
2.15 Synthesis of N-(3-methoxyphenyl) 2-nitroaniline (8a)

The synthesis of compound 8a was accomplished using the method described in section 2.11.
However, a slight modification was made to this synthesis as the starting materials used had to be
changed for the required compound. For this synthesis 3-anisidine, and 1-fluoro-2-nitrobenzene
were used as the starting reagents. The reaction was monitored at regular intervals (t = 60, 120
and 180 minutes) throughout heating using TLC with silica plates and eluting with a mixture of
40-60 PE:EtOAC (1:2). Compound 8a eluted second and was observed as an orange compound.
The crude black solid was purified by flash column chromatography over silica gel eluting with
PE: EtOAC (1:2) to afford the pure product, N-(3-metoxyphenyl)-2-nitroaniline (8a), as dark red
crystals in a 38% yield. Isolation of the correct compound, 8a, was confirmed by the standard
spectroscopic techniques of *H-NMR, *C NMR and LC-MS.

2.15.1 Synthesis of 10-(3-methoxyphenyl) isoalloxazine (8¢)

10-(3-Methoxyphenyl) isoalloxazine (8c) was synthesised by heating the starting materials in a
round bottom flask. Column chromatography eluting in ethyl acetate yielded the pure product in
20% yield.
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Compound 8c was re-synthesised using the microwave enhanced synthesis to compare both the
purity and yield achieved from the two different synthetic routes. Microwave irradiation showed
a yield enhancement of the final compound, 8c (38%) and improvement in the purity of the desired

material.
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2.16 Tolyl derivatives of 10-phenylisoalloxazine (R = CHs)

NH, NO, NH,
R1 X . 0% -
+ ©: i, rvg,olSB K , NH ii. Zn/AcOH, NH
2LU3, . 2h.
R2 NO, R1 R1
R3
R2 RZ
R R
X=F, Br o 3 L 3 _
N 10a- 12a 10b - 12b
X
N N/go
Ry
il Alloxane monohydrate,
H3BO3, ACOH, RT 12 h.
R
R3
10c - 12¢

Scheme 47: Synthetic route of 10-(N-tolylphenyl) isoalloxazines

Table 13: Percentage yields for N-(tolylphenyl)-2-nitroaniline and 10-(N-tolylphenyl) isoalloxazine derivatives

Compound 0 (Ry) m (R2) p (Rs) Yield (%)
10a H 60
lla H CHs H 73
12a H H CHs 58
10c CHs H H 53
1ic H CHzs H 37
12¢c H H CHs 82

The methyl substituents on 10-(N-tolylphenyl) isoalloxazine are weakly donating. All isomers of
the tolyl derivatives gave an above average yield for the synthesised products. Unsurprisingly,
the ortho and para isoalloxazines resulted in better yields that could result of the activated ring
positions of the phenyl ring.

2.16.1 Synthesis of the 2, 3, and 4 isomers of N-(tolylphenyl)-2-nitroaniline
(10a-12a)

The synthesis of the intermediates 10a—12a was accomplished using the method described in
section 2.11. For each of these intermediates, different derivatives of the 2-nitrohaloaromatic
starting materials were used along with the different isomers of toludine. To expand, for 10a: 2-
tolidine was reacted with 1-fluoro-2-nitrobenzene, for 11a: 3-tolidine was reacted with 1-bromo-
2-nitrobenzene and for 12a, 4-tolidine was reacted with 1-fluoro-2-nitrobenzene. Each of the
intermediates were prepared using equal stoichiometric ratios, whilst the base, potassium

carbonate, was in excess. The formation of each of the intermediates was monitored at regular
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intervals (t = 30, 60, 120 and 180 minutes) throughout heating, using TLC with silica plates and
eluting with a mixture of 40-60 PE: EtOAc (1:2). After three hours of heating within the
microwave, each of the crude intermediates 10a—12a were isolated by pouring over ice and
neutralizing to pH=6 using ¢. HCI. Upon filtration at the pump, each compound was purified
using column chromatography to yield intermediates 10a-12a as pure compounds (according to
'H-NMR & *C-NMR) in the yields (10a = 60%, 11a = 73%, 12a = 58%) shown in Table 13.
Two key indications of the formation of the intermediates were; 1. the characteristic colour of the
nitro substituted intermediate(s) that were bright orange to red along with; 2. the disappearance
of the broad singlet around 3 - 4 ppm indicating the aromatic amine, and appearance of a broad
singlet at approximately 9.5 ppm indicating the 2° aromatic amine. Its appearance downfield can
be attributed to the electron withdrawing effects from the nitro group. The *H-NMR of N-(2-
tolylphenyl)-2-nitroaniline is shown in Figure 52.
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2.16.2 Synthesis of 10-(N-tolylphenyl) isoalloxazine (10c-12c)

Each of the intermediates 10a—12a were reduced in the presence of zinc and glacial acetic acid to
yield compounds 10b-12b as the primary aromatic amines. Although the compounds were not
isolated, two key observations were noted during the reduction. The first was the disappearance
of the bright orange colour upon filtration, which is characteristic of the nitro functional group to
a paler green upon filtration through celite™. The second and most conclusive observation, was
the change in the mass spectrum from the nitro to the amine(loss of 30 g/mol?). Upon filtration

through celite™, the acidic solution was subsequently added to a round-bottom flask with a 1:1.2
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stoichiometric molar excess of boric acid and alloxane monohydrate. The reaction proceeded for
12 hours at room temperature, which resulted in the precipitation of a bright yellow solid. This
reaction could be followed using mass spectrometry (ESI), with appearance of the parent ion at
m/z = 321 M*, although, a key indication that the isoalloxazine has formed is a green fluorescence
colour from the reaction flask upon illumination of light at 365 nm. Each of the final compounds
for this series were isolated at the pump and washed well with cold hexane. These were then
dried under vaccuo to give a bright yellow powder in the yields (10c = 53%, 11c = 37% and 12c
= 82%) shown in Table 13.

Looking at the *H-NMR for the 10-(2-tolylphenyl) isoalloxazine (10c) Figure 53, its clear to see
that the acetic acid signal is still present at 1.88 ppm and a small bump around 12 ppm is shown
that can be attributed potentially to the starting material alloxan monohydrate. The acetic acid
can be removed by stirring the solid in diethyl ether, followed by filtration and washed further
with cold diethyl either. However, a clear indication of the formation of the isoalloxazine in the
'H-NMR is the characteristic amide signal at 11.43 ppm as a broad singlet.
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The tolyl substituents are ortho/para directors. They have affinity to push electron density into
the  system of the benzene ring making them high in electron density, consequently making the

ring more reactive.
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By analysis of all the electron donating substituents, para isomers overall are more reactive than
ortho substituents, and ortho are more reactive than the meta. This observation correlates well to

the order of reactivity series for electron donating groups on aryl ring given in literature3%,

For each of the compounds in the tolyl series (10c - 12c¢) an IR spectrum was taken in order to
identify the functional groups present in the synthesised novel compounds and this was done for
all the synthesised analogues of isolloxazines within this study. Figure 54 shows the IR spectrum

for the meta tolyl substituted isoalloxazine (11c). This was
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The key functional groups attributed to compound 11c present in the spectrum above Figure 54.
The peak present at ¥ (number 19) 3055.66 cm™ indicates the presence of aromatic C-H groups.
The band at 1721 cm™* specifies the presence of C-H aromatic bonds. Sharp peaks observed at
1671 cm™ and 1613 cm™ are attributed to carbonyl (C=0) group belonging to the amide (3°
amide) moiety. The bands seen at 1583 cm™, 1532 cm™ and 1508 cm™ correspond to aromatic
C=C stretch. The peaks present at positions 1481 cm™, 1460 cm™ and 1398 cm™ are attributed to
aromatic C-C=C. The bands at 1310 cm?, 1267 cm, 1210 cm* 1176 cm™and 1106 cm* indicates

the presence of C-N bonds.
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2.17 Chloro derivatives of 10-phenylisoalloxazine (R = Cl)

NH» ©iNOZ
R1 X . ° .
. ©: i. MW, 150 °C, NH ii. Zn/ACOH,

K,CO3, 3 h. 2h.

R2 NO; R1 Ry
R3
R2 Rz
X=F 0 Rs3 N R3 i
N 14a - 16a 14b - 16b
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N N/go
R1
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Rz
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14c - 16¢

Scheme 48: Synthetic route of 10-(N-chlorophenyl) isoalloxazines

Table 14: Percentage yields for N-(chlorophenyl)-2-nitroanilines and 10-(N-chlorophenyl) isoalloxazine derivatives

Compound m (R2) p (R3) NEIRC))
14a Cl H H 98
15a H Cl H 5
16a H H Cl 21
14c Cl H 26
15c H Cl H 34
16¢ H H Cl 71

The synthesis of the chloro substituted isoalloxazines is of importance as it allows the electron
withdrawing properties of chlorine, (as a substituent) can be studied by monitoring the singlet
oxygen and radical generated. Substituted chlorine’s have electron withdrawing effects

inductively; however, the substituent behaves as an electron donating group through resonance.

2.17.1 Synthesis of 2, 3, and 4 isomers of N-(chlorophenyl)-2-nitroaniline (14a—
16a)

Compounds 14a-16a were synthesised using the methodology described in section 2.11.
Microwave irradiation was used to react each of the starting materials in the presence of K,COs.
1-Fluoro-2-nitrobenzene and derivatives of N-chloroaniline were used as the starting materials in
stoichiometric ratios to prepare the compounds 14a-16a. For each derivative of chloroaniline,
microwave irradiation was used to heat the reaction. The formation of each of the intermediates
(14a-16a) was monitored regularly using TLC with silica plates. Upon purification of each of the

compounds by flash column chromatography over silica gel eluting with PE: EtOAc (1:2), the
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pure products, N-chlorophenyl)-2-nitroaniline (14a-16a) were isolated as dark red crystals in
yields shown in Table 14. The isolation of each of the intermediates was identified using
spectroscopic techniques. Figure 55, shows H-NMR for N-(2-chlorophenyl)-2-nitroaniline,

confirming the synthesis of the substituted chloroaniline.
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The appearance of a broad singlet peak at 9.50 ppm (1H) indicates the formation of the 2° amine.
The dd seen at 8.23 ppm with an integration of 1, can be attributed to the proton on the aromatic
ring ortho to the nitro functional group, due to the electron withdrawing effects of the nitro
moiety. A multiplet seen at 7.54 — 7.40 ppm (3H), with an integration of three looks like a doublet
and triplet merging together resulting as a multiplet. These protons are attributed to the phenyl
ring with the chloro substituent attached. A multiplet seen at 7.32 ppm (1H), which is overlaying
the solvent peak of CDClsat 7.26 ppm looks to be a triplet peak attributed to the aromatic ring
and has an integration of one proton. A multiplet and triplet showing at 7.18 ppm (2H) and 6.87
ppm (1H) respectively are attributed to the aromatic rings. From analysing the *H-NMR, it can
clearly be noted; that, the signals are not very well defined for this molecule as there are three
different functional groups attached to the aromatic rings (Cl, NO, and 2° NH) that affect the
splitting pattern due to their electron donating and withdrawing nature. Hence many multiplet’s
for this *H-NMR are observed.
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A full mass spectrometry (MS) (electrospray ionization-(ESI)) for each of these molecules 14a -
16a was found to be m/z 248 M*. This confirms a successful synthesis of the substituted N-

chloroanilines and is illustrated in Figure 56.
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Figure 56: MS of 2-(3-chlorophenyl) 2-nitroaniline

2.17.2 Synthesis of 10-(N-chlorophenyl) isoalloxazines (14c-16c)

The intermediates 14a—16a were reduced in the presence of zinc powder and acetic acid using a
10-fold stoichiometric excess of zinc. The reaction was monitored carefully, and the mechanism

for zinc reduction is shown in Scheme 49.
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The newly synthesised amines (14b—16b) was confirmed by mass spectrometry (ESI-MS)
shown in Figure 57 as a loss of of 30 g mol* was detected by the reduced compounds from a
nitro group to an amine. The freshly reduced amines were dissolved in acetic acid and isolated

by filtration through celite ™.
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Figure 57: MS (ESI) for N-(2-chlrophenyl)-2-aminoaniline
To the acidic solution was added alloxan monohydrate and boric acid in a 0.02 molar excess
and this was left to stir at room temperature for 12 hours. After 12 hours the formation of a
yellow precipitate was observed and the acidic mixture was filtered at the pump to isolate each
of the 10-(N-chlorophenyl) isoalloxazine (14c-16¢) compounds. Each of these products were
washed well with cold hexane and dried under vaccuo to give a bright yellow powder in the
yields (14c = 29% 15c = 77% and 16¢ = 47%) shown in Table 14.
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Figure 58 shows the 'H-NMR for the compound; 10-(4-chlorophenyl) isoalloxazine, 16c.
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A sharp singlet signal detected at 1.90 ppm shows the presence of acetic acid and a small peak

at 12 ppm can be attributed to the starting material alloxan monohydrate, which was removed

by stirring the compound in diethyl ether. By removing the two signals as well as the solvent

residue signal and water saturation formation of isoalloxazine 16c is confirmed. The signal at

11.47 ppm is attributed to the acidic CO(NH)CO amide and is shown as a broad singlet signal

with an integration of 1H. This signal is a characteristic peak for all the synthesised

isoalloxazines containing an acidic CO(NH)CO amide. The aromatic region (9 — 6 ppm)

illustrates the correct number of protons for this molecule. with one doublet, a doublet of doublet

and a triplet are seen at 8.19 ppm (1H), 7.78 ppm (3H) and 7.62 ppm (1H) respectively.
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2.18 Tosyloxy derivatives of 10-phenylisoalloxazine (R = OTs)

(6] (@]
N N
N NH N NH
s A i. p. TsCl, DCM, Et:N, s A
N N (@] RT, 2 h. - N N (0]
R1 Ry
Rz R
Rs3 Rs3
4c - 6C 17c - 19c

Scheme 50: Synthetic route of 10-(N-tosyloxyphenyl) isoalloxazines

Table 15: Percentage yields for 10-(N-tosyloxyphenyl) isoalloxazine derivatives

Compound 0 (Ry) m (R2) P (Rs) Yield (%)
17c OTs H H 62
18c H OTs H 22
19c H H OTs 13

The tosylate group (OTs) is used commonly in synthetic chemistry as a protecting group.
Tosylates also behave as very good leaving groups. However, for the purpose of this research
OTs group was employed to alter the electron density of the aromatic rings. Thus, allowing the
study of the difference in singlet oxygen generated to be monitored by having the OTs

substituent attached at different positions on the phenyl ring.

It should be noted that although compound 5c was synthesised as an impure material, it was still
proceeded further to react with para-toluene sulphonyl chloride to form the desired
isoalloxazine (18c), in the hope to achieve a pure compound. Surprisingly, compound 19¢ was

successfully synthesised as a pure yellow powder.

2.18.1 Synthesis of 2, 3, and 4 isomers of N-(tosyloxyphenyl)-2-nitroaniline
(17a-19a)

Compounds 17a-19a were not synthesised, as the starting materials used for the synthesis of N-

tosyloxypheny! isoalloxazines (17c-19c) were compounds 4c-6¢ .
2.18.2 Synthesis of 10-(N-tosyloxyphenyl) isoalloxazines (17c-19c)

The synthesis of the tosyloxy substituents, 17c-19c was accomplished through reacting
compounds 4c-6¢ with para-toluene sulphonyl chloride in basic conditions. These analogues
were synthesised in order to study the singlet oxygen and radical yields when a weak electron
withdrawing substituent (OTSs) is attached to the phenyl substituent on the isoalloxazine N-10
ring.
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Although the synthesis for 10-(3-tosyloxy-phenyl) isoalloxazine (18c) required 10-(3-

hydroxyphenyl) isoalloxazine (5¢) as the starting material, this impure material was nonetheless

used to synthesise compound 18c¢ in order to investigate the possibility of success in synthesis.

Fortunately, the reaction proved to be successful and compound 18c was isolated as a pure

product in a yield of 22%. This molecule was obtained in an average yield, particularly as

aforementioned, 10-(3-hydroxyphenyl) isoalloxazine (5¢) was not isolated. Spectroscopic data;

'H-NMR, 3C- NMR and HRMS confirmed the correct product was isolated as a pure product.

Compound 19c¢ was isolated in a very poor yield of 13%. The surprisingly low yield presumably

resulted from various reasons; such as, the reaction time set was 2 hours, which is considerably

less for a typical substitution reaction to occur for a tosyloxy group and therefore reaction may

not have gone to a total completion even though the product was formed. An alternative

possibility of resulting in a very low yield could be that the product was lost during the work up

procedure.

An additional reason for achieving a poor yield could possibly be due to the

electronic effects attributed from the tosylate moiety. The yield comparison from the three

isomers peculiarly show that the meta derivative has a better yield production than the para

substituent. Figure 59 shows the *H-NMR for compounds 19¢ and 6¢ that are employed to

compare synthesis of the two molecules by analysing their splitting pattern and integration.
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The peaks in Figure 59 are highlighted in different colours in order to identify which peaks
belong to what protons in the molecule. For the molecule 19c¢, a broad singlet at 11.46 ppm is
attributed to the acidic CO(NH)CO amide with an integration of 1H (not shown in spectra). The
aromatic region (9 — 6 ppm) shows the correct number of protons for this molecule (16H) as
well as a correct splitting pattern. To summarise, two sets of doublets can be seen at 7.86 ppm
(2H) and 7.54 ppm (2H), (highlighted in yellow and blue) with an integration of two protons are
attributed to the aromatic ring protons from the OTs ring. A sharp singlet peak correlating to
the CH3 moiety from the tosylate group with an integration of three protons was also present on
the H-NMR in the correct high-field region (illustrated in the full *H-NMR of OTs, within
Figure 59) confirming the synthesises of the desired compound 16c. By close observation of
the 'H-NMR shown in Figure 59 (compound 6¢) a broad singlet peak seen at 10.09 ppm (1H),
is attributed to the hydroxyl moiety of compound 6c¢. In addition to this, the disappearance of
the two sets of doublets which appeared at 7.86 ppm and 7.54 ppm with an integration of two
protons each attributed to the tosyloxy ring confirm that the tosyloxy moiety was substituted
correctly onto the phenyl ring attached to the N-10 position of the main tricyclic isoalloxazine

ring.

122 |Page



2.19 Carboxy derivatives of 10-phenylisoalloxazine (R = COOH)
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Scheme 51: Synthetic route of 10-(N-carboxyphenyl) isoalloxazines

Table 16: Percentage yields for N-(carboxyphenyl)-2-nitroanilines and 10-(N-carboxyphenyl) isoalloxazine
derivatives

Compound m (R2) p (Rs) Yield (%)

20a COOH H H 71
21a H COOH H N/A*
22a H H COCH 77
20c COOH H H 40
21c H COOH H N/A®
22c H H COCH 66

The carboxy moiety is an electron withdrawing group that moderately deactivates the aryl ring.
Thus, making the m ring system less reactive to nucleophilic attacks. The change in electron
density around the tricyclic ring structure is of interest to monitor the effects in the production

of both singlet oxygen and radicals.

The synthesis of the 10-N-carboxyphenyl isoalloxazines was changed from using microwave
enhanced synthesis particularly for the first step of the synthesis (20a—22a) as discussed in
section 2.11 because the reaction was not going to completion, although minute yields were
synthesised. Thus, an alternative pathway was therefore used to achieve higher yields of these

compounds.

4 Synthesis proved unsuccessful.
5> Not synthesised as intermediate was unsuccessful. Therefore photophysical studies was not
conducted.
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Literature search showed a number of methods to synthesise compounds similar to 20a-22a,
however, most routes showed low yield production. Research conducted by Hunzikar et al to
synthesise 2-(4-chloro-2-nitrophenylamino)benzoic acid used the Ullmann coupling conditions,
yet low yield, 22% of the product was formed®**. Thus further search in literature was conducted
to find other means of synthesis for compounds similar to 20a-22a. A similar reaction was
carried out by Hermkens Pedro whom utilised 2-fluoro-5-chloronitrobenzene with anthranilic
acid, K,COs as the base with copper as a catalyst in pentanol at 140°C, which yielded the
compound in 43%. As an improvement in yield was observed in this method, compounds 20c—

22¢ were synthesised following this route with slight variations of the reagents and solvent34?,

The synthesis for the 10-N-carboxyphenyl derivatives is described in the method shown in
section 2.19.1. It should be noted that the meta isomer could not be synthesised due to issues in
the synthesis.

2.19.1 Synthesis of the 2, 3, and 4 isomers of (N-carboxyphenyl)-2-nitroaniline
(20a—22a)

Each of the (N-carboxyphenyl)-2-nitroaniline (20a-22a) was synthesised using the Ullman
reaction. The starting materials were heated in a round bottom flask. The reaction proceeded
by adding K.CQs, copper powder, 4-aminobenzoic acid, and 1-bromo-2-nitrobenzene in 1-
butanol. The reaction resulted in an orange precipitate after 12 hours of stirring at 150 °C. The
precipitate was crushed with diethyl ether and collected by suction filtration and transferred into
a conical flask and distilled water was added. The aqueous solution was adjusted to pH 9 using
. NH4OHyg), and set to reflux. Upon cooling, the solution was filtered through celite™. This
solution was then adjusted to pH 5, using ¢. HCl g forming a bright orange solid which was
filtered from the mixture and dried under vacuo to yield the substituted (N -carboxyphenyl)-2-

nitroaniline (20a and 22a) as an orange powder in yields shown in Table 16.
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Figure 60 shows the *H-NMR for 10-(2-carboxyphenyl)-2-nitroniline (20a). The broad peak
shown at 13.40 ppm (1H) (highlighted in yellow) is attributed to the proton on from the
carboxylic acid on the phenyl ring substituted on the N-10 position. The singlet peak shown at
11.10 ppm (1H) (highlighted in blue) corresponds to secondary amine (NH) with an integration
of 1. This peak is appearing at a higher region for an amine due to the presence of the COOH
group causing a downfield shift. The peaks shown between 8.14 ppm and 7.04 ppm, in the
aromatic region show the right number of integrations (10H) for the molecule.

Compound 21a was attempted to be synthesised following the same procedure as described in
section 2.19.1. However, this compound was not successfully achieved. The unsuccessful
synthesis of compound 21a was surprising as carboxy substituents are meta directors and
therefore (presumably) be easier to form than other isomers. The TLC on silica plates for
compound 21a was eluted in different solvents. One TLC plate was eluted in toluene (100%)
and the second TLC plate was eluted in CHCI3 (100%). The two TLC plates showed the
presence of starting materials with additional impurities. No appearance of the desired
compound (21a) could visually be seen on these plates or in the *H-NMR. Thus, it was decided

that the synthesis of this compound was unsuccessful.
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2.19.2 Synthesis of 10-(N-carboxyphenyl) isoalloxazines (20c & 22c¢)

The N-carboxyphenyl isoalloxazine derivatives (20c and 22c¢) were synthesised using the
method described above (section 2.19.1), following Scheme 51. Although the carboxy
substituent is a meta director and has strong electron withdrawing properties, a very good yield
was obtained for both an ortho and para substituted molecules. Spectroscopic analysis by *H-
NMR and *C-NMR identify the correct compound was synthesised and can be seen in Figure
61. HRMS also confirmed isolation of the correct product.
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Figure 61:'H-NMR for 10-(4 -carboxyphenyl) isoalloxazine (22 c)

Figure 61 shows the *H-NMR for 22c. The singlet peak shown at 11.48 ppm is attributed to the
acidic CO(NH)CO amide with an integration of 1H, (highlighted in yellow for ease of
observation). The aromatic region (9-6 ppm) show the correct number of protons corresponding
to this molecule (9H). A broad singlet at 6.60 ppm (1H) (highlighted in blue) can be seen with
an integration of one proton, attributed to the carboxylic acid moiety, confirming the synthesis

of the correct compound.

Mass spectrometry (ESI) for these molecules (20c and 22c¢) was found to be m/z 335 M*
confirming a successful synthesis of the 10-(N-carboxyphenyl) isoalloxazine, and is shown in

Figure 62 for compound 20c.
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Figure 62: MS (ESI) for compound 20c

As a result of the unsuccessful achievement of compound 21a, the isoalloxazine 10-(3-
carboxyphenyl) 21c could not be synthesised.
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2.20 Nitro derivatives of 10-phenylisoalloxazine (R = NO>)

(0]
F NO, N
R1 NH, . i NH
+ i. MW, 150 C, ii. Alloxane monohydrate, ~ /&
K,CO3, 3 h. NH H3BO3, ACOH, RT 12 h.” N® 'N” “O
R2 NH, R, Ry
R3
R2 RZ
X=F, Br Rs Rs
23a - 25a 23c - 23c

Scheme 52: Synthetic route of 10-(N-nitrophenyl) isoalloxazines

Table 17: Percentage yields for N-(nitrophenyl)-2-nitroaniline and 10-(N-nitrophenyl) isoalloxazine derivatives

Compound o (R’) m (R’2) p (R’3) Yield (%)
23a NO, H H 46
24a H NO; H N/A
25a H H NO> N/A
23c NO> H H 25
24c H NO; H

N/A®
25¢ H H NO;

A nitro group has strong electron withdrawing properties via inductive and resonance effects.
The inductive effect from the NO, group results from the formal positive charge of the nitrogen.
Hence, the electron density from the phenyl ring is withdrawn, and deactivation occurs as the

NO. moiety is a strong deactivator and a meta director.

It should be noted that only the o isomer could be synthesised due to issues in the synthesis of

the m and p isomers.

2.20.1 Synthesis of the 2, 3 and 4 isomers of N-(nitrophenyl)-2-nitroaniline
(23a-25a)

Synthesis of compounds 23a-25a was first attempted by heating the starting materials in a round
bottom flask. 1-Bromo-2-nitrobenzene, (derivatives of) phenylenediamine and K,COs; were
heated to reflux for 5 h at 180 °C with stirring. The mixture was allowed to cool and with
stirring poured onto ice water and the mixture was adjusted to pH 6 using ¢.HCl z5. The reaction
mixture was transferred to a separating funnel and extracted with CHCIls. The organic layer was

isolated under reduced pressure to yield the substituted isomers of the N-(nitrophenyl)-2-

6 The synthesis of m isomer of nitrophenyl isoalloxazines proved unsuccessful. S/O & radical studies
not possible due to no compound.
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nitroaniline (23a - 25a) as a black solid. Upon monitoring this reaction using TLC plates with
silica plates and eluting with EtOAcC, significant amount of impurities and starting material were
observed. No visual evidence was seen to confirm the presence of the desired compound. This
was further confirmed using standard spectroscopic techniques.

As neither of the compounds were synthesised successfully via this route, the reaction was
repeated using microwave irradiation with the required derivatives of phenylenediamine as
starting materials. However, 1-bromo-2-nitrobenzene was replaced by 1-fluoro -2-nitrobenzene

due to the difference in electronegativity.

2-Phenyleneamine and 1-fluoro -2-nitrobenzene were irradiated for 3 h at 150 C in a CEM
microwave at full power. The substituted (N-nitrophenyl)2-nitroaniline was achieved as a black
solid (13a). The compound, 2-(nitrophenyl)-2-nitroaniline eluted second on TLC plate and was
observed as an orange compound. The crude solid was purified by flash column
chromatography over silica gel eluting with EtOAc to afford the pure product as dark red
crystals. Isolation of the correct compound was confirmed by the standard spectroscopic

techniques.

Compounds 24a and 25a were not successfully synthesised due to the continuous presence of
both impurities and starting materials constantly observed in the *H-NMR, **C-NMR and TLC.
Frequent monitoring of this reaction presented no evidence of final product at all, indicating that
the reaction was not forming the required product or going to completion. The lack of formation
of this product is somewhat ambiguous as nitro substituents are electron withdrawing and meta

directors, thus the N-(nitrophenyl)-2-nitroaniline was expected to form easily.
2.20.2 Synthesis of 10-(N-nitrophenyl) isoalloxazines (23c)

10-(2-Nitrophenyl) isoalloxazine (23c) was accomplished using compound 23a that was
dissolved in glacial acetic acid and with constant stirring at room temperature, alloxan
monohydrate and boric acid (1:1.2 mole excess) were added to the acidic solution. A yellow
solid precipitated after 12 h and was isolated at the pump, to yield 10-(2-nitrophenyl)
isoalloxazine, (23c) as a bright yellow powder, in the yield (25%) shown in Table 17.

Figure 63 shows a full mass spectrometry (MS) for compound 23c. The mz was found to be 336

M*. This confirms a successful synthesis of the substituted 10 (2-nitrophenyl) isoalloxazine.
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Figure 63: Mass spectrometry and msms of compound 23c

2.20.3 Attempted synthesis of 3, 4 isomers of 10-(N-nitrophenyl) isoalloxazine
(24c and 25c¢)

The isoalloxazine for compound 24c and 25¢ was unfortunately not synthesised successfully for
two reasons; both starting materials were seen prominently in the spectroscopy analysis
indicating no change during the 2 h reaction period. The reaction was elongated by a further 3
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hours, and monitored closely using TLC with silica plates eluting with EtOAc. TLC endlessly
showed the presence predominantly of the starting materials. This was not surprising as nitro
substituents have strong electron withdrawing properties, and therefore deactivate the benzene
ring. This ultimately would not drive the reaction forward, resulting in a lack of formation in
the meta substituted isomer. The problematic synthesis of these two isomers could be reasoned
with the strong electronic effects of the nitro group. The secondary amine (NH) group is
strongly electron donating, whereby the NO: moiety is strongly electron withdrawing,

subsequently, both strong electronic groups are competing against one another.
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Discussion on the synthesis of polymeric isoalloxazines

The ethos of the project was to test the feasibility of generating a bandage or a material capable
of destroying any microbial colonisation that appears during the healing process. In order to

test this hypothesis, a Wang brominated resin was used to test this proof of principal.

o 0
N N\
S NH : \
+ /—Q—. i. K,CO,, DMF ©: s /J;\©\
N o P NSNS0 0
NTNSoH 150 °C
/ /

r
Q) Q
R R

Scheme 53 : Synthetic route for polymer substitution

e

The synthesised derivatives of N-substituted isoalloxazines were attached to a Wang brominated
resin called 4-(benzyloxy)benzyl bromide. The N-substituted isoalloxazines was used in an

excess ratio of 1.9:1 mmol to the Wang brominated resin.
2.21 Synthesis of polymer bound N-substituted isoalloxazines

The polymeric supports were attached to isoalloxazines derivatives by reacting the N-substituted
isoalloxazines and dissolving in anhydrous DMF (3 mL). To this was added base, K,COs in
excess, and 4-(benzyloxy)benzyl bromide (0.10 g). The reaction mixture was heated at 150 °C
overnight to afford the polymer bound product. The reaction mixture was cooled to room
temperature and filtered under suction. The polymer beads were washed well with a range of
polar solvents ranging from cold DMF, distilled water, ethyl acetate, methanol, acetone and
finally distilled water until the washings ran clear. Subsequently, the product was dried in vacuo
to give the weight as yellow polymeric beads.

The synthesised isoalloxazines that were attached to the polymeric support are shown in Table

18 with the weights obtained after thorough washings and drying.
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Table 18: Isoalloxazines on polymer support

Compound Code

1d
4d
7d
10d
11d
12d
13d
14d
15d
16d
17d
18d
19d
20d

3d

In order to confirm the substitution of the polymer support onto the amide moiety of each of the
isoalloxazines, infrared spectroscopy was used to determine the presence of the functional
groups from both the N-substituted isoalloxazine and the Wang brominated resin. Thus, IR
spectra of each of the starting material was taken in order to compare the

appearance/disappearance of additional peaks from the polymer bound isoalloxazine.
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2.22 10-Phenylisoalloxazine-polymer bound (13d)

150 °C

o (@]
@égf:ro + ) /—Q—o’_Q_. i. K,COy, DMF C[é;r:’l;\@o/o\.

13c 13d

Scheme 54: Polymer synthesis of compound 13d

Table 19: Polymer yield of 10-phenyl isoalloxazine

Compound IGH) m (R2) p (Rs) Yield (9)

Compound 13d was synthesised in a yield of 0.23 g as yellow polymeric beads via the method

described in section2.21.

Figure 64 and Figure 65 show IR spectra for compounds 13c and the Wang brominated resin,
4-(benzyloxy)benzyl bromide respectively, which were used as the starting materials for the

substitution reaction of the polymer onto the isoalloxazine.
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The functional groups present in compound 13c (Figure 64) have been discussed previously in
section 2.9. Figure 64 is shown again in order to compare the additional peaks attributed to 4-
(benzyloxy)benzyl bromide.
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Figure 65 illustrates the IR spectra for the polymer; 4-(benzyloxy)benzyl bromide. The bands
appearing at 3025 cm™ and 2918 cm* are attributed to the C-H bonds from the aromatic ring.
The sharp peaks seen at 2362 cm*and 2340 cm? indicates the presence of an asymmetric stretch
of C-O. The peak at 1602 cmtis attributed to the C-C bonds from the aromatic rings. The bands
seen at, 1509 cm?, 1492 cm™and 1451, cm™ correspond to the aromatic C=C bonds. The peaks
showing at 1223 cm? and 1173 cm are attributed to the alkyl halide, (CH2X) stretch of CH,0.
The peak seen at 1015 cm* corresponds to the C-O stretch and the bands at 827 cm™ and 756
cm?® are characteristic of the C-H aromatic out of plane stretch bands. The sharp peak at 695

cm? indicates the presence of an alkyl halide (C-Br).

The newly synthesised isoalloxazine compound 10-phenyl isoallloxazine on a polymer support,
(13d) isillustrated in the IR spectra labelled Figure 66. This confirms the correct function groups

are present for the synthesised molecule.
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This IR reveals the main functional groups corresponding to compound 13d. The peak present
at y: 3023 cm® and 2970 cm™ indicates the presence of C-H groups and is present in both
compound 13c and the Wang brominated resin. The bands at 2183 cm™ and 2155 cm*and 2007
cm® are weak overtones that correlate to aromatic C-H bonds. The sharp peak at 1737 cm is
attributed to the carbonyl (C=0) group belonging to the amide moiety and was not present in
either of the IR’s of the starting materials. The peaks seen at 1542 cm™, 1509 cm, 1491 cm™,
and 1437 cm™ correlate to the aromatic C=C bonds from the aromatic rings. The C-C stretch
(in ring) from aromatic rings is seen at 1451 cm™. The sharp peak arising at 1366 cm™
corresponds to the C-N as an aryl stretch. The bands appearing at 1228 cm™, 1216 cm, and
1027 cm™ are due to C-H in-plane bending of the aromatic rings. The out of plane bending
bands appearing intensely in the fingerprint region at 823 cm?, 755 cm?, and 695 cm™ are

attributed to the C-H stretch.

A key feature to note in the IR spectra of each of the polymer bound isoalloxazines is the
disappearance of a significant sharp peak (Figure 66) in the region of 1680-1630 cm™, however
in this Figure 66, it is evident that a reduction in the peak has occurred, yet a small peak is
visible, which is a result of the excess polymer used during the synthesis of the polymer to the
isoalloxazine. Nonetheless, the disappearance or a vast reduction of this sharp peak typically
indicates the disappearance of the amide functional group proving substitution of the polymer

was successful.
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2.23 N-Amino derivative of 10-phenylisoalloxazine-polymer bound (1d)
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Scheme 55: Polymer synthesis of compound 1d

Table 20: Polymer yield of 10-(2-aminophenyl) isoalloxazine derivatives

Compound o (Ry) m (Ry) JGD Yield (g)

Compound 1d was synthesised via the method described in 2.21. The starting material used for
this synthesis was compound 1c and Wang brominated resin. Compound 1d was synthesised in

0.21 g as yellow polymeric beads. The IR spectra for compound 1d is shown in Figure 67.
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The broad band in Figure 67 seen at y: 3381 cm™ corresponds to 1° amine stretch. The bands

appearing at 1221 cm?, 1172 cm correspond to the CH,O group from the polymer. The
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disappearance of the sharp peak at~1680-1630 cm* (amide functional group) proves successful

substitution of the polymer onto the 0-amino isoalloxazine resulting in compound 1d.

138 | Page



2.24 N-Hydroxy derivatives of 10-phenylisoalloxazine-polymer bound (4d and
6d)

f O e, @ﬁﬁﬁm

150 °c
R2

Rs
4c - 6C 4d - 6d

R1: OH, R2= H, R3= H
R;=H,Ry=0H, R3=H
R;= H, R,=H, Rg= OH

Scheme 56: Polymer synthesis of compounds 4d-6d

Table 21: Polymer yields of hydroxyphenyl isoalloxazine derivatives

Compound 0 (Ry) m (R2) p (Rs) Yield (9)

Compounds 4d and 6d were accomplished via the method described in 2.21 The starting
materials used for the synthesis of each compounds was 4c¢ and 6c and the Wang brominated
resin. These compounds (4d and 6d) were synthesised in as yellow polymeric beads in yields

shown in Table 21.

The IR spectra for compounds 4d is shown in Figure 68. The peaks shown for compound 4d at
y: 3025 cm corresponds to the alkene (=C-H) stretches. The peak at 1673 cm™ indicates the
presence of alkane C=C stretch. The bands seen at 1601 cm™, and 1554 cm™ correspond to the
amide functional groups as well as a peak at 1511 cm™ corresponding to the presence of 1°
amine stretch. The bands at 1223 cm™ and 1090 cm™ identifies the presence of a C-N stretch.
Strangely no typical characteristic peak for the hydroxyl functional group is seen in the range
of 3600 cm™— 3300 cm™. The disappearance of the peak at ~1680-1630 cm (amide functional

group) confirms substitution of the polymer to the isoalloxazine (4d).
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Figure 68: IR spectra compounds 4d-6d

IR spectrum for compound 6d was accomplished in a yield of 0.05 g as yellow polymeric beads.
Similar peaks as 4d are observed in the spectrum. The correct peaks attributing to the functional
groups present in 6d were identified (see experimental section 6.38). This spectrum also showed
the disappearance of a peak at ~1680-1630 cm™ indicating the successive substitution of the

polymer to the p-hydroxyphenyl isoalloxazine (6d).
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2.25 N-Methoxy derivatives of 10-phenylisoalloxazine-polymer bound (7d-9d)

Crcy o aet
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R1: OCH3, RZ: H, R3: H
R1=H, R;= OCH3, Rz=H
R;= H, R,= H, Ry= OCHj

Scheme 57: Polymer synthesis of compounds 7d-9d

Table 22: Polymer yields of methoxyphenyl isoalloxazine derivatives

Compound 0 (Ry) m (Ry) p (Rs) Yield (9)

7d OCH;s H H 0.14
H OCHjs H 0.10
H H OCH;s 0.16

The synthesis of compounds 7d and 9d was accomplished via the method described in 2.21.
The starting materials used for the synthesis were compounds 7¢ and 9¢, which was reacted with
the Wang brominated resin. These compounds (7d and 9d) were synthesised as yellow

polymeric beads in yields shown in Table 22.

To confirm substitution of the Wang brominated resin onto the isoalloxazine an IR spectra was
used to identify the functional groups present. The disappearance of the most important at
~1680-1630 cm™* attributed to the amide functional group indicated the polymer was substituted

onto the N-methoxyphenyl isoalloxazines (7d and 9d).

For both these compounds the IR spectra showed a band at 1736 cm™ which was attributed to
the C=0 stretch. An intense peak seen at 1673 cm™ corresponds to an amide C=0 stretch.
Compound 7d identifies a peak at 1384 cm™ indicating the presence of N-O stretch. Both
compounds recorded a peak at 1225 cm?, 1174 cm identifying the presence of a CH.O
functional group. The bands at ~1216 cm™ and 1092 cm™ identifies the presence of a C-N

stretch. The spectra for these compounds can be seen in the experimental section 6.39.
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2.26 N-Tolyl derivatives of 10-phenylisoalloxazine-polymer bound (10d-12d)
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Scheme 58: Polymer synthesis of compounds 10d-12d

Table 23: Polymer yields of tolylphenyl isoalloxazine derivatives

Compound o (Ry) m (Ry) p (Ra) Yield (g)

10d CHs H H 0.25
11d H CHs H 0.22
12d H H CHs 0.27

The synthesis of compounds 10d-12d was accomplished via the method described in 2.21 The
starting materials used for the synthesis were compounds 10c-12c¢ and the Wang brominated
resin. These compounds (10d-12d) were synthesised as yellow polymeric beads in yields shown
in Table 23.

The IR spectra of compounds 10d-12d show the correct peaks present for the functional groups
of the synthesised molecules on the polymer support. A peak at 1669 cm™ corresponds to an
amide C=0 stretch. The band at 1220 cm™ indicates the presence of C-N stretch of an aromatic
amine. For compound 11d presented peaks aty: 3559 cm™, 3449 cm?, and 3291 cm attributing
to an amide (N-H) stretch. For the tolyl series, bands were seen at ~1491 cm is attributing to
aromatics (in ring) C-C stretch and the presence of a weak band at 1450 cm™ corresponded to
the aromatic C=C stretch. Peaks were also seen in the range of 1228 cm™, 1216 cm?, and 1018
cmt identifying the presence of a C-N stretches for these molecules. For each of the polymer
substituted N-tolyl derivatives no presence of peaks at ~1680-1630 cm™ were evident, thus
concluding the polymer support was substituted onto the N-tolylphenyl isoalloxazine’s (10d-
12d).
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2.27 N-Chloro derivatives of 10-phenylisoalloxazine-polymer bound (14d-16d)
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Scheme 59: Polymer synthesis of compounds 14d-16d

Table 24: Polymer yields of chlorophenyl isoalloxazine derivatives

Compound 0 (Ry) m (R2) JGO) Yield (9)

The synthesis of compounds 14d-16d was accomplished via the method described in 2.21. The
starting materials used for the synthesis were compounds 14c-16¢ and the Wang brominated
resin. These compounds (14d-16d) were synthesised as yellow polymeric beads in yields shown
in Table 24.

The substitution of polymer support to the each of the substituted N-chlorophenyl isoalloxazines
(14d-16d) was confirmed by IR spectroscopy. The absence of a peak appearing at ~1680-1630
cm* attributed to the amide functional group confirmed substitution of the polymer support onto
each of the isoalloxazine. The IR spectra showed a band at 2358 cm™ indicating the presence of
an asymmetric stretch of a C-O. Peaks observed at ~1223 cm™ are attributed to the presence of
a CH-O functional group. For each of the synthesised compounds (14d-16d) the IR spectra
showed functional groups corresponding to the synthesised compounds and can be seen in

section 6.41.
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2.28 N-Tosyloxy derivatives of 10-phenylisoalloxazine-polymer bound (17d-
19d)
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R1= H, R2= H, R3: OTs

Scheme 60: Polymer synthesis of compounds 17d-19d

Table 25: Polymer yields of tosyloxyphenyl isoalloxazine derivatives

Compound 0 (Ry) m (Ry) p (Rs) Yield (9)

17d OTs H H 0.04
18d H OTs H 0.03
19d H H OTs 0.02

Compounds 17d-19d was achieved using the synthetic method discussed in section 2.21.
Compounds 17c¢-19¢ were used as the starting materials for the synthesis were and reacted with
the Wang brominated resin. These compounds (17d-19d) were synthesised as yellow polymeric

beads in yields shown in Table 25.

The IR spectra of compounds 17d-19d show the correct peaks present for the functional groups
of the synthesised molecules on the polymer support. The presence of an amide C=0 stretch is
observed by a peak appearing at 1669 cm™ and at 1220 cm indicates the presence of C-N stretch
of an aromatic amine. For the tolyloxy series, bands were seen at ~1491 cmis attributing to
aromatics (in ring) C-C stretch and the presence of weak bands at 1450 cm™ corresponded to
the aromatic C=C stretch. For each of the polymer substituted N-tosyloxyphenyl derivatives no
presence of peaks at ~1680-1630 cm™ presenting evidence of successful substitution of the

polymer support onto the N-tosyloxyphenyl isoalloxazine’s (17d-19d).
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2.29 N-Carboxy derivative of 10-phenylisoalloxazine-polymer bound (20d)
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Ry= COOH Ryp= H, Ry= H
Ry=H, R;= COOH, Ry= H
Ry= H, Ry= H, R3= COOH

Scheme 61: Polymer synthesis of compounds 20d-22d

Table 26: Polymer yields of carboxyphenyl isoalloxazine

Compound 0 (Ry) m (R2) JGO) Yield (9)

20d COOH H H 0.06

The synthetic pathway used to accomplish compound 20d was the method described in 2.21.
The starting materials used for the synthesis of 20d were compounds 20c and the Wang
brominated resin. This compound (20d) was synthesised as yellow polymeric beads in (0.06 g)
yield shown in Table 26.

IR spectroscopy was used to determine the successful synthesis of compound 20d. The peaks
shown for compound 20d presented peaks for the functional groups present in this molecule.
The disappearance of the peak at ~1680-1630 cm* corresponding to the amide functional group
confirms substitution of the polymer to the isoalloxazine (20d). The IR data for this compound

can be in section 6.43.
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2.30 N-Nitro derivative of 10-phenylisoalloxazine-polymer bound (23d)

sood o
@ PQ@. @A m

R2
R3
R3

23c 23d

R]_= NOZ =H, R2= H, R3: H

Scheme 62 Polymer synthesis of compound 23d

Table 27: Polymer yields of nitrophenyl isoalloxazine derivatives

Compound 0 (Ry) m (Ry) p (Rs) Yield (9)

23d NO; H H 0.02

The synthesis of compound 23d was accomplished via the method described in 2.21. The
starting materials used for the synthesis were compounds 23c and the Wang brominated resin.
This compound (20d) was synthesised in as yellow polymeric beads in yield shown in Table 27.

The substitution of polymer support to the 2-nitrophenyl isoalloxazines was confirmed by IR
spectroscopy. The absence of a peak appearing between~1680-1630 cm™ attributed to the amide
functional group confirmed substitution of the polymer support onto the isoalloxazine. The IR
spectrum of 23d showed a band appearing at 2360 and 2339 cm™ identifies the presence of an
assymetric stretch of C-O, a band seen at 1342 cm™ corresponds to the C-N aryl stretch. All

other peaks confirmed the correct functional groups were present for compound 23d.

The antimicrobial activity of compound 23d presents encouraging results as partial
antimicrobial activity was recorded. It was promising to observe a reduction in microbial
growth for the gram negative organism. This compound also presented complete cellular death
towards S.aureus and an MIC was recorded at 1 mM/mL. Knowing this compound can present
biocidal effects whist attached to the polymer support is extremely encouraging as this will help

achieve new successful antimicrobial agents to be used potentially in hospital environments.
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Chapter 3

Photochemistry

3.1 Singlet oxygen and radical producers

The absorbance window of the synthesised isoalloxazine is between 432-437 nm. Thus, suited
markers for detection of singlet oxygen/radiclas was selected by insuring the absorbance was
not within this region. For this research the designated absorbance range for singlet oxygen
markers was between 410 and 500 nm (Table 29). This assured avoidance of markers
overlapping the absorbance of the synthesised isoalloxazine and would aid determination of the

singlet oxygen being generated by the investigative isoalloxazines.

3.2 Solubility studies

Solubility studies showed that each of the synthesised isoalloxazines dissolved readily in
numerous solvents. However, a number of difficulties arose with the solubility of alloxazine.
Alloxazine was insoluble in all solvents in which the synthesised isoalloxazines were soluble
in.  Numerous solvent studies identified that alloxazine completely dissolved in DMSO.
Subsequently, all experiments monitoring the singlet oxygen/radical production was conducted
in DMSO.
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Table of solvents testing solubility on isoalloxaxines and alloxazine

o) o)
Clrxr,  COLx
NN /go N S /go
=z
~
R
Table 28: Solubility studies
Solvent Isoalloxazines dissolved or not  Alloxazine dissolved or not
Water \ X
Dimethylsulfoxide \ V
(DMSO)
Dimethylformamide \ Partially
(DMF)
Acetonitrile \ X
Methanol \ X
Ethanol \ X
Acetone V X
Ethyl acetate v X
Chloroform \ X
Dichloromethane \ X
Diethyl ether Partially X
Toluene X X
Petroleum ether X X
Hexane X X

3.3 Light Source

Three types of light sources were initially used to irradiate the photosensitisers. These being a
white strip light (fluorescence tube - 40W), a desk lamp (filament lamp — 40W) and a blue light
with LED’s (10 X 9 LED, with a power output of 19 lumens). Evaluating use of the white
fluorescent light, it was noticed that majority of illuminated light was not possible to be absorbed
by the cuvette (with the photosensitiser solution) due to the width of the cuvette and thus wasted.
Although these white fluorescent lights contain a diffuser, the actual intensity of light absorbed
by the solution was impossible to be determined. As the exact amount of light absorbed by both
the isoalloxazines and singlet oxygen marker was unknown, the use of the white strip fluorescent

light was eliminated.
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An additional reason for the removal of the white fluorescent light is the range at which white
light absorbs at. For the purpose of this project, the focus of these novel synthesised
photosentisers was to ideally achieve activation in the absorbance range of 440 nm to 490 nm,
thus blue light being ideal to illuminate the photosensiters with, particularly as new

photosensitisers are attractive in the modern era of PDT34,

In replacement of the fluorescent strip light, a desk lamp was used. This designated a neat set
up to use a black box to cover the lamp and allow all light intensity to be absorbed by the
isoalloxazines and the singlet oxygen and radical marker.

Blue LED light was used to ensure irradiation of isoalloxazines at a different wavelength than
the white light. This facilitated a comparison study of singlet oxygen production in blue and
white light.

Figure 69: Blue LED Lights

3.4 Wavelength of Light

The distance of light positioning was important and monitored using preliminary tests. This
was investigated by testing the singlet oxygen generated at a range of distances. Additional
factors considered for this study were the type and power of the light used. The combination of
these together aided evaporation of the solvent (from the cuvette) used for monitoring the singlet
oxygen production. Monitoring the light distance was vital as evaporation of the solvent
affected the results achieved. Subsequently, inconclusive results were obtained within the
preliminary studies due to this finding. As a result of this, it was important to keep the cuvette
covered with the lid and parafilm to ensure no evaporation or leakages occurred during the

illumination period of the experiment.
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Figure 70: Irradiation using blue LED light at 5 cm distance

3.5 Selectivity of singlet oxygen markers

The selection of a correct singlet oxygen marker was important as this research was

predominantly based on the study of singlet oxygen generation by the synthesised isoalloxazines

(within the therapeutic window). Table 29 shows a range of known markers used as detectors

of singlet oxygen.

Table 29: Singlet oxygen markers and producers

Marker

Wavelength (nm)

Emission (nm)

Alloxazine

Dibenzofuran

Indocyanine green (ICG)
1,3-Diphenylisobenzofuran (DPIBF)
p-Nitrosodimethylaniline (p-RNO)

Riboflavin

3-Ethyl-2-[7-(3-ethyl-2-
benzothiazolinylidene)-1,3,5-
heptatrienyl]benzothiazolium iodide,
DTTC iodide, DTTCI (DiSCx(7)
2,3,4,5-tetraphenylcyclopentadienone
(TPCPD)

355 in acetonitrile
320
600-900

420

440
445 in phosphate buffer
443 in CHs;0D/ CH;0H
765 in phosphate buffer

347 in CHs;0D

506

432

830
455/477

514

800
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Although alloxazine is a singlet oxygen marker, it is difficult to determine whether the
synthesised isoalloxazines also behave as singlet oxygen markers especially as these compounds
are synthesised as ‘novel isoalloxazines’ for this project. This hypothesis is made, as there are
similarities in the chemical structure between alloxazine and isoalloxazines. For the purpose of
this project, alloxazine was not selected as the singlet oxygen marker because its absorption
window is very close to the synthesised isoalloxazines, which could possibly show an overlap

in the actual absorbance of isoalloxazines.

Dibenzofuran and DPIBF are known common markers. Both of which could not be used as
dibenzofuran has a low absorbance, and DPIBF would pose a risk of overlap as its absorbance
is very close to the synthesised isoalloxazines.

ICG (Figure 71) is commonly used as an angiographic agent and has interesting photochemical
properties such as strong absorption, between 600 — 900 nm®**, This absorption range is
beneficial for this research (melanine does not absorb in this region), as deep penetration into
tissues is possible#. Absorbance of ICG indicates that it operates in near infrared (NIR), in

which tissues are much more translucent than in visual wavelengths.

0-5=0 NaO

=0

Initially, ICG was used to run preliminary tests against the isoalloxazines to monitor singlet
oxygen production. However, upon analysis, it was noted that ICG could not be used, as it is a

singlet oxygen generator itself. Thus, a new marker had to be selected to continue these studies.

p-RNO, was also not the selected marker for use, because an overlap in absorbance between p-

RNO and the investigative isoalloxazine would occur, as p-RNO absorbs at 440 nm.

Alloxazine in this research was used as a standard against other singlet oxygen generators. It
was represented as a 100% singlet oxygen producer to aid comparison between the synthesised

flavins.
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Flavins are derived from the tricyclic heterocyclic rings called isoalloxazine. The biochemical
source of isoalloxazine is vitamin B2, known as riboflavin. Riboflavin is found in the body and
it exists as co-enzymes. The co-enzyme behaves as the electron shuttle. Riboflavin can be
synthesised in bacteria, fungi, plants and in some animals. Mammals have lost the ability to

make it. Instead, for humans riboflavin is usually obtained from food.

Riboflavin (Figure 40) and DTTC iodide, a size 7 dye (Figure 72) were not selected for use as
they both generate singlet oxygen, instead of quenching.

S,\\\\N
N .-SG

The nominated marker to monitor singlet oxygen generated by the synthesised isoalloxazines is
2,3,4,5-tetraphenylcyclopentadienone (TPCPD), illustrated in Figure 73, and 2,2-diphenyl-1-
(2,4,6-trinitrophenyl) hydrazyl (DPPH) is the selected marker to monitor the radical formation.
Both of these markers absorb in ranges where no overlap can occur with the synthesised

isoalloxazine.
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General experimental-photochemistry

3.6 Absorption spectroscopy

Double beam Shimadzu UV-2450 Scan UV-Visible spectrophotometer was used to record the
absorption spectra over a wavelength range 200-800 nm using quartz 1 cm? by 1 cm?® cuvettes
for measurements in solution. Blue LED light (10 X 9 (In built)) with a power output of 19

lumens.

3.7 Selected markers for monitoring the generation of singlet oxygen
W

Figure 73: Chemical structure of TPCPD

2,3,4,5-Tetraphenylcyclopentadienone (TPCPD), illustrated in Figure 73 is the nominated
marker to monitor singlet oxygen generation for the purpose of this study as it absorbs in the

range (506 nm) where no overalap in absorbance is possible with the synthesised isoalloxazines.

The singlet oxygen yield for all derivatives was calculated using Equation 2. The efficiency of
photosensitsation is calculated by the time taken for a 50% decrease in absorption of all the
derivatives under the same experimental conditions, (t12 per). Thus, for these calculations the
photosensitisation of alloxazine (ti2 aLL) was taken to be at 1.0, or 100% for the DPPH or
TPCPD absorption to decrease by 50%.

®nper= P *(t1yo a) Equation 2
(t1/2 Der)

3.8 TPCPD - Singlet oxygen quencher

The decolourisation of a photosensitiser called 2,3,4,5-tetraphenylcyclopentadienone (TPCPD,
Figure 73) in DMSO, was assayed to measure the singlet oxygen production using blue light.
This was done by monitoring the reduction of absorption spectrophotometrically at 506 nm,

using the Cincotta et al method*’.
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3.9 DPPH - radical quencher

2,2-Diphenyl-1-(2,4,6-trinitrophenyl) hydrazyl, (DPPH), Figure 74, is known commonly as a
radical scavenger. DPPH is a stable free radical trap for other radicals and is an effective
guencher of singlet oxygen. It strongly absorbs at 520 nm. DPPH radical exists as a deep violet
colour when in solution, when the radical quencher is neutralised the solution becomes
colourless or pale yellow. Typically, DPPH uses this character to show free radical scavenging
activity.

N—N NO,

The decolourisation of this radical scavenger DPPH in dimethyl sulphoxide (DMSO) was
assayed to measure the singlet oxygen production using white light.

The reduction absorption for the purpose of this project was monitored spectrophotometrically
at 520 nm using the Cincotta et al method**” and the decomposition of DPPH was observed to
be relatively equal to the radicals produced by the synthesised isoalloxazines.

3.10 Volume of solvents

Total concentration of the stock solution was initially prepared as 50 mg in 100 mL volumetric
flask. The stock solution was scaled down to a 10 mL volume at the same concentration as a 4

cmé quartz cuvette was used in the spectrophotometer.
3.11 Concentration of solution

The used concentration of 2,3,4,5-tetraphenylcyclopentadienone (TPCPD) was 50 mg in 100
mL. This was the optimum concentration of the TPCPD solution that could be used.
Concentration solutions above this were unable to be measured on the spectrophotometer as no
absorbance could be recorded. Thus, using the best determined concentration of the solution
(50 mg in 100 mL), the singlet oxygen production was monitored without any inaccuracy in

measurements of the signal to noise ratio.

3.12 Literature- singlet oxygen yield

The photochemistry of alloxazine has been of great interest particularly for their interaction with
light in the presence of oxygen, as they are efficient photosensitisers and producers of singlet
oxygen. Table 30 shows a number of literature yields generated by analogues of alloxazine in

water and acetonitrile.

154 | Page



Table 30: Singlet oxygen yields generated by alloxazine analogues346:347

Compound Singlet oxygen yield, ¢a Solvent

Alloxazine 0.36
Lumichrome 0.73 Acetonitrile
6-Methylalloxazine 0.45 Water
7-Methylalloxazine 0.42 Water
8-Methylalloxazine 0.37 Water
9-Methylalloxazine 0.39 Water

Experimental carried out by M. Sikorski et al (Table 30) showed the production of singlet
oxygen by alloxazine and lumichrome in acetonitrile. The results demonstrate that these
photosensitisers are generators of singlet oxygen. The quantum yield of singlet oxygen
produced by alloxazine (36%) indicates it is not a very good generator, however lumichrome
proves otherwise (as 78% of singlet oxygen is generated)*.

No radical data for the analogues of alloxazine could be found in literature.
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Photochemistry; Experimental

3.13 Protocol for the 1O, production of alloxazine using white light
Alloxazine, a known photosensitiser is used as a standard to measure the singlet oxygen
production. A solution of alloxazine with a concentration of 50 mg in DMSO in 100 mL

volumetric flask was prepared.

Alloxazine was placed in a 4 cm?® quartz cuvette and irradiated using the white light source for
one min (for a period of ten minutes, and continued to be illuminated at every five minutes
intervals for a total period of 1 hour) at a distance of 5 cm. The singlet oxygen production was

monitored using the spectrophotometer at 420 nm.
3.14 Protocol for DPPH-white light

A solution of DPPH with a concentration of 50 mg in DMSO in 100 mL volumetric flask was
prepared. A second solution of the substituted isoalloxazine of concentration 10 mg in DMSO
in 10 mL volumetric flask was also prepared.

In one 4cm?® quartz cuvette, a volume of 3.5 mL of the prepared DPPH solution alone was filled.
In a second 4cm? quartz cuvette, a 1:1 volume of DPPH isoalloxazine derivative mixture was

placed in a 4cm?® quartz cuvette and mixed well.

The absorbance was measured spectrophotomically of both these solutions individually at time
=0, (T=0). The cuvettes with their solutions were irradiated using the white light source for
one min (for a period of ten minutes, and continued to be illuminated every five minutes for a
period of 1 hour) at a distance of 5 cm. The singlet oxygen production was monitored using the
spectrophotometer at 520 nm, from T=0 to T=60.

3.15 Protocol for DPPH-blue light

The same procedure as DPPH using white light (section 3.14) was followed. However, for this
experiment blue light was used to illuminate the prepared solutions in order to insure the
synthesised isoalloxazines are activated using a different wavelength (440 nm — 490 nm) to

monitor and compare the generated singlet oxygen.
3.16 Protocol for TPCPD-blue light

A solution of TPCPD with a concentration of 50 mg in DMSO in 100 mL volumetric flask was
prepared. A second solution of the substituted isoalloxazine of concentration 10 mg in DMSO
in 10 mL volumetric flask was prepared.

In one 4cm?® quartz cuvette, a volume of 3.5 mL of the prepared TPCPD solution alone was
filled. In a second 4cm® quartz cuvette, a 1:1 volume of TPCPD: isoalloxazine derivative
mixture was placed in a 4cm?® quartz cuvette and mixed well. The cuvette with its reaction

mixture was irradiated using the blue light source for one min (for a period of ten minutes, and

156 |Page



continued to be illuminated every five minutes for a period of 1 hour) at a distance of 5cm. The

singlet oxygen production was monitored using the spectrophotometer at 506 nm.
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Discussion on photophysical studies

3.17 Discussion of singlet oxygen data

The ongoing search for novel photosensitisers for use as photo-antimicrobial agents (particularly
in this research) is based on the riboflavin structure. Based on this, alloxazine (illustrated in
Figure 75) is used as the standard compound in order to compare the generation of singlet

oxygen (initially) against riboflavin (Figure 43).

Figure 75: Chemical structure of alloxazine

3.18 Photosensitiser entries

The synthesised photosensitisers library were investigated for their production of singlet oxygen
under different wavelengths of light. Table 31 shows the library of compounds with substituents
attached on different positions (o, m, p) to the phenyl ring, Figure 76.

o)
N
©i A NH
NS
N N/ko
m

o0 = ortho, m = meta, p = para

Figure 76: Substitution position(s) for isoalloxazine

The singlet oxygen generated by the family of substituent(s) attached were compared against
the standard phenyl isoalloxazine (13c). This comparison allowed determination of selecting
which substituents (electron withdrawing or donating) would be beneficial to use in order to

design ideal candidate(s) as potential photo-antimicrobial agent(s).

The success of any novel photosensitizer for PDT critically depends on its photophysical and
photochemical properties. These being strong absorptions where photosensitisers are able to
absorb within the therapeutic window (600-1000 nm)*. The tissue light scattering range is
low, hence the depth of light penetration in tissues increases. In addition to this, a high quantum

yield of the photosensitisers triplet state formation, combined with high triplet lifetime can be
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achieved. This results as photochemical reactions predominantly occur in the excited state and

a good efficiency of the conversion of triplet oxygen to cytotoxic singlet oxygen is crucial®¥.

Table 31: Novel photosensitisers tested for singlet oxygen and radical production

p

o0 = ortho, m = meta, p = para

Photosensitiser

m
1c NH» H H
4c OH H H
6¢C H H OH
7c OMe H H
8c H OMe H
9c H H OMe
10c CHs H H
11c H CHs H
12c H H OCHs
13c H H H
14c Cl H H
15¢c H Cl H
16¢ H H Cl
17c OTs H H
18c H OTs H
19¢c H H OTS
20c COCOH H H
22¢ H H COOH
23c NO; H H
alloxazine
polymer*
*4-(Benzyloxy)benzyl bromide polymer-bound

Alloxazine and the polymer called 4-(benzyloxy)benzyl bromide polymer, which are covalently
bound to the isoalloxazine were also tested for their siglet oxygen and redicul production, in

order to compare the yeld generated both on and off the support.
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3.18.1 Measuring the singlet oxygen quantum yield spectrophotometrically
The sub-unit structure of 10-phenyl isoalloxazine (13c, (B)) is based on the structure of
alloxazine (A), Figure 77. The synthesised compounds are semi synthetics based on the

alloxazine structure, which is a natural product.

O 0
N N
©: S ONH C[ S ONH
z X
N N/J\o N N/J\o
H
Alloxazine - (A) 10 - Phenyl isoalloxazine, 13c - (B)

The singlet oxygen and radical yields for alloxazine was calculated using Equation 3. A
decrease in absorption of 2,3,4,5-tetraphenylcyclopentadienone (TPCPD) at 506 nm was
monitored over time using alloxazine (Figure 77-(A)) as the standard photosensitiser for control
purposes. The absorption decrease of TPCPD to 50% was directly proportional to its reaction

with singlet oxygen due to alloxazine photosensitisation (t % Allox).

(t %2 Allox) Equation 3

Reactive 10 ,Yield = (t % Der)

The calculations deduced the production of singlet oxygen yield for the standard photosensitiser,
alloxazine is 0.4825 (®a aLL). Thus, the lower the t % value for the derivative, the greater its

10, yield is.

Using the formula highlighted in Equation 4 the singlet oxygen/radical yields can be determined
for each of the synthesised substituted isoalloxazine dyes, with the standard being the

unsubstituted phenyl isoalloxazine, 13c.34

(t% 13c) Equation 4

®A Der = ®A 13 ——F— X% 100
er € (t ¥2 Der)

The time it takes for a 50% decrease in absorption results from each of the derivatives under

identical conditions (t¥2Der) gives a measure of its photosensitising efficiency. For these
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calculations the photosensitisation of 13c (t1»> 13c) was taken to be at 1.0, or 100% (both mean
the same) for DPPH (radical scavenger) and TPCPD (singlet oxygen gquenching agent)

absorption to decrease by 50%.
3.19 DPPH-radical data blue light

The radical yield for alloxazine, a known photosensitiser in the solvent DMSO is determined
using the method discussed in section 3.22 and is known to be previously quantified=s°.

As mentioned in section 3.18.1 the yield of radical for alloxazine (DA arL) was 0.4825 at (ti.
aLL) 60.97, and was taken to be 100%. Thus, singlet oxygen generated by unsubstitued

isoalloxazine was compared relative to alloxazine.

3.20 TPCPD-singlet oxygen data blue light

0 Ph
Ph . oh
Ph — =2 3 o
Ph Ph ©
Ph
Ph

The singlet oxygen yield (®A) for the novel standard photosensitiser, phenyl isoalloxazine (DA
13c) was 0.4893 at (t1213c) 40.45, and was taken to be 100%. Thus, singlet oxygen generated by
other analogues was compared relative to compound 13c. The method of these achieved

calculations is discussed in section 3.21.

The value for the fluorescence quantum yield for isoalloxazines are obtained by comparing them
initially against the standard alloxazine. Comparison of the generated singlet oxygen and
radicals were made against the standard alloxazine initially, becasuse the sub unit structure of
the synthesised isoalloxazines are similar to alloxazine. However, alloxazine was used only as
a control for calculation purposes of of the cytotoxic species. Subsequently, the synthesised
phenyl isoalloxazine (13c) with no substituents attached to the N-10 phenyl ring was used as the
standard compound, and thus all generated data of singlet oxyen/radical was compared against

compound 13c.
3.21 TPCPD-singlet oxygen data for 13c

The synthesised compounds were dissolved in the solvent DMSO in order to record the singlet
oxygen yields. DMSO was the chosen solvent for two reasons: firstly, it solubilises both
isoalloxazine and TPCPD, and secondly no side reactions are noticed during the experiments.

For the purpose of this study, the isoalloxazine was illuminated with a blue light (10 X 9 LED,
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with a power output of 19 lumens) at a distance of 5 cm. This distance was identified as the
optimum distance for illumination when compared to other tested distances, 10, 15 and 20 cm.
A straight-line equation is represented by Equation 5. Using the data obtained (Table 32) from
Equation 5 of Figure 79, it was possible to determine the half-life, and the relative singlet oxygen

yields (RSQY).

y=mx+c Equation 5

Singlet oxygen production of TPCPD (506 nm) + compound 13c
using blue light

1.200

y =-0.0115x + 0.9577
R?=0.9803

1.000

0.800 oo

......

0.600

0.400

Absorbance (nm)

0.200

0.000
0 5 10 15 20 25 30 35 40 45

Time (mins)

Figure 79: Singlet oxygen production of compound 13c

Table 32 shows the degradation of TPCPD (through its loss of absorption) when 13c was

illuminated with blue light.
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Table 32: Singlet oxygen data for compound 13c

Time (mins) TPCPD 13c +TPCPD Actual
(Abs-nm) (Abs-nm) (Abs-nm)

0 1.560 0.985 0.985
1 1.555 0.974 0.974
2 1.555 0.950 0.950
3 1.555 0.941 0.943
4 1.553 0.920 0.920
5 1.553 0.906 0.907
6 1.552 0.880 0.880
7 1.552 0.864 0.866
8 1.550 0.840 0.841
9 1.549 0.831 0.831
10 1.549 0.808 0.809
15 1.548 0.768 0.771
20 1.545 0.711 0.713
25 1.543 0.654 0.656
30 1.541 0.606 0.614
45 1.533 0.466 0.469

Prior to illumination of 13c, the absorbance at t = 0 was measured to be 0.985 (Table 32). Thus,
its absorbance upon reaching t='2 would be 0.493. This was subtracted from the “c” value
(0.9577) of the straight-line equation, to give -0.4647. This value was subsequently divided by
the “m” value (-0.011) to give its t ¥ at 40.45 min. Thus, the value taken for t %2 13¢ = 40.45
and this value will be used when calculating the subsequent yields for the other substituted

isoalloxazines.

By comparing the singlet oxygen production of the two compounds (alloxazine and 10-phenyl
isoalloxazine, Figure 77), it was noted that the addition of the extra phenyl ring at the N-10
position produced +1.50 times the amount of singlet oxygen in comparison to the alloxazine.
Based on this result, it was decided that substitution across the N-phenyl ring system; an increase
relative production of singlet oxygen could be achieved than the natural product alloxazine.
Thus, phenyl isoalloxazine was used as the standard for further calculations, due to the

substitution on the phenyl ring.
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3.22 DPPH-Redox for 13c

The radical production of the synthesised isoalloxazines were monitored using a radical
scavenger called 2,2-diphenyl-1-(2,4,6-trinitrophenyl)hydrazyl, (DPPH), Figure 80, using the
same method as for measuring the singlet oxygen production.

N—N NO, —— 2 5 N—N NO,
520 (nm)
DPPH (purple) DPPH-H (colourless)

The library of compounds were individually dissolved in DMSO and illuminated with blue LED
light for one minute at a distance of 5 cm. The absorbance of the radical scavenger and the
compound was measured spectrophotometrically at 520 nm. The radical data collected for

compound 13c is shown in Table 33, and in Figure 81 below.

Table 33: Redox data of compound 13c

Time (mins) | 13c + DPPH (Abs-nm)  Actual Absorbance (nm)

0 2.102 2.102
1 1.456 1.458
2 0.988 0.989

Using the data obtained from Equation 5 in Figure 81, the half-life, and the radical production

was calculated using the same method as discussed above for the RSOY.
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Radical production of DPPH (520 nm) + compound 13c using
blue light

y =-0.558x + 2.0747

E 2 R2=0.9918
Q
[S)
S 15
2
2
2 1
<

0.5

0

0 0.5 1 1.5 2

Tiime (mins)

Figure 81: Redox production of compound 13c

The absorbance at t = 0 was measured for 13c to be (Table 33) 2.102. The absorbance upon
reaching t =% would be 1.051. This was subtracted from the “c” value (2.0728) of the straight
line equation, to give -1.0218. Subsequently, this value was divided by the “m” value (-0.5565)
to give its t %2 at 3.114 min. Thus, the value taken for (radical production) t %2 13c¢ = 3.11, and
it is this value that will be used when calculating the radical production yields for the other

substituted isoalloxazines.
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For each of the synthesised isoalloxazines, the absorbance was also measured. The A max (NmM)
at 433.5 nm for compound 13c. The absorbance in Figure 82 at 1.40 with a A max 0f 266 nm can

be attributed to DMSO, as this was the solvent used to conduct the spectrometry experiments.

0.903 i -
200,00 200,00 40000 800,00 00,00 700,00

Figure 82: UV-Vis spectra for compound 13c

It is also noted that phenyl isoalloxazine (13c) shows two maxima in its absorption spectra
(Figure 82), between 300 nm and 500 nm. It can be predicted that these two long wavelength
bands arise from the - * transitions.

Upon evaluating all the novel synthesised isoalloxazines, it was noted that there was no
fundamental difference in the shift of the UV/Vis absorption for any of the isoalloxazines.
Although these molecules have an auxochromic effect resulting from the different substituents
attached to the N-10 ring, neither of the synthesised isoalloxazines shifted further than 435 nm.
Hence, the reason for selecting markers that absorb above this range (TPCPD - 506 nm and
DPPH -520 nm). Analysis of absorbance for each of the synthesised isoalloxazines showed no

overlap of the isoalloxazines and the markers, which resulted from the auxochromic shift.
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3.23 Photophysical studies of 10-phenyl isoalloxazine (R = H). (13c)

O

13c

Table 34: Percentage yield for 10-phenyl isoalloxazine

Compound o0o(R:) m(R2) p(Rs) Yield S/Oyield Radical

(%0) (%) yield (%)
13c H H H 98 150 294

The photophysical data for the un-substituted compound (13c) shows a brilliant production for
both the cytotoxic species. The singlet oxygen yield was detected in 150% and radical was
generated in a yield of 294%. Comparing the singlet oxygen yield generated against alloxazine
and its analogues (Table 30) clearly demonstrates that the novel synthesised isoalloxazine
(compound 13c) is a much better generator of singlet oxygen. Neither of the alloxazine
analogues in any of the solvents showed a singlet oxygen production above 73%3%®, Achieving
these results seems exceptionally promising as the results indicate novel analogues of 13c can

be potential photosensitisers that are good generators of cytotoxic species.
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3.24 Photophysical studies of amino derivatives of 10-phenylisoalloxazine (R =

NH>). (1c)
O

1c

Figure 84:Chemical structure of 10-(N-aminophenyl) isoalloxazines

Table 35: Photophysical data for 10-(2-aminophenyl) isoalloxazine.

N v Type I1 (S/O) Type | (Rad)
AN
. | t12 (Mins) Yield (%) | tiz (mins) | Yield (%)
S,

1clo 96.82 41.77 370.52 0.84
13c 40.45 100 3.14 100

The singlet oxygen studies was calculated for compound 1c using the method described in
section 3.21 by the data generated through degradation of TPCPD with compound 1c, and is
illustrated in Table 35. The absorbance a t = 0 was measured at 1.237 (Table 35), thus the
absorbance att = 1, would be 0.618. Upon further calculations using Equation 5 the calculated

value of ty» 1c = 96.82 mins.
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Table 36: Singlet oxygen data for compound 1c

Time (mins) 1c +TPCPD (Abs-nm) Actual (Abs-nm)

0 1.237 1.237
1 1.230 1.232
2 1.295 1.299
3 1.294 1.297
4 1.292 1.293
5 1.290 1.291
6 1.289 1.291
7 1.282 1.285
8 1.210 1.282
9 1.278 1.278
10 1.275 1.277
15 1.272 1.273
20 1.270 1.271
25 1.269 1.270
30 1.268 1.270
45 1.265 1.268
60 1.262 1.262

Compound 1c generated a singlet oxygen yield of 41.77%. Evidently, a lower yield of both
singlet oxygen and radical was produced than 13c, being 1.00 (100%). From this, it is deduced
that having an amino moiety substituted onto phenyl ring at the ortho position does not enhance

the production of singlet oxygen.

In contrast to this, the redox production of compound 1c with the radical scavenger DPPH in
DMSO was monitored as described in section 3.22. Prior to illumination the absorbanceat=0

was measured to be 1.934 (

Table 36), therefore the absorbance at t = 1, would be 0.967. From the generated data Equation

5 was used to calculate the value of ty, 1¢ = 370.50 mins.
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Table 37: Redox data for compound 1c

Time (mins) \ 1c +DPPH (Abs-nm) Actual (Abs-nm)
0 1.934 1.934
1 1.928 1.924
2 1.927 1.923
3 1.924 1.923
4 1.922 1.920
5 1.919 1.916
6 1.919 1.917
7 1.918 1.914
8 1.915 1.914
9 1.907 1.904

10 1.902 1.898
15 1.894 1.892
20 1.878 1.878

The radical production of 1¢ was compared against compound 13c in Table 37, and illustrated
in Figure 90. The generated yield was calculated using both Equation 4 and Equation 5.
Compound 1c produced a radical yield of 0.84%. It is deduced from the result that 1c is not a
radical producer since it generates very low yield of radicals. Thus, the conclusion made from
comparison of these two compounds (1c and 13c), is that compound 13c is a better molecule at
producing radicals having no substituents attached to the phenyl ring at the N-10 position.

Singlet oxygen & radical production for compounds
13c¢, & 1c using blue light
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Figure 85: Singlet oxygen and radical production of compound 1c verses 13c

Research conducted by Wenbin et at. also presented results concluding that although amino
substituent, a strong electron donating moiety on the N-10 phenyl ring are generators of singlet

oxygen medium electron donating substituents for example methoxy substituents are
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nonetheless better producers®®. This is clearly evident for results obtains within this study as
the methoxy substituents have generated higher singlet oxygen yields, and this can be seen in

section 3.26.
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3.25 Photophysical studies of hydroxy derivatives of 10-phenylisoalloxazine (R

= OH). (4c-6¢)

0]

N

CLLL

N \NAO
R1
Rz

R3

4c - 6C

Figure 86:Chemical structure of 10-(N-hydroxyphenyl) isoalloxazines

Table 38: Photophysical data for N-hydroxy phenyl isoalloxazine derivatives

T Type 11 (S/O) Type I (Rad)
N
CULx
N \N /go
~ t1z (Mins) Yield (%) tiz (Mins) Yield (%)
\\OH
4clo 150.97 26.79 147.954 2.11
6¢/p 498.45 8.12 3178 0.08
13c 40.45 100 3.114 100

Table 38 highlights the photophysical data (S/O and radical) obtained from compounds 4c and
6¢ respectively, whilst comparing against 13c as the non-substituted standard. This data was
determined using Equation 4 and Equation 5 from the data sets collected and calculated via the

non-direct spectrophotometry method as discussed in section 3.21.

The singlet oxygen yield generated by 4c, upon illumination with blue light, is 26.79% in
comparison to that of 6¢ which shows a threefold decrease in the amount of singlet oxygen
8.11% produced.

It is interesting to note that the radical yields produced by both 4c and 6¢ are miniscule when
compared to 13c. To expand, 4c was calculated to be 2.11% whilst 6¢ was 0.08%, indicating
their microbial action is due to Type Il photosensitisation. Figure 87 shows a graphical

representation of this with comparison against 13c.
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Singlet oxygen & radical production for compounds 13c, 4c
& 6c¢ using blue light
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Figure 87: Singlet oxygen and radical production of compound 4c¢ and 6¢ vs 13c

Comparing the singlet oxygen productions for compounds 4c¢ and 6¢ against 13c highlighted in
Figure 87, it can be determined that the ortho substituted isomer is a better producer of singlet
oxygen than the para substituted isoalloxazine. The yield of singlet oxygen generated by both
isomers show a low production that is primarily seen when the hydroxyl substituent is attached
to the phenyl ring on the pa ra position. It was assumed that having a hydroxyl moiety as a
substituent, the singlet oxygen production in comparison to the standard phenyl isoalloxazines
would increase significantly because of the electronic effects of the OH group. The OH moiety
being an electron donator would activate the N-10 ring, making the ring more reactive thus
increasing the production of singlet oxygen/radical®!. However, the results disproved this
assumption as both isomers (4c and 6¢) barely produced any singlet oxygen. Fundamentally, the
radical production between compounds 4c and 6¢ on evaluation deduced that the hydroxyl
moiety in the ortho position (4c) has a much shorter half-life and produces more radicals than
in the para position (6¢). Upon further evaluation of the radical production based on compound
13c, which is taken to be 1 (100%) demonstrates no enhancement on production of cytotoxic
species was observed compared to the standard isoalloxazine, 13c. Thus, overall the hydroxy
series are singlet oxygen generators rather than radical producers. They are not however better

producers than phenyl isoalloxazine.
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3.26 Photophysical studies of methoxy derivatives of 10-phenylisoalloxazine

(R = OCHs3). (7c-9c)
0
COL
NS ’J%o

N
Ry
R,

R3
7c - 9c

Figure 88: Chemical structure of 10-(N-methoxyphenyl) isoalloxazines

Table 39: Photophysical data for N-methoxyphenyl isoalloxazine derivatives

o)
N Type 11 (S/O) Type | (Rad)
L LK
>
N N/go
=z | ty (Mins) Yield (%0) ty2 (Mins) Yield (%)
\\OCHg
7clo 41.14 98.32 106.79 291
8c/m 234.5 17.25 139.59 1.71
9c/p 102.56 39.44 81.08 3.84
13c 40.45 100 3.11 100

The singlet oxygen yields for the substituted methoxy isoalloxazine derivatives generated were
calculated using the method discussed previously in section 3.21 and are expanded further

below.

The absorbance for compound 7¢ prior to illumination was measured at 0.896 and its absorbance
at ty», = 0.448. The singlet oxygen yields were determined using Equation 4 and Equation 5
from the data generated via the degradation of the TPCPD. The t1» calculated for compound 7¢
was; ti» = 41.14 mins and a singlet oxygen yield of 98.3%. Comparing this value of singlet
oxygen production with 13c being 1.00 (100%), it is evident that compound 7c produces singlet

oxygen at greater quantity than the standard phenyl isoalloxazine.

The same principle for determining the singlet oxygen yield of compound 9c was used as 7c.
The absorbance measured at t = 0 was 0.982 for compound 9c. Upon reaching its ti» the
absorbance was 0.491. The straight line equation determined the ti» 9¢ = 102.56 mins. Further

calculations using Equation 4 determined the singlet oxygen yield of 39.4%.
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The synthesised methoxy derivatives of 10-phenyl isoalloxazines were monitored for their
radical production. Thus, the degradation of DPPH was monitored for compounds 7¢ and 9c.
The radical yields were calculated for these compounds using the methods discussed previously
in section 3.22. Figure 89 shows the redox and singlet oxygen production for the 10-(N-

methoxyphenyl) isoalloxazines and for 13c.

The calculated t1/, for compound 7¢ was; ti> = 106.79 mins with a radical yield of 2.91%. Upon
comparison of this value against the radical production of compound 13c shows that compound
7c generates a radical production lower than the standard phenyl isoalloxazine.

Radical production for compound 9c was also calculated using the method described using
Equation 4 and Equation 5. Compound 9c prior to illumination had a t = 0 of 1.643 and its
absorbance at t1, was measured to be 0.822. Thus, its ti, was 81.08 mins and the radical yield
was calculated to be 3.84%. The photophysical data for these compounds are shown in Table

39compared against phenyl isoalloxazines.

Singlet oxygen & radical production for compounds 13c,
7¢, 8¢ & 9c using blue light
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Figure 89: Singlet oxygen and radical production of compounds 7c and 9c vs 13c

Upon evaluating the singlet oxygen yields for compounds 7c-9c, the ortho isomer (7c) produced
a singlet oxygen yield of 98.3%. Compound 8c and 9c produced a yield of 17.2% and 39.4%,
and these yields elucidated compound 7¢ to be a good generator of singlet oxygen but does not

produce more than the standard phenyl isoalloxazine, 13c.

In terms of radical comparison between the derivatives, the para isomer (9c) is a slightly better
radical producer as it generates a yield of 3.84%. Whereby the meta substituted isomer (8c)
produced the lowest radical yield (1.71%) within the series. A minute difference between the
two derivatives is observed in the yields produced. Nonetheless, it is evident that methoxy
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substituents are not great radical generators in comparison to the standard isoalloxazine
structure, as they do not show an improvement in the production of radical yields against

compound 13c.

These compounds were tested as antimicrobial agents against gram positive and gram negative
bacteria. Compounds (7c-9c) have proven to be successful candidates in producing cytoxic
affects particularly towards gram negative (E.coli) pathogens. Although compound 7c
demonstrated to be a better singlet oxygen generator than 9c, both compounds presented
antimicrobial activity in blue light and in darkness at 1 mM/mL concentration. However, no
antimicrobial activity was observed towards against gram positive bacteria (S. aureus).

Some differences are seen in terms of productivity of ROS when comparing the substituent
position on the N-10 ring. However, evaluating the results achieved for majority of the electron
donating subsstiuents show the substituent effects are very small; indicating that the substituents
on the N-10 phenyl substituents may not be able to interact on the alloxazine ring system due to
the steric effects of the substituents or the N-10 ring may be perpendicular to the main ring, and

this is similarly highlighted in research conducted by F.Bosca et al**?,
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3.27 Photophysical studies of tolyl derivatives of 10-phenylisoalloxazine (R =
CHs). (10c-12c).

10c - 12c

Figure 90: Chemical structure of 10-(N-tolylphenyl) isoalloxazines

Table 40: Photophysical data for tolylphenyl isoalloxazine derivatives

Type 11 (S/O) Type | (Rad)

O
N
N NH
No N 7O ¢ (mins) | Yield (%) | twe(mins) | Yield (%)
]
\\\\CF@
10c/o 48.19 83.99 4304.5 0.01
11c/m 97.24 4158 1.369 227
12¢/p 22.23 172.17 88.02 3.53
13c 40.45 100 3.114 100

As tolyl substituents are electron donating by inductive effects, it was interesting to compare
both the singlet oxygen and the radical yields produced by each of these isoalloxazines (10c-
12c).

The singlet oxygen yields were calculated using Equation 4 from the data sets obtained by each
of the tolyl isoalloxazine derivatives and highlighted in Table 40. The singlet oxygen data were

generated through loss of absorbance of TPCPD.

Calculations determined the singlet oxygen yield for compound 10c to be 83.99%. Comparing
this yield with the yield produced by 13c, it is concluded that compound 10c generates a lower
quantity of singlet oxygen. The singlet oxygen were calculated for compound 11c using

Equation 4 and Equation 5. Compound 11c produced a value of 41.58% and 12c generated an
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enhanced singlet oxygen yield of 172.17%, proving this compound a better singlet oxygen

generator than 13c.

Monitoring each of tolyl derivative produced the following radical yields: compounds 10c
produced 0.0072%, 11c produced 227% and compound 12c produced 3.53%. This
photophysical data sets achieved for compounds 10c-12c as well as 13c and are shown in Figure
91and illustrated graphically in Table 40.

Singlet oxygen & radical production for compounds 13c,
10c, 11c & 12c using blue light
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Figure 91: Singlet oxygen and redox production of compounds 10c-12c vs 13c

By observing the singlet oxygen yields generated and comparing against the oxygen yield
produced by 13c, taken to be 1.00 (100%) at t1>= 0.493, it can be concluded that compound 12¢
approximately generates a two-fold increase in the singlet oxygen yield. Thus, having a tolyl
group substituted at the para position of the phenyl ring makes it a better compound in terms of
the singlet oxygen generation than the standard isoalloxazine when having no substituents
attached across the phenyl ring system. It was interesting to note that although this compound
(12c) is a good generator of singlet oxygen it is not effective in terms of its antimicrobial activity
against neither gram positive or negative organisms as no antimicrobial activity was observed

at all for compound 12c post irradiation of microorganisms using blue light.

Having evaluated the results achieved from the radical data sets, it is deduced that compound
11c is a very good producer of radicals. These results indicate that a tolyl substituent in the
meta position of the phenyl ring shows that radicals are generated at a much improved rate than
the standard phenyl isoalloxazine, 13c. Compound 11c has a 1.74 times greater radical
production when compared to compound 13c and (11c) proved to show toxic effects towards
both E.coli and S. aureus at different concentrations. The microbial activity for compound 11c

against the gram positive bacteria S.aureus was observed at 0.25 mM/mL.
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From the results achieved by the tolyl derivatives, it is deduced that the electronic effects of the
CHs moiety as electron donating substituents unquestionably have an effect on both the singlet
oxygen and radical production®2. As a radical producer, the tolyl moiety substituted on the
meta position gave the best result and as a singlet oxygen generator the para substituted isomer
produced enhanced amounts of singlet oxygen. In conclusion to this series the tolyl moiety have
proved to be good substituents as radical/singlet oxygen generators compared to alternative

electron withdrawing / donating groups.
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3.28 Photophysical studies of chloro derivatives of 10-phenylisoalloxazine (R =

Cl). (14c-16¢)
o)

14c - 16c¢c

Table 41: Photophysical data for chlorophenyl isoalloxazine derivatives

P Type 11 (S/O) Type | (Rad)
Cry
N \N /KO
=z

© t12 (Mins) Yield (%) ti2 (mins) Yield (%)
|
e

14c/o 139 29.08 36.00 8.64

15¢/m 52.2 77.49 3.13 99.47

16¢/p 85.5 47.3 11.49 27.09
13c 40.45 100 3.114 100

Chloro, an electron withdrawing moiety substituted to the phenyl ring affects the electron
density of the tricyclic ring system. Thus, it was fascinating to evaluate the photophysical results
obtained with the electron withdrawing substituent attached to the ring and comparing the results
with 13c.

The singlet oxygen yields were calculated using Equation 4 from the data obtained by each of
the chlorophenyl isoalloxazine derivatives (14c-16c) and presented in Table 41 with compound
13c. Compounds 14c produced 29.08%, 15c produced 77.49% and compound 16c generated a
yield 47.30%. Upon evaluation of these results, it can be concluded that a meta substituted
isomer produced a higher quantity of singlet oxygen yield compared to other isoalloxazine
isomers. The interesting observation made with this molecule (15¢) was that it did not pose any
antimicrobial effects against E.coli at the tested concentrations from 1.0 mM/mL-
0.063 mM/mL. However, antimicrobial activity was observed against the gram-positive

bacteria (S.aureus) at a concentration of 0.125 mM/mL.
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The comparison of radical yields for chlorophenyl substituted isoalloxazine was monitored
using the methods discussed as before. The radical yields were for compounds 14c-16¢ were
calculated using Equation 5. Compound 14c produced a radical yield of 8.64%, 15¢ produced
99.47% and 16¢ generated a yield 27.09%. The photophysical data achieved are tabulated in
Table 41 and illustrated graphically in Figure 93 with the data set of compound 13c.

Singlet oxygen & radical production for compounds 13c,
14c, 15 & 16¢ using blue light
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Figure 93: Singlet oxygen and radical production of compounds 14c-16¢ vs 13c

The results achieved from calculations of the radical yield production show that although chloro
substituents can generate radicals, they are not better producers than 13c as enhanced yields than
the standard phenyl isoalloxazine were not produced. However, it is encouraging to observe the

meta isomer (15c¢) produced a very close radical yield to 13c.

Upon observation of the singlet oxygen yields generated and comparing against phenyl
isoalloxazine, 13c, it is deduced that neither derivatives of the chloro series (14c-16c¢) are better
generators of singlet oxygen, as no isomer produced a yield greater than 13c.

It was of great interest to note that having electron withdrawing groups that are ortho/para
directors and weakly deactivate the phenyl ring, have no effect on the production of singlet
oxygen. This evidently shows that the ring system is definitely being deactivated due to the

electronic effects of the chlorine substituents.
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3.29 Photophysical studies of tosyloxy derivatives of 10-phenylisoalloxazine

(R=0Ts). (17¢-19¢)
o)

17c - 19c

Figure 94: Chemical structure of 10-(N-tosyloxyphenyl) isoalloxazines

Table 42: Photophysical data for tosyloxyphenyl isoalloxazine derivatives

o Type 11 (S/0) Type | (Rad)
N
NS
N N/KO
t1z (Mins) Yield (%) | ti2 (mins) | Yield (%)
Q
\\OTS
17clo 53.34 75.78 69.7 4.46
18c/m 59.41 68.08 2032 0.12
19c¢/p 41.72 96.94 17.86 13.41
13c 40.45 100 3.11 100

Photophysical studies of the 10-(N-tosyloxyphenyl) isoalloxazines are of interest because
tosylate substituents are weakly electron withdrawing, and are ortho/para directors. The OTs
moiety would change the electron density of the ring system and it is for this reason the
comparison of both radical and singlet oxygen yields generated by each (17c-19c) of the

derivative is of great interest.

The singlet oxygen yields for each of the tosyloxyphenyl derivatives, were calculated using

Equation 4 from the half-life and absorbance data obtained experimentally.

Compound 17c produced singlet oxygen yields of 75.75%, 18c generated 68.08% and
compound 19c produced 96.94%.

The radical production for the tosyloxyphenyl series were calculated using the method discussed
for all other library of isoalloxazines and highlighted in Table 42, and represented graphically

in Figure 95. The radical yields achieved for each of the OTs isoalloxazine derivatives reveals
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that compounds 17c produced 4.46%, 18c produced 0.12% and compound 19c¢ produced
13.41%.

By analysis it is observed that each of the 10-(N- tosyloxyphenyl) isoalloxazine isomers are not
great radicals producers as neither of the derivatives generated radicals at an enhanced amount

than the standard pheny! isoalloxazine.

Singlet oxygen & radical production for compounds 13c,
17c, 18c & 19c using blue light

WSO % vyi
120 SO % yield
(%] H 0, 1
Tg 100 B Radical % yield
2
e 80
]
Q 60
ol
o
%) 40
=l
@
> 20
X
0 = []
13c 17c 18c 19c¢
Compound code
SO % yield 100 75.78 68.08 96.94
Radical % yield 100 4.46 0.12 13.41

Figure 95: Singlet oxygen and radical production of compounds 17c-19c vs 13c

Evaluation of the singlet oxygen yields show that compound 19c, para substituted OTs on the
phenyl ring produces singlet oxygen yield very close to 13c. Figure 95 clearly shows that having
these weak electron withdrawing groups (OTSs) substituted to the phenyl ring system not alter
the electron density significantly. Although compounds 17¢-19¢ predominantly produce more
singlet oxygen than radicals, neither isomer was able to generate an enhanced yield than 13c.
Whilst comparing the efficiency of cytotoxicity for this series of isoalloxazines it was also
determined that no antimicrobial effect was observed against the gram negative bacteria.
However, there is evidence to show that antimicrobial activity was present towards S.aureus,
gram positive organism at an improved rate than the standard phenyl isoalloxazine and is

discussed in sections 4.9 and 4.21.
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3.30 Photophysical studies of carboxy derivatives of 10-phenylisoalloxazine (R
= COOH). (20c-22c)

20c - 22¢

Figure 96: Chemical structure of 10-(N-carboxyphenyl) isoalloxazines

Table 43: Photophysical data for carboxyphenyl isoalloxazine derivatives

N\f?\NH Type 11 (S/O) Type | (Rad)
©:N \N/go
P t12 (Mins) Yield (%) tiz (Mins) Yield (%)
\\|COOH
20c/o 286.46 14.12 1065.62 0.29
22¢/p 319.11 12.67 351.64 0.88
13c 40.45 100 3.11 100

The photophysical data accumulated for these electron withdrawing substituents attached to the

isoalloxazines are highlighted in Table 43.

The singlet oxygen yields for compounds 20c and 22c were calculated using the same method
as used for the library of isoalloxazines. Compound 20c generated a singlet oxygen yield of
14.12% and 22c¢ was determined to be 12.67%. Evaluation of the yields achieved by the electron
withdrawing isoalloxazines demonstrate that having a carboxylic acid moiety does not induce
the generation of singlet oxygen production at higher yields than that of the isoalloxazine with

no substituents attached, (13c).

The radical production for compounds 20c and 22c was calculated from the data set obtained.
Each on these compounds produced negligible radical yields, 20c produced 0.29% & 22c
generated a yield of 0.88%.Upon evaluation of the yields achieved, it is noted that not only is
the radical production lower than the standard phenyl isoalloxazine but also of singlet oxygen,

which is evident in Figure 97.

184 |Page



Singlet oxygen & radical production for compounds 13c, 20c,

& 22c using blue light
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Figure 97: Singlet oxygen and radical production of 20c and 22c vs 13c
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3.31 Photophysical studies of nitro derivatives of 10-phenylisoalloxazine (R =
NO2). 23c

23c

Figure 98: Chemical structure of 10-(N-nitrophenyl) isoalloxazines

Table 44: Photophysical data for 10-(2-nitrophenyl) isoalloxazine derivatives

N i " Type 11 (S/O) Type | (Rad)
: :N Y /Ko
NO2 tiz (Mins) Yield (%) | ti. (Mins) | Yield (%0)
23/oc 306.09 13.21 42.12 7.39
13c 4.45 100 3.11 100

The singlet oxygen yield for compound 23c was calculated using Equation 4 and Equation 5.
Compound 23c generated a yield production of 13.21%. Whilst comparing this yield with
phenyl isoalloxazine, 13c, it is deduced that a lower yield was generated, consequently making
13c a better generator of singlet oxygen having no substituents attached to the phenyl ring.

The radical production was determined for compound 23c via the same principle as singlet
oxygen production and generated a radical yield of 7.39%. Comparison of this yield with 13c
clearly illustrates that compound 23c is not a radical producer and these results are highlighted

in Figure 99.
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Singlet oxygen & radical production for compounds 23c and
13c using blue light
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Figure 99: Singlet oxygen and radical production of compound 23c vs 13c
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Chapter 4

Results and Discussion-microbiology

In the present study, the antimicrobial activity of a library of synthesised isoalloxazines, alleged
to have cytotoxic effects were evaluated for their potential antimicrobial activity against the
medically important bacteria Staphylococcus aureus and Escherichia coli.

In microbiology, the Minimum Inhibitory Concentration (MIC) is the lowest concentration of
an antimicrobial that will inhibit the visible growth of a microorganism after overnight
incubation. Minimum inhibitory concentrations are important in diagnostic laboratories to
confirm resistance of microorganisms to an antimicrobial agent and also to determine the
potency of new antimicrobial agents. An MIC is generally regarded as the most basic laboratory
measurement of the activity of an antimicrobial agent against an organism.

In the present work it was noticed that reduced growth of colonies was observed at certain
concentrations, and this was designated ‘partial inhibition” and given the symbol . Figure 100
illustrates an example of reduced growth of the microbes. This is not numerically verified, as it
is intended to be a screening process only and not as a definitive assay which shows the presence
of antimicrobial activity.
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1.0 mM/mL

0.063 mM/mL
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Figure 100: Example of partial inhibition of microbes at various concentrations

Figure 100 shows how a typical MIC was recorded of both the gram negative and gram positive
microbes at the said concentrations (ranging from 1.0 mM/mL to 0.063 mM/mL). It can be seen
that that no antimicrobial activity has occurred in the control, whereas all other concentrations
including 0.063 mM/mL show ‘partial inhibition’ of growth. Although partial inhibition is
detected, it is important to note that it is not considered as an MIC value, but evidence of
antimicrobial activity. Concentrations lower than 0.063 mM/mL were not tested as preparation
of this concentration was proving to be difficult in terms of accuracy. To avoid such errors,

testing of lower concentrations was not undertaken.

4.1  Antimicrobial & photophysical studies for the synthesised isoalloxazines

The antimicrobial activity of the synthesised library of isoalloxazines was monitored in the dark
and in blue light in order to investigate whether the wavelength (450-495 nm) of blue light
effected the antibacterial activity in terms of the MIC.

In order to follow the compound codes through the text, Table 45 designates each of the
molecules with a given code that can be used as reference.
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Table 46 and Table 47 present the antimicrobial activity of the compounds tested in terms of

values considered as MIC*s

Figure 101 and Figure 102 present the antimicrobial activity of the compounds tested in terms
of MIC values and partial inhibition values recorded. The figures presented are intended as an
aid to the results and discussion, in that they highlight partial or reduced (compared to the growth
in the dark) microbial growth where it was recorded, and may point to antimicrobial activity.
Table 48 to Table 58, present antimicrobial activity in terms of actual MIC values obtained,
where Table 48, Table 53, Table 54, Table 55, Table 56, Table 57 and Table 58 present
antimicrobial activity in terms of MIC values together with photophysical data.

Where anomalous results were obtained, they can be referred to in Table 72 to Table 89 in
Appendix 1.
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Table 45: Compound codes (regioisomers”)

Antibacterial Agent/Biocide Compound Code
@]
N
X
N N/go
13c
10-Phenyl isoalloxazine
O
N
X
NH, 0-NH;
10-Aminophenyl isoalloxazine
(0]
N
N NH
(X T
N N © 4c/6¢
/ 0-OH/ p-OH
“
OH
10-Hydroxyphenyl isoalloxazine
0]
N
N NH
A N © 7c/8c/9c
= O-OCH3/ m-OCH3/ p-OCHg
o
OCH,4
10-Methoxyphenyl isoalloxazine
@]
N
N NH
X ﬂ
NN o 10c/11c/12¢
V 0-CH3a/ m-CHgy/ p-CH3
“
CHj
10-Tolylphenyl isoalloxazine
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0]
N
A NH
L Tr
NN O 14c¢/15¢/16¢
- 0-Cl/ m-Cl/ p-ClI
o
Cl
10-Chlorophenyl isoalloxazine
¢}
N
ULt
N \N/J%o
17¢/18c/19c
z | 0-OTs/ m-OTs/ p-OTs
N
OTs
10-Tosyloxyphenyl isoalloxazine
@]
N
NS /&
N N o]
20c/22c
= 0-COOH/ p- COOH
N\
COOH
10-Carboxyphenyl isoalloxazine
¢}
N
UL
X
N N/go 23c
NO, 0-NO;
10-Nitropheny! isoalloxazine

“Compounds with more than one code are regioisomer.
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Table 46 and Table 47 present an overview of the MIC results obtained for the tested isoalloxazines with varying functional groups attached to each of the phenyl ring,
against the gram negative and positive bacteria.

Table 46: Recorded MIC results against E.coli

Gram negative organism: E.coli

Compound Code MIC concentration (mM/mL)in Dark MIC concentration (mM/mL) in Blue light

13c” MIC >1.0 MIC > 1.0
1c MIC >1.0 MIC > 1.0
4c” MIC 0.5 MIC > 1.0
6c MIC >1.0 MIC >1.0
7c MIC 1.0 MIC > 1.0
8c MIC >1.0 MIC > 1.0
9c MIC 1.0 MIC 1.0
10c” MIC >1.0 MIC 1.0
11c MIC 1.0 MIC > 1.0
12¢ MIC >1.0 MIC >1.0
1l4c MIC >1.0 MIC > 1.0
15¢ MIC>1.0 MIC >1.0
16¢ MIC >1.0 MIC >1.0
17¢c MIC >1.0 MIC >1.0
18c MIC>1.0 MIC >1.0
19c MIC>1.0 MIC >1.0
20c MIC >1.0 MIC >1.0
22¢ MIC >1.0 MIC >1.0
23c MIC >1.0 MIC >1.0
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Table 47: Recorded MIC results against S.aureus

Gram positive organism: S.aureus

Compound Code MIC concentration (mM/mL)in Dark MIC concentration (mM/mL) in Blue light
13c” MIC > 1.0 MIC > 1.0
1c MIC > 1.0 MIC > 1.0
4¢” MIC 0.5 MIC > 1.0
6c MIC > 1.0 MIC > 1.0
7c” MIC>1.0 MIC>1.0
8c MIC > 1.0 MIC 0.25
9c” MIC > 1.0 MIC > 1.0
10c¢” MIC > 1.0 MIC > 1.0
11c¢” MIC > 1.0 MIC 0.25
12¢” MIC>1.0 MIC>1.0
14c MIC>1.0 MIC>1.0
15¢ MIC 1.0 MIC 0.25
16¢” MIC 1.0 MIC >1.0
17c MIC>1.0 MIC>1.0
18c MIC>1.0 MIC>1.0
19c MIC>1.0 MIC>1.0
20c MIC > 1.0 MIC>1.0
22¢ MIC 1.0 MIC 1.0
23c MIC>1.0 MIC>1.0

Asterisks (*) in Table 46 and Table 47 denote partial inhibition values recorded
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4.2 Comparison studies for antimicrobial results of synthesised isoalloxazines
using blue light

4.2.1 E.coli

The antimicrobial results achieved for the full library of synthesised isoalloxazines are collated
and illustrated in Figure 101.

It is evident that little antimicrobial activity is observed in the majority of the synthesised
isoalloxazines against the gram negative organism- E.coli. It was interesting to note the standard
phenyl isoalloxazine (compound 13c) did not record an MIC against E.coli. Thus, a comparison
of antimicrobial activity for all other synthesised isoalloxazines was important to see whether
having additional substituents could affect the microbial action in terms of its toxicity towards the

gram negative organism.

The results achieved for the compounds in the library, showed that compounds with electron
donating properties- i.e. compounds 9c and 10c, were able to exert toxic effects on the gram
negative microorganism when illuminated with blue light. The two compounds (9¢ and 10c)
recorded antimicrobial activity at 1 mM/mL. Although compound 10c recorded an MIC for
E.coli, it was also the only compound to inhibit growth of this organism, as partial activity was
detected for the additional tested concentrations (Table 80, Appendix 1). No other isoalloxazine
produced a total biocidal effect against E.coli. Compound 10 also produced partial toxic effects
at lower concentrations. It was interesting yet disappointing to note that four other antimicrobial
agents (4c, 7c, 8c, 11c) presented partial microbial activity against E.coli at 1.0 mM/mL
concentration (Table 76, Table 78, and Table 80).
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Antimicrobial activity of all antimicrobial agents against E.coli in blue light.

No Growth

Partial Growth

Growth

1 m0.5
13c 1c 4c 6¢ 7c 8c 9¢ 10c 11c 12¢ 14c 15¢ 16¢ 17¢ 18c 19¢ 20c 22¢ 23c
m0.25 m0.125
Antimicrobial Agent

m0.063 Concentration mM/mL

Figure 101: Antimicrobial activity of E.coli
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422 S.aureus

The complete synthesised library of isoalloxazines was tested for their antimicrobial activity
against S.aureus. The results of antimicrobial activity is illustrated in Figure 102.

Figure 102 shows an increase in antimicrobial activity towards S.aureus compared to E.coli.
Having tested the synthesised library of isoalloxazines for their antimicrobial activity it is seen
that four isoalloxazines produced antimicrobial activity for the tested microorganisms. Total
antimicrobial activity was observed for compounds 8c, 11c, 15c, and 22¢. Of these compounds
8c-11c have electron donating substituents attached. Compound 13c is taken to be a
neutral/standard isoalloxazine as no substituents are attached to the phenyl ring and antimicrobial
activity of all other synthesised isoalloxazines are compared against the standard. Compound 13c
presents an MIC at 0.5 mM/mL and its partial activity is observed at 1 mM/mL (Table 73)
Compounds 15c, 16¢, and 22¢ (Appendix 1, Table 83 and Table 86) have electron withdrawing
substituents attached to the phenyl ring system. It is interesting to note that majority (ten)
isoalloxazines presented partial antimicrobial activity (Figure 102). Of these compounds the
partial activity is observed for isoalloxazines that have electron withdrawing substituents
attached. Only two compounds (4c and 6¢) have electron donating substituents. Although only
partial activity is observed for these isoalloxazines, further moderation of the isoalloxazine
structure may indicate the possibility of achieving greater microbial activity, resulting in a
biocidal effect on the pathogenic bacteria. It was dissapointing to observe that many of the
number six (1c, 7c, 9c, 10c, 12c,and 14c¢) isoalloxazines had no antimicrobial activity at all. Of
these compounds 1c, 7c, 9c, 10c, and 12c have electron-donating properties and 14c has an

electron withdrawing effect from the substituent attached to the phenyl ring.
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Antimicrobial activity of all antimicrobial agents against S.aureus in blue light.

No Growth

Partial growth

Growth
13c 1c 4c 6¢ 7c
ml mo0.5
m0.25 m0.125
m0.063 Concentration mM/mL

8c

9c 10c 11c 12c¢ 14c 15¢

Antimicrobial agents

Figure 102: Antimicrobial activity of S.aureus
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4.3 Antimicrobial & photophysical studies for compound 13c

Table 48 shows an overview of the antimicrobial and photophysical data obtained from the

standard phenyl isoalloxazine, 13c

Table 48: Antimicrobial activity & photophysical data for 13c in blue light

Compound MIC(mM/mL) | MIC(mM/mL) | !O;Yield (%) Radical yield
(%)
E.coli S. aureus
13c >1.0 >1.0 100 100

Compound 13c was dissolved in methanol and ringers solution, to prepare a stock solution of 1.0
mg/mL2. This solution was diluted to give 1 mM/mL, 0.5 mM/ mL, 0.25 mM/ mL, 0.125 mM/
mL, and 0.063 mM/ mL). To each of these dilutions, the freshly prepared bacteria (E.coli and
S.aureus) were individually added. The varying concentrations containing the bacterial
suspensions were illuminated for 12 hrs in blue LED light. Each of the concentrations was then
inoculated onto an agar plate and incubated for a further 12 hours at 37 °C in order to show the

minimum antimicrobial activity of each concentration.

Table 49 and Table 50 show the antimicrobial activity results achieved for compound 13c against

both E. coli and S.aureus.

Table 49: MIC of 13c against E.coli

Antibacterial Compound Gram negative organism: E.coli
Agent/Biocide Code g g 1E.
N 0 Light Concentration in mM/mL/MIC
CULx
N \N /J*o 1 0.5 | 0.25| 0.125 | 0.063
13c Dark MIC >1.0
10 - Phenyl isoalloxazine Blue MIC >1.0
Light '

Table 49 shows that an MIC value was not obtained for this compound against E. coli in the dark,
as it was greater than 1.0 mM/mL. This indicates the compound was not a potential inhibitor, as
the MIC value is predicted to be above the maximum tested concentration. Illumination of this
compound with blue light also gave an MIC value to be greater than 1.0 mM/mL. Partial
inhibition was recorded at 1mM/mL (Table 72, Appendix 1, Figure 103)
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The antimicrobial activity for S. aureus was determined and shown in Table 50.

Table 50: MIC of 13c against S.aureus

Antibacterial Compound Gram positive organism: S.aureus
Agent/Biocide Code b g e
Nfl\ Light | Concentration in mM/mL/MIC
(XX
N \N/J%o 1105|025 | 0125 | 0.063
13c Dark MIC >1.0
. Blue
10 - Phenyl isoalloxazine 130 Light MIC>1.0

The MIC for this compound (13c) was above the concentration range tested under both light
regimes. However, partial inhibition was observed at 1 mM/mL after illumination with blue light
(Table 73, Appendix 1 and Figure 103).

Antimicrobial activity of 13c using blue light
No Growth

Partial Growth
- I I l l I

Concentration mM/mL

W E.coli W S.aureus

Figure 103: Antimicrobial activity of 13c using E.coli and S. aureus

This result was interesting as the two organisms have a different cell wall structure and yet the
same toxic effects were recorded for both the organisms. The bacteria cell envelope is a complex
multi-layered structure that protect the organisms from the hostile environment. The gram
positive bacteria lacks an outer membrane layer but has a thick peptidoglycan layer. However,
this differs from the gram negative organisms as they have a chemically complex layer, which
contains a thin peptidoglycan cell wall that is surrounded by an outer membrane consisting of
lipopolysaccharides®*. With this in mind, it was not surprising to observe for this project, less
antimicrobial activity overall was detected on the gram negative (E.coli) organism than the gram

positive (S.aureus).
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4.4  Antimicrobial & photophysical studies for compound 1c

The antimicrobial activity was monitored for compound 1c. After incubating the microbes with
compound 1c at 37 °C for 12 hours, its antimicrobial activity was determined and compared to

the photophysical data obtained (Table 51) for compound 1c.

Table 51: Antimicrobial activity & photophysical data for 1c in blue light

Compound MIC(mM/mL) = MIC(mM/mL)S. !O:Yield (%) Radical yield

E.coli aureus CH))

1c >1.0 >1.0 41.44 0.84

Analysis of the results obtained from both the gram negative and positive organisms showed that
no antimicrobial activity was seen in either blue light or in darkness. Although the amino (NH>)
substituent a strong electron donator attached to the phenyl ring is a singlet oxygen generator, no
biocidal activity was observed towards either organisms.

As no antimicrobial activity in terms of MIC against E.coli was noted at any of the concentrations
tested under the light regimes, suggests that the MIC value is greater than ImM/mL.

Compound 1c again showed no antimicrobial activity against S.aureus being observed under
either of the light regimes at all tested concentrations, indicating the MIC value for this compound

is above 1 mM/mL.

Having a strong electron donating substituent (NH-) attached to the phenyl ring; no toxic effects
were seen at the tested concentrations or as a result of illumination with blue light. These results
were surprising, as ‘some’ antimicrobial activity could potentially be expected as singlet yield

(41.44%) was achieved in a good yield.
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4.5 Antimicrobial & photophysical studies for compound 4c and 6¢

The photophysical data was obtained for compounds 4c and 6c, with a hydroxyl moiety
substituted in the ortho and para position of the phenyl ring. The antimicrobial activity for these
newly synthesised molecules was tested and compared against the photophysical data obtained,
as shown in Table 52.

Table 52: Antimicrobial activity & photophysical data for 4c and 6c¢ in blue light

Compound MIC(mM/mL) MIC(mM/mL) 10, Yield (%0) Radical
E.coli S. aureus yield (%)

4c >1.0 >1.0 26.79 2.11

6C >1.0 >1.0 8.11 0.08

No antimicrobial activity was seen for compound 6c¢ at the tested concentrations of 1-0.063
mM/mL in the dark. Compound 4c after illumination with blue light presented partial growth of
the microorganism at 1 mM/mL and no microbial activity was recorded for compound 6¢. For
both these compounds, an MIC greater than 1 mM/mL was recorded for E.coli.

These compounds (4c and 6¢) were also tested against the gram positive organism, S. aureus and
all MIC values for the hydroxyphenyl series were above tested range. The MIC for compound
4c was above 1.0 mM/mL, an anomalous results was recorded at a concentration of 0.5 mM/mL
in the dark where no growth was detected (Table 76, Appendix 1). When compound 4c was
illuminated with blue light, the MIC was also recorded to be greater than 1.0 mM/mL. A partial
growth was seen at lower concentrations, this being between 0.25-0.125 mM/mL. Compound 6c
at 0.5 mM/mL was seen to give partial growth inhibition for both the tested regimes and this result

of partial inhibition is still recorded as microbial growth.

When considering the photophysical results for these compounds, it can be seen that although an
average yield (26.79%) of singlet oxygen was produced by compound 4c, partial microbial growth
at 0.25-0.125 mM/mL was observed as a result of illuminating with blue light, but no MIC was
detected.

Compound 6¢ shows extremely low productions of cytotoxic species (singlet oxygen and
radicals). When comparing the production of singlet oxygen and radicals generated by the
isoalloxazine with electron donating substituent (OH) attached to the phenyl ring, with the
antimicrobial activity for compound 6c, it could be considered that either none or very little

microbial growth would occur as a result of low levels of toxic species.
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The results show that no toxic effects were recorded for E.coli at all. However, the antimicrobial
activity by S. aureus shows partial growth under both blue light and darkness. No direct
relationship can be seen in the antimicrobial results obtained for the two hydroxphenyl isomers
after illumination with blue light. For compound 4c at the concentration of 1 mM/mL, partial
microbial growth against E.coli can be associated with the singlet oxygen generated (26.79%).
Although low yields of singlet oxygen and/or radical was produced, partial inhibition of
compound 4c against S. aureus was detected at the lower concentrations (0.25 — 0.063) mM/mL,

yet, this is not considered to be the official MIC value.

Extremely low yields of the cytotoxic species were obtained for compound 6¢ and no MIC or
reduction in growth was observed for E. coli at any of the concentrations tested. This can be
associated to the low production of cytotoxic species. Although very low yields of singlet oxygen
and radicals were produced for this compound (6c), surprisingly reduced growth was observed at

0.5 mM/mL against S.aureus.
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4.6 Antimicrobial & photophysical studies for compound 7¢c-9c

Table 53 shows an overview of the antimicrobial and photophysical data obtained from the

methoxy substituted isoalloxazines for compounds 7¢c-9c.

Table 53: Antimicrobial activity & photophysical data for 7c and 9c in blue light

MIC (mMM/mL) | MIC (mM/mL) . Radical yield
Compound E( coli ) (S. aureus) Oz yield (%) (%)

7c >1.0 >1.0 98.32 291
8c >1.0 0.25 17.25 1.71
9c 1.0 0.5 39.44 3.84

For each of the synthesised isoalloxazines the antimicrobial activity was tested on freshly
prepared bacteria and compared against the photophysical data obtained.

Under dark conditions the MIC of compound 7c was achieved at concentration 1 mM/mL. Using
blue light illumination, compound 7c¢ shows a partial reduction in growth (Table 78, Appendix 1
and Figure 104) at the same concentration, suggesting the MIC value to be greater than 1.0
mM/mL. No further activity was observed at any of the tested concentrations in either light

regimes.

The meta substituted methoxyphenyl isoalloxazine (compound 8c) shows no evidence of
antimicrobial activity in the dark, however partial reduction in microorganism growth is seen after
illuminating with blue light at 1 mM/mL, and no further antimicrobial activity was observed at
all other tested concentrations for this compound. The MIC for compound 9c was recorded at 1
mM/mL under both light regimes. Analysis of the photophysical data shows that singlet oxygen
was achieved at 39.44%, indicating that this quantity of the cytotoxic species was enough to kill

100% of the gram negative organism (E.coli).

The antimicrobial activity for the methoxy series of isoalloxazines were tested against the gram
positive, S.aureus microorganism. The MIC was determined using the standard protocol by

monitoring the antimicrobial activity using blue light illumination and in darkness.

Compound 7c showed no growth at the concentration 0.5 mM/mL under darkness, this is an
anomalous result as growth is observed at 1 mM/mL. Upon re-testing this compound, the same
result was achieved on all three occasions. Knowing that methoxy substituent is an electron
donating moiety and activates the N-10 phenyl ring making it reactive; could suggest the reason
for antimicrobial activity to be detected at this concentration (0.5 mM/mL)). No additional
activity is observed after illuminating this compound with blue light. The meta substituted

isoalloxazine (8c) in the dark shows no antimicrobial activity. However, when illuminating with
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blue light no growth is detected from 1 mM/mL to 0.25 mM/mL resulting in the MIC value as
0.25mM/mL. The last compound in this series (compound 9c¢) also gave an anomalous result at
0.5 mM/mL under both light regimes, (Table 79, Appendix 1 and Figure 104) even after being re-
tested on multiple occasions. The results achieved by this compound seems somewhat anomalous

particularly having an extremely poor yield for the radical production (3.84%).

Figure 104 illustrates the antimicrobial activity for all three isomers of the methoxyphenyl

isoalloxazines when illuminated from a 5 cm height using blue light.

Antimicrobial activity of 7c, 8c & 9c using blue light

No Growth

Partial Growth

Growth
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Figure 104: Antimicrobial activity for compounds 7c, 8¢ & 9c-using E.coli and S. aureus

The results show no immediate similarities in antimicrobial activity. It can be seen that compound
7c¢ showed partial microbial growth at 1 mM/mL for E.coli and no antimicrobial activity was
observed for S. aureus. This result was surprising as the singlet oxygen yield produced by 7¢ was
extremely high (98%, Table 53) yet minimal toxic effects were recorded for both microorganisms.
In contrast to this, an interesting result was achieved by compound 8c as partial antimicrobial
activity was observed at 1 mM/mL for E.coli. However, it is seen to be the most potent isomer in
killing the S.aureus microorganism, as compound 8c showed 100% inhibition of growth at

concentration range from 1 mM/mL to 0.25 mM/mL.

A comparison of the substituted methoxyphenyl isomers, (Figure 104) illustrates that a reduction
in antimicrobial action is predominantly produced by compound 8c. This result is interesting as
the photophysical data shows that 8c generated the least quantity of cytotoxic species-singlet
oxygen and radicals. Whereby, the para substituted compound (9c), shows 100% inhibition of
microbial growth at 1 mM/mL for E.coli, and at 0.5 mM/mL for S.aureus (although this is not
recorded as the official MIC value). The singlet oxygen produced by 9c was 39%, signifying that

this yield was sufficient to inhibit the bacteria at these concentrations.
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The methoxy substituted isalloxazines were attached to a polymer support as discussed in section
4.18 and tested against microbial activity. Compound 7d presented no antimicrobial activity
against either of the tested organisms. However, 9d recorded an MIC value of 1.0 mM/mL against
the gram positive organism. Achieving this result was promising as this confirmed that the
synthesised isoalloxazine substituted to a polymer support is able to retain its antimicrobial
activity.

4.7 Antimicrobial & photophysical studies for compound 10c-12¢

An overview of the antimicrobial and photophysical data obtained for the substituted tolyl
isoalloxazines compounds 10c—12c are illustrated in Table 54.

Table 54: Antimicrobial activity & photophysical data for 10c-12c in blue light
MIC (mM/mL) | MIC (mM/mL) 10, yield Radical yield

Compound
(E. coli) (S. aureus) C)) (%)
10c 1.0 >1.0 83.99 0.01
11c >1.0 0.25 41.58 227
12¢ >1.0 >1.0 172.17 3.53

The antimicrobial activity was monitored for each of the synthesised compounds in the dark and
in blue light.

For the whole series of substituted tolylphenyl isoalloxazines, interesting results against both
microbes were observed, particularly with the ortho substituted compound (10c) under darkness.
It was noted that compound 10c proved to be an inhibitor of microbial growth at the same
concentration (0.25 mM/mL) under darkness. This result clearly indicates that the singlet oxygen
generated in an excellent yield (84%) was able to cause a total biocidal effect towards the
microbes without the use of additional help, in this case blue light. However, against the gram
negative organism (E.coli), compound 10c after illumination with blue light recorded the MIC at
1.0 mM/mL and a partial growth is seen from 0.5 to 0.125 mM/mL. Compound 11c shows an
MIC at 1 mM/mL and complete growth was observed for the lower tested concentrations in the
dark. It was promising to observe microbial death at this concentration in the dark, particularly
as illumination with blue light of this compound only presented partial antimicrobial activity at 1
mM/mL and no further activity for other concentrations, (Table 80, Appendix 1 and Figure 105).
The para substituted isomer, 12c, showed partial antimicrobial activity at 0.25 mM/mL in the
dark, and no inhibition was observed at all when illuminated using blue light.

The substituted tolylphenyl isoalloxazines were tested for their antimicrobial activity using
S.aureus as the tested microorganism both in the dark and with blue light.

Compound 10c gave an anomalous result for antimicrobial activity against S.aureus in the dark

at the concentration 0.25 mM/mL. Upon re-testing this compound, the same result was achieved,
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nonetheless, this value is not considered as the MIC value as growth in higher concentrations is
detected (Table 80, Appendix 1, and Figure 105). After illumination with blue light, this
compound presented no antimicrobial activity within the range of concentrations tested. The meta
tolylphenyl isoalloxazine, 11c, showed no growth at 0.25 mM/mL in the dark, which again could
not be recorded as the MIC value. However, under blue light illumination an MIC of 0.25 mM/mL

was recorded. The results obtained for the tolyl series are presented in Figure 105.

Antimicrobial activity of 10c, 11c & 12c using blue light
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Figure 105: Antimicrobial activity for compounds 10c-12c-using E.coli and S. aureus

The antimicrobial activity achieved under blue light illumination was used to see whether there
was any relationship with the photophysical data, (Table 54). When compound 10c was
illuminated with blue light, the MIC for E.coli was seen at 1 mM/mL- The reduction in growth
was seen to occur from concentrations 0.5 mM/mL to 0.125 mM/mL. This result was not
surprising as the cytotoxic species, singlet oxygen yield was generated in 84%. It could be
hypothesised that-if a higher production of singlet oxygen was achievable the partial antimicrobial
activity observed could possibly show a total (100%) kill, resulting in a lower MIC value.
Although this was not achievable, the MIC for the ortho substituted isomer (10c) was recorded at
1 mM/mL for E.coli. Interesting results were seen for the activity against S.aureus as no
antimicrobial activity was observed even though high singlet oxygen yield (84%) was obtained.
In addition to this, for compound 11c the photophysical data shows that singlet oxygen was
generated at a yield of 41% and radicals at a brilliant rate of 227% yield. Partial antimicrobial
activity was observed at 1 mM/mL for E.coli and S.aureus showed 100% antimicrobial inhibition
in the concentration range of 1 mM/mL to 0.25 mM/mL after illumination with blue light. These
results could be because of the high generation of the cytotoxic species, resulting in death of
microorganisms. Compound 12c shows results that are difficult to explain, in that no
antimicrobial activity was observed against either organisms even though singlet oxygen was

207 |Page



generated at a yield of 172%. Complete inhibition of microbial growth was expected as a high
generation of cytotoxic species, either singlet oxygen or radicals would result in cellular death,

however, these results unfortunately still show microbial growth.

Tolyl substituted isoalloxazines were also attached to the polymer support (10d-12d) as discussed
in section 4.19 in order to test their activity against microbes. The antimicrobial activity results
recorded by each of the tolyl isoalloxazine derivatives presented interesting microbial activity. It
was noted that having the tolyl isoalloxazine’s onto a polymer support enhanced antimicrobial
activity. This was interesting to observe, as the presence of any antimicrobial activity monitored
by these compounds indicates the molecules to be promising antimicrobial agents. It was pleasing
to record a reduction in microbial growth particularly towards the gram negative organism
(E.coli). Thus, signifying the possibility of achieving better antimicrobial results after moderating
either the functional groups present on the isoalloxazines or the experiments themselves.
Compound 12d presented antimicrobial activity against the gram positive organism (S.aureus)
resulting in an achievable MIC value of ImM/mL.

4.8 Antimicrobial & photophysical studies for compound 14c-16¢

Antimicrobial activity was monitored for compounds 14c-16¢. Having incubated the microbes
with each of the isoalloxazines (14c-16¢) at 37 °C for 12 hours, the MIC was determined and

compared with the photophysical data obtained (Table 55) for these compounds.

Table 55: Antimicrobial activity & photophysical data for 14c-16c¢ in blue light

Compound MIC (mM/mL) MIC (mM/mL) | O, yield (%) Radical yield
(E. coli) (S. aureus) (%)
l4c >1.0 >1.0 29.08 8.64
15c >1.0 0.25 77.49 99.47
16¢ >1.0 >1.0 47.30 27.09

The antimicrobial activity for compounds 14c-16¢ investigated in the dark and in blue light
presented no MIC or partial activity throughout the series for the chlorophenyl isoalloxazines
against E.coli. The results achieved are somewhat unexpected yet interesting as having an
electron withdrawing substituent (CI) attached to the molecule was expected to effect the
microbial growth, particularly when illuminating with blue light. It was predicted that blue light
would activate the chlorine in order to damage the cellular structure resulting in cell death.

These compounds (14c-16c) were also tested for their antimicrobial activity against the gram

positive organism, S. aureus under both (dark/blue) light regimes.
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No antimicrobial activity is observed for compound 14c under either light condition against
S.aureus. Compound 15c¢ shows an MIC in the dark at 1 mM/mL.

When 15¢ was illuminated with blue light, an MIC of 0.25 mM/mL and a reduction in growth is
observed at 0.125 mM/mL (Table 83). This shows that having a chloro substiuent in the meta
position helps to achieve microbial death at lower concentrations with the aid of blue light.
Compound 16¢ showed an MIC at 1.0 mM/mL in darkness yet after illumination with blue light,
the MIC was observed to be greater than 1.0 mM/mL. Partial antimicrobial activity was seen at
1.0 mM/mLand 0.5 mM/mL,Table 83, Appendix 1, and Figure 106) but no MIC was detected for
this isomer.

The antimicrobial results obtained for the substituted chlorophenyl isoalloxazines are illustrated
in Figure 106 in order to detect similarities between each isomer and from the photophysical data

obtained for these antibacterial agents.

Antimicrobial activity of 14c, 15¢ & 16c using blue light
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Figure 106: Antimicrobial activity for compounds 14c-16c¢-using E.coli and S. aureus

Having considered the antimicrobial results obtained with the singlet oxygen (29%) and radical
(9%) yields generated by compound 14c, the absence of antimicrobial activity observed for both
microorganisms can be explained by the very low yields of cytotoxic species generated. The
photophysical data obtained by the meta chlorophenyl isoalloxazine (15¢) generated a high singlet
oxygen yield of 77% and an excellent radical production of 99%. The high yields generated by
this compound explains the achieved MIC values for both the microorganisms, E.coli and S.
aureus. However, the obtained antimicrobial activity results for E.coli are not as expected as no
inhibition of microbial growth was observed. This most certainly was unexpected, considering
the generation of high yields of cytotoxic species would incur cellular death. Thus, it can be
concluded that the chloro substituent does not affect the complex E.coli cell wall as no damage
to the microorganism is recorded. However, the results achieved for S. aureus shows the

isoalloxazine, 15c to be effective antimicrobial activity was detected at a concentration range (1-
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0.25 mM/mL) giving an MIC value of 0.25 mM/mL and partial antimicrobial activity is observed
at 0.125 mM/mL (Table 83). Subsequently, the relationship between the antimicrobial activity
and production of high yields of singlet oxygen and/or radicals at this point can be made that a
high generation of cytotoxic species led to the cell death, for the gram positive species. The
singlet oxygen for compound 16c was produced in a 47% and radical was generated in a 27%
yield. By comparing the antimicrobial activity obtained for the other chlorophenyl isoalloxazine
isomers, it was not surprising to see that no antimicrobial activity was observed for compound
16¢ against E.coli. However, partial antimicrobial activity observed for S. aureus with 16c at
concentrations 1 mM/mL and 0.5 mM/mL with an anomalous result detected at 0.25 mM/mL
(Table 87, Appendix 1 and Figure 106). The reduction in growth can be reasoned with the
generated photophysical data for the gram positive organism, S. aureus in addition to the blue
light affecting the microbial growth.

The chlorophenyl isoalloxazines were also attached to a polymer support as mentioned in section
4.20 and tested for their antimicrobial activity. Although compound 15d disappointingly recorded
no antimicrobial activity against Ecoli, a reduction in microbial growth was observed against
S.aureus for both 15d and 16d. It was inspiring to observe an MIC value achieved against
S.aureus by compound 16c. Evaluation of the polymer substituted N- chlorophenyl isoalloxazines
clearly indicates antimicrobial activity is retained whilst the isoalloxazine is attached to the

polymer support, resulting in these compounds to be potential antimicrobial agents.
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4.9  Antimicrobial & photophysical studies for compound 17¢c-19c
Table 56 shows the photophysical data obtained for compounds 17¢c-19c, with the tosyloxy moiety
as its substituent on the phenyl ring. The antimicrobial activity for these newly synthesised

molecules was tested and compared against the photophysical data obtained.

Table 56: Antimicrobial activity & photophysical data for 17c-19c¢ in blue light

Compound MIC (mM/mL) MIC (mM/mL) 'O yield (%) Radical yield
(E. coli) (S. aureus) (%)
17c >1.0 >1.0 75.78 4.46
18c >1.0 >1.0 68.08 0.12
19c >1.0 >1.0 96.94 13.41

The electron withdrawing nature of the tosyloxy substituent was employed to monitor the
antimicrobial activity of compounds 17¢-19c¢ in the dark and in blue light illumination.

It is surprising to note that no antimicrobial activity is detected in the range of tested
concentrations for the complete series of tosyloxyphenyl isoalloxazines, especially as the singlet
oxygen production for each of the compounds was above 65%. The antimicrobial results are
unexpected as the tosyloxyphenyl substituent is presumed to affect the electron density of the
molecular structure due to the electron withdrawing properties of the OTs group resulting in
damage to the cellular structure in order to destroy the microbes. Dissapointlingly no microbial
inhibition was observed for the gram negative organism, E.coli both in the dark and after

illumination with blue light for any isomers of the tosyloxyphenyl isoalloxazines.

The antimicrobial activity for S.aureus was also monitored for compounds 17¢-19¢c. Compound
17c in the dark showed no antimicrobial activity towards the gram positive microorganism. After
illumination with blue light, a reduction in microbial growth was observed at concentration range
from 1 mM/mL to 0.125 mM/mL (Table 85), suggesting the MIC value to be greater than 1.0
mM/mL for this compound. Obeserving partial reduction in microbial growth suggests that
having an electron withdrawing substituent attached (OTs) at the ortho position shows this
compound could be an effective compound in microbial killing, especially as compound 18c
presented an MIC greater than 1.0 mM/mL as no antimicrobial action in the dark was recorded
against S.aureus. However, after illumination of blue light, partial antimicrobial activity is
observed from 1.0 mM/mL to 0.125 mM/mL and no further activity is detected for the lower
concentrations. The partial activity observed at the higer concentrations indicate that the MIC for
this compound to be greater than 1.0 mM/mL. The para substituted isomer (19c) tested under the

dark illustrates no antimicrobial activity, and under blue light illumination, partial microbial
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activity is observed from concentrations 1 mM/mL to 0.125 mM/mL, indicating the MIC value to

be greater than 1.0 mM/mL.

No antimicrobial activity for compound 17¢ against E.coli under any of the tested concentrations,
although the singlet oxygen production for 17c was generated in a good vyield (76%).
Unfortunately, the antimicrobial results for 17c are disappointing because the generation of
cytotoxic species is hypothesised to kill microbes and yet no antimicrobial activity is recorded.
The same results were achieved after repeating the experiments three times concluding no
microbial inhibition for this isoalloxazine. S.aureus on the other hand presented partial microbial
activity at concentration ranges from 1 mM/mL to 0.125 mM/mL after illuminating with blue
light. The fact that partial activity occurs, seems encouraging, yet disappointing as no MIC was
recorded in the tested concentration range. The occurrence of any antimicrobial activity at all is
promising. The photophysical data obtained for compound 18c shows a singlet oxygen yield of
68% and an extremely poor radical yield of 0.1%. The antimicrobial activity of the meta
substituted tosyloxyphenyl isoalloxazine (18c) against E.coli disappointingly shows no toxic
effects at all. S.aureus shows no total (100%) inhibition for compound 18c, however, a partial
reduction in microbial growth is observed. Compound 19c¢ produced photopysical data (Table
56) of singlet oxygen production; 97% and radical yield of 13%. For this compound, no microbial
activity was seen against E.coli but S.aureus showed partial microbial activity from 1 mM/mL to
0.125 mM/mL even though an excellent production of singlet oxygen was achieved. It can be
suggested that the gram negative organism presents total resistance (Table 85) towards all isomers
of the tosyloxyphenyl isoalloxazine, as no biocidal affects are observed. In contrast to this,
S.aureus presents partial microbial activity for majority of the series of tosyloxyphenyl
isoalloxazines, proving the cell structure of the gram positive organism being less complex than

the gram negative organism.

The tosyloxy derivatives were substituted to the polymer support highlighted in section 4.9 to test
their killing abilty against microbes. Unfortunately, this series of isoalloxazines did not present
positive results in terms of their antimicrobial activity. Compound 18d was the only derivative
from this family to present reduction in microbial growth against S.aureus. All other derivatives
presented total microbial growth against both microorganisms, resulting in no achievable MIC

value.

212 |Page



4,10 Antimicrobial & photophysical studies for compound 20c and 22¢

The antimicrobial action of compounds 20c and 22c was interesting to observe against the

photophysical data obtained and is shown in Table 57.

Table 57: Antimicrobial activity & photophysical data for 20c and 22c in blue light

MIC (mM/mL)  MIC (mM/mL)

Compound (E. coli) (S aureus)  O2YiEld(%0) | Radical yield
20¢ >1.0 >1.0 14.12 0.29
22¢ >1.0 1.0 12.67 0.88

Both the compounds show results of the antimicrobial activity for the substituted carboxyphenyl
isoalloxazines (20c and 22c) against the gram negative organism (E.coli) under darkness and in
blue light did. Unfortanately neither of these compounds presented any potency in terms of their
Killing ability. These results were not unexpected as the the photophysical data obtained by these
compounds was not generated in a great yield, hence it would have been surprising to expect to
have observed any antimicrobial activity against E.coli under any of the investigated conditions.
The carboxyphenyl isoalloxazines (20c and 22c¢) were investigated for their activity against S.
aureus for both these compounds under the tested light regimes.

Compound 20c in the dark presented no antimicrobial activity in the tested range, therefore it is
suggested that the MIC for compound 20c greater than 1.0 mM/mL. Blue light illumination
presented partial growth inhibition at 1 mM/mL and 0.5 mM/mL (Table 87). This suggests that
the MIC to be above ImM/mL. Compound 22¢ recorded an MIC at 1 mM/mL in the dark. After
illumination of compound 22c total antimicrobial activity is observed at 1.0 mM/mL and partial

activity in growth can be seen at concentrations 0.5 mM/mL - 0.125 mM/mL.

The photophysical data recorded for compounds 20c and 22¢ show a very low yield production
of cytotoxic species generated (Table 57). Compound 20c generated a singlet oxygen yield of
14% and a radical production of 0.27%. The absence of antimicrobial activity observed for E.coli
can be explained by an insufficient yield of cytotoxic species generated thus resulting in no
cellular damage. Although no total inhibition was detected for S. aureus partial microbial growth
at 1 mM/mL and 0.5 mM/mL was observed. Compound 22c generated singlet oxygen in 13%
and a radical yield of 0.9%. Having a low production of cytotoxic species may account for the
lack of antimicrobial activity against E.coli by compound 22c. However, this theory does not
prove conclusive for the gram positive organism an MIC of 1.0 mM/mL is recorded for S.aureus
at 1 mM/mL. It is encouraging to observe partial microbial activity is present for concentrations
0.5 mM/mL to 0.125 mM/mL even though extremely low yields of cytotoxic species were
generated (Table 87).
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Compound 20c was substituted onto a polymer support resulting in compound 20d as shown in
section 6.43. Compound 20d was used to test the antimicrobial activity against E.coli and
S.aureus. An interesting result was achieved even though no MIC value was achieved by this
compound. It was encouraging to notice that a reduction in microbial growth was observed
against both pathogenic microorganisms (E.coli and S.aureus). This indicates that 20d could
potentially be used as an antimicrobial agent if a complete kill of this pathogen (E.coli) is
observed, regrettably majority of the synthesised isoalloxazines did exert toxic effects to the gram

negative organism.
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4,11 Antimicrobial & photophysical studies for compound 23c

The antimicrobial activity of compound 23c was monitored and Table 58 shows an overview of

the photophysical data obtained by this compound (23c).

Table 58: Antimicrobial activity & photophysical data for 23c in blue light

Compound  MIC (mM/mL) MIC (mM/mL) ‘OzVield (%)  Radical yield
(E. coli) (CREUICT)) (%)

23c >1.0 >1.0 13.21 7.39

This compound 23c was tested for its antimicrobial activity in darkness and in blue light. No
antimicrobial activity under either of the tested conditions and concentrations against E.coli was
observed indicating the MIC to be above 1.0 mM/mL.

The microbial growth was monitored for compound 23c against the gram positive organism,
S.aureus. Under darkness no antimicrobial activity is observed for either of the tested
concentrations possibly indicating the MIC value to be above 1.0 mM/mL. After illumination
with blue light, compound 23c recorded partial growth inhibition from 1 mM/mL to 0.125
mM/mL, but no MIC was recorded for S.aureus, also indicating the MIC is at a value greater than
1.0 mM/mL. Although it was disappointing to observe no cellular death incurred under either of
the light regimes and concentratons, it was still promising to see that a strong electron
withdrawing moiety affects the microbial growth. However, it was nonetheless disappointing to

observe total microbial kill was not observed.
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Discussion on antimicrobial Studies on Polymer bound isoalloxazines

4.12 Results and discussion of antimicrobial studies on polymer bound

isoalloxazines

A Wang brominated resin called 4-(benzyloxy)benzyl bromide, polymer-bound (which is referred
to as ‘polymer support’) was used to simulate the bandage material that is commonly used in
hospitals. Each of the synthesised antimicrobial agents was substituted (chemically attached)
onto this resin in order to investigate how it would behave in a polymer support situation i.e as a
bandage.

The antimicrobial agents substituted onto the polymer support were tested for their antimicrobial
activity in terms of their MIC values against the hospital associated infections (HAI) caused by
the gram negative and positive bacteria, (Escherichia coli and Staphylococcus aureus)
respectively

The activity of these antimicrobial agents on the polymer support was tested against the bacteria
using blue light. The importance of these agents is to recognise that the wounds themselves will
receive the blue light, as the light will be shone onto polymer support (bandage) and thus hit the
wound. However, as the photoantimicrobial agent is attached to the bandage, the bandage should
remain free of pathogenic microbes. Hence, during this healing process as light will be applied
to the bandage the photoantimicrobial agent becomes activated upon shinning of blue light, which
consequently generates cytotoxic species in order to combat the pathogenic microbes. It is vital
to note that it is not possible for leaching of the antimicrobial agent to occur as it is covalently
bound to the polymer support. This study was specifically undertaken in order to determine the
proof of principle of this research.
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Table 59: Compound codes given to antimicrobial agents substituted onto polymer support

Antibacterial Agent/Biocide Compound Code

seeq el
T,

X O,

N\
NH»

O
N j\)f\
C[ B N/\©\
NS
N TN /go 0 4d/6d

=z |
N
OH

=z |
U\
OCHs

7d/8d/9d

O
©: ) N/\©\
NS
N N/J*o o 10d/11dc/12d
]

N\
CHs;
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14dc/15d/16d
~ ]
NN
Cl
O
C[ A N/\©\
N \N/J*o o 170/18d19d
]
NN
OTs
(@]
©: X N/\@\
N \N/J%o o 20d/22d
]
N
COOH
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Table 60 and Table 61 presents an overview of the MIC results obtained for the tested isoalloxazines with varying functional groups attached to each of the phenyl

ring, against the gram negative and positive bacteria.

Table 60: Recorded MIC results for polymer substituted compounds against E.coli

Compound Code MIC at 1.0 mM/mL concentration in blue light
13d MIC > 1.0
1d MIC >1.0
4d MIC>1.0
6d *x
7d MIC>1.0
8d MIC > 1.0
9d MIC>1.0
10d MIC>1.0
11d MIC>1.0
12d MIC>1.0
14d **
15d MIC>1.0
16d MIC>1.0
17d MIC>1.0
18d MIC>1.0
19d MIC>1.0
20d MIC>1.0
22d x*
23d MIC >1.0

** = Insufficient quantity of material to carry out investigation
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Table 61: Recorded MIC results for polymer substituted compounds against S.aureus

Compound Code MIC at 1.0 mM/mL concentration in blue light
13d MIC 1.0
1d MIC >1.0
4d” MIC >1.0
6d *k
7d MIC > 1.0
8d MIC >1.0
ad MIC 1.0
10d MIC > 1.0
11d MIC > 1.0
12d MIC 1.0
14d *k
15d MIC > 1.0
16d MIC 1.0
17d MIC > 1.0
18d MIC > 1.0
19d MIC > 1.0
20d MIC > 1.0
22d *x
23d MIC 1.0

** = |nsufficient quantity of material to carry out investigation
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4.13 Comparison studies for antimicrobial results of synthesised isoalloxazines

attached to a polymer support

4.13.1 E.coli
The results achieved for antimicrobial activity of the complete library of isoalloxazines

substituted onto a polymer support, against the gram negative organism is illustrated Figure 107.

Antimicrobial activity of antimicrobial agents on polymer
support against E.coli

No Growth

Partial Growth

GrOWthI|IIIII|| |III||

13d 1d 4d 7d 8d 9d 10d 11d 12d 15d 16d 17d 18d 19d 20d 23d

Antibacterial agent code

Figure 107: Antimicrobial activity of compounds on polymer support against E.coli

Figure 107 shows that no MIC values were obtained for E.coli. Most of the synthesised
compounds substituted onto the polymer support illustrate complete growth of the pathogenic
organism. However, a reduction in microbial growth is observed in a number of these compounds
pointing to evidence of total antimicrobial activity, (after moderation of these experiments to
achieve MIC values it could possible to enhance antimicrobial activity. see section 5.2.2).

An interesting observation was seen for the standard phenyl isoalloxazine, compound 13d. This
compound did not record an MIC against E.coli, however, 13d presented microbial death against
the gram positive microorganism S. aureus. This successful result against S. aureus signifies the
standard phenyl isoalloxazine (13d) which is covalently bound to a polymer support can
potentially be used as an ideal photosensitiser to eradicate pathogenic species. Analysis of Figure
107 presents negligible bactericidal effects were caused on E. coli whilst irradiated to blue light.
It is disappointing to see that results obtained did not produce any change in terms of microbial

toxicity.

The antimicrobial activity of compound 13d was compared with all other synthesised
isoalloxazines in order to investigate microbial effects (if any) caused by different moieties

attached to the standard phenyl isoalloxazine structure.
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Having considered the results obtained from the synthesised library of compounds, it was
interesting to note that although no MIC was achieved, compounds 1d, 11d and 12d, contain
electron donating substituents, which can produce damaging effects towards E.coli, since a
reduction in microbial growth was observed (Appendix 2; Table 91 and Table 94). Three
compounds (15d, 20d and 23d) containing electron withdrawing moities were able to exert partial
biocidal effects towards E.coli as reduced growth was observed for these compounds®*®
(Appendix 2, Table 95, Table 97 and Table 98). After reviewing these results, it was
disappointing to note that no MIC was achievable for these compounds whilst on the polymer

support.

4.13.2 S.aureus

The antimicrobial activity for the complete library of synthesised isoalloxazines was monitored
against the gram positive organism using blue light. The antimicrobial results achieved, are

illustrated in Figure 108

Antimicrobial activity of antimicrobial agents on polymer
support against S.aureus

No Growth

Partial Growth
GrOWth I I

13d 1d 4d 7d 8d 9d 10d 11d 12d 15d 16d 17d 18d 19d 20d 23d

Antibacterial agent code

Figure 108: Antimicrobial activity of compounds on polymer support against S.aureus

These results clearly illustrate (Figure 108) that numerous isoalloxazines presented total
inhibition of microbial growth, resulting in MIC values. It was interesting to note the
antimicrobial activity of the standard phenyl isoalloxazine (13d) produced toxic effects towards
the gran positive pathogenic organism (S.aureus). This result was compared with the
antimicrobial results achieved against each of the synthesised isoalloxazines with varying

substituents attached to the N-10 position of the phenyl ring.

Four additional compounds (9d, 12d, 16d and 23d) (Figure 108, Appendix 2, Table 79, Table 81,
Table 83 and Table 89) presented complete inhibitory effects towards S.aureus. Of these
compounds, 9d and 12d contain moieties with electron donating properties, compounds 16d and

23d have electron withdrawing substituents that also presented total antimicrobial activity.
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It is interesting to note that (seven) isoalloxazines presented partial antimicrobial activity (Figure
108). Of these compounds the partial activity was observed for four isoalloxazines (1d, 4d, 10d
and 11d) (Appendix 2, Table 91, Table 92 and Table 94) have electron withdrawing substituents
attached. Observation of partial activity is encouraging as moderation of the experiment and/or
structure of the isoalloxazines may possibly achieve better antimicrobial activity, causing toxic
effect on the pathogenic microorganisms. No antimicrobial activity in terms of MIC was observed
in five isoalloxaines (7d, 8d, 15d, 16d, and 17d). It was surprising to note that none of these
isoalloxazines produced any biocidal effects, as it was assumed these substituents (OMe, Cl and
OTs) in particular would potentially help increase the inhibitory growth effects due to their
electronic properties resulting in these isoalloxazines having greater antimicrobial activity.
Evaluating the results achieved in Figure 108 identify that significant bactericidal effects were
caused on the pathogenic organism S. aureus. These results indicate that exposure of S. aureus
to blue light reduces microbial growth especially whilst linked to the polymer support.

223 | Page



4.14 Antimicrobial studies of polymer substituted compounds

4.15 Antimicrobial studies for compound 13d

Compound 13c was dissolved in methanol and ringers solution, to prepare a solution of 1.0
mM/mL. To the solution, the freshly prepared bacteria (E.coli and S.aureus) was added. The
solution containing the bacterial suspension was illuminated for 12 hrs in blue LED light. The
1mM solution was then inoculated onto an agar plate and incubated for a further 12 hours at 37 °C

in order to show the minimum antimicrobial activity of each concentration.

The results achieved for compound 13d following illumination with blue light show that
compound 13d did not exhibit antimicrobial activity against the gram negative organism E. coli.
However, the compound presented complete toxification effects towards S.aureus. Table 62

shows the MIC for compound 13d and is represented in Figure 1009.

Table 62: MIC of compound 13d

Antibacterial Agent/Biocide Concentration: 1 mM/mL

(@]
59
CrrrCL
N \N’go o/\O\.
@ 13d MIC>1.0 MIC 1.0

10-Phenyl isoalloxazine polymer bound

Compound Code E.coli S.aureus

Antimicrobial activity of polymer bound 13d

No Growth

Partial Growth

Growth

E.coli S.aureus
Bacteria ImM/mL

Figure 109: Antimicrobial activity of compound 13d

Figure 109 illustrates that no antimicrobial activity was observed against E.coli, and total
inhibition was detected for the gram positive organism using the standard isoalloxazine, 13d. The

achieved result against S.aureus is extremely positive to observe, especially as the unsubstituted
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phenyl ring at the N-10 position was specifically attached (to molecule) in order to distinguish if
the addition of an electron withdrawing/donating substituents affects the antimicrobial activity
particularly when the molecule is covalently bound to the polymer support (which typically would
mimic a bandage). As the sub-unit structure of compound 13d is based on alloxazine (Figure 75),
it is interesting to note that evidentially antimicrobial activity occurs for the standard phenyl
isoalloxazine (13d) yet no results are observed in literature for the microbal activity against

alloxaxine.
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Antimicrobial activity of
13d against S.aureus

S.aureus control

Antimicrobial activity
of 13d against E.coli

E.coli control

Figure 110: Antimicrobial activity of compound 13d on a polymer support against gram negative and positive organisms.
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4,16 Antimicrobial studies for compound 1d

The results achieved for compound 1d shows that it did not present antimicrobial activity against
either E. coli or S.aureus. This indicates the MIC value is greater than the tested concentration
(ImM/mL) and is shown in Table 63.

Table 63: MIC of compound 1d

Antibacterial Agent/Biocide Concentration: 1 mM/mL

O
Nﬁ
CLX L
N \N/go O/\©\.
@ 1d MIC > 1.0 MIC > 1.0

N\
NH-

Compound

Code E.coli S.aureus

10-Aminophenyl isoalloxazine polymer bound

Evaluation of compound 1d presented partial antimicrobial activity against both the gram
negative and positive microorganisms. A reduction in growth was recorded under blue light

illumination.

4.17 Antimicrobial studies for compound 4d

The antimicrobial activity for compound 4d was tested against the gram negative organism,

E.coli, and gram positive organism S.aureus that were illuminated with blue light.

Table 64: MIC of compound 4d

Antibacterial Agent/Biocide Concentration: 1 mM/mL
Compound .
o Code E.coli S.aureus
L LT
N \N/go o
Z | 4d MIC > 1.0 MIC > 1.0
N\
OH
10-Hydroxyphenyl isoalloxazine polymer bound

Table 64 shows the antimicrobial results achieved by both organisms. Unfortanately no
antimicrobial activity was observed against E.coli at all. However, it was encouraging to observe
some antimicrobial activity present for compound 4d as partial inhibition of microbial growth

against the gram positive organism S.aureus was observed. Although only partial inhibition was
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observed with the hydroxyl moiety attached to the N-10 phenyl ring at the ortho position, this still

proves to be an encouraging result.

It is evident from the antimicrobial results that the synthesized compound (4d) possessed

moderate potentcy against Staphylococcus aureus and nothing against Escherichia coli®®.

4.18 Antimicrobial studies for compounds 7d-9d

Table 65 shows the antimicrobial results achieved for compounds 7d-9d after illumination with
blue light.

Table 65: MIC of compounds 7d-9d

Antibacterial Agent/Biocide Concentration: 1 mM/mL

Compound .
Code E.coli S.aureus

(¢}
N
(:[ ﬁ)‘g\Q 7d MIC > 1.0 MIC > 1.0
N N @] (o]
@ /\©\. 8d MIC > 1.0 MIC > 1.0

N\
OCHj

9d MIC > 1.0 MIC 1.0

10-Methoxyphenyl isoalloxazine polymer bound

Compound 7d and 8d did not produce evidence of antimicrobial activity for either gram negative
or positive microorganisms at the tested concentration range and these results are presented in
Table 65.

From the hypothesis made in section 2.6 with reference to electron donating substituents would
increase the production of cytotoxic species resulting in an increase of cellular death, here proves
somewhat unfortunate as all three isomers (7d-9d) yielded no cellular death against E.coli despite
having generated a brilliant production of singlet oxygen (98.32%) by the ortho substituted
isoalloxazine (7d).

A strong electron donating substituent attached to the molecule most certainly was expected to
effect the microbial growth particularly when illuminated with blue light. However, it was not
surprising to observe the meta isomer (8d) showed no evidence of antimicrobial activity against
either of the tested microorganisms as low yields of singlet oxygen and radical were generated.
The para substituted isomer, compound 9d was the only molecule to present antimicrobial
activity as complete biocidal cell death was observed against S.aureus, achieving an MIC value
of 1.0 mM/mL. Observing antimicrobial activity with an electron donating substituent on the
para position, whilst on the polymer support is a positive result to achieve, as this indicates that

such compounds can potentially in future be used antimicrobial agents against these microbes.
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4.19 Antimicrobial studies for compounds 10d-12d

The antimicrobial results achieved for the synthesised compounds on polymer support (10d-12d)
were tested for their antimicrobial activity against the gram negative and positive organisms using

blue light illumination. The results achieved are shown in Table 66.

Table 66: MIC of compounds 10d-12d

Antibacterial Agent/Biocide Concentration: 1 mM/mL

Compound
Code

(@]
Q:Nf‘\”/\@ 10d MIC > 1.0 MIC > 1.0
N \N/go O
@ 11d MIC>1.0 MIC>1.0
NP\

12d MIC >1.0 MIC 1.0
10-Tolylphenyl isoalloxazine polymer bound

E.coli S.aureus

Table 66 presents no antimicrobial activity for majority of these compounds. Compounds 10d

and 11d presented no evidence of total toxicity towards either of the investigated organisms.

Antimicrobial activity of polymer bound compounds 10d-
12d at 1 mM/mL concentration

No Growth
Partial Growth
h I I I
M E.coli 10d 11d 12d
Antimicrobial agent
W S.qureus

Figure 111: Antimicrobial activity for compounds 10d-12d

It was interesting to note that partial reduction in microorganism growth was observed against

S.aureus for compound 10d, whereas 11d presented a partial reduction for both organisms.

Interestingly compound 12d presented no inhibition in growth towards E.coli, however, total

inhibition was observed against the gram positive organism, S.aureus. The obtained results are

indicative of having potential inhibitory potency towards the tested microorganisms. Having a

tolyl moiety substituted to the molecule demonstrates that an electron donating substituent
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behaves as a biocide towards pathogenic microbes. This is evident as partial reduction in

antimicrobial growth was recorded for both E.coli and S.aureus.
4.20 Antimicrobial studies for compounds 15d and 16d

The microbial activity for compounds 15d and 16d was tested against the gram negative (E.coli)
and gram positive organisms (S.aureus) that were illuminated with blue light. The results
achieved are shown in Table 67.

Table 67 MIC of compounds 15d-16d

Antibacterial Agent/Biocide Concentration: 1 mM/mL

0 Compound
C[NfLN/\O\ Code
so A
NN o ° 15d MIC > 1.0 MIC > 1.0
@

N\
Cl

E.coli S.aureus

16d MIC > 1.0 MIC 1.0

10-Chlorophenyl isoalloxazine polymer bound

The antimicrobial activity for compounds 15d recorded no toxic effects against E.coli but partial
toxicity was observed against S.aureus. This suggests the MIC value is to be greater than the
tested concentration (1.0 mM/mL). Compound 16d recorded partial activity against E.coli and
total growth inhibition was observed for S.aureus resulting in an achievable MIC at ImM/mL.
Although total inhibition was not observed for compound 15d, partial antimicrobial activity is
encouraging to observe as it is evidential that biocidal effect is being caused from the electron
withdrawing moiety in combination with blue light.

Antimicrobial activity of polymer bound compounds 15d-
16d at 1 mM/nM concentration

No Growth
Partial Growth
- I I
MW E.coli 154 164
W S.qureus Antimicrobial agent

Figure 112: Antimicrobial activity for compounds 15d-16d
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Figure 112 illustrates the results achieved for compound 15d and 16d. These results were
interesting as compound 15¢ (Appendix 2, Table 95) presented total antimicrobial activity against
S.aureus. Yet, when this compound is substituted to a polymer support (15d) partial microbial
inhibition was observed. This result is somewhat disappointing as the objective of this study is
to achieve antimicrobial activity towards the pathogenic microbes when activated with blue light.
With this in mind, positive result nonetheless was achieved as total inhibition was recorded

against the microorganism S.aureus with compound 16d.
4.21 Antimicrobial studies for compounds 17d and 19d

The antimicrobial activity of compounds 17d-19d was monitored against the gram negative and
positive organism using blue light illumination. The results achieved are shown in Table 68.

Table 68: MIC of compounds 17d and 19d

Antibacterial Agent/Biocide Concentration: 1 mM/mL
Compound .
o Code E.coli S.aureus
CLL LT
. \N,go 5 17d MIC > 1.0 MIC > 1.0
QA
SN 18d MIC > 1.0 MIC > 1.0
OTs

10-Tosyloxyphenyl isoalloxazine polymer bound

19d MIC>1.0 MIC>1.0

Compound 17d recorded no biocidal effects against either of the organisms. This suggests the
MIC value to be greater than the tested concentration. Compound 18d and 19d recorded no
antimicrobial activity against E.coli however, partial activity was observed against S.aureus with
both the tested compounds.

Although no MIC was achievable having a tosyloxy moiety substituted to the N-10 phenyl ring,
observing partial antimicrobial activity is promising for the novel synthesised compounds 18d
and 19d. Thus, fine-tuning of these compounds could potentially led to greater success in
combating these pathogenic microbes having the tosyloxy, electron withdrawing substituents

substituted to the molecule®”.
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4.22 Antimicrobial studies for compound 20d

Table 69 shows the results of the antimicrobial activity for the substituted carboxyphenyl

isoalloxazine (20d) against the gram positive and negative organisms.

Table 69: MIC of compound 22d

Antibacterial Agent/Biocide Concentration: 1 mM/mL

Compound
Code

E.coli S.aureus

(0]
Nﬁ
CLerC
N \N/KO O
=
\\| 20d MIC>1.0 MIC>1.0

CO,H

10-Carboxyphenyl isoalloxazine polymer bound

Total biocidal effects were not recorded for compound 20d against either of the pathogens. This

indicates the MIC value is greater than the tested concentration.

Although complete inhibition of microbial growth was not detected for the substituted
carboxyphenyl isoalloxazine (20d), it is nonetheless encouraging to observe partial inhibition as
this compound therefore shows potential of having antimicrobial activity. It was somewhat
surprising to to note no total biocidal effects occurred on the microbes especially as a strong
electron withdrawing group (COOH) was attached to the N-10 phenyl ring and assumed that in

combination with blue light microbial death would have incurred.
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4.23 Antimicrobial studies for compound 23d

The antimicrobial activity of compound 23d was monitored and recorded for both E.coli and

S.aureus. The results achieved are shown in Table 70.

Table 70: MIC of compound 23d

Antibacterial Agent/Biocide Concentration: 1 mM/mL

O
XL
N \N/go O
©/N02 23d MIC>1.0 | MIC 1.0

For the gram negative organism, compound 23d did not present total toxic effects. However,

Compound

Code E.coli S.aureus

microbial results achieved against S.aureus presented total biocidal activity.

Partial growth inhibition was observed for the gram negative organism E.coli. This again was
promising to observe as not many of the synthesised isoalloxazines presented antimicrobial
activity against E.coli. Compound 23d presented total antimicrobial activity against the gram
positive organism. The result achieved was unexpected, as very low yields of cytotoxic species
were generated by 23c (section215,Table 44). This clearly indicates that substituents attached to
the phenyl ring affect the killing ability of the cells.

In order to test further microbial activity of this compound, a polymer support was substituted on
to compound 23c to form 23d, as discussed in 4.23. It was interesting to note that having a low
yield of cytotoxic species generated nontheless resulted in partial antimicrobial activity that was
detected under blue light illumination. Although 100% microbial inhibition was not observed, it
is promising to see that the nitro substituent still has an inhibitory growth effect on the pathogenic
S.aureus (Table 89).
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Chapter 5

Future work and conclusion

5.1 Conclusion

5.1.1 Conclusion on library of synthesised isoalloxazines

Scientists are searching for PDT agents that can penetrate deeply through biological tissue using
long wavelengths of light.

Light penetration through biological tissue is complicated in the way light is either scattered or
absorbed when entering the tissue. This process depends on both the wavelength of light used
and type of tissue. The absorption characteristics of tissues decrease with increasing wavelength,
hence longer wavelengths of light penetrate most efficiently through tissue?®,

For the purpose of this research blue light was used for two key reasons:
1) Itis attractive in PDT research similar to other wavelengths of light e.g. red light (620 —
780 nm)
2) It absorbs between 440 - 495 nm, this is the ideal range of absorption for the synthesised
isoalloxazines.
Known photosensitisers for example phenothiazinuim derivatives; e.g. toluidine blue are already
being used in PDT with the combination of light. Several literature report interactions of light
(blue or red)**® with photosensitisers that absorb within these wavelengths and result in significant
killing of microbes®°*®, Hence, in this research the antimicrobial activity was monitored using
blue light and varying photosensitisers with different electron withdrawing and donating
substituents in order to evaluate the success of killing ability.
The primary goal of this research was to determine the antimicrobial effects using the synthesised
isoalloxazines (photosensitisers) in combination with different light wavelengths for example
blue light and darkness. It was noted that the photosensitisers irradiated under darkness produced

a lower amount of singlet oxygen than the photosensitisers irradiated by a blue light source.

Upon evaluation of the results achieved for the synthesised library of isoalloxazines, the meta
substituted isomers highlighted two key drawbacks:

1) Generally low yielding isomers

2) The synthesis proved to be problematic
As a result of these drawbacks some of the meta substituted isomers (e.g. OH, NO,, NH) could

not be synthesised successfully directly.
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For each of the synthesised isoalloxazine, singlet oxygen was produced and monitored using a
spectrophotometer. Even though some derivatives produced negligible amounts of singlet
oxygen, it was nonetheless generated. Several isoalloxazines proved to be better producers than
the compound that was used as the standard, 13c. It was interesting to observe that an
unsubstituted phenyl ring (hydrogens attached at the N-10th position), was generally the better
generator of singlet oxygen with the exception of a couple of electron withdrawing and donating
substituents. In addition to this, many of the compounds were also radical generators. This
demonstrated that these molecules have the ability to undergo both type I and type Il pathways to
generate cytotoxic species. Thus, in turn induces antioxidative processes and causes damage to
biological tissues and/or damage essential cellular components e.g cytoplasmic membrane
resulting in cell death.

For each of the synthesised N-substituted nitrophenyl anilines and isoalloxazine derivatives the
log P value was calculated using a cheminformatic software called: “molinspiration”.
Molinspration was used for the perpose of this study to get a better understanding and appreciation
for the novel synthesised isoalloxazines. This software allows molecules to be manipulated and
calculates a range of molecular properties required in QSAR and drug design for example log P
values that are shown in Table 71 for these compounds.
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Table 71: Log P values for all synthesised intermediates & final compounds, and 'O yields for N-substituted phenyl
isoalloxazines

10, % Radical %

Photosensitiser Log P ) )
yield yield
1a" NH; H H 2.71. N/A N/A
1c NH: H H 3.36 41.77 0.84
43" OH H H 3.57 N/A N/A
4c OH H H 2.00 26.79 211
5a" H H OH 3.34 N/A N/A
6a” H H OH 3.36 N/A N/A
6c H H OH 1.58 8.11 0.08
7a” OCH; H H 2.11 N/A N/A
7c OCH; H H 211 108.62 291
8a” H OCH; H 3.87 N/A N/A
8c H OCH; H 2.84 19.05 1.71
9a" H H OCHs 3.90 N/A N/A
9c H H OCHj3 211 43.57 3.84
10a" CHs H H 2.11 N/A N/A
10c CH; H H 2.67 92.9 0.007
11a" H CHs H 4.26 N/A N/A
lic H CHs H 3.23 45.96 227.0
12a" H H CHs 4.29 N/A N/A
12¢ H H CHs 2.51 190.22 3.53
13a" H H H 3.84 N/A N/A
13c H H H 2.06 100.00 100.00
14a" Cl H H 4.47 N/A N/A
l4c Cl H H 2.90 6.65 8.64
15a" Cl H 4.49 N/A N/A
15c Cl H 2.92 76.5 99.47
16a" Cl 4.52 N/A N/A
16¢ Cl 2.74 20.83 27.09
17c OTs H 3.64 75.78 4.46
18c H OTs H 3.66 68.08 0.12
19c H H OTs 3.48 96.94 13.41
20a" COOH H H 3.88 N/A N/A
20c COOH H H 1.80 14.12 0.29
21a" H COOH H 3.73 N/A N/A
22a" H H COCH 3.75 N/A N/A
22¢ H H COOH 1.97 12.67 0.88
23a" NO; H H 3.27 N/A N/A
23c NO; H H 2.19 7.39 7.39
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All compounds denoted * are intermediate compounds (N-substituted nitrophenyl anilines) and no *O, yields were measured for these.

Although each of the isoalloxazine derivatives produced singlet oxygen, no direct correlation is

seen in Table 71 between the absorbance, log P and singlet oxygen yields.

In addition to these observations, it can be seen that the N-substituted isoalloxazine derivatives
generally exhibit higher log P values compared to the standard isoalloxazine, 13c. Compound 7c
and 12c both have very low Log P values, yet these compounds demonstrated to be the best singlet
oxygen generators as both compounds achieved enhanced yields of singlet oxygen than the
standard phenyl isoalloxazine, 13c. Substituents attached to the benzene ring influence reactivity
in a profound manner. Thus, it is interesting to note that both these compounds have activating
substituents attached.

When comparing the Log P value against the radical production, it can be seen that compound
11c exhibits a slightly higher Log P value of 3.23 than compound 13c, yet 11c generated an
excellent radical yield (11c = 227%). This compound has a tolyl substituent- electron donating
moiety attached to the benzene. Unfortunately, no clear correlation can be made between the
theoretically calculated Log P values, attached substituents in terms of electron
donating/withdrawing and the antimicrobial activity.

5.1.2 Conclusion on antimicrobial studies for the synthesised library of

isoalloxazines

From the obtained results it can be seen that antimicrobial studies performed on the gram negative
organism (E.coli) have proven to be somewhat unclear as the synthesised isoalloxazines do not
show positive antimicrobial action against the organism under the light regimes investigated. The
lack of antimicrobial activity against E.coli suggests that this organism has a higher resistance
towards the isoalloxazines tested as potential antimicrobial agent, possibly due to their complex
double cellular membrane structure. However, this is not the case for the gram positive organism
(S.aureus) as MIC was observed for a range of the isoalloxazines tested and full biocidal effect
was noted. S.aureus would seem to be the most promising bacterium in terms of its response
towards the cytotoxic species generated by the synthesised isoalloxines i.e. greater antimicrobial
action was observed against S.aureus than E.coli.

Evaluating the hypothesis predicted in section 2.6 confirms that antimicrobial activity for the
compounds with a heavy atom (chlorine) (14c-16c) attached to the molecule demonstrate positive
results against the gram positive organism, S. aureus but not towards E.coli. Compound 15c
generated a very good yield of singlet oxygen (77.49%) and an excellent yield for radical
(99.47%), and these results show that biocidal effects were caused by the meta substituted
chlorine atom at a concentration of 0.25 mM/mL under blue light illumination. The obtained
results show that this observation of heavy atom effect is also demonstrated in similar research

conducted by Mark Wainwright using a different system?33!,
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Although limited antimicrobial activity is observed against the gram negative organism, the
synthesised isalloxazines do not show to great potentiality towards ideal photosensitisers. The
reason for this could possibly be related to the compounds being highly fluorescent molecules
and thus have a long t + life. A short half life (ti2), which is less than ten minutes is often an

indicator of a good photosensitiser.

Concluding remarks on this study shows that appropriate doses and intensity of light can kill S.
aureus suggesting that similar effects can be produced in clinical cases of bacterial infection. The
overall results presented throughout this study present concordant results to a similar study
undertaken by Guffey et al***,

5.1.3 Conclusive comments for antimicrobial results of synthesised

isoalloxazines on polymer support

Evaluation of the overall results of antimicrobial activity against both the organisms, clearly
indicates that having different substituents attached to the molecule affect the killing ability of the
molecule. This is noticed particularly in the gram positive organism where an increased number
of MIC values were obtained compared to the gram negative organism, E.coli. It is evident
(Figure 107) that no MIC was achieved with the antimicrobial agents on the polymer support
against E.coli, whereas S.aureus (Figure 108) gave MIC values for a number of compounds.
Although disappointing results were obtained for E.coli, it is encouraging to observe the presence
of partial antimicrobial activity on a number of synthesised compounds (Figure 108). Using these
isoalloxazine’s as potential antimicrobial agents enhanced antimicrobial activity is clearly evident
in the results achieved for S.aureus compared to E.coli. It is noted that biocidal effects are seen
for the gram positive organism S. aureus, as partial reduction in microbial growth was recorded
for majority of the synthesised compounds against this organism (Figure 108) whilst attached to
the polymer support.

Concluding remark for this study, it can be seen that that compound 12d seems to be a promising
candidate as it produced total antimicrobial activity for both the gram negative and positive
organism whilst attached to the polymer support. This clearly indicates that the tolyl moiety

containing electron donating properties effect the antimicrobial activity.

With some potential antimicrobial activity observed in the achieved results, it is nonetheless
important to consider additional factors for the reduced antimicrobial activity. In addition to the
low yields of cytotoxic species generated, an alternate reason for the lack of antimicrobial activity
could also be a result of the efflux mechanism occurring within the cells®2. As the nature of these
efflux pumps is to expel toxic substances from within the cells, it is possible that the antimicrobial
agent is either; being extruded from the cells, or not passing through the cell membrane and
therefore unable to enter the cells. This mechanism is referred to as ‘intrinsic bacterial
»363

resistance
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The promising result achieved by the standard phenyl isoalloxazine (13d) for S. aureus is
extremely encouraging as this can be used as a proof of principle for their use in bandages to
eradicate infection using blue light. However, it is vital to recognise that the polymer support will
and cannot be detached form the antimicrobial agent as the polymer is covalently bound to it, thus

no leaching of the agent can occur into the tissues.
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5.2  Future Work

5.2.1 Future work on the library of synthesised isoalloxazines

Having developed the synthesis successfully for these photosensitisers, it would be interesting to
investigate if additional changes were made to the tricyclic ring structure; would the production
of either 'O, and/or radical be affected. In respect to further work several other parameters need
to be investigated further; e.g. 1. Alteration of the substituents, e.g using other electron
withdrawing/donating groups. 2. The substituents should be added onto both the phenyl rings
and not only on the N-10 ring. 3. Addition of a chromophore group in order to alter the absorption
into the Green region (490-570 nm) could hopefully result in better yields of singlet
oxygen/radical.

With the urge to tackle antimicrobial resistance it important to evaluate how effective the
isoalloxaine’s are as potential antimicrobial agents having made the suggested changes. It would
also be useful to monitor and compare if these photosensitisers can retain their microbial activity

whilst attached to the polymer support.

Additional research would be to determine whether nylon strips of these compounds could be

made in order to mimic real bandages.

The solid support utilised in this research was for the proof of concept. Therefore, using
alternative polymer resins as the solid supports on which the photosensitiser is attached to should
not alter the antimicrobial activity unless the support has antimicrobial activity itself. Hence,
evaluation of how/if Wang brominated resin effects the singlet oxygen and radical generation on
the synthesised isoalloxazines is of importance. This of-course would be a key finding as these
infections are primarily HAI. This in turn would aid guidance in knowing which materials would

be best suited fabrics for bandages.
5.2.2 Future work on the antimicrobial activity of the synthesised isoalloxazines

It is evident from the results achieved antimicrobial activity occurs using the synthesised
isoalloxazines as novel potential antimicrobial agents. It would be interesting to compare results
of the microbial activity for these isoalloxazines against other gram negative organisms for
example Enterobacteriaceae in order to investigate whether these antimicrobial agents are able
to cause cellular damage to the E.coli species. This finding would highlight if these agents are
particularly resistant to the gram negative organisms as a whole or individually.

As it is apparent that S.aureus is demonstrating response to the synthesised antimicrobial agents
in a desired way, it would be valuable to explore additional changes that can be made in order to

increase the biocidal effects caused by the photosensitser. To expand:

¢ Illumination time of blue light could be extended in order to investigate if illumination
time effects the MIC.
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e Extending the contact time of the microorganism and antimicrobial agent during the
incubation period, resulting in enhanced microbial death.

o Slightly alter the isoalloxazine structure, or using alternate substituents on the molecule

The MIC of the newly synthesised dyes as potential antimicrobial agents was determined using a
conventional method. It would be interesting to evaluate if alternative methods were used to
monitor the antimicrobial activity such as use of fluorochromes to identify the viable cells (e.g.
propidium iodide) in order to assess bacterial damage caused by the agents. In addition to this
the comparison of other gram positive organisms e.g Enterococcus should be tested against the
synthesised antimicrobial agent particularly as the rise of Enterococcus is also causing great
concern for their occurrence and impact on the clinical outcomes of HAI*®*. To progress further,
antimicrobial testing should also be continued on other HA-microbes for example yeast and
bacteria.

At present, the range of antibacterial agents effective against the Gram-negative bacteria is still
significantly greater than for the Gram positive pathogens. In this investigation the Gram positive
bacterium proved to be more responsive than the Gram negative. Researchers are faced with
major challenges to develop drugs effective against problematic all resistant organisms. In light
of this, it is promising to see that partial antimicrobial activity was present against both of these

pathogens which are a constant problem on a global scale.
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Chapter 6

Synthesis and Experimental

6.1 Chemical Synthesis

NMR spectra were recorded on a Bruker Fourier 300 (300 MHz) spectrometer. Chemical shifts
are reported in ppm relative to residual protic solvent (*H NMR dg-DMSO, 2.500 ppm; *C NMR
ds-DMSO, 39.520 ppm). Coupling constants are reported in Hertz (Hz) and are rounded to the
nearest 0.5 Hz. Multiplicities are reported as singlets (s), doublets (d) triplets (t), multiplets (m)
or a combination of these, peaks that appeared broad due to either H-bonding or restricted rotation
are prefixed as broad (br). Due to the poor solubility of the formed compounds in appropriate
deuterated solvents only a select few *C NMR experiments are reported and the *H NMR
experiments were performed with 128 scans. Where purity by NMR is reported this is as an
approximate molar ratio of impurities signals to one product signal (impurities that were
unidentified may have been counted twice and as such these figures will generally be
underestimates). All reactions were monitored by thin-layer chromatography (TLC) using 0.25
mm Al-backed silica-gel plates (Merck 60 F254). Melting points were measured on a Stuart
SMP10 melting point apparatus in open capillary tubes and are uncorrected. The isoalloxazines
did not melt at temperatures below 300 °C, although some darkening of colour was observed with
heating this did not change the spectral properties of the samples to any measurable degree in
several that were checked. Low resolution mass spectra were recorded on a Finnigan™ LCQ™
Advantage MAX in ESI mode. HRMS were performed by the EPSRC mass spectrometry service,
Swansea. Infra-red spectra (1800-800 cm*) were recorded on a Perkin EImer Spectrum RX 1 with
a Specac Golden Gate™ ATR accessory and values are quoted in wavenumbers.

Microwave reactions were carried out using a CEM Discover® reactor in sealed CEM 10 mL
reaction vials (scale-up into 50 mL vials) using 150 W power, fixed hold time and no cooling, all
reactions were performed with stirring after ensuring the suspensions stirred on a magnetic stirrer
hotplate. All chemicals were obtained commercially and used without further purification; with

the exception that methanol was dried using an MBraun SPS-800 system to remove water.
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6.2 Synthesis of 2-(2-nitrophenyl) aniline (1a)

O:NOZ
NH
NH,

A mixture of potassium carbonate (20.73 g, 150.0 mmol), 2-phenylenediamine (14.04 g, 130.0
mmol), and 1-fluoro-2-nitrobenzene (18.33 g, 130.0 mmol) was irradiated for 3 h at 150 °C in a
CEM microwave at full power. The mixture was allowed to cool to room temperature, and with
stirring poured onto ice water (300 mL). The reaction mixture was adjusted to pH 6 using c¢. HCI
@), added to a separating funnel and extracted with CHCIs (5 x 50 mL). The organic layer was
isolated, dried with anhydrous sodium sulphate, and evaporated under reduced pressure to yield
the substituted 2-amino-(2-nitrophenyl) aniline as a black solid. The crude solid was purified by
flash column chromatography over silica gel eluting with CHCIs: PE (1:1) to afford the pure
product as a red solid. The solid was dried in vacuo to yield the solid 1a, 17.94 g, 46% as dark
red crystals. *H-NMR (CDCls, 300 MHz) 8ppm; 9.03 (s, Ar-NH, 1H), 8.11 (d, J = 8.84 Hz, Ar-
H, 1H,), 7.42 (t, J = 7.86 Hz, Ar-H, 1H), 7.05 (m, Ar-H, 2H), 6.77 (m, Ar-H, 2H), 6.61 (m, Ar-
H, 2H), 5.14 (s, Ar-NH,, 2H). 3C NMR (CDCls, 75 MHz) ppm; 145.36, 144.55, 136.48, 132.59,
128.51, 128.27, 126.43, 122.86, 116.85, 116.79, 116.36, 115.97. LRMS (ESI) m/z calcd for
[C12H11N302]* 228.2346, found 229.0920 [M+H] *. Log P: 3.27.

6.3 Synthesis of 10-(2-aminophenyl) isoalloxazine (1c)

To compound (1a) (2.43 g, 10.6 mmol) was dissolved in glacial acetic acid (50 mL) and with
constant stirring the mixture was cooled in a slush bath for a few moments followed by the slow
gradual addition of zinc dust (6.89 g, 106 mmol) ensuring the temperature did not rise
uncontrollably. Upon the final addition of zinc, the reaction mixture was allowed to stir at room
temperature for 2 h. The reaction mixture was filtered through celite to remove the zinc dust and
the filter cake was washed with glacial acetic acid (80 mL) to yield the 2,2-diaminodiphenylamine
(1b) as a dark brown solution. To the solution was added alloxan monohydrate (1.69 g, 10.6

mmol) and boric acid (0.64 g, 10.4 mmol) and the solution was stirred at room temperature for
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12 h, resulting in the formation of a yellow precipitate. The precipitate was isolated from the
reaction mixture by filtration under reduced pressure and washed well with hexane (60 mL). The
yellow solid was dried in vacuo to yield the 2-aminophenyl isoalloxazine (1c), 2.22 ¢, 69%, as a
yellow powder, dec. mp 242-244°C. *H-NMR (de-DMSO, 300MHz) Sppm; 11.43 (s, Ar-NH,
1H), 8.17 (d, J = 7.9 Hz, Ar-H 1H), 7.75 (t, J = 7.4 Hz, Ar-H , 1H), 7.60 (t, J = 7.4 Hz, Ar-H,
1H), 7.28 (t, J = 7.5 Hz, Ar-H ,1H), 7.03 (d, J = 7.9 Hz, Ar-H, 1H), 6.90 (d, J = 7.9 Hz, Ar-H,
1H), 6.81 (d, J = 8.0 Hz, Ar-H , 1H), 6.74 (t, J = 7.4 Hz, Ar-H 1H), 5.30 (s, Ar-NHz, 2H). 3C
NMR (de-DMSO, 75 MHz) dppm; 159.20, 155.21, 151.10, 145.08, 136.67, 135.37, 134.67,
133.04, 132.16, 131.65, 130.79, 129.52, 128.96, 126.67, 126.62, 116.67. FTIR (ATR): * 3067,
1708, 1681, 1616, 1584, 1532, 1487, 1459, 1396, 1341, 1264, 1196, 1134, 1106, 932, 879, 835,
807, 787,775,764, 715, 695, 673 CM™.HRMS (ESI) m/z calcd for [C16H1:NsO,]* 305.2908, found
306.0987 [M+H]*. Log P: 2.71.

6.4 Synthesis of 2-(2-nitrophenyl amino) phenol (4a)

©iNOZ
NH
OH

A mixture of 2-aminophenol (1.10 g, 10.0 mmol), 1-fluoro-2-nitrobenzene (1.41 g, 10.0 mmol)
and Et;N (2.0 mL, 0.15 mmol) in ethanol (20 mL) was irradiated for 3 h at 150 °C in a CEM
microwave at full power. The mixture was allowed to cool to room temperature, and with stirring
poured onto ice water (30 mL). The reaction mixture was adjusted to pH 6 using c. HCl (), added
to a separating funnel and extracted with CHCIs (3 x 50 mL). The organic layer was isolated, dried
with anhydrous sodium sulphate, and evaporated under reduced pressure to yield the substituted
N-hydroxy-phenol as a burgundy solid. The burgundy solid was purified by flash column
chromatography over silica gel eluting with EtOAc: PE (1:2) to afford the pure product as a red
solid. The solid was recrystallized from toluene and dried in vacuo to yield 2-hydroxy amino
phenol (4a), 0.90 g, 39% as dark red crystals. *H-NMR (CDCls, 300 MHz) 8ppm; 9.03 (s, Ar-
NH, 1H), 8.25 (dd, J = 8.6, 1.6 Hz, Ar-H, 1H), 7.40 (ddd, J = 8.5, 6.9, 1.6 Hz, Ar-H , 1H), 7.35 —
7.19 (m, Ar-H ,3H), 7.09 (dd, J = 8.6, 1.4 Hz, Ar-H, 1H), 7.01 (td, J = 7.6, 1.4 Hz, Ar-H , 1H),
6.84 (ddd, J = 8.5, 7.0, 1.5 Hz, Ar-H, 1H), 6.78 (dd, J = 8.6, 1.4 Hz, Ar-H , 1H), 5.56 (s, Ar-OH,
1H). ¥C NMR (CDCls, 75 MHz) dppm; 152.21, 143.98, 136.18, 133.65, 128.94, 127.91, 126.60,
124.89, 121.49, 118.14, 116.34, 116.26. HRMS (ESI) m/z calcd for [Ci2H10N2O3]* 231.2194,
found 230.0691 [M-H]". Log P: 3.57.
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6.5 Synthesis of 10-(2-hydroxyphenyl) isoalloxazine (4c)

O

UL
N \N/go

OH

Compound 4a (0.90 g, 3.91 mmol) was dissolved in glacial acetic acid (50 mL) and with constant
stirring the mixture was cooled in a slush bath for a few moments followed by the slow gradual
addition of zinc dust (2.54 g, 39.0 mmol) ensuring the temperature did not rise uncontrollably.
Upon the final addition of zinc, the reaction mixture was allowed to stir at room temperature for
2 h. The reaction mixture was filtered through celite to remove the zinc dust and the filter cake
was washed with glacial acetic acid (20 mL) to yield the substituted N-(amino phenyl amino)
phenol (4b) as a dark brown solution. To the solution was added alloxan monohydrate (0.62 g,
3.9 mmol) and boric acid (0.24 g, 3.7 mmol) and the solution was stirred at room temperature for
12 h, resulting in the formation of a yellow precipitate. The precipitate was isolated from the
reaction mixture by filtration under reduced pressure and washed well with hexane (40 mL). The
yellow solid was dried in vacuo to yield the 2-hydroxyphenyl isoalloxazine (4c), 0.87 g, 63%, as
a yellow powder, decomposed 223-225°C. *H-NMR (ds-DMSO, 300 MHz) dppm; 11.48 (s, NH,
1H), 9.95 (s, Ar-OH, 1H), 8.20 (d, J = 8.0 Hz, Ar-H, 1H),7.78 ddd, J = 8.6, 7.2, 1.5 Hz, Ar-H,
1H), 7.68 — 7.58 (m, 1H), 7.53 — 7.42 (m, Ar-H, 1H), 7.26 (dd, J = 7.9, 1.6 Hz, Ar-H, 1H), 7.19
—7.03 (m, Ar-H, 2H), 6.83 (dd, J = 8.6, 1.2 Hz, Ar-H, 1H). 3C NMR (ds-DMSO, 75 MHz,)
dppm; 160.00, 156.09, 152.82, 152.08, 139.90, 135.57, 135.30, 134.17, 131.90, 131.76, 129.28,
126.59, 122.94, 120.67, 118.09, 117.04. HRMS (ESI) m/z calcd for [C16H10N4Os]* 307.075,
found 307.0827 [M+H]". FTIR (ATR): v 3069, 1726, 1637, 1607, 1580, 1533, 1481, 1455, 1417,
1353, 1267, 1112, 877, 840, 808, 768, 713 CM™. Log P: 2.00.
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6.6  Synthesis of 2-(3-nitrophenyl amino) phenol (5a)
CrL
NH

OH

A mixture of 3-aminophenol (1.10 g, 10.0 mmol), 1-fluoro-2-nitrobenzene (1.41 g, 10.0 mmol)
and Et;N (2.0 mL, 0.15 mmol) in ethanol (20 mL) was irradiated for 3 h at 150 °C in a CEM
microwave at full power. The mixture was allowed to cool to room temperature, and with stirring
poured onto ice water (30 mL). The reaction mixture was adjusted to pH 6 using c. HCl (), added
to a separating funnel and extracted with CHCIs (3 x 50 mL). The organic layer was isolated, dried
with anhydrous sodium sulphate, and evaporated under reduced pressure to yield the substituted
N-hydroxy-phenol as a burgundy solid. The burgundy solid was purified by flash column
chromatography over silica gel eluting with EtOAc: PE (1:2) to afford the pure product as a red
solid. The solid was recrystallized from toluene and dried in vacuo to yield 3-hydroxy amino
phenol (5a) 0.61 g, 28 % as dark red crystals. *H-NMR (CDCls, 300 MHz) dppm; 9.43 (s, 1H),
8.19 (dd, J = 8.6, 1.6 Hz, 1H), 7.44 — 7.20 (m, 3H), 6.89 — 6.63 (m, 4H), 4.97 (s, 1H). *C NMR
(75 MHz, CDCls) 6 156.63, 142.61, 140.14, 135.70, 133.36, 130.68, 126.64, 117.77, 116.42,
116.36, 112.48, 110.90. HRMS (ESI) m/z calcd for [C12H10N203]* 231.2194, found 230.0622 [M-
H] . Log P: 3.34.

6.7 Synthesis of 4-(2-nitrophenyl amino) phenol (6a)
CL
NH

OH
A mixture of 4-aminophenol (0.12 g, 1.1 mmol), 1-fluoro-2-nitrobenzene (0.14 g, 1.0 mmol) and
EtsN (1.5 mL, 1.1 mmol) in ethanol (5 mL) was irradiated for 3 h at 150 °C in a CEM microwave
at full power. The mixture was allowed to cool to room temperature, and with stirring poured onto
ice water (30 mL). The reaction mixture was adjusted to pH 6 using c. HCI (5, added to a
separating funnel and extracted with CHCIs (3 x 20 mL). The organic layer was isolated, dried
with anhydrous sodium sulphate, and evaporated under reduced pressure to yield the substituted
4-(2-nitrophenyl amino) phenol as a burgundy solid. The burgundy solid was purified by flash
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column chromatography over silica gel eluting with EtOAc: PE (1:2) to afford the pure product
as a red solid. The solid was recrystallized from toluene and dried in vacuo to yield 4-hydroxy
amino phenol (6a) 0.10 g, 43 % as dark red crystals. *H-NMR (CDCls, 300 MHz) Sppm; 9.41 (s,
Ar-NH,1H), 8.21 (dd, J = 8.7, 1.6 Hz, Ar-H, 1H), 7.35 (ddd, J = 8.6, 6.8, 1.6 Hz, Ar-H, 1H), 7.17
(d, J =8.7 Hz, Ar-H, 2H), 7.01 (dd, J = 8.7, 1.3 Hz, Ar-H, 1H), 6.91 (d, J = 8.7 Hz, Ar-H, 2H),
6.73 (ddd, J = 8.6, 6.9, 1.3 Hz, Ar-H, 1H), 4.89 (s, Ar-OH,1H). *C NMR (CDCls, 75 MHz)
dppm; 154.00, 144.53, 135.83, 132.39, 131.27, 127.39, 126.62, 116.83, 116.50, 115.76. HRMS
(ESI) m/z calced for [C12H10N203]* 231.2194, found 230.0622 [M-H]". Log 3.36.

6.8 Synthesis of 10-(4-hydroxyphenyl) isoalloxazine (6c)

O

C[N\ NH
N \N/go

OH

Compound 6a (1.65 g, 7.17 mmol) was dissolved in glacial acetic acid (70 mL) and the mixture
was cooled in an ice bath. Zinc dust (4.69 g, 71.7 mmol) was gradually added and the solution
was allowed to stir at room temperature for 2 h and filtered through celite. The filter cake was
washed with glacial acetic acid (40 mL) to yield the substituted N-(amino phenyl amino) phenol
(6b) as a dark brown solution. To the solution of 4-(2-amino phenyl amino) phenol, was added
alloxan monohydrate (1.15 g, 7.2 mmol) and boric acid (0.43 g, 7.0 mmol). The solution was
stirred at room temperature for 12 h, resulting in a dark yellow solution. The yellow solid was
filtered from the mixture and washed well with hexane (40 mL) to afford the pure product as a
yellow solid. The yellow solid was dried in vacuo to yield the isoalloxazine (6c), as a yellow
powder, 1.49 g, 59%. *H-NMR (ds-DMSO, 300 MHz) 8ppm; 11.41 (s, Ar-NH, 1H), 10.09 (s, Ar-
OH 1H), 8.16 (dd, J = 8.1, 1.5 Hz, Ar-H, 1H), 7.75 (ddd, J = 8.7, 7.1, 1.5 Hz, Ar-H, 1H), 7.67 —
7.54 (m, Ar-H, 1H), 7.19 (d, J = 8.7 Hz, Ar-H, 2H), 7.03 (d, J = 8.7 Hz, Ar-H, 2H), 6.86 (dd, J =
8.3, 1.2 Hz, Ar-H, 1H). *C NMR (ds-DMSO, 75 MHz) &ppm; 160.10, 158.78, 156.11, 152.52,
139.88, 135.22, 135.09, 131.75, 129.27, 127.43, 126.35, 117.50, 117.05, 99.99. FTIR (ATR): ¥
3065, 1717, 1667, 1611, 1579, 1529, 1504, 1455, 1408, 1268, 1193, 1108, 927, 876, 802, 775,
752,727 CM. HRMS (ESI) m/z calcd for [CisH10N4O3]* 307.075, found 307.0827 [M+H]*. Mp
202-204°C. Log P: 1.583.
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6.9 Synthesis of 2-(2-nitrophenyl) 2-methoxy aniline (7a)

©:NOZ
NH
OCHj

A mixture of potassium carbonate (4.14 g, 30.0 mmol), 2-anisidine (2.95 g, 20.0 mmol), and 1-
bromo-2-nitrobenzene (4.04 g, 20.0 mmol) was irradiated for 3 h at 150 °C in a CEM microwave
at full power. The mixture was allowed to cool to room temperature, and ice (100 mL) was added
with stirring. The aqueous solution was adjusted to pH 6 using c. HClq) added to a separating
funnel and extracted with CHClI; (3x50 mL). The organic layer was isolated, dried with anhydrous
sodium sulphate, and evaporated under reduced pressure to yield the substituted 2-methoxy-(2-
nitrophenyl) aniline as a black solid. The crude solid was purified by flash column
chromatography over silica gel eluting with EtOAc: PE (2:1) to afford the product as a red solid,
(7a) 2.40 g, 38%. H-NMR (CDCls, 300 MHz) dppm; 9.45 (s, Ar-NH 1H), 8.19 (dd, J =8.6, 1.4
Hz, Ar-H, 1H), 7.43 — 7.33 (m, Ar-H, 2H), 7.30 — 7.13 (m, Ar-H, 2H), 6.98 (t, J = 7.8 Hz, Ar-H,
2H), 6.76 (t, J = 8.1 Hz, Ar-H, 1H), 3.87 (s, Ar-OCHj3,3H). **C NMR (CDCls, 75 MHz); 152.49,
142.48, 135.49, 133.71, 127.79, 126.67, 125.77, 123.25, 120.65, 117.44, 116.19, 111.57, 55.73.
HRMS (ESI) m/z calcd for [Ci3H12N,03]* 245.246, found 244.125 [M-H]". Mp 263-265°C. Log
P: 2.119.

6.10 Synthesis of 10-(2-methoxyphenyl) isoalloxazine (7c)

O
N
>
N N/go

OCHjy

Compound 7a (2.00 g, 8.1 mmol) was dissolved in glacial acetic acid (60 mL) and the mixture
was cooled in an ice bath. Zinc dust (5.33 g, 81.6 mmol) was gradually added and the solution
was allowed to stir at room temperature for 2 h and filtered through celite. The filter cake was
washed with glacial acetic acid (50 mL) to yield the substituted N-(methoxyphenyl amino) aniline,
(7b), as a dark brown solution. To the solution of substituted N-(methoxyphenyl amino) aniline
was added alloxan monohydrate (1.30 g, 8.1 mmol) and boric acid (0.51 g, 8.2 mmol). The
solution was stirred at room temperature for 12 h, resulting in a dark yellow solution. The yellow

solid was filtered from the mixture and washed well with hexane (20 mL) to afford the pure
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product as a yellow solid. The yellow solid was dried in vacuo to yield the isoalloxazine (7c), as
a yellow powder, 1.37 g, 53%. FTIR (ATR): ¥ 2969, 1717, 1682, 1615, 1582, 1536, 1285, 1215,
1113, 1013, 874, 806, 768, 716, 695, 655, 727 CM™. IH-NMR (ds-DMSO, 300 MHz) 5ppm; 11.46
(s, Ar-NH, 1H), 8.19 (d, J = 8.1 Hz, Ar-H, 1H), 7.77 (t, J = 7.8 Hz, 1H), 7.70 — 7.58 (m, Ar-H,
2H), 7.44 — 7.34 (m, Ar-H, 2H), 7.25 (t, J = 7.7 Hz, Ar-H, 1H), 6.79 (d, J = 8.0 Hz, Ar-H, 1H),
3.71 (s, Ar-OCHs, 3H). °C-NMR (de-DMSO, 75 MHz) 8ppm; 159.90, 156.07, 154.27, 151.76,
139.87, 135.63, 135.08, 133.93, 132.14, 131.91, 129.41, 126.65, 124.22, 122.10, 116.92, 113.75,
56.42. HRMS (ESI) m/z calcd for [C17H12N4O3]* 320.091, found 321.0986 [M+H]*. Mp 263-
265°C. Log P: 2.119.

6.11 Synthesis of 2-(2-nitrophenyl) 3-methoxy aniline (8a)
L
NH

OCHg

A mixture of potassium carbonate (24.8 g, 180.0 mmol), 3-anisidine (19.7 g, 160.0 mmol), and
1- fluoro-2-nitrobenzene (22.5 g, 160.0 mmol) was irradiated for 3 h at 150 °C in a CEM
microwave at full power. The mixture was allowed to cool to room temperature, and ice (500 mL)
was added with stirring. The aqueous solution was adjusted to pH 6 using ¢. HClq) added to a
separating funnel and extracted with CHCI3; (3x100 mL). The organic layer was isolated, dried
with anhydrous sodium sulphate, and evaporated under reduced pressure to yield the substituted
3-methoxy-(2-nitrophenyl) aniline as a black solid. The crude solid was purified by flash column
chromatography over silica gel eluting with EtOAc: PE (2:1) to afford the pure product as a red
solid, (8a) 8.08 g, 20%.'*H-NMR (CDCls, 300 MHz) 8ppm; 9.45 (s, N-H, 1H), 8.20 (d, J = 8.6
Hz, Ar-H, 1H), 7.37 (t, J = 8.0 Hz, Ar-H, 2H), 7.26 (m, Ar-H, 1H), 7.18 (t, J = 7.9 Hz, Ar-H, 1H)
, 6.98 (m, Ar-H, 2H), 6.77 (t, J = 7.9 Hz, Ar-H, 1H), 3.8 (s, OCHgs, 3H). *C NMR (CDCls,
75MHz); 152.61, 142.60, 135.59, 133.83, 127.91, 126.80, 125.88, 123.38, 120.77, 117.55,
116.30, 111.68, 55.85. HRMS (ESI) m/z calcd for [C13H12N.Os]* 245.246, found 244.128 [M-
H] . Mp 263-265°C. Log P: 2.119.
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6.12 Synthesis of 10-(3-methoxyphenyl) isoalloxazine (8c)

0]
N
>
N N/go

OCHj,

Compound 8a (3.17 g, 13.0 mmol) was dissolved in glacial acetic acid (70 mL) and the mixture
was cooled in an ice bath. Zinc dust (8.56 g, 131 mmol) was gradually added and the solution
was allowed to stir at room temperature for 2 h and filtered through celite. The filter cake was
washed with glacial acetic acid (20 mL) to yield the substituted N-(methoxyphenyl amino) aniline
(8b) as a dark brown solution. To the solution of substituted N-phenylaniline was added alloxan
monohydrate (2.08 g, 13.0 mmol) and boric acid (0.81 g, 13.1 mmol). The solution was stirred at
room temperature for 12 h, resulting in a dark yellow solution. The yellow solid was filtered from
the mixture and washed well with hexane (30 mL) to afford the pure product as a yellow solid.
The yellow solid was dried in vacuo to yield the isoalloxazine (8 h), 4.30 g, 96%, as a yellow
powder. FTIR (ATR): ¥ 3016, 1720, 1680, 1614, 1581, 1540, 1497, 1419, 1363, 1268, 1198, 1114,
1045, 1012, 877, 817, 806,752,709, 653 CM™. 'H-NMR (ds-DMSO, 300 MHz) dppm; 11.46 (s,
N-H, 1H), 8.19 (d, J = 8.2 Hz, Ar-H, 1H),7.75 (t, J = 7.9 Hz, Ar-H, 1H), 7.64 (m, Ar-H, 2H), 7.39
(d, J=7.9 Hz, Ar-H, 2H) , 7.26 (t, J = 7.8 Hz, Ar-H, 1H), 6.79 (d, J = 8.3 Hz, Ar-H, 1H), 3.71 (s,
OCHjs, 3H). C NMR (ds-DMSO, 75 MHz ,) Sppm; 173.78, 159.49, 155.67, 153.87, 151.35,
139.47,135.22, 134.68, 133.53, 131.73, 131.51, 129.00, 126.24, 123.82, 121.70, 116.51, 113.34,
56.01. HRMS (ESI) m/z calcd for [C17H12N4O2]* 320.091, found 321.0985 [M+H]". Mp 262—
265°C. Log P: 2.307.
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6.13 Synthesis of 2-(2-nitrophenyl) 4-methoxy aniline (9a)
L
NH

OCHs

A mixture of potassium carbonate (4.14 g, 30 mmol), 4-anisidine (1.23.0 g, 10 mmol), and 1-
fluoro-2-nitrobenzene (1.4.1 g, 10 mmol) was irradiated for 3 h at 150 °C in a CEM microwave
at full power. The mixture was allowed to cool to room temperature, and ice (100 mL) was added
with stirring. The aqueous solution was adjusted to pH 6 using c. HClq) added to a separating
funnel and extracted with CHClI; (3x60 mL). The organic layer was isolated, dried with anhydrous
sodium sulphate, and evaporated under reduced pressure to yield the substituted 4-methoxy-(2-
nitrophenyl) aniline as a black solid. The crude solid was purified by flash column
chromatography over silica gel eluting with EtOAc: PE (2:1) to afford the pure product as a red
solid, (9a) 1.21 g, 50%. 'H-NMR (CDCls, 300 MHz) 8ppm; 9.41 (s, N-H, 1H), 8.17 (d, J = 8.6
Hz, Ar-H, 1H), 7.30 (t, J = 7.8 Hz, Ar-H, 1H), 7.18 (m, Ar-H, 2H), 6.97 (m, Ar-H, 3H), 6.70 (t, J
= 7.8 Hz, Ar-H, 1H), 3.83 (s, OCH3, 3H). 3C NMR (CDCls, 75MHz); 157.91, 144.48, 135.78,
132.39, 131.13, 127.09, 126.58, 116.78, 115.76, 114.95. HRMS (ESI) m/z calcd for
[C13H12N205]* 245.246, found 244.139 [M-H]". Log P: 3.90.

6.14 Synthesis of 10-(4-methoxyphenyl) isoalloxazine (9c¢)
o)
N
N \N/go

OCHs

Compound 9a (3.00 g, 13.2 mmol) was dissolved in glacial acetic acid (20 mL) and the mixture
was cooled in an ice bath. Zinc dust (8.55 g, 132 mmol) was gradually added and the solution
was allowed to stir at room temperature for 2 h and filtered through celite. The filter cake was
washed with glacial acetic acid (250 mL) to yield the substituted N-(methoxyphenyl amino) (9b)
as a dark brown solution. To the solution of substituted N-(methoxyphenyl amino) aniline was

added alloxan monohydrate (2.08 g, 13.0 mmol) and boric acid (0.81 g, 13.2 mmol). The solution

251 |Page



was stirred at room temperature for 12 h, resulting in a dark yellow solution. The yellow solid
was filtered from the mixture and washed well with hexane (30 mL) to afford the pure product as
a yellow solid. The yellow solid was dried in vacuo to yield the isoalloxazine (9¢c), 3.76 g, 82%,
as a yellow powder. *H-NMR (ds-DMSO, 300 MHz) dppm; 11.43 (s, Ar-NH, 1H), 8.18 (d, J =
7.0 Hz, Ar-H,1H), 7.75 (d, J = 7.0, Hz, Ar-H, 1H), 7.61 (t, J = 7.3 Hz, Ar-H, 1H), 7.35 (d, J = 8.7
Hz, Ar-H, 2H), 7.24 (d, J = 9.0 Hz, Ar-H, 2H), 6.84 (d, J = 8.3 Hz, Ar-H, 1H), 3.88 (s, Ar-
OCH,3H). BC NMR (ds-DMSO, 75 MHz) dppm; 160.32, 160.08, 156.06, 152.51, 139.89,
135.20, 134.94, 131.81, 129.40, 129.40, 128.94, 126.39, 117.39, 115.87, 21.99. FTIR (ATR): ¥
3073, 1746, 1706, 1638, 1613, 1583, 1539, 1501, 1459, 1404, 1329, 1276, 1249, 1197, 1175,
1114, 1032, 930, 883, 841, 809, 765, 755, 727, 706 CM™. HRMS (ESI) m/z calcd for
[C17H12N405]* 320.091, found 321.0987 [M+H]*. Mp 264-266°C. Log P: 2.1109.

6.15 Synthesis of 2-(2-nitrophenyl) 2-tolyl aniline (10a)

©:N02
NH
CHs

A mixture of potassium carbonate (4.14 g, 30.0 mmol), 2-toluidine (1.07 g, 10.0 mmol), and 1-
fluoro-2-nitrobenzene (1.41 g, 10.0 mmol) was irradiated for 3 h at 150 °C in a CEM microwave
at full power. The mixture was allowed to cool to room temperature, and with stirring poured onto
ice water (30 mL). The reaction mixture was adjusted to pH 6 using c. HCI (), added to a
separating funnel and extracted with CHCIs (3 x 50 mL). The organic layer was isolated, dried
with anhydrous sodium sulphate, and evaporated under reduced pressure to yield the substituted
2-tolyl-N-(2-nitrophenyl) aniline as a black solid. The crude solid was purified by flash column
chromatography over silica gel eluting with EtOAc: PE (2:1) to afford the pure product as a red
solid. The solid was dried in vacuo to yield 10a, 1.37 g, 60% as dark red crystals. *H-NMR
(CDCls, 300 MHz) 8ppm; 9.39 (s, Ar-NH, 1H), 8.23 (d, J = 8.6 Hz, Ar-H, 1H), 7.42 — 7.17 (m,
Ar-H, 5H), 6.87 (d, J = 8.6 Hz, Ar-H, 1H), 6.76 (t, J = 8.3 Hz, Ar-H, 1H), 2.29 (s, Ar-CHs, 3H).
3C NMR (CDCls, 75 MHz,) 143.85, 136.94, 135.89, 134.42, 132.60, 131.45, 127.15, 126.74,
126.65, 126.19, 116.97, 115.83, 17.97. HRMS (ESI) m/z calcd for [C1sH12N20,]* 228.224, found
228.99 [M+H]*. Mp 264-266°C. Log P: 2.119.
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6.16 Synthesis of 10-(2-tolylphenyl) isoalloxazine (10c)

Compound 10a (2.97 g, 13 mmol) was dissolved in glacial acetic acid (70 mL) and with constant
stirring the mixture was cooled in a slush bath for a few moments followed by the slow gradual
addition of zinc dust (8.56 g, 131 mmol) ensuring the temperature did not rise uncontrollably .
Upon the final addition of zinc the reaction mixture was allowed to stir at room temperature for 2
h. The reaction mixture was filtered through celite to remove the zinc dust and the filter cake was
washed with glacial acetic acid (20 mL) to yield the substituted N-(tolylphenyl amino) aniline
(10b) as a dark brown solution. To the solution was added alloxan monohydrate (2.11 g, 13.2
mmol) and boric acid (0.80 g, 13.0 mmol) and the solution was stirred at room temperature for
12 h, resulting in the formation of a yellow precipitate. The precipitate was isolated from the
reaction mixture by filtration under reduced pressure and washed well with hexane (40 mL). The
yellow solid was dried in vacuo to yield the 10 (2-tolylphenyl) isoalloxazine (10c), 1.37 g, 53%,
as a yellow powder, mp 240-242°C. H-NMR (ds-DMSO, 300 MHz) dppm; 11.43 (s, Ar-NH,
1H), 8.21 (d, J = 8.0 Hz, Ar-H, 1H), 7.75 (t, J = 7.9 Hz, Ar-H, 1H), 7.56 (d, J = 7.9 Hz, Ar-H,
4H), 7.31 (d, J = 7.4 Hz, Ar-H, 1H), 6.67 (d, J = 8.3 Hz, Ar-H, 1H), 1.97 (s, Ar-CHs, 3H). *C
NMR (de-DMSO, 75 MHz,) dppm; 160.15, 156.19, 151.52, 140.41, 135.53, 135.47, 135.42,
135.17, 133.56, 132.00, 131.96, 130.49, 128.38, 128.17, 126.59, 116.62, 17.36. FTIR (ATR): ¥
3019, 1709, 1649, 1610, 1579, 1545, 1508, 1460, 1428, 1369, 1283, 1223, 1187, 1160, 1118,
1012, 934, 878, 826, 808, 773, 724, 705, 655 CM*. HRMS (ESI) m/z calcd for [C17H12N4O,]*
304.096, found 305.1035 [M+H]*. Mp dec.240-242°C. Log P: 2.67.
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6.17 Synthesis of 2-(2-nitrophenyl) 3-tolyl aniline (11a)
CL.
NH

CHsj

A mixture of potassium carbonate (6.91 g, 50.0 mmol), 3-toluidine (3.24 mL, 30 mmol), and 1-
bromo-2-nitrobenzene (6.06 g, 30.0 mmol) was irradiated for 3 h at 150 °C in a CEM microwave
at full power. The mixture was allowed to cool to room temperature, and with stirring poured onto
ice water (100 mL). The reaction mixture was adjusted to pH 6 using c¢. HCI (), added to a
separating funnel and extracted with CHCI; (3 x 50 mL). The organic layer was isolated, dried
with anhydrous sodium sulphate, and evaporated under reduced pressure to yield the substituted
2-(2-nitrophenyl) 3-tolyl-aniline as a black solid. The crude solid was purified by flash column
chromatography over silica gel eluting with EtOAc: PE (2:1) to afford the pure product as a red
solid. The solid was dried in vacuo to yield 11a, 5.02 g, 73% as dark red crystals. *H-NMR
(CDCls, 300 MHz) 8ppm; 9.50 (s, Ar-NH, 1H), 8.21 (dd, J = 8.6, 1.4 Hz, Ar-H, 1H), 7.43 - 7.22
(m, Ar-H, 3H), 7.15 - 7.04 (m, Ar-H, 3H), 6.78 (t, J = 8.3 Hz, Ar-H, 1H), 2.40 (s, Ar-CHs, 3H).
13C NMR (CDCls, 75 MHz,) 143.21, 139.80, 138.56, 135.71, 133.03, 129.51, 126.64, 126.49,
125.04, 121.35, 117.36, 116.16, 21.43. HRMS. (ESI) m/z calcd for [C13H12N.O,]* 228.25, found
229.19 [M+H]*. Log P: 4.26.
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6.18 Synthesis of 10-(3-tolylphenyl) isoalloxazine (11c)

0
N
C[ X NH
NS
N N/go

CHg

Compound 11a (5.01 g, 22.0 mmol) was dissolved in glacial acetic acid (105 mL) and with
constant stirring the mixture was cooled in a slush bath for a few moments followed by the slow
gradual addition of zinc dust (14.38 g, 220 mmol) ensuring the temperature did not rise
uncontrollably. Upon the final addition of zinc the reaction mixture was allowed to stir at room
temperature for 2 h. The reaction mixture was filtered through celite to remove the zinc dust and
the filter cake was washed with glacial acetic acid (50 mL) to yield the substituted N-(tolylphenyl
amino) aniline, (11b) as a dark brown solution. To the solution was added alloxan monohydrate
(3.52 g, 22.0 mmol) and boric acid (1.37 g, 22.2 mmol) and the solution was stirred at room
temperature for 12 h, resulting in the formation of a yellow precipitate. The precipitate was
isolated from the reaction mixture by filtration under reduced pressure and washed well with
hexane (60 mL). The yellow solid was dried in vacuo to yield 10-(3-tolyl phenyl) isoalloxazine
(11c), 2.45 g, 37 %, as a yellow powder, mp 242-244°C. *H-NMR (dg-DMSO, 300 MHz) dppm;
11.44 (s, 1H, Ar-NH), 8.18 (d, J = 6.0 Hz, Ar-H, 1H), 7.74 (t, J = 6.2 Hz, Ar-H, 1H), 7.63-7.57
(m, Ar-H, 2H), 7.47 (d, J = 6.5 Hz, Ar-H, 1H), 7.23-7.21 (m, Ar-H, 2H), 6.77 (d, J = 7.0 Hz, Ar-
H, 1H), 2.43 (s, CH33H). 3C NMR (ds-DMSO, 75 MHz) 8ppm; 160.03, 156.05, 152.15, 140.48,
139.93, 136.49, 135.22, 135.16, 134.48, 131.79, 130.91, 130.60, 128.39, 126.45, 125.22, 117.33,
21.38. HRMS (ESI) m/z cald for [C17H12N4O]* 304.302 found 305.313 [M+H] *. Log P: 2.69.

6.19 Synthesis of 2-(2-nitrophenyl) 4-tolyl aniline (12a)
L.,
NH

CHgs

A mixture of potassium carbonate (5.52 g, 40.0 mmol), 4-toluidine (2.89 g, 20.0 mmol), and 1-
fluro-2-nitrobenzene (2.82 g, 20.0 mmol) was irradiated for 3 h at 150 °C in a CEM microwave

at full power. The mixture was allowed to cool to room temperature, and with stirring poured onto

255 | Page



ice water (80 mL). The reaction mixture was adjusted to pH 6 using c. HCI (), added to a
separating funnel and extracted with CHCI; (3 x 50 mL). The organic layer was isolated, dried
with anhydrous sodium sulphate, and evaporated under reduced pressure to yield the substituted
2-(2-nitrophenyl) 4-tolyl aniline as a black solid. The crude solid was purified by flash column
chromatography over silica gel eluting with EtOAc: PE (2:1) to afford the pure product as a red
solid. The solid was dried in vacuo to yield (12a), 3.52 g, 58% as dark red crystals. * main signals
showing with crude/impure material present; *H-NMR (CDCls, 300 MHz) Sppm; 10.02 (s, N-H,
1H), 9.36 (s, N-H, 1H), 8.08 (dd, J = 8.5 Hz, J = 8.0 Hz Ar-H, 1H), 7.78 (d, J = 8.1 Hz, Ar-H,
1H), 7.72 (t, J = 7.6 Hz, Ar-H, 1H), 7.61 (m, Ar-H, 1H), 7.46 (m, Ar-H, 1H), 7.22 (m, Ar-H, 6H),
7.09 (d, J = 8.7 Hz, Ar-H, 1H), 7.00 (t, J = 7.5 Hz, Ar-H, 1H), 6.81 (m, Ar-H, 1H), 6.52 (t, J =
7.5Hz, Ar-H, 1H), 2.30 (s, CHs, 3H). * Main signals showing with crude/impure material present;
3C NMR (CDCls, 75 MHz,) 148.30, 145.77, 142.12, 137.95, 136.91, 134.25, 133.63, 131.58,
128.17, 126.76, 126.68, 126.41, 115.99, 114.82, 116.03. HRMS. m/z (ESI) calcd for
[C13H12N20]*: 228.25, found 229.03 [M+H]*. Log P: 4.29.

6.20 Synthesis of 10-(4-tolylphenyl) isoalloxazine (12c)

CHj

Compound 12a (2.96 g, 13 mmol) was dissolved in glacial acetic acid (50 mL) and with constant
stirring the mixture was cooled in a slush bath for a few moments followed by the slow gradual
addition of zinc dust (8.58 g, 132 mmol) ensuring the temperature did not rise uncontrollably .
Upon the final addition of zinc the reaction mixture was allowed to stir at room temperature for 2
h. The reaction mixture was filtered through celite to remove the zinc dust and the filter cake was
washed with glacial acetic acid (30 mL) to yield the substituted N-(tolylphenyl amino) aniline,
(12b) as a dark brown solution. To the solution was added alloxan monohydrate (2.11 g, 13.2
mmol) and boric acid (0.80 g, 13.0 mmol) and the solution was stirred at room temperature for
12 h, resulting in the formation of a yellow precipitate. The precipitate was isolated from the
reaction mixture by filtration under reduced pressure and washed well with hexane (40 mL). The
yellow solid was dried in vacuo to yield 10-(4-tolyl phenyl) isoalloxazine (12¢), 3.76 g, 82 %, as
a yellow powder, mp 242-244°C. *H-NMR (ds-DMSO, 300 MHz) dppm; 11.43 (s, Ar-NH, 1H),
8.18 (d,J=7.9 Hz, Ar-H, 1H), 7.74 (t, J = 7.8 Hz, Ar-H,1H), 7.61 (t, J = 7.8 Hz, Ar-H, 1H), 7.51

(d, J=8.1Hz, Ar-H, 2H), 7.30 (d, J = 8.1 Hz, Ar-H, 2H), 6.79 (d, J = 8.4 Hz, Ar-H, 1H), 2.46 (s,
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Ar-CH,3H). *C NMR (ds-DMSO, 75.4 MHz) dppm; 160.04, 156.03, 152.28, 139.91, 139.89,
135.18, 134.63, 133.94, 131.80, 131.80, 131.21, 127.97, 126.42, 117.32, 21.99. FTIR (ATR): *
3015, 2969, 1739, 1638, 1613, 1541, 1501, 1459, 1405, 1365, 1277, 1228, 1216, 1109, 1033, 883,
841, 766, 727 CM. HRMS (ESI) m/z calcd for [Ci17H12N4O2]* 304.1035, found 305.1035
[M+H]*. Log P:2.51.

6.21 Synthesis of 2-(2-chlorophenyl) aniline (14a)

©:Noz
NH
Cl

A mixture of potassium carbonate (5.52 g, 40.0 mmol), 2-chloroaniline (2.55 g, 20.0 mmol), and
1- fluoro-2-nitrobenzene (7.05 g, 50.0 mmol) was irradiated for 3 h at 150 °C in a CEM
microwave at full power. The mixture was allowed to cool to room temperature, and ice (20 mL)
was added with stirring. The aqueous solution was adjusted to pH 6 using ¢. HCl () added to a
separating funnel and extracted with CHCI3 (3x50 mL). The organic layer was isolated, dried with
anhydrous sodium sulphate, and evaporated under reduced pressure to yield the substituted 2-
chloro-(2-nitrophenyl) aniline as a black solid. The crude solid was purified by flash column
chromatography over silica gel eluting with EtOAc: PE (2:1) to afford the pure product as a red
solid, (14a), 10.42 g, 98%. *H-NMR (CDCls, 300 MHz) dppm; 9.50 (s, Ar-NH, 1H), 8.23 (dd, J
= 8.6, 1.5 Hz, Ar-H, 1H), 7.57 — 7.38 (m, Ar-H, 2H), 7.36 — 7.26 (m, Ar-H, 1H), 7.24 — 7.12 (m,
Ar-H, 3H), 6.87 (t, J = 7.8 Hz, Ar-H, 1H). *C NMR (CDCls, 75 MHz) éppm; 141,51, 136.17,
135.63, 134.20, 130.59, 128.66, 127.59, 126.73, 126.08, 124.33, 118.46, 116.25. HRMS (ESI)
m/z calcd for [C12HCIN2O2]* 247.662, found 248.665 [M*]. Log P: 4.47.
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6.22 Synthesis of 10-(2-chlorophenyl) isoalloxazine (14c)

o
N
©: D NH
NS
N N/J%O
Cl

Compound 14a (0.30 g, 1.2 mmol) was dissolved in glacial acetic acid (10 mL) and the mixture
was cooled in an ice bath. Zinc dust (0.78 g, 12 mmol) was gradually added and the solution was
allowed to stir at room temperature for 2 h and filtered through celite. The filter cake was washed
with glacial acetic acid (10 mL) to yield the substituted N-(chlorophenyl amino) aniline, (14b) as
a dark brown solution. To the solution of substituted N-phenylaniline was added a further portion
of glacial acetic acid (10 mL) along with alloxan monohydrate (0.2g, 1.30 mmol) and boric acid
(0.1 g, 1.31 mmol). The solution was stirred at room temperature for 12 h, resulting in a dark
yellow solution. The yellow solid was filtered from the mixture and washed well with hexane (10
mL) to afford the pure product as a yellow solid. The yellow solid was dried in vacuo to yield the
isoalloxazine (14¢) 0.10 g, 26%, as a yellow powder. FTIR (ATR): r 3300, 1709, 1612, 1583,
1461, 1313, 1196, 1107, 833 CM™. tH-NMR (ds-DMSO, 300 MHz) dppm; 11.54 (s, Ar-NH ,1H),
8.23 (d, J = 8.1 Hz, Ar-H, 1H), 7.94 — 7.54 (m, Ar-H, 6H), 6.74 (d, J = 8.5 Hz, Ar-H, 1H). B°C
NMR (ds-DMSO, 75 MHz) ppm; 159.78, 155.92, 151.40, 140.00, 139.81, 137.64, 135.84,
135.00, 133.60, 133.11, 132.14, 131.20, 130.46, 129.93, 126.94, 116.49. HRMS (ESI) m/z calcd
for [C16HeCINLO]* 324.7213, found 325.0489 [M+H] *. Mp 236-238°C. Log P: 2.904.

6.23 Synthesis of 2-(2-nitrophenyl) 3-chloro aniline (15a)
L,
NH

Cl
A mixture of potassium carbonate (9.67 g, 50.0 mmol), 2-chloroaniline (3.82 g 30.0 mmol), and
1-fluoro-2-nitrobenzene (30.0 mmol) was irradiated for 3 h at 150 °C in a CEM microwave at
full power. The mixture was allowed to cool to room temperature, and ice (10 mL) was added
with stirring. The aqueous solution was adjusted to pH 6 using ¢. HClq) added to a separating
funnel and extracted with CHCI; (3x50 mL). The organic layer was isolated, dried with anhydrous

sodium sulphate, and evaporated under reduced pressure to yield the substituted 3-chloro-N-(2-
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nitrophenyl) aniline as a black solid. The crude solid was purified by flash column
chromatography over silica gel eluting with EtOAc: PE (2:1) to afford the pure product as a red
solid, 15a, 0.43 g, 5%.'H-NMR (CDCls, 300 MHz) dppm; 9.28 (s, Ar-NH, 1H), 8.11 (d, J = 8.1
Hz, Ar-H, 1H), 7.55 (t, J = 7.3 Hz, Ar-H, 1H), 7.46 — 7.12 (m, Ar-H, 5H), 6.97 (t, J = 7.3 Hz, Ar-
H, 1H). 3C NMR (CDCls, 75 MHz) ppm; 142.12, 140.84, 136.32, 135.54, 134.15, 131.41,
126.69, 124.18, 122.53, 121.27, 119.79, 118.43. HRMS (ESI) m/z calcd for [C12HyCIN2O2]*
248.665, found 249.0465 [M+H] *. Log P: 4.49.

6.24 Synthesis of 10-(3-chlorophenyl) isoalloxazine (15c)

0
N
@[ X NH
N
N N/go
Cl

Compound 15a (0.42 g, 1.7 mmol) was dissolved in glacial acetic acid (10 mL) and the mixture
was cooled in an ice bath. Zinc dust (1.13g, 17.3 mmol) was gradually added and the solution
was allowed to stir at room temperature for 2 h and filtered through celite. The filter cake was
washed with glacial acetic acid (15 mL) to yield the substituted N-(chlorophenyl amino) aniline,
(15Db) as a dark brown solution. To the solution of substituted N-(chlorophenyl amino) aniline was
added a further portion of glacial acetic acid (15 mL) along with alloxan monohydrate (0.27, 1.70
mmol) and boric acid (0.10 g, 1.71 mmol). The solution was stirred at room temperature for 12 h,
resulting in a dark yellow solution. The yellow solid was filtered from the mixture and washed
well with hexane (10 mL) to afford the pure product as a yellow solid. The yellow solid was dried
in vacuo to yield the isoalloxazine (15c) 0.19 g, 34%, as a yellow powder. FTIR (ATR): ¥ 3300,
1704, 1680, 1537, 1459, 1410, 1317, 1268, 818 CM™. H-NMR (ds-DMSO, 300 MHz) Sppm;
11.50 (s, Ar-NH, 1H), 8.20 (d, J = 8.0 Hz, Ar-H, 1H), 7.81 — 7.39 (m, Ar-H, 6H), 6.83 (d, J = 8.5
Hz, Ar-H, 1H). 3C NMR (de-DMSO, 75 MHz ) dppm; 159.89, 155.91, 152.14, 139.81, 137.70,
135.48, 135.13, 134.79, 134.16, 132.55, 131.90, 130.52, 128.43, 127.33, 126.63, 117.19. HRMS
(ESI) m/z calcd for [C16HoCIN4O2]* 324.0213, found 325.0487 [M+H]*. Mp 260-262°C. Log P:
2.928.
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6.25 Synthesis of 2-(2-nitrophenyl) 4-chloro aniline (16a)
CL
NH

Cl

A mixture of potassium carbonate (6.91 g, 50.0 mmol), 2-chloroaniline (3.82g 30.0 mmol), and
1-fluoro-2-nitrobenzene (4.23 g, 30.0 mmol) was irradiated for 3 h at 150 °C in a CEM
microwave at full power. The mixture was allowed to cool to room temperature, and ice (10 mL)
was added with stirring. The aqueous solution was adjusted to pH 6 using ¢. HCl () added to a
separating funnel and extracted with CHCI3 (4x50 mL). The organic layer was isolated, dried with
anhydrous sodium sulphate, and evaporated under reduced pressure to yield the substituted (2-
nitrophenyl) 4-chloro aniline, (16a) as a black solid, 1.55 g, 21%. *H-NMR (CDCls, 300 MHz)
Sppm; 9.43 (s, Ar-NH, 1H), 8.23 (d, J = 9.9 Hz, Ar-H,1H), 7.48 — 7.14 (m, Ar-H, 6H), 6.83 (t, J
=7.8 Hz, Ar-H, 1H). C NMR (CDCls;, 75 MHz) 8ppm;142.57, 137.37, 135.82, 133.47, 130.80,
129.86, 126.75, 125.51, 117.98, 115.92. HRMS (ESI) m/z calcd for [C12HsCIN2O,]*" 248.665,
found 249.0355 [M+H] *. Log P:4.52.

6.26 Synthesis of 10-(4-chlorophenyl) isoalloxazine (16c)

O

CLIX
N \N/go

Cl
Compound 16a (1.00 g, 4.0 mmol) was dissolved in glacial acetic acid (20 mL) and the mixture
was cooled in an ice bath. Zinc dust (2.61 g, 40.3 mmol) was gradually added and the solution
was allowed to stir at room temperature for 2 h and filtered through celite. The filter cake was
washed with glacial acetic acid (30 mL) to yield the substituted N-(chlorophenyl amino) aniline
as a dark brown solution. To the solution of substituted N-(chlorophenyl amino) aniline (16b) was
added a further portion of glacial acetic acid (50 mL) along with alloxan monohydrate (0.64g, 4.0
mmol) and boric acid (0.23g, 3.8 mmol). The solution was stirred at room temperature for 12 h,

resulting in a dark yellow solution. The yellow solid was filtered from the mixture and washed
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well with hexane (10 mL) to afford the pure product as a yellow solid. The yellow solid was dried
in vacuo to yield the isoalloxazine (16¢) 0. 93 g, 71%, as a yellow powder. FTIR (ATR): v 3300,
1688, 1581, 1488, 1461, 1200, 1198, 881 CM™. 'H-NMR (ds-DMSO, 300 MHz) Sppm; 11.48 (s,
Ar-NH, 1H), 8.19 (d, J = 8.1 Hz, Ar-H, 1H), 7.85 - 7.71 (m, Ar-H, 3H), 7.62 (t, J = 7.9 Hz, Ar-

H, 1H), 7.52 — 7.45 (m, Ar-H, 2H), 6.83 (d, J = 8.5 Hz, Ar-H, 1H). C-NMR (ds-DMSO, 75
MHz ) dppm; 159.54, 155.50, 151.82, 139.46, 134.94, 134.91, 134.75, 134.54, 133.88, 131.47,
130.54, 129.93, 126.14, 116.81. HRMS (ESI) m/z calcd for [C16HsCIN4O2]* 324.053, found
325.0488 [M+H] *. Mp 258-260°C. Log P: 2.741.

6.27 Synthesis of 10-(2-tosyloxyphenyl) isoalloxazine (17c)

Compound 4c was dissolved (0.30 g, 1.0 mmol) in DCM (10 mL) and with continuous stirring
the mixture was cooled to 0°C using an ice bath ensuring the temperature did not rise
uncontrollably. To this was added p-toluene sulphonyl chloride (0.29 g, 1.5 mmol) and
triethylamine (2.8 mL, 2.0 mmol). Upon the final addition of EtsN, the reaction mixture was
removed from the ice and allowed to stir at room temperature for 2 h. The solution was acidified
to pH 7 with c. HCI g, transferred to a separating funnel and extracted with water and ethyl
acetate (3 x 15 mL), organics where collected and dried over anhydrous Na,SO4 and concentrated
under reduced pressure to afford the pure product as a yellow solid. The solid was dried in vacuo
to yield the 10 (2-tosyloxyphenyl) isoalloxazine (17c) 0.28 g, 62% as a yellow powder, mp 248-
250°C. 'H-NMR (ds-DMSO, 300 MHz) Sppm; 11.52 (s, Ar-NH, 1H), 8.15 (d, J = 7.8 Hz, Ar-H,
1H), 7.83 — 7.58 (m, Ar-H, 5H), 7.49 (d, J = 7.8 Hz, Ar-H, 1H), 7.32 (d, J = 8.3 Hz, Ar-H, 2H),
7.04 (d, J =8.3 Hz, Ar-H, 2H), 6.62 (d, J = 8.4 Hz, Ar-H,1H), 2.29 (s, Ar-CH, 3H). *C NMR (ds-
DMSO 75 MHz,) § 159.91, 155.88, 155.18, 152.19, 149.99, 146.59, 139.90, 139.01, 135.35,
135.21, 135.14, 134.30, 131.66, 130.85, 130.34, 128.84, 126.56, 124.68, 124.60, 116.94, 21.70.
FTIR (ATR): ¥ 2969, 1725, 1662, 1609, 1662, 1579, 1536, 1509, 1457, 1366, 1275, 1197, 1158,
1109, 1090, 863, 799, 766, 721, 700, 664.HRMS (ESI) m/z calcd for [C23H16N4OsS]* 461.462,
found 461.0913 [M-H]". Log P: 3.64.
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6.28 Synthesis of 10-(3-tosylphenyl) isoalloxazine (18¢c)

O]

Compound 5¢ was dissolved (0.30 g, 1.0 mmol) in DCM (10 mL) and with continuous stirring
the mixture was cooled to 0° C using an ice bath ensuring the temperature did not rise
uncontrollably. To this was added p-toluene sulphonyl chloride (0.29 g, 1.5 mmol) and
triethylamine (2.8 mL, 2.0 mmol). Upon the final addition of EtsN, the reaction mixture was
removed from the ice and allowed to stir at room temperature for 2 h. The solution was acidified
to pH 7 with c. HCI ), transferred to a separating funnel and extracted with water and ethyl
acetate (3 x 10 mL), organics where collected and dried over anhydrous Na,SO4 and concentrated
under reduced pressure to afford the pure product as a yellow solid. The solid was dried in vacuo
to yield the 10-(3-tosylphenyl) isoalloxazine (18c) 0.10 g, 22% as a yellow powder. *H-NMR
(de-DMSO, 300 MHz) dppm; 11.47 (s, Ar-NH, 1H), 8.21 — 8.13 (m, Ar-H, 1H), 7.86 — 7.57 (m,
Ar-H, 5H), 7.46 - 7.40 (m, Ar-H, 4H), 7.11 (d, J = 2.0 Hz, Ar-H, 1H), 6.51 (d, J = 8.4 Hz, Ar-H,
1H), 2.33 (s, Ar-CH,3H). *C NMR (ds-DMSO 75 MHz,) 8ppm; 159.86, 155.87, 155.69, 152.13,
150.34, 146.43, 137.33, 135.44, 135.24, 135.06, 134.05, 132.37, 131.88, 131.00, 130.85, 128.92,
127.71,126.49, 122.47,116.83, 21.63. FTIR (ATR): 2923, 1661, 1585, 1539, 1482, 1360, 1269,
1178, 1082, 967, 861, 808, 764, 740, 664, 606, 564, 547, 513, 459, 436. HRMS (ESI) m/z calcd
for [CasH1sN20sS]* 461.462, found 461.0913 [M-H]". Mp 248-250 C. Log P: 3.66.
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6.29 Synthesis of 10-(4-tosyloxyphenyl) isoalloxazine (19c)
0
N
SO
N \N/ko

oL

7
)

Compound 6¢ was dissolved (0.30 g, 1.0 mmol) in DCM (10 mL) and with continuous stirring
the mixture was cooled to 0° C using an ice bath ensuring the temperature did not rise
uncontrollably. To this was added p-toluene sulphonyl chloride (0.29 g, 1.5 mmol) and
triethylamine (0.15 mL, 2.0 mmol). Upon the final addition of Et;N, the reaction mixture was
removed from the ice and allowed to stir at room temperature for 2 h. The solution was acidified
to pH 7 with c. HCI g, transferred to a separating funnel and extracted with water and ethyl
acetate (3 x 15 mL), organics where collected and dried over anhydrous Na,SO4 and concentrated
under reduced pressure to afford the pure product as a yellow solid. The solid was dried in vacuo
to yield the 10-(4-tosyloxyphenyl) isoalloxazine (19c¢), 0.13 g, 13% as a yellow powder. Mp 245-
247 °C. H-NMR (ds-DMSO, 300 MHz) Sppm; 11.46 (s, Ar-NH, 1H), 8.19 (d, J = 8.0 Hz, Ar-H,
1H), 7.86 (d, J = 8.1 Hz, Ar-H, 2H), 7.78 (t, J = 8.0 Hz, Ar-H, 1H), 7.63 (t, J = 7.6 Hz, Ar-H,
1H), 7.58 — 7.32 (m, Ar-H, 7H), 2.44 (s, Ar-CH, 3H). 3C-NMR (ds-DMSO 75 MHz,) dppm;
159.91, 155.88, 152.19, 149.99, 146.59, 139.90, 139.01, 135.35, 135.21, 135.14, 134.30, 131.66,
130.85, 130.34, 128.84, 126.56, 124.60, 116.94, 21.70. FTIR (ATR): ¥ 2969, 1737, 1687, 1610,
1581, 1542, 1495, 1458, 1357, 1315, 1266, 1216, 1175, 1151, 1110, 1089, 1020, 966, 930, 857,
805, 769, 743,725,698,669. HRMS (ESI) m/z calcd for [C23H16N40sS]*460.462, found 461.0912
[M+H]*. Log P: 3.48.
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6.30 Synthesis of 2-(2-nitrophenyl) 2-carboxy aniline (20a)

©:NOZ
NH
COOH

A mixture of potassium carbonate (4.14 g, 30.0 mmol), copper powder (0.20 g, 3.1mmol), 4-
aminobenzoic acid (5.00 g, 36.5 mmol), and 1-bromo-2-nitrobenzene (6.44 g, 31.9 mmol) in 1-
butanol was set to reflux for 12 h with stirring at 140 °C. The mixture was allowed to cool to
room temperature resulting in an orange precipitate. The precipitate was crushed with diethyl
ether (50 mL) collected by suction filtration. The orange solid was transferred into a conical flask
and distilled water (100 mL) was added. The aqueous solution was adjusted to pH 9 using c.
NH4OH(q) and heated to boil, and was cooled to room temperature and filtered through celite.
The solution was adjusted to pH 5, using ¢. HClq forming a bright orange solid. The solid was
filtered from the mixture and dried under vacuo to yield the substituted 2-carboxy-(2-nitrophenyl)
aniline, (20a) as an orange powder, 5.68 g, 71%. *H-NMR (DMSO, 300 MHz) dppm; 12.70 (s,
Ar-COOH, 1H), 9.33 (s, Ar-NH, 1H), 8.12 (d, J = 8.4 Hz, Ar-H, 1H), 7.91 (d, J = 8.4 Hz, Ar-H,
2H), 7.62 (t, J = 7.6 Hz, Ar-H, 1H), 7.51 (d, J = 8.4 Hz, Ar-H, 1H), 7.32 (d, J = 8.4 Hz, Ar-H,
2H), 7.09 (t, J = 7.6 Hz, Ar-H, 1H). 3C-NMR (DMSO, 75MHz); dppm; 167.39, 145.49, 139.07,
137.44, 136.04, 131.43, 126.72, 124.93, 121.20, 120.31, 119.75. HRMS (ESI) m/z calcd for
[C13H10N204]* 258.2229, found 259.0641 [M+H]*. Log P: 3.88.
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6.31 Synthesis of 10-(2-carboxyphenyl) isoalloxazine (20c)

O

CrLx
N \NAO

COOH

Compound 20a (3.00 g, 11.6 mmol) was dissolved in glacial acetic acid (20 mL) and the mixture
was cooled in an ice bath. Zinc dust (7.55 g, 116 mmol) was gradually added and the solution
was allowed to stir at room temperature for 2 h and filtered through celite. The filter cake was
washed with glacial acetic acid (250 mL) to yield the substituted N-(carboxyphenyl amino)
aniline, (20b) as a dark brown solution. To the solution of substituted N-(carboxyphenyl amino)
aniline, was added alloxan monohydrate (1.85 g, 11.6 mmol) and boric acid (0.70 g, 11.4 mmol).
The solution was stirred at room temperature for 12 h, resulting in a dark yellow solution. The
yellow solid was filtered from the mixture and washed well with hexane (30 mL) to afford the
pure product as a yellow solid. The yellow solid was dried in vacuo to yield the isoalloxazine
(20c), 1.53 g, 40%, as a yellow powder. *H-NMR (ds-DMSO, 300 MHz) dppm; 13.07 (s, Ar-
COOH, 1H), 11.53 (s, Ar-NH, 1H), 8.25 (ddd, J = 15.6, 8.0, 1.5 Hz, Ar-H, 2H), 7.96 (t, J = 7.3
Hz, Ar-H, 1H), 7.87 — 7.71 (m, Ar-H, 2H), 7.63 (t, J = 7.3 Hz, Ar-H, 1H), 7.53 (d, J = 7.7 Hz, Ar-
H, 1H), 6.74 (d, J = 8.5 Hz, Ar-H, 1H). ¥*C-NMR (ds-DMSO, 75.4 MHz) 8ppm; 182.90, 159.81,
155.81, 151.94, 143.41, 139.16, 135.20, 136.12, 135.75, 135.25, 134.45, 132.92, 131.90, 131.03,
129.88, 126.66, 117.04. FTIR (ATR): ¥ 3073, 1746, 1706, 1638, 1613, 1583, 1539, 1501, 1459,
1404, 1329, 1276, 1249, 1197, 1175, 1114, 1032, 930, 883, 841, 809, 765, 755, 727, 706 CM™,
HRMS (ESI) m/z calcd for [C17H10N4O4]* 334.285, found 335.0702 [M+H]*. Mp 264-266°C. Log
P:2.33.
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6.32 Synthesis of 2-(2-nitrophenyl) 4-carboxy aniline (22a)
L
NH

COOH

A mixture of potassium carbonate (4.14 g, 30.0 mmol), copper powder (0.20 g, 3.1mmol), 4-
aminobenzoic acid (5.00 g, 36.5 mmol) and 1-bromo-2-nitrobenzene (6.44 g, 31.9 mmol) in 1-
butanol was set to reflux for 12 h with stirring at 140 °C. The mixture was allowed to cool to
room temperature resulting in an orange precipitate. The precipitate was crushed with diethyl
ether (50 mL) collected by suction filtration. The orange solid was transferred into a conical flask
and distilled water (100 mL) was added. The aqueous solution was adjusted to pH 9 using c.
NH4OH(q) and heated to boil, and was cooled to room temperature and filtered through celite.
The solution was adjusted to pH 5, using c¢. HCl g forming a bright orange solid. The solid was
filtered from the mixture and dried under vacuo to yield the substituted 4-carboxy-(2-nitrophenyl)
aniline, (22a) as an orange powder, 6.21 g, 77%. H-NMR (DMSO, 300 MHz) dppm; 12.70 (s,
Ar-COOH, 1H), 9.33 (s, Ar-NH, 1H), 8.12 (d, J = 8.4 Hz, Ar-H,1H), 7.91 (d, J = 8.4 Hz, Ar-H,
2H), 7.62 (t, J = 7.6 Hz, Ar-H, 1H), 7.51 (d, J = 8.4 Hz, Ar-H, 1H), 7.32 (d, J = 8.4 Hz, Ar-H,
2H), 7.09 (t, J=7.6 Hz, Ar-H, 1H).*C NMR (DMSO, 75MHz); § 167.39, 145.49, 139.07, 137.44,
136.04, 131.43, 126.72, 124.93, 121.20, 120.31, 119.75. HRMS (ESI) m/z calcd for
[C13H1oN204]* 258.2229, found 259.0641 [M+H]*. Log P: 3.75.

6.33 Synthesis of 10-(4-carboxyphenyl) isoalloxazine (22c¢)

O

C[N\ NH
N \N/go

COOH
Compound 22a (3.00 g, 11.6 mmol) was dissolved in glacial acetic acid (20 mL) and the mixture
was cooled in an ice bath. Zinc dust (7.55 g, 116 mmol) was gradually added and the solution
was allowed to stir at room temperature for 2 h and filtered through celite. The filter cake was

washed with glacial acetic acid (250 mL) to yield the substituted N-(carboxyphenyl amino)
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aniline, (22b) as a dark brown solution. To the solution of substituted N-(carboxyphenyl amino)
aniline, was added alloxan monohydrate (1.85 g, 11.6 mmol) and boric acid (0.70 g, 11.4 mmol).
The solution was stirred at room temperature for 12 h, resulting in a dark yellow solution. The
yellow solid was filtered from the mixture and washed well with hexane (30 mL) to afford the
pure product as a yellow solid. The yellow solid was dried in vacuo to yield the isoalloxazine 22c,
2.57 g, 66%, as a yellow powder. *H-NMR (ds-DMSO, 300 MHz) Sppm; 11.48 (s, Ar-NH, 1H),
8.27 — 8.19 (m, Ar-H, 3H), 7.83 — 7.45 (m, Ar-H, 4H), 6.79 (d, J = 8.6 Hz, Ar-H, 1H). °C NMR
(ds-DMSO, 75.4 MHz) dppm; 167.36, 145.49, 139.02, 137.45, 136.04, 131.41, 126.71, 124.89,
121.24, 120.37, 119.68. FTIR (ATR): v 3073, 1746, 1706, 1638, 1613, 1583, 1539, 1501, 1459,
1404, 1329, 1276, 1249, 1197, 1175, 1114, 1032, 930, 883, 841, 809, 765, 755, 727, 706 CM™,
HRMS (ESI) m/z calcd for [C17H10N4O4]* 334.285, found 335.0702 [M+H]*. Mp 264-266°C. Log
P: 1.973.

6.34 Synthesis of 2-(2-nitrophenyl) benzene 1, 2-diamine (23a)

O: -
NH
NO,

A mixture of potassium carbonate (20.7 g, 150.0 mmol), 2-phenylenediamine (14.0 g, 130.0
mmol), and 1-fluoro-2-nitrobenzene (18.3 g, 130.0 mmol) was irradiated for 3 h at 150 °C in a
CEM microwave at full power. The mixture was allowed to cool to room temperature, and with
stirring poured reduced pressure to yield the substituted 2-(2-nitrophenyl) benzene 1,2-diamine,
(23a) as onto ice water (300 mL). The reaction mixture was adjusted to pH 6 using c. HCI (),
added to a separating funnel and extracted with CHCIs; (5 x 50 mL). The organic layer was
isolated, dried with anhydrous sodium sulphate, and evaporated under a black solid. The crude
solid was purified by flash column chromatography over silica gel eluting with CHCls: PE (1:1)
to afford the pure product as a red solid. The solid was dried in vacuo to yield reaction number,
17.94 g, 46% as dark red crystals. 'H-NMR (CDCls, 300 MHz) ppm; 9.11 (s, Ar-NH, 1H), 8.23
(d, J=7.7 Hz, Ar-H, 1H), 7.37 (t, J = 7.7 Hz, Ar-H, 1H), 7.26 — 7.09 (m, Ar-H, 2H), 6.94 — 6.69
(m, Ar-H, 4H). 3C NMR (CDCls, 75 MHz) Sppm; 144.12, 142.96, 136.07, 132.77, 128.50,
128.39, 126.54, 123.87,119.41,117.17, 116.52, 116.14. HRMS (ESI) m/z calcd for [C12H9N3O4]*
259.217, found 260.059 [M+H]*. Log P: 3.27.
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6.35 Synthesis of 10-(2-nitrophenyl) isoalloxazine (23c)

O

CrLx
N \NAO

NO,

Compound 23a (1.00 g, 4.4 mmol) was dissolved in glacial acetic acid (10 mL) and the mixture
was cooled in an ice bath.to alloxan monohydrate (0.70 g, 4.4 mmol) and boric acid (0.25 g, 4.2
mmol), in acetic acid and the solution was stirred at room temperature for 12 h, resulting in the
formation of a yellow precipitate. The precipitate was isolated from the reaction mixture by
filtration under reduced pressure and washed well with hexane (30 mL). The yellow solid was
by column chromatography over silica gel eluting with EtOAc to afford a bright yellow solid.
The yellow solid was dried in vacuo to yield the 10-(2-nitrophenyl) isoalloxazine (23c), 2.59 g,
25%, as a yellow powder, dec.mp 242-244°C. *H-NMR (de-DMSO, 300MHz) dppm; 11.55 (s,
Ar-NH, 1H), 8.50 (d, J = 8.1 Hz, Ar-H, 1H), 8.25 (d, J = 8.1 Hz, Ar-H, 1H), 8.14 (t, J = 7.6 Hz,
Ar-H, 1H), 8.00 (t, J = 7.6 Hz, Ar-H, 1H), 7.84 —7.63 (m, Ar-H, 3H), 6.94 (d, J = 8.2 Hz, Ar-H,
1H). BC NMR (ds-DMSO, 75 MHz) Sppm; 159.20, 155.21, 151.10, 145.08, 136.67, 135.37,
134.67, 133.04, 132.16, 131.65, 130.79, 129.52, 128.96, 126.67, 126.62, 116.67. FTIR (ATR): ¥
3067, 1708, 1681, 1616, 1584, 1532, 1487, 1459, 1396, 1341, 1264, 1196, 1134, 1106, 932, 879,
835, 807, 787,775,764, 715, 695, 673 CM1.HRMS (ESI) m/z calcd for [C16HoNsO4]* 335.2738,
found 336.0728 [M+H]*. Log P: 2.71.
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Synthesis of Polymer Support
6.36 Synthesis of 10-phenyl isoalloxazine polymer bound (13d)

SOy

Compound (13c), (0.60 g, 1.9 mmol) was dissolved in anhydrous DMF (3 mL). To this was added
K>CO3 (0.28 g, 2.1 mmol), and 4-(benzyloxy)benzyl bromide (0.10 g). The reaction mixture was
refluxed at 150 °C overnight to afford the polymer bound product. The reaction mixture was
cooled to room temperature and filtered under suction. The polymer beads were washed well with
the following solvents; cold DMF, distilled water, ethyl acetate, methanol, acetone and finally
distilled water until the washings ran clear. The yellow solid was dried in vacuo to yield the 10-
phenyl isoalloxazine polymer bound (13d), 0.23 g as yellow polymeric beads. FTIR (ATR): v
3023, 2970, 2183, 2155, 2007, 1737, 1542, 1509, 1491, 1451, 1366, 1228, 1216, 1027, 895, 807,
756, 695 CM™.

6.37 Synthesis of 10-(2-aminophenyl) isoalloxazine polymer bound (1d)

@5@@@

Compound (1c), (0.60 g, 1.9 mmol) was dissolved in anhydrous DMF (3 mL). To this was added
K>CO3 (0.28 g, 2.1 mmol), and 4-(benzyloxy)benzyl bromide (0.10 g). The reaction mixture was
refluxed at 150 °C overnight to afford the polymer bound product. The reaction mixture was
cooled to room temperature and filtered under suction. The polymer beads were washed well with
the following solvents; cold DMF, distilled water, ethyl acetate, methanol, acetone and finally
distilled water until the washings ran clear. The yellow solid was dried in vacuo to yield the 10-

(o-amino phenyl) isoalloxazine polymer bound (1d), 0.21 g as yellow polymeric beads. FTIR
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(ATR): ¥ 3381, 3142, 3025, 2926, 2331, 2222, 2178, 2148, 2063, 2051, 2015, 1985, 1948, 1491,
1451, 1379, 1221, 1172, 1025, 830, 753, 695, 471, 437 CM-1.

6.38 Synthesis of 10-(N-hydroxyphenyl) isoalloxazines polymer bound (4d-6d)

Rs;  Starting material (g) Yield (g)
H H 4c 0.15 0.06
H OH 6c 0.17 0.05

The starting material was dissolved in anhydrous DMF (3 mL). To this was added K,CO; (0.28
g, 2.1 mmol), and 4-(benzyloxy)benzyl bromide (0.10 g). The reaction mixture was refluxed at
150 °C overnight to afford the polymer bound product. The reaction mixture was cooled to room
temperature and filtered under suction. The polymer beads were washed well with the following
solvents; cold DMF, distilled water, ethyl acetate, methanol, acetone and finally distilled water
until the washings ran clear. The yellow solid was dried in vacuo to yield the 10-(N-hydroxy
phenyl) isoalloxazine polymer bound, as yellow polymeric beads. Compound 4d: FTIR (ATR):
1 3025, 2922, 2039, 1975, 1673, 1601, 1554, 1511, 1492, 1451, 1385, 1223, 1175, 1090, 1027,
906, 822, 755, 697 CM™. Compound 6d: FTIR (ATR): ¥ 3024, 2925, 2365, 2255, 2206, 2160,
2137, 2060, 2010, 1980, 1738, 1600, 1555, 1511, 1492, 1451, 1221, 1174, 1026, 908, 818, 755,
696 CM™.
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6.39 Synthesis of 10-(N-methoxyphenyl) isoalloxazines polymer bound (7d-9d)

[
R2
R3
Compound code Rs;  Starting material (g) Yield (g)
OCH;: H H 7c 0.22 0.14
H OCHs H 8C 0.20 0.10
H H  OCHs 9c 0.21 0.16

The starting material was dissolved in anhydrous DMF (3 mL). To this was added K,CO3 (0.28
g, 2.1 mmol), and 4-(benzyloxy)benzyl bromide (0.10 g). The reaction mixture was refluxed at
150 °C overnight to afford the polymer bound product. The reaction mixture was cooled to room
temperature and filtered under suction. The polymer beads were washed well with the following
solvents; cold DMF, distilled water, ethyl acetate, methanol, acetone and finally distilled water
until the washings ran clear. The yellow solid was dried in vacuo to yield the 10-(N-methoxy
phenyl) isoalloxazine polymer bound, as yellow polymeric beads. Compound 7d: FTIR (ATR):
v 3025, 2924, 2359, 2222, 2197, 2105, 2006, 1971, 1945, 1736, 1671, 1601, 1511, 1492, 1451,
1385, 1225, 1174, 1089, 1026, 908, 823, 758, 698, 658 CM. Compound 8d: FTIR (ATR): ¥ 3418,
3024, 2926, 2360, 2192, 2167, 2151, 2135, 2033, 1986, 1738, 1666, 1492, 1451, 1386, 1253,
1175, 1093, 1026, 823, 757, 698, 659, 538 CM™.Compound 9d: FTIR (ATR): ¥ 3449, 3024,
2969, 2928, 2361, 2195, 2162, 2152, 2092, 1990, 1973, 1738, 1668, 1600, 1492, 1450, 1366,
1228, 1216, 1092, 1025, 905, 822, 755, 696, 539 CM.
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6.40 Synthesis of 10-(N-tolylphenyl) isoalloxazines polymer bound (10d-12d)

Compound code R; Rs;  Starting material (g) Yield (g)
CHs H H 10c 0.22 0.25
11d H CHs H 11c 0.20 0.22
12d H H CHs 12c 0.21 0.27

The starting material was dissolved in anhydrous DMF (3 mL). To this was added K,CO3 (0.28
g, 2.1 mmol), and 4-(benzyloxy)benzyl bromide (0.10 g). The reaction mixture was refluxed at
150 °C overnight to afford the polymer bound product. The reaction mixture was cooled to room
temperature and filtered under suction. The polymer beads were washed well with the following
solvents; cold DMF, distilled water, ethyl acetate, methanol, acetone and finally distilled water
until the washings ran clear. The yellow solid was dried in vacuo to yield the 10-(N-tolyl phenyl)
isoalloxazine polymer bound, as yellow polymeric beads. Compound 10d: FTIR (ATR): 3025,
2917, 2358, 1669, 1584, 1555, 1509, 1492, 1451, 1220, 1173, 1111, 1028, 904, 820, 754, 697
CM?. Compound 11d: FTIR (ATR): ¥ 3029, 2969, 2937, 2359, 2060, 1738, 1491, 1450, 1365,
1228, 1216, 1018, 907, 816, 756, 697 CM™. Compound 12d: FTIR (ATR): » 3026, 2955, 2918,
2847, 2435, 1682, 1625, 1535, 1460, 1242, 1220, 1183, 1032, 780, 727, 666 cm™.
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6.41 Synthesis of 10-(N-chlorophenyl) isoalloxazines polymer bound (14d-16d)

Compound code R; Rs;  Starting material (g) Yield (g)
CHs H H 14c 0.23 0.06
15d H CHs H 15¢ 0.10 0.03
16d H H CHs 16¢ 0.16 0.03

The starting material was dissolved in anhydrous DMF (3 mL). To this was added K,CO3 (0.28
g, 2.1 mmol), and 4-(benzyloxy)benzyl bromide (0.10 g). The reaction mixture was refluxed at
150 °C overnight to afford the polymer bound product. The reaction mixture was cooled to room
temperature and filtered under suction. The polymer beads were washed well with the following
solvents; cold DMF, distilled water, ethyl acetate, methanol, acetone and finally distilled water
until the washings ran clear. The yellow solid was dried in vacuo to yield the 10-(N-chloro phenyl)
isoalloxazine polymer bound, as yellow polymeric beads. Compound 14d: FTIR (ATR): 3025,
2920, 2358, 2251, 2149, 2052,2030, 1990, 1979, 1957, 1927, 1678, 1601, 1510, 1492, 1451, 1382,
1224, 1155, 1088, 1027, 907, 822, 756, 697, 619, 539 CM™. Compound 15d: FTIR (ATR):
3024, 2917, 2361, 2190, 2149, 2032, 2017, 1957, 1927, 1750, 1601, 1510, 1492, 1450, 1376,
1223, 1173, 1026, 904, 821, 755, 540 CM. Compound 16d: FTIR (ATR): ¥ 3024, 2924, 2361,
2350, 2230, 2165, 2140, 2032, 2015, 1735, 1601, 1510, 1492, 1450, 1375, 1222, 1173, 1025, 904,
822, 753,697,531 CM™,
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6.42 Synthesis of 10-(N-tosyloxyphenyl) isoalloxazines polymer bound (17d-
19d)

Rs;  Starting material (g) Yield (g)

OTs H H 17c 0.23 0.04
H OTs H 18¢c 0.23 0.03
H H OTs 19¢ 0.05 0.02

The starting material was dissolved in anhydrous DMF (3 mL). To this was added K,CO; (0.28

g, 2.1 mmol), and 4-(benzyloxy)benzyl bromide (0.10 g). The reaction mixture was refluxed at

150 °C overnight to afford the polymer bound product. The reaction mixture was cooled to room

temperature and filtered under suction. The polymer beads were washed well with the following

solvents; cold DMF, distilled water, ethyl acetate, methanol, acetone and finally distilled water

until the washings ran clear. The yellow solid was dried in vacuo to yield the 10-(N-tosyloxy

phenyl) isoalloxazine polymer bound, as yellow polymeric beads. Compound 17d: FTIR (ATR):
v2263, 2219, 2196, 2182, 2144, 2132, 2076, 2056, 2038, 2027,2017, 2006, 986, 1972, 1953, 1151,
697 CM™. Compound 18d: FTIR (ATR): ¥ 3673, 2986, 2900, 2160, 2114, 2029, 1451, 1406,
1393, 1381, 1250, 1229, 1065, 1055, 892, 754, 695 CM™*. Compound 19d: FTIR (ATR): ¥ 3733,
3647, 3472, 3026, 2924, 2185, 2162, 2044, 2030, 1668, 1558, 1493, 1451, 1383, 1256, 1173,

1153, 1091, 1016, 867, 758, 697 CM™.
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6.43 Synthesis of 10-(2-carboxyphenyl) isoalloxazine polymer bound (20d)

6980}
L0

Compound (20c), (0.60 g, 1.9 mmol) was dissolved in anhydrous DMF (3 mL). To this was added
K2COs3 (0.28 g, 2.1 mmol), and 4-(benzyloxy)benzyl bromide (0.10 g). The reaction mixture was
refluxed at 150 °C overnight to afford the polymer bound product. The reaction mixture was
cooled to room temperature and filtered under suction. The polymer beads were washed well with
the following solvents; cold DMF, distilled water, ethyl acetate, methanol, acetone and finally
distilled water until the washings ran clear. The yellow solid was dried in vacuo to yield the 10-
(o-carboxyphenyl) isoalloxazine polymer bound (20d), 0.06 g as yellow polymeric beads. FTIR
(ATR): ¥ 3191, 3095, 2923, 2490, 2319, 2039, 1972, 1697, 1601, 1539, 1511, 1493, 1450, 1380,
1275, 1191, 1090, 1027,906, 882, 755, 697, 541 CM™.

6.44 Synthesis of 10-(2-nitrophenyl) isoalloxazine polymer bound (23d)

O
98 q0!
N \N/go @)
Compound (23c), (0.60 g, 1.9 mmol) was dissolved in anhydrous DMF (3 mL). To this was added
K>CO3 (0.28 g, 2.1 mmol), and 4-(benzyloxy)benzyl bromide (0.10 g). The reaction mixture was
refluxed at 150 °C overnight to afford the polymer bound product. The reaction mixture was
cooled to room temperature and filtered under suction. The polymer beads were washed well with
the following solvents; cold DMF, distilled water, ethyl acetate, methanol, acetone and finally
distilled water until the washings ran clear. The yellow solid was dried in vacuo to yield the 10-
(o-nitro phenyl) isoalloxazine polymer bound (23d), 0.02 g as yellow polymeric beads. FTIR

(ATR): ¥ 3667, 2987, 2901, 2360, 2339, 2174, 1710, 1682, 1600, 1584, 1536, 1511, 1491, 1451,
1393, 1342, 1225, 1066, 879, 753, 695, 543, 430. CM™.
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Microbiology
Background to Biological Testing
6.45 Antimicrobial testing using white light

6.46 Criterion for cell preparation

Washing bacterial cells promotes dispersion of the bacteria and the removal of proteinaceous
nutrients from the growth medium. This ensures-maximum contact between the antimicrobial
agent and bacteria is achieved and reduces the possibility of early bacterial adhesion. Biofilms
are made up of cells which are embedded in Exo-Polymeric Substances (EPS). EPS behaves as
a bacterial adhesive which also serves as a protective barrier for the embedded micro-organisms.
This is considered to be a phenomenal survival mechanism for bacteria.

In order to carry out antimicrobial testing on gram negative and gram positive bacteria, a suitable

method of preparing washed cells was developed at UCLan®®%.

The washing of cells with %4 strength Ringer’s solution ensures that the potential production of
EPS is considerably reduced as the cells are thoroughly washed and cleared of any further
nutrients, proteins, or other residual food material which aids EPS production. The formation of
cell suspensions in ringer’s solution is prepared to allow the suspension to be free from interfering
proteins/nutrients. This is because numerous cations can bind to-protein, consequently interfere
with the biocide (e.g. antimicrobial agent) and thus not produce accurate results of the

antimicrobial activities occurring.

As a result of preparing washed cells, the antimicrobial agents are more accessible to the bacteria
in question®®, Furthermore this enhances the cells to be exposed to the treatments to be applied
(for example light and antimicrobial agents) to determine the antimicrobial activity under various
conditions. Although this washing of cells method would not be possible to do on wounds, it is
important to note this technique is utilised in order to test the principle on infected cells when

there is an increased exposure to them.
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Methodology developed for antimicrobial testing

6.47 Biological screening

6.48 Preparation of a washed cell suspensions in antimicrobial testing

Cultures of Gram negative (E.coli) and Gram positive (S. aureus) bacteria were used in this series
of experiments. They were grown on plates of nutrient agar at 37 °C for 24 h. The bacteria were
individually inoculated into universal bottles containing 10mL nutrient broth and incubated
overnight at 37 'C.

The overnight cultures of cells were centrifuged at 6000 rpm for 10 minutes. The growth medium
was decanted, leaving a pellet of cells. The pellets were re-suspended and washed in 10mL of %4
strength ringer’s solution These cells were washed and centrifuged an additional three times, and
finally suspended in Ringer’s to give a final cell suspension. The optical density of this cell

suspension for E.coli and S.aureus respectively was measured at a wavelength of 595 nm.

6.49 MIC estimation
The initial 1 mM solution was made up in an eppendorf tube containing a mixture of 800pL Y4
strength Ringer’s solution and 200 pL of methanol. To this solubilised solution the washed

bacterial suspension cells (E.coli and S.aureus) were added.

A series of decreasing concentrations of the compounds to be tested were prepared in eppendorf
tubes by the double dilution method from a concentration of 1 mM down to 0.063 mM. This
method used % strength Ringer’s solution as the diluent, to give 1mL volumes of each

concentration of the test compound in the eppendorf tubes.

Each of the eppendorf tubes containing 500 uL of decreasing concentrations in Ringer’s solution
as the diluent, 200 pL of the bacterial cell suspension (E.coli and S.aureus) was inoculated into
each of the tubes. The contents of the tubes were mixed thoroughly and incubated for overnight
at 37 °C. Controls were prepared by adding the bacterial suspension (E.coli and S.aureus) to
Ringer’s solution and methanol in an eppendorf tube. These were also incubated overnight at
37 °C. The cell suspensions were subsequently streaked out onto nutrient agar plates and
incubated at 37 °C for upto 12 h.

Results

The minimum inhibitory concentration (MIC) is that at which growth of the test organism is not

detected. Thus, proving antimicrobial activity is/is not present against the tested organism.
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Protocols of Experimental — Microbiology

6.50 Antimicrobial testing using blue LED light-conformational studies

6.50.1 Preliminary screening over time of antimicrobial activity after 1 h

exposure to blue LED light with no biocide.

Freshly prepared washed bacterial cells of E.coli and S. aureus were each individually suspended
in a mixture of methanol (200 pL) and ringers (800 pL) in eppendorf tubes. 200 pL of each
suspension was removed from both E.coli and S. aureus suspensions and streaked onto a plate of
agar (labelled T = 0). This was done to determine whether antimicrobial activity was present
immediately after exposure to blue light as shown in Figure 113.

A series of eppendorf tubes labelled T = 0 - T=60, containing the washed cell suspension were
prepared and irradiated for twenty minutes using the blue LED light, emitting at 480 nm, at a

height of 5 cm.

Figure 113 Set-up of UV illumination on to bacterial cells and biocide

Following irradiation, further 100 pL aliquots were removed from both bacterial suspensions and
spotted onto an agar plate (labelled T = 20). In addition to this, a control of V4 strength ringer’s
solution (900 L) was also added to the eppendorf tube and was inoculated on the same agar
plate. This procedure was continued every ten minutes for 1h with continuous illumination. This
agar plate was incubated at 37° C for up to overnight to determine the antimicrobial activity of

blue light without the presence of an antimicrobial agent.

6.50.2 Preliminary screening of antimicrobial activity under dark conditions with

no biocide
Freshly grown and prepared bacterial suspensions of E.coli/S.aureus (200 pL) in 900 pL ringers.
Of this ringers 800 pL was pipetted into eppendorf tubes. This suspension was mixed thoroughly,
and was the bacterial suspension that was used. Ringer’s solution (900 nuL) each was then pipetted

into four separate universal bottles.
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A series of serial dilutions from 10" down 10° were prepared. A concentration of 10of a
bacterial suspension is achieved by adding 1 part suspension to 9 parts diluent, this process is
repeated i.e. by serial dilution. From each of these suspensions 120 L was streaked individually
onto an agar plate and incubated for 12 hours at 37° C to determine antimicrobial activity in the

dark without the presence of an antimicrobial agent.

6.50.3 Antimicrobial activity for the synthesised antimicrobial agents using blue
LED lights

Gram negative (E.coli) and Gram positive (S. aureus) bacterial cultures were grown in nutrient
broth solution and incubated overnight at 37° C. The cell suspension was prepared using the
washed cell method.

The desired antimicrobial agent (biocide) to be tested was dissolved in methanol (200 uL) and
ringers (800 uL) to give a stock solution concentration of 1 mM solution in 1 mL. A series of
decreasing concentrations of the compound were prepared by the double dilution method starting
at 1 mM to 0.063 mM concentrations. Ringer’s solution was used as the diluent to give 1 mL
volumes of each concentration in eppendorf tubes. The 1 mM stock solution was double diluted
down to 0.063 mM. Bacterial suspension (200 pL) (E.coli and S.aureus) was then inoculated into
each of the eppendorf tubes. The contents of the tubes were mixed thoroughly and incubated for
12 hat 37 °C. The controls were prepared by adding the bacterial suspension (200 pL) (E.coli
and S.aureus) with 800 L) ringers solution, and methanol (200 L) in an eppendorf tube. These
tubes were subsequently illuminated for twenty minutes using blue LED light at a height of 5 cm.
During the illumination period, four agar plates were sectioned and labelled with the varying
concentrations. Two of these plates were used to inoculate E. coli and S. aureus respectively
Figure 114.

Figure 114: Labelled E.coli and S. aureus agar plates

After illumination, 120 pL of each concentration of the cell suspensions were then used to
inoculate a nutrient agar plate and incubated at 37 °C for upto 12 h to determine the antimicrobial

activity in the presence of both blue light and the antimicrobial agent in question.
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6.51 Antimicrobial activity for polymer bound compounds

6.51.1 Antimicrobial activity for the synthesised antimicrobial agents on polymer

support using blue LED lights
Fresh cell cultures were prepared using the washed cell method described in section 6.48. Each
antimicrobial agent (biocide) to be tested was dissolved in methanol (200 yL). To this was added
800uL Y4 strength Ringer’s solution in an eppendorf tube to prepare a 1 mM solution in 1 mL. To
this solution, the washed bacterial suspension cells (200 uL) (E.coli and S.aureus) were inoculated
into (each of) the eppendorf tubes, mixed thoroughly and incubated for 12 h at 37 °C.
The controls were prepared by adding the bacterial suspension (200 uL) (E.coli and S.aureus)
with 800 L) ringers solution, and methanol (200 pL) in an eppendorf tubes.
Both the tubes were then illuminated for one hour using blue LED light at a height of 5 cm. After
illumination, 120 uL of each cell suspensions was inoculated onto a nutrient agar plate and
incubated at 37 °C for up-to 12 h to determine the antimicrobial activity of the antimicrobial
agents attached to a polymer support.
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Appendix 1
Appendix 1 of 4.1

Table 72: Antimicrobial activity of 13c; E.coli (+ 100% growth detected, § partial growth, - MIC)

Antibacterial Compound Gram negative organism: E.coli
Agent/Biocide Code g g T
o Light Concentration in mM/mL
N\
(:[ ﬁ 1 |05 025]|0.125 | 0.063
N
N N (e}
13c Dark + - + + +
10-Phenyl isoalloxazine
13¢" Blue + i R s .\
Light

Table 73: Antimicrobial activity of 13c: S.aureus (+ 100% growth detected,  partial growth, - MIC)

Antibacterial Compound Gram positive organism: S.aureus
Agent/Biocide Code P g e
o Light Concentration in mM/mL
N
@ S /I\JI\\H 1 | 050250125/ 0.063
NS
N N O
13c Dark + - + + +
10-Phenyl isoalloxazine
. Blue
e Light | T | * ] Y|
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Table 74: Antimicrobial activity of 1c: E.coli (+ 100% growth detected)

Antibacterial Agent/Biocide COTOp doeund Gram negative organism: E.coli
0] . L
N Light Concentration in mM/mL
X 1 105(0.25|0.125 | 0.063
N N/KO Dark
ar
NH, le (ortho) T " "
Blue
10-Aminophenyl isoalloxazine 1c Light LI L + +
(ortho)

Table 75: Antimicrobial activity of 1c: S.aureus (+ 100% growth detected)

Antibacterial Agent/Biocide Cor:op doeund Gram positive organism: S.aureus
o Light Concentration in mM/mL
N 1 105]0.25|0.125 | 0.063
C[ h NH Dark
1c + + + + +
NS
N N/&o (ortho)
NH>
Blue Light
te (ortho) T ¥ * ¥
10-Aminophenyl isoalloxazine

Table 76: Antimicrobial activity of 4c and 6¢:E.coli (+ 100% growth detected, { partial growth)

Antibacterial Agent/Biocide COT(fc?eund Gram negative organism: E.coli
0 Light Concentration in mM/mL
N\
C[ /’\J‘\\H 1]05]0.25]0.125 | 0.063
NS
N" N "0 4c” Dark(ortho) | + | - | + + +
A
Blue Light
4c + + + +
\\OH (ortho) f
6¢ Dark (para) | + | + + + +
10-Hydroxyphenyl isoalloxazine
6c Blue Light +| 4 + + +
(para)
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Table 77: Antimicrobial activity of 4c and 6¢: S.auresus (+ 100% growth detected, T partial growth)

Antibacterial Agent/Biocide COTOp doeund Gram positive organism: S. aureus
Light Concentration in mM/mL
0.5 | 0.25 | 0.125 | 0.063
(0]
N\ NH act Dark i + + +
/K (ortho)
NS
N N O
Blue
= 4c Light + il il il
| (ortho)
N \OH
6e Dark + + + +
10-Hydroxyphenyl isoalloxazine (para)
Blue
6c Light T + + +
(para)

Table 78: Antimicrobial activity of 7c-9c:E.coli (+ 100% growth detected, 1 partial growth, - MIC)

Antibacterial Agent/Biocide CoTopdoeund Gram negative organism: E. coli
Light Concentration in mM/mL
0.5 | 0.25 | 0.125 | 0.063
Dark
i (ortho) " " F F
0]
N Blue
©: \j\)l\/’t 7c Light + + + +
NS
N N o (ortho)
= Dark
| 8c (meta) + + + +
N
OCH
3 Blue
. : 8¢c Light + + + +
10-Methoxyphenyl isoalloxazine
xyphenyl i Xazi (meta)
9c Dark + + + +
(para)
Blue
9c Light + + + +
(para)
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Table 79: Antimicrobial activity of 7c-9c: S.aureus (+ 100% growth detected, T partial growth, - MIC)

Antibacterial Agent/Biocide COTOp doeund Gram positive organism: S. aureus
Light Concentration in mM/mL
0.5 | 0.25 | 0.125 | 0.063
* Dark
i (ortho) i " * *
O
N Blue
C[ j\)l\/t 7c Light + + + +
NS
N N o (ortho)
Va 8¢ Dark + + + +
| (meta)
N
OCH
3 Blue
10-Methoxypheny! isoalloxazine 8c (Iaq'gtr:) . ) * *
9c* Dark ) + + +
(para)
Blue
9c” Light - + + +
(para)

284 |Page




Table 80: Antimicrobial activity of 10c-12c¢: E.coli (+100% growth detected, T partial growth,-MIC)

Antibacterial Agent/Biocide Cor?é)(;)eund Gram negative organism: E.coli
Light Concentration in mM/mL
1 /05025 0.125 | 0.063
x Dark
10c ortho) | " | 7|~ " "
Q Blue
N i -
N NH 10c Light + + + +
/& (ortho)
NS
N N O Dark
ar
= | tle meta) | | T ° F F
\\CHg Blue
11c Light T+ + + +
10-Tolylphenyl isoalloxazine (meta)
Dark
12¢ (para) + + + + +
Blue
12c Light + | + + + +
(para)
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Table 81: Antimicrobial activity of 10c-12c: S.aureus (+ 100% growth detected, -MIC)

Antibacterial Agent/Biocide COTOp doeund Gram negative organism: S.aureus
Light Concentration in mM/mL
0.5 | 0.25| 0.125 | 0.063
x Dark
10c (ortho) " ] " "
O
N Blue
@ S /'t 10¢ Light T R +
X ortho
N N O ( )
7 | 11¢ (%aeg) P N +
N\
CHs Blue
10-Tolylphenyl isoalloxazine tie (h:ggt) i i * *
12¢* Dark + ) + +
(para)
Blue
12¢ Light + + + +
(para)

Table 82: Antimicrobial activity of 14c-16c: E.coli (+ 100% growth detected)

Antibacterial Agent/Biocide Coryéoc;)eund Gram negative organism: E.coli
Light Concentration in mM/mL
1 105]0.25|0.125 | 0.063
Dark
ldc (ortho) Tt * * *
O Blue
N 14c Light + |+ + + +
C[ S ONH (ortho)
X Dark
N N/go 15¢c (meta) + | + + + +
Z | Blue
U\ 15¢ Light + |+ | 4 + +
cl (meta)
10-Chlorophenyl isoalloxazine Dark
16¢ (para) + | + + + +
Blue
16¢ Light + | + + + +
(para)
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Table 83:Antimicrobial activity of 14c-16¢-S.aureus (+ 100% growth detected, 1 partial growth, - MIC)

Antibacterial Agent/Biocide COTOp doeund Gram negative organism: S.aureus
Light Concentration in mM/mL
1 105]0.250.125 | 0.063
Dark
0 14c (ortho) + |+ + + +
N
C[ j\)‘\NH Blue Light
N \N/go 14c (OrthO) * * * * *
=z 15¢ Dark ) + + + +
| (meta)
N
cl _
15¢ Blue Light | ) ) + +
10-Chlorophenyl isoalloxazine (meta)
Dark
16¢ (para) - + + + +
N Blue Light
Lee (para) [ + +

Table 84: Antimicrobial activity of compounds 17c-19c: E.coli (+ 100% growth detected)

Antibacterial Agent/Biocide COT(E):eund Gram negative organism: E.coli
Light Concentration in mM/mL
1 0.5 [0.25|0.125 | 0.063
Dark
17c (ortho) + + + + +
Blue
0 17c Light | + + + + +
N (ortho)
©: S ONH
White
NS
N N/go 18c Light + + + + +
(meta)
=z
\\l Blue
OTs 18c Light | + + + + +
(meta)
10-Tosyloxyphenyl isoalloxazine
White
19c Light | + + + + +
(para)
Blue
19¢ Light | + + + + +
(para)
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Table 85: Antimicrobial activity of 17¢-19c¢: S.aureus (+ 100% growth detected, T partial growth)

Antibacterial Agent/Biocide COTOp doeund Gram positive organism: S. aureus
Light Concentration in mM/mL
0.5 | 0.25 | 0.125 | 0.063
Dark
17c (ortho) i " * *
0]
N
N NH B_Iue
/K 17c Light T 1) + +
NS
N N 0 (ortho)
= 18¢ Dark + + + +
| (meta)
N\
OTs
Blue
10-Tosyloxyphenyl isoalloxazine 18c Light T l + +
(meta)
19¢ Dark + + + +
(para)
Blue
19c Light t 1} t +
(para)

Table 86: Antimicrobial activity of 20c and 22c: E.coli (+ 100% growth detected)

Antibacterial Agent/Biocide COTOp doeund Gram negative organism: E.coli
Light Concentration in mM/mL
0.5 | 0.25 | 0.125 | 0.063
O
NS 20c Dark + o+ + 4
/K (ortho)
NS
N N 0]
Blue
= 20c Light + + + +
| (ortho)
COOH
22¢ Dar;k + + + +
10-Carboxyphenyl isoalloxazine (meta)
Blue
22¢ Light + + + +
(meta)
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Table 87: Antimicrobial activity of 20c and 22c: S.aureus (+ 100% growth detected, } partial growth, - MIC)

Antibacterial Agent/Biocide COTOp doeund Gram positive organism: S. aureus
Light Concentration in mM/mL
o 1 0.5 | 0.25 | 0.125 | 0.063
NS N 20¢ Dark 11, | 4 + N
/g (ortho)
NS
N N @]
Blue
= 20c Light 1) 1) + + +
| (ortho)
X \COOH
22¢ Da';k - + + + +
10-Carboxyphenyl isoalloxazine (meta)
Blue
22¢ Light - T T T +
(meta)

Table 88: Antimicrobial activity of 23c: E.coli (+ 100% growth detected)

Antibacterial Agent/Biocide CoTopdoeund Gram negative organism: E.coli
Light Concentration in mM/mL
O
N 1 0.5 | 0.25 | 0.125 | 0.063
CLL X
N
N N/J*o 23c Dark 1 1w |+ | & | 4
(ortho)
NO,
Blue
23c Light + + + + +
10-Nitrophenyl isoalloxazine (ortho)

Table 89: Antimicrobial activity of 23c: S.aureus (+ 100% growth detected, T partial growth)

10-Nitrophenyl isoalloxazine

Antibacterial Agent/Biocide Cor:opdoeund Gram positive organism: S. aureus
Light Concentration in mM/mL
@]
N 1 0.5 | 0.25 | 0.125 | 0.063
CrLx
N
N N/go 23c Dark || 4 | 4 + +
(ortho)
NO,
Blue
23c Light il il T T +

(ortho)
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Appendix 2 of 4.12

Table 90: Antimicrobial activity of compound 13d

Appendix 2

Antibacterial Agent/Biocide

Concentration: 1 mM/mL

. Compound Code E.coli S.aureus
LT
N \N/KO o]
@ 13d + -
10-Phenyl isoalloxazine polymer bound
Table 91: Antimicrobial activity of compound 1d
Antibacterial Agent/Biocide Concentration: 1 mM/mL
2 Compound Code E.coli S.aureus
UL
N \N/l\o [¢]
QA
SV 1d T T
NH2
10-Aminopheny! isoalloxazine polymer bound
Table 92: Antimicrobial activity of compound 4d
Antibacterial Agent/Biocide Concentration: 1 mM/mL
o Compound Code E.coli S.aureus
L0
N \N/&O O/\©\.
Z | 4d + 1)
XN

OH
10-Hydroxypheny! isoalloxazine polymer bound
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Table 93: Antimicrobial activity of compounds 7d-9d

Antibacterial Agent/Biocide

Concentration: 1 mM/mL

0 Compound Code E.coli S.aureus
UL
N \N/go o/\©\. 7d + +
7
@ 8d + +
XN
OCHj3
10-Methoxypheny! isoalloxazine polymer bound 9d + -
Table 94: Antimicrobial activity of compounds 10d-12d
Antibacterial Agent/Biocide Concentration: 1 mM/mL
5 Compound Code E.coli S.aureus
CULO0
N \N/go o/\(j\ 10d + T
=
Q 11d ¥ ¥
CHg
10-Tolylphenyl isoalloxazine polymer bound 12d T -
Table 95: Antimicrobial activity of compounds 15d and 16d
Antibacterial Agent/Biocide Concentration: 1 mM/mL
i Compound Code E.coli S.aureus
CrLO0
N \N/KO (0]
2 15d + ¥
XN
cl
10-Chlorophenyl isoalloxazine polymer bound 16d T .
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Table 96: Antimicrobial activity of compounds 17d-19d

Antibacterial Agent/Biocide

10-Tosyloxyphenyl isoalloxazine polymer bound

Concentration: 1 mM/mL
Compound Code E.coli S.aureus
17d + +
18d + T
19d” + ¥

Table 97: Antimicrobial activity of compound 20d

Antibacterial Agent/Biocide

Concentration: 1 mM/mL

e,

10-Carboxyphenyl isoalloxazine polymer bound

Compound Code E.coli S.aureus

20d + +

Table 98: Antimicrobial activity of compound 23d

Antibacterial Agent/Biocide

Concentration: 1 mM/mL

Compound Code E.coli S.aureus

CULLCL
eahen ¥

10-Nitrophenyl isoalloxazine polymer bound

23d i -
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AcOH
ALA
AMR

B
CA-MRSA
CAl
C.albicans
CDCls
CHCIs

c. HCI
COosy
3C NMR
DAD
DCM
Der
DMF
DMSO
DNA
DPPH
E.coli
EtOAC
EtOH
Et:N

FDA

g
HA-MRSA
H3BO3

HCI

'H NMR

Abbreviations & Acronyms

Acetic acid

5-Aminolevulinic acid

Antimicrobial Resistance

Beta

Community Associated Methicillin-Resistant Staphylococcus aureus
Community Associated Infections

Candida albicans

Chloroform-deutarated

Chloroform

Concentrated hydrochloric acid

Correlation Spectroscopy

Carbon Nuclear Magnetic Resonance Spectroscopy
Diethyl azodicarboxylate

Dichloromethane

Derivatives

Dimethylformamide

Dimethylsulphoxide

Deoxyribonucleic acid
2,2-Diphenyl-1-(2,4,6-trinitrophenyl) hydrazyl
Escherichia coli

Ethyl acetate

Ethanol

Triethylamine

Food and drug administration

Grams

Hospital Associated Methicillin-Resistant Staphylococcus aureus
Boric acid

Hydrochloric acid

Proton Nuclear Magnetic Resonance Spectroscopy



HpD Hematoporphyrin

HPV Human Papilloma Virus
HRMS High Resolution Mass Spectra
ICG Indocyanine Green

IR InfraRed

K. pneumoniae Klebsiella pneumoniae
KtBuO Potassium tert-butoxide

Amax Absorption maxima

LCMS - El Liguid Chromatography Mass Spectrometry — Electron lonisation

m Meta

MAL Methyl-aminolevulinic acid

MC540 Merocyanine 540

MeCN Acetonitrile

MES Microwave Enhanced Synthesis

MeOH Methanol

mg Milligrams

MHRA The Medicines and Healthcare Products Regulatory Agency
MIC Minimum Inhibitory Concentration

mL Millilitres

mM/mL Millimolar per millilitre

MRSA Methicillin-Resistant Staphylococcus aureus
MW Microwave

M. tuberculosis Mycobacterium tuberculosis

N.gonorrhoeae Neisseria gonorrhoeae

NIR Near-Infrared

0 Ortho

10, Singlet oxygen

p Para

P.acnes Propionibacterium acnes

PBP Penicillin Binding Protein



PD Pulse dyes

PDT Photodynamic therapy
PACT Photodynamic antimicrobial chemotherapy
Pcs Phthalocyanines

P. aeruginosa Pseudomonas aeruginosa

P. notatum Penicillium notatum

PLD Pulse laser dye

PPA Polyphosphoric acid
p-TsClI 4-Toluenesulphonyl chloride
PWS Port wine stains

ROS Reactive Oxygen Species
rtp Room temperature

So Singlet state

S. aureus Staphylococcus aureus

S. albus Staphylococcus albus

T1 Triplet excited state
Sn(1)Cl Tin (1) chloride

S. pneumonia  Streptococcus pneumonia

TPCPD 2,3,4,5-tetraphenylcyclopentadienone
TMS Tetramethylsilane

TLC Thin layer chromatography

UV/Vis Ultra-violet/visible

T Partial antimicrobial activity

+ Antimicrobial activity

- No antimicrobial activity

I1 Pi electrons
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