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Abstract

Photodynamic therapy (PDT) is a light activated anti-cancer treatment. Reagents for PDT
have advanced dramatically since the earliest porphyrin based oligomers. Ultimately the
focus is on improving the efficacy of these agents, and the quality of life for the patients.
With the current 3™ generation of PDT agents, emphasis is now focused on the improved
targeting of these drugs to the required site. The ability of carbohydrates to act both as
targeting and solubilising agents, has led to the synthesis and biological testing of a library

of glycoporphyrin PDT agents.

Chapter 1 provides an introduction to PDT, and describes how the properties of
carbohydrates can be used to improve on current PDT therapeutics. A review of the
methods previously employed to prepare carbohydrate functionalised porphyrins, as well

as recommendations on future functionalisation strategies is presented.

Chapter 2 describes the development and optimisation of glycoporphyrin synthesis using
microwave mediated ‘click’ chemistry. A library of synthetic glycoporphyrins displaying a
diverse set of carbohydrates is presented. Water soluble examples and an analogue
displaying a protected Lewis X blood group were prepared. The method of covalent
attachment displayed a wide scope, allowing successful introduction of a blood group

hexasaccharide, in high yields.

Chapter 3 describes the development of a novel silyl based fucosyl donor. The donor
provides o selectivity, but with a protecting group strategy enabling deprotection in the
presence of unsaturated bonds. The synthetic scope of the donor was investigated for the
synthesis of propargyl substituted o-Fuc-1-6-B-GIcNAc, a bacterial disaccharide with
seven fold stronger binding to a fucose binding R. Solanacearum lectin, than fucose itself.
A water soluble fucose terminating glycoporphyrin was prepared. Application of the new
donor was investigated to the synthesis of a fully deprotected propargyl linked Lewis X

trisaccharide.

Chapter 4 reports on an improved route to a-fucosylation through the use of a partially
protected silyl based fucosyl donor. The reduced steric hindrance associated with this
donor allowed the efficient glycosylation of hindered secondary alcohols. Synthesis of a

propargyl substituted Lewis X trisaccharide, in yields comparable to that for a per-

Xi



benzylated fucosyl donor is reported. Application of this partially protected donor

however, provides the advantage of facile deprotection in the presence of an alkyne.

In addition, an investigation was performed on an unusual Fuc-Fuc disaccharide product
observed under particular activation conditions with the partially protected donor. The
scope and proposed mechanism of a highly novel disaccharide forming reaction is

presented.

In chapter 5 a study on the application of porphyrin disaggregation as a method to
measure glycoporphyrin-lectin interactions, is reported. The results are analysed in an
attempt to understand the targeting ability of glycoporphyrins in vivo. Cluster effects for
mono-, di- and tri-mannose substituted glycoporphyrins are investigated using the lectin
Con A. A complimentary set of experiments employing a fucose recognising lectin Ulex |,
show how interactions between a glycoporphyrin and a lectin can lead to secondary

quenching effects by virtue of the orientation of the porphyrin ring.

Chapter 6 details the experimental data required to produce this thesis.
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Chapter 1 — Introduction

1.1.1 Photodynamic therapy - Towards glycoporphyrin based PDT agents

1.1.2 Background to Photodynamic Therapy

Photodynamic therapy’ is a treatment where therapeutic agents are used to induce light
activated toxicity through the production of singlet oxygen. The requirement of two
components; the photosensitizer, and light itself for the therapy to be successful, has
allowed chemists and medical practitioners to design and develop a vast range of ideas,
resulting in the many clinically approved PDT agents in use today.

Two of the earliest contrasting yet interesting benefits of light based therapies, are
Finsen’s light, which was used to heal lupus vulgaris, and sunlight, for the treatment for
neonatal jaundice. Niels Ryberg Finsen won the Nobel Prize in Physiology in 1903 for his
discovery that /upus vulgaris nodules can be destroyed through a treatment of light. An
exact mechanism of action for this treatment was not elucidated until Mgller et al.
discovered the bacteria which caused lupus vulgaris contained coproporphyrin (Ill) (1,
Figure 1.1). It was subsequently proposed that light induced singlet oxygen production,

results in the death of cells within the lesions.>

O_0oH O _oH

OH

o~ OH
Figure 1.1 - Coproporphyrin (lll)
The treatment of neonatal jaundice with light was first detailed by Cremer et al. in 1958.°
It was shown that yellowing of the skin disappeared, and the health of jaundiced children

improved if they were exposed to sunlight. It has since been confirmed that neonatal

jaundice results from higher than optimal levels of cis, cis-bilirubin (2, Scheme 1.1) in
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newborns. Bilirubin isomer 2, is insoluble in water due to an internal hydrogen bond
network, however, it is normally broken down by gut flora in healthy children. Light
promotes the isomerisation of one or both double bonds in 2, disrupting the hydrogen
bonding network and resulting in a water soluble cis, trans-bilirubin (3, Scheme 1.1),

which can then be excreted.”

Scheme 1.1 - Bilirubin isomerisation

These examples show the importance of understanding modes of activity in light
treatments in order to use this knowledge to create better remedies. The second example
above is not strictly PDT but is another example of light inducing a beneficial medical
outcome. The common principle operating in these early examples however, is that of
light acting on a porphyrin, or porphyrin derived molecule, which is still the main basis for

PDT today.

1.1.3 Mechanisms of PDT Activity
Photosensitizer excitation can result in cellular damage through two pathways (Figure
1.2). Type | with the production of superoxy anion radicals, and Type Il with the

production of singlet oxygen, as described by Crutchley et al..”
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Figure 1.2 - Type | and Type Il photosensitization pathways

Evidence for both routes has been presented,6 however, more recently the Melnikova’
and Hirohara® groups have described experiments which show that type Il is the more
likely pathway for porphyrin based PDT agents. They demonstrated that porphyrin
phototoxicity was prevented by sodium azide which is a known quencher of singlet
oxygen, but that mannitol a hydroxyl radical trap had little or no effect. A schematic
representation of the Type 2 photochemical reaction pathway is described in a modified
version of a Jablonski® diagram (Figure 1.3). Upon excitation by light, the PDT agent can
relax either non-radiatively with vibration and heat generation or radiatively via
fluorescence. Alternatively, following intersystem conversion to its triplet state, the
sensitizer can excite triplet oxygen 20, to its singlet state '0,. Singlet oxygen causes cell
damage within 0.02 um of production, thereby damage is limited to a short radius around
the localisation of the photosensitizer.'® The damage tends to occur through oxidations of
unsaturated bonds in various biomolecules, eg. lipid membranes, nucleotides, protein
damage where amino acids contain unsaturated bonds like tryptophan or histidine. If the
damage is suitably catastrophic this will lead to apoptotic or necrotic death giving the

compound its therapeutic activity.
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Figure 1.3 - Jablonski diagram for Type Il pathway

1.1.4 Photofrin - 1°* Generation PDT agent

The properties of an effective PDT agent include, a light absorption profile shifted well
into the red region of the spectrum, allowing good light penetration through the skin,
high singlet oxygen production, and high target efficacy with little or no off site
localisation. In addition, good water solubility for formulation, and fast clearance times
for low post treatment photosensitization are required. Finally the compound should
exhibit zero dark toxicity. Although a molecule with all of these attributes has not yet
been developed, over the past 60 years or so, significant advances towards the goals
outlined above have been made.

The first generation clinically approved PDT agent was Photofrin (4, Figure 1.4). Photofrin
is a polymeric, heterogeneous mixture of porphyrins derived from the treatment of
hematoporphyrin with acid, followed by a crude purification.™ It was approved for use on
oesophageal cancer'? by the FDA but from a chemical point of view has a number of
disadvantages resulting from its heterogeneity. Also being a porphyrin based drug, it only
absorbs light up to about 635 nm, and leads to long post-treatment photosensitization

times.
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Figure 1.4 - Photofrin (1* generation PDT agent)

1.1.5 2" Generation PDT treatments and properties

The second generation clinically approved PDT agents (Figure 1.5), sought to improve on
absorption wavelengths, water solubility and cancer specificity. The classic example is
Foscan, (5, Figure 1.5); approved for use on squamous cell head cancers and neck
neoplasms®® in the EU. Foscan is a much simpler molecule than Photofrin. It is a synthetic
chlorin with a greater absorption co-efficient at longer wavelengths, circa. 650 nm,
allowing lower doses of the drug and requiring less light for activity. Unfortunately,
although selective retention of Foscan by cancerous cells led to some specificity, the low
doses of light required for phototoxicity, led to significant post treatment

photosensitization, in some cases for up to 3 months.**

A substantial body of research on i generation PDT agents has focused on modifying
the porphyrin core to modulate the optical properties and photosensitizing ability of the
PDT agent. These two desirable attributes are linked, as the ability to produce singlet
oxygen is related to the triplet lifetime of the PDT agent, which is in turn related to
stability of the molecule in the excited state; increased by conjugation. Most of these
advances are covered in reviews by Dougherty et al.," O’Shea et al.,”* Boyle et al.*® and
Senge et al.."” The trend in Q band absorption for 2" generation PDT agents is shown in

Table 1.1.
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Figure 1.5 - 2" generation PDT agents



Table 1.1 - Clinical absorption wavelengths for 2™ generation PDT agents

PDT agent (trade name) Absorption wavelength
(Photofrin)® 4 630 nm*®
Temoporfin (Foscan®) 5 650 nm*’
Tin ethyl etiopurpurin (Puryltin®) 6 666 nm*’
Chloro-alluminium phthalocyanine (CIAIPc) 7 680 nm?°
Verteporfin (Visudyne®) 8 689 nm**
Lutetium Texaphyrin (Lutex®) 9 732 nm?*
Pd-bacteriopheophorbide (TOOKAD®) 10 764 nm*

It can be seen that great advances have been made in red shifting the wavelengths of Q
band absorption, considering one of the most simple porphyrins tetraphenylporphyrin
has a UV/Vis absorption at 550 nm.

The key requirement of bathochromic shifts in the absorption bands have been achieved
through the use of partially reduced porphyrins called chlorins - for example (5, Figure
1.5), as well bacteriochlorins, and iso-bacteriochlorins. Other methods to red shift the
absorption profile include increased conjugation on the ring, as evident in compounds (6,
8, 10, Figure 1.5) as well as through increased nitrogen substitution with porphyrazine,24
naphthalocyanines, and the phthalocyanine (7, Figure 1.5)*° and finally expanded ring
porphyrins - Texaphyrin (9, Figure 1.5) and porphycenes.26

Water solubility has been increased through the introduction of functionalities such as
carboxylic acids, sulfonic acids, hydroxyl groups and PEG chains to the periphery of the
PDT agent.

At Trinity College Dublin, Prof. Senge et al. are actively engaged in the production of novel
porphyrin featuring fused porphyrin scaffolds and extended m system conjugations.?’
These types of compounds are under investigation for their interesting PDT and optical
properties with absorption wavelengths of greater than 720 nm an example being (11,

Figure 1.6).
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Figure 1.6 - Fused porphyrin dimer

The requirements of red light absorption, high singlet oxygen quantum yields, as well as
solubility issues for formulation have all led to significant improvements from 1* and
early 2" generation examples. In the absence of a specific targeting agent however,
intracellular localisation depends largely on the polarity, charge or aggregation state of

the molecule (Table 1.2)."" 2%

Table 1.2 - Intracellular location of 1% and 2™ generation PDT agents

PDT Agent Sub cellular location
Photofrin, 4 Mitochondrial membranes and cytoplasm®
Foscan, 5 Mitochondria and cytoplasm but not nucleus’
Tin ethyl etiopurpurin, 6 Lysosomes®®

Chloro-alluminium phthalocyanine, 7 Golgi, mitochondria and lysosomal membrane®’

Verteporfin, 8 Mitochondria®?
Lutetium Texaphyrin, 9 Lysosomes28
Pd-bacteriopheophorbide, 10 Cytoplasm, Golgi and diffuse in mitochondria*>

Localisation sites can depend strongly on the cell type also. For this reason in vivo studies
are important in identifying the clinically relevant sites for localisation. The troublesome
issues of 2" generation cell specificity and post treatment photosensitization has paved
the way for a new generation of targeted PDT agents.

In summary, with the 1 and 2" generation PDT agents, a general class of drug has been
developed, where a patient is administered intravenously, a set time is allowed for cell
accumulation, following which light of a wavelength specific to the PDT agent is used to

provide a therapeutic response.



1.1.6 3" Generation PDT treatments and properties
By chemically attaching a targeting agent to a second generation PDT agent the 3™
generation PDT agents were conceived. Reviews on this new class of molecule have been

13% and Senge et

performed by Wohrle et al.”®, Moser et al.**, Boyle et al.**, Koonan et a
al..’” These authors are agreed that specific cell targeting with PDT agents, is the next key
requirement to improve current treatments. Multiple targeting agents have been
employed including; amino acids, folic acid, steroids, LDL and liposomal deliveries,
monoclonal antibodies, polymer and nanoparticles based transporters, and finally
carbohydrates, in an effort to target photosensitizers to different cell types. Each of these
classes of biomolecules has advantages and disadvantages, centred on cost of production

and ability to effectively target the final product, as well as effective characterization of

the active compound.

1.1.6.1 3™ Generation PDT - Amino acids

Simple amino acid conjugation has been shown to target drugs to particular cells, where
they are normally not uptaken.?’” Unfortunately, application of this idea to PDT by Krausz
et al.38, resulted in reduced PDT activity relative to Photofrin, and also a measureable
degree of dark toxicity. Short peptide attachments and anti-angiogenic targeting agents
for PDT have been reviewed by Olivo et al..** Biological results have been mixed, but
given the ease of synthesis of amino acid bearing PDT agents and the plentiful nature of

the starting materials, amino acid conjugated PDT agents remain actively studied.

1.1.6.2 3" Generation PDT - Folic acid

Folic acid as a targeting agent for PDT was investigated by Schneider et al.”’ in a study
where a KKB cell line that over expresses folic acid receptors, was treated with a TPPH,-
Folic acid conjugate. After 24 hours, a 7 fold increase in uptake over TPPH; was observed,
with increased cell death upon irradiation. This result demonstrates that cell targeting
through specific biological interactions with over expressed receptors, is a valid drug
delivery mechanism for photosensitizers. Knowledge of cancer cell profiles is important

in choosing the correct targeting agent.



1.1.6.3 3™ Generation PDT - Steroids

The selective uptake of estradiol conjugated porphyrins over unconjugated porphyrins
was reported by Ray et al.*!, during investigation of PDT activity in MCF-7 cells, a breast
cancer cell type over expressing the estrogen receptor. The response was dose
dependant and led to a 2 fold increase in photosensitizer uptake of the modified
porphyrin over the unconjugated control. Uptake of both photosensitizers was

comparable in the presence of excess estradiol.

1.1.6.4 3" Generation PDT - Lipids

Many cancer cells over express LDL receptors because of their increased need for cell
membrane production. PDT conjugation to LDL, and also formulation of existing agents
into liposomes, takes advantage of the increased cell membrane requirement, for rapidly
growing cells. Again in the review of delivery for photosensitizers by Konan et al®® a
series of different PDT agents demonstrated up to 4 times higher concentration inside
cancer cells than normal cells. Foscan itself has been subject to this form of modification
as both Fospeg and Foslip. Conflicting reports of the benefits of liposomal formulation
seem to depend on the cell type investigated in vitro.'” ** Senge et al. have reviewed how
hydrophobicity43 affects the properties of a PDT agent and the advantages of liposome
binding and uptake. This has led to new interpretation of log P requirements for uptake,
where higher log P can be tolerated through masking the agent inside a liposome, or by
incorporating greater amphiphilicity to the molecule. Further research into this field is
required, but ongoing. The advantage of this type of system is that other targeting agents
can be co-formulated inside a liposome for increased targeting possibilities, and the non

covalent nature of the arrangement allows easier production.

1.1.6.5 3™ generation PDT - Monoclonal antibodies

A very exciting targeting method involving monoclonal antibodies (mAb) is also
undergoing an intense investigation. The trend in large pharma R & D towards low dose,
high potency drugs has led to the development of a series of blockbuster biologics which
have been used in the treatment of heart disease, cancer, inflammation and organ
rejection amongst others.** Dissociation constants for these types of molecules can be in
the 10™® M region. The combination of mAb and PDT agents therefore represents a

powerful route to specificity. Antibodies against proteins and receptors relevant to cancer
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45-47 .
36,9547 have been used effectively

treatment, like epidermal growth factor (EGF and HER2),
in 3" generation PDT agents to give 6 and 7 times greater affinity of the conjugated agent
versus the free PDT agent. Longer selective retention times in the tumour cells have also
been reported. There are a number of major drawbacks with this type of modification
however. The site of attachment on the antibody may affect its activity in vivo. Also close
proximity of the PDT agent to the protein may hinder its activity through intramolecular
quenching processes, although chemical spacer groups are being applied by Phillips et al.
to circumvent this problem.45 Finally, the cost of producing this type of compound is
prohibitive for a lot of research groups. Preliminary results would need to show drastic
benefits before large scale synthesis is justified, even though mAb targeting abilities may
allow much lower concentrations of the drug to be administered. Nevertheless, the ability

to raise antibodies against numerous different types of targets allows multiple

applications.

1.1.6.6 3" Generation PDT - Nanoparticles

The attachment of porphyrins to nanoparticles and polymers has also been applied for 3™
generation PDT. Some advantages of this method of delivery are a relatively high drug
loading per particle, and that the properties of the nanoparticle can dictate localization,
with the PDT agent simply being co-transported. Biodegradable nanoparticles offer the
possibility of controlled release.*® The Scanlan group through collaboration with Boyle et
al. have successfully used polyacrylamide nanoparticles as supports for PDT agents, with
dual targeting through multifunctionalisation of the polymer.*® To date multiple scaffolds
have been successfully employed as PDT supports; Poly-vinyl-alcohol, poly-lysine, HPMA
and gold to name but a few.*® Nano silica®® and PEGMA-co-DPA’" have been used as a pH
dependent delivery method which take advantage of the lower pH often observed in
cancer cells to release the agent. The toxicity issue associated generally with
nanoparticles is of concern, however, with the increased understanding and development

of the science, the use of particle size to determine distribution in vivo, shows promise.
Carbohydrate modified 3™ generation PDT agents, are the final class of photosensitizer to

be discussed. These PDT agents will be examined in more detail following an introduction

to the possible medicinal applications of carbohydrates.
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1.2 Carbohydrates as therapeutics

1.2.1 Carbohydrates in biology

Carbohydrates found throughout nature are known to be involved in a wide range of
biological processes, from basic food and energy requirements to the complex
interactions between a spermatozoa and ovum after fertilisation.”” Indeed reviews by
Davis et al.>® and Dwek et al.>* have shown carbohydrates to be implicitly involved in
neuronal development through sialic acid production on cell surfaces, hormone activities
through altered protein folding, immune surveillance/avoidance by viruses and bacteria,”
inflammatory responses in blood transfusions, and pathogen to host recognition, for the
example binding of influenza and HIV viruses to cell surfaces. As more biologically
significant carbohydrate interactions are discovered, the scientific community continues
to re-examine the importance of oligosaccharides in nature, with a view towards a
greater understanding of these events. Whilst DNA is used to carry our basic genetic
information, real time information about the inner workings of a cell can be found by
analyzing its oligosaccharide components. Information is generated through the post
translational modification of proteins with various carbohydrates. The modification of
proteins through glycosylation, can alter their folding patterns, tag proteins for
degradation, lead to activation of dormant proteins/enzymes and can tag proteins for
transportat‘ion.‘c’f"57
The chemistry of sugars is very complex due to regio and stereoselectivity requirements.
In Nature, carbohydrate synthesis is not templated so a mixture of similar compounds,

commonly referred to as glycoforms can be expressed on the surface of cells.

1.2.2 Chemistry of carbohydrates

Both Nature and the carbohydrate chemist encounter the same problem in selectively
synthesizing a single analogue from the multitudes of carbohydrate combinations
available. The fact that multiple reactive hydroxyl sites exist within each monosaccharide,
inevitably leads to difficulty in targeting the required oligosaccharide in a synthetic
pathway. For this reason the chemistry of carbohydrates has been historically dominated
by protecting group manipulations. Carbohydrate extensions tend to proceed through
activation of the anomeric position on a donor to produce an oxocarbenium

intermediate, which is glycosylated by an acceptor (Scheme 1.2).
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Scheme 1.2 - General glycosylation mechanism

These glycosylations can involve a wide variety of leaving groups, activators, and solvent
conditions, all of which can lead to different products. Stereoselective glycosylation to
form a or B products can be achieved through neighbouring group participation. For
example an equatorial acetyl protecting group in the C-2 position of per-acetylated
glucose directs acceptor attack from the [ face. Reactivity of carbohydrates in
glycosylation can be achieved through variation of the pattern and type of protecting
groups used. The effects protecting groups have on glycosylations is known as the

POl comprehensive comparison of

armed/disarmed®®>° and even super-armed effect.
these effects on thioglycoside donors was completed by Wong et al.’, where relative
values were assigned to different compounds according to their reactivity, allowing
sequential one pot glycosylations. The ability of the protecting group to modulate
reactivity is both a combination of the electron withdrawing/donating®® tendencies of the

® steric bulk altering

protecting group, hyperconjugation into the oxocarbenium ion,®
intermediate conformations®! and/or blocking attack from a particular side. In truth all
the mechanisms for selectivity are not comprehensively understood.

The choice of leaving group in the anomeric position also plays a key role in the activity of
a donor, with oxygen, halide, sulfur, acetimidate and selenium based leaving groups, all
providing their own particular benefits and drawbacks.

Finally the choice of Lewis acid and solvent can have a significant effect on glycosylation
reactions. Protecting group compatibility with acceptors, donors and activation conditions
remains a challenge for carbohydrate chemists. One exciting advance in this field has
been chemo-enzymatic synthesis. This is where both chemistry and enzymes are used in
the synthesis of target molecules. The interest in using enzymes to aid synthesis is

becoming ever more apparent as evident by the very impressive results of the Boons®,

Wong®, Flitsch® and Davis®’ groups.
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1.2.3 Carbohydrate based drugs

The use of carbohydrates directly as drugs, is limited by their pharmacokinetic profiles;
Low permeability through the intestinal wall due to high polarity, and fast renal excretion
from the blood. However, a wide variety of either carbohydrate containing or derived
molecules are used in the treatment of diabetes, influenza, epilepsy and osteoarthritis
and others can act as anticoagulants (Heparin), as described in a comprehensive Nature
Drug Discovery Review.?® A common mechanism of action for some of these drugs is the
selective inhibition of enzymes, for example glycosidases in diabetic therapies. The
influenza drugs Zanamivir, 13, (Relenza)®® and Oseltamivir phosphate 14, (Tamiflu:
Roche)’® were designed from the need to inhibit a neuraminidase enzyme. The enzyme
mediates intercellular influenza virus spreading, through the hydrolysis of sialic acid
residues (12, Figure 1.7) on the surface of animal cells. These are examples of
carbohydrate mimic drugs. Both companies started with sialic acid, and by removing the
non essential functional groups for binding, as well as altering the moieties of the sugar

which were easily metabolised, a more metabolically stable drug was prepared (Figure

1.7).
Ho QH Ho OH ]
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Figure 1.7 - Sialic acid homology to neuraminidase inhibitors

Miglustat (15, Figure 1.8), a synthetic alkylated azo sugar, is used as a treatment for
Gaucher’s disease. Symptoms of this disease result from the build up of glucosylceramide
in cells.”* Abnormal levels of glucosylceramide are implicated in cardiovascular diseases,
diabetes and cancer.”? This drug inhibits the enzyme glucosylceramide synthase hence

alleviating the symptoms caused by excess of the compound.

OH
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Figure 1.8 - Miglustat
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Oligosaccharides do not always require modification to become active therapeutics.
Heparin, a carbohydrate polymer with a basic disaccharide repeating unit of sulphated
iduronic acid and sulphated glucosamine, and a MW of over 12 kDa, is used as an anti-
coagulant. Smaller oligosaccharides, containing the core units of heparin are also clinically

approved agents.

Simple sugars too have been used as treatments for certain afflictions. In congenital
disorders of glycosylation as described by Jaeken,” children have defects in their ability to
glycosylate certain proteins. These are genetic based diseases, and as circa. 1 % of our
entire genome is dedicated to glycosylation hardware, there are no doubt many more
diseases of this type yet to be identified. The problems originate from faulty cellular
machinery in the Golgi apparatus and endoplasmic reticulum; key centres of
carbohydrate modifications. Mannose has been successfully used in the treatment of a
disease characterized by a deficiency in phosphomannose isomerise.”* Mannose (16,
Figure 1.9) too has been used in the treatment of urinary tract infections through the

competitive inhibition of Escherichia coli binding to the endothelial wall.”

OH

OH
HO O
HO

OH
16

Figure 1.9 - D-Mannose

The use of carbohydrates as potential vaccines has also been the subject of a large body
of research. Bacteria, cancer cells, and viruses display distinct carbohydrates on their
surfaces. For example the lipopolysaccharide on the surface of Streptococcus pneumonia
is a key factor in toxicity. Modern vaccinations against pneumonia consist of
polysaccharides from the surface of the bacteria conjugated to a carrier protein.
Immunity raised to the polysaccharide protects against future infection. However, the
bacterium is constantly evolving different serotypes against which the vaccine is not
effective. The Oscarson group at UCD, are actively engaged amongst others in the

production of a synthetically derived Streptococcus Pneumonia vaccine.”®
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So far carbohydrates as drugs have been shown to act through enzyme inhibition,
immune response modulation, and through protein binding. There is another class of

carbohydrate recognising protein which deserves attention, namely lectins.

1.3 Lectins
Lectins are non-enzymatic proteins containing carbohydrate recognising domains. These
domains can be carbohydrate specific but tend to have weak binding affinities; Ky values

77
l.

in the order of 0.1-1 mmol.”’ Binding affinities can be enhanced through multiple binding

of sugars in close proximity to the same lectin, referred to as the multivalent or cluster

7879 The cluster effect results most likely from contributions of the two concepts in

effect.
Figure 1.10. In model (A, Figure 1.10), when two or more carbohydrates co-operatively
bind to two or more binding sites on the protein, the resulting dissociation constant is
lowered. Indeed an allosteric effect resulting in protein folding changes upon the binding
of one unit, may enhance subsequent binding. Cross linking of lectins may result in lattice
formation also.’’ In model (B, Figure 1.10), if carbohydrates are presented in close
proximity, there is an increase in their local concentration at the binding site. With one
sugar sitting in the binding site, upon dissociation, there is a greater chance of association
from any of the three non bound sugars, as compared to 3 free sugar molecules. The
many diverse functions of lectins are still under investigation, and to date, known roles

include; cell recognition, host-cell infection, glycoprotein chaperone roles® and multiple

defence roles in plant and animals.®’

N~ 0]
RO Protein
Protein or
or chemical
«_ O chemical scaffold
How/\ scaffold

A B
Figure 1.10 - Cluster effect models
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1.3.1 Plant lectins

Carbohydrate mediated lectin interactions are involved in many recognition events in
plant biology. These proteins can exist as monomeric or heteromeric units, and often
require Mg>* or Ca”" ions as co-factors for binding. Plant lectins were first discovered over
100 years ago for their ability to cause hemagglutination®®*, however, their physiological
role in plants is not fully understood. Some common carbohydrate/lectin® recognition
pairs are listed in Table 1.3. Many plant derived lectins have been immobilised and can be
used for purification of carbohydrates and glycoproteins. Due to their recognition of
sugars, plant lectins have proved an invaluable chemical tool. Current methods exploiting
sugar-lectin interactions include isothermal calorimetry titration, UV/fluorescent
spectrometry using label conjugated lectins, surface plasmon resonance imaging with
immobilised lectins, quartz crystal microbalancing on immobilized lectins,

hemagglutination assays and co-crystallisations to name but a few.

Table 1.3 - Common plant lectin and carbohydrate pairs

Lectin source Specificity of sugar
Concanavalin A (Jack Bean) a-Man, a-Glc
Ulex europaeus (1) (Gorse) a-Fuc
Ricinus communis (Castor Bean) p-Gal
Triticum vulgaris (Wheatgerm) B-GIcNAc
Arachis hypogaea (Peanut) -Gal-(1-3)-GalNAc

Nature rarely wastes resources and whereas chemists and biologists have found uses for
plant derived lectins, research into their roles in plants is ongoing. As plant defence
mechanisms, lectins can produce strong antigenic responses in animals. For example the
chemical agent ricin, a lectin derived from the castor bean has been used in biological
warfare. Agglutination can also cause animal toxicity so one view could be that plant
lectins may have evolved to protect the plant from predators.

Another role of lectins, has been identified through the study of genetically modified
plants, and their symbiotic relationships with N, fixing bacteria. Bacteria normally reside
in nodules on the roots. The interaction of lectins with the rhizobian bacterial surface

glycosides have been implicated in host guest recognition which encourages nodule
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growth. Once lectin coding genes are altered, a change in the nodulation pattern on

plants is observed.®®

1.3.2 Bacterial and viral lectin interactions

Bacterial and viral infections have processes dictated by lectin carbohydrate interactions.
Key examples of these, highlight the possibility of using carbohydrates as antibacterial
therapeutics, taking advantage of differential lectin expression.

In Section 1.2.3 describing carbohydrates as therapeutics, the use of mannose as a
treatment for urinary tract infection was discussed. The basis for this activity is the
expression of a mannose recognising lectin - FimH, on the surface of E coli pili. Mannose
clusters have been developed as an improved method to saturate FimH. One of the more
promising reports is that of the Roy group®® who showed a kq of 0.45 nm for the FimH of
E. Coli, in a compound containing 4 mannose residues on a tetraphenyl scaffold (17,
Figure 1.11). This binding represented a 5000 fold increase in specificity over the control

mannose, 16.
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Figure 1.11 - Sub nanomolar FimH affinity

Helicobacter pylori, a bacterium which is the causative agent for stomach and duodenal
ulcers, expresses a surface protein called the BabA.®” This lectin has a very high affinity for
Lewis B (18, Figure 1.12), in the order of 1 x 10" M™, making it extremely important in
bacterial adhesion to the gut wall, ultimately protecting the bacterium from the acidic

stomach environment.
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Figure 1.12 - Lewis B hexasaccharide

The importance of carbohydrates in Influenza budding and infection was discussed as a
treatment target in Section 1.2.3. However, the initial interactions of influenza with host
celis are through the actions of a lectin on its surface, hemagglutinin (HA).% This protein
binds to terminal sialic acid residues, leading to endocytosis of the virus by the host cell.
Allosteric disruption of sialic acid, binding, has been shown by Russell et al. using TBHQ
(19, Figure 1.13).% Targeting HA's specificity through carbohydrate mimics® could also
represent a viable method of influenza treatment. Clustered mimics on chemical scaffolds
could encourage virus particles to aggregate, for easier processing by the host’s immune

defence systems.

OH

OH
19

Figure 1.13 - TBHQ - inhibitor of hemagglutinin

1.3.3 Animal lectins

Lectins are not specific to the plant and bacterial worlds however. Animal lectins were
first described in extracts from the venom of snakes in 1888 which cause
hemagglutination.’> They tend to have CRD’s which are highly conserved®> among
different animal species, and contain structural homologies with plant lectins, showing
important evolutionary conservation requirements. Investigation into the properties of

animal lectins has allowed their sub division according to; calcium dependency (C-type
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lectins), terminal galactose specific lectins (Galectins), mannose-6-phosphate specific
lectins (P-type lectins), and immunoglobulin lectins (I-type lectins). A comprehensive
breakdown for the many other subgroups in animal lectin families has been detailed by
Esko et al..”® Intracellular processing of carbohydrates, and glycoprotein trimming or
elongation is performed in the ER and Golgi apparatus. Shuttles between these two
structures are mediated by lectins.®!

One example of a key human lectin-carbohydrate interaction, occurs early in the HIV
infection cycle. The HIV virus is coated in a glycocalyx which it uses to direct its transport
to T cells, its point of viral reproduction. A particular glycoprotein GP120 on the surface of
the virus contains a terminal oligomannose region of 9 units, and is recognised by DC-
SIGN a lectin on human dendritic cells. The virus is internalised and transported to a T cell
for processing only upon the interaction of GP120 with another glycoprotein CD4 on the T
cell, a conformational shift in GP120 allows HIV to insert a fusion peptide and infect the
host.** DC-SIGN also recognises Lewis X (20, Figure 1.14)*° a blood group trisaccharide so
Lewis X presenting scaffolds could conceivably compete with the HIV virus to lower the

infection rate.

OH OOH Og
HO&NOH AN
NHAc
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Figure 1.14 - Lewis X trisaccharide

1.3.4 Lectin over expression in tumour cells

1.3.4.1 Galectin-1

The over expression of Galectin-1 is an interesting method for carbohydrate targeting of
PDT agents. A number of cancer cell models present this type of overexpression.
For example, Griffioen et al. demonstrated that Galectin-1 is over expressed during
angiogenesis, in cancer cell lines of the human colon, breast, and in a rare bone cancer;
Ewing’s sarcoma.”® All these measurements were taken using normal colon tissue as a
control. Gal-1 normally binds terminal $-1-4-Gal and in keeping with previously observed
cluster effects, Mayo et al.”” have shown that this binding is enhanced by large multimeric

presentations of [(-1-4-Gal. Studies on interrupting Gal-1 binding have led to the
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development of Anginex®, a 33 amino acid peptide currently undergoing anti cancer
clinical trials.?®

Furthermore Kiss et al.”® in a review on the roles of Gal-1 in vivo, demonstrated that its
over expression on the blood vessel cell walls of lymphomas, plays a role in cancer
metastasis, whereas Dian et al. identified the over expression of Gal-1 in a laryngeal cell

line model.’®

1.3.4.2 Galectin-3

Another lectin in the Galectin family, Gal-3 has been implicated as a reporter of cancerous
tissue. In cell studies on thyroid cancer, Bartolazzi et al.’®* showed that over expression of
Gal-3 was a marker for metastasis and it was not expressed in benign thyroid cells. This
identifies Gal-3 as an adhesion promoter. Gal-3 has been shown to be over expressed in

192 xuroda et al. confirmed Gal-3 over

colon neoplastic lesions by Malorni et al..
expression in chronic myelogenous leukaemia (CML) cell lines and found during their
studies that Gal-3 appeared to promote cell proliferation, led to multidrug resistance and

103

was involved in the cell migration in CML cells.™ Antagonists of Gal-3 could therefore be

a valid target for CML treatments.

1.3.4.3 E-Selectin

The Lewis X binding lectin E-selectin has been reported to be over expressed on LoVo
colon cancer cells and also appears to display a complex relationship with Gal-9. Gal-9
over expression was also seen in this cell line, but only in cases with metastatic regrowth.

In this case Gal-9 and E-selectin expression could be used to a target LoVo cell lines.

1.3.4.4 Lectin like receptors in retinoblastoma cells

Selective adhesion of neoglycoconjugates to retinoblastoma cells was shown by Gabius et
al.'® In their study it was reported that retinoblastoma cells selectively recognised a-
Man and B-Gal. Presumably the Gal recognition is through the over expression of a
member of the Galectin family. This allowed the targeting of drugs bearing sugars to
cancerous cells in this rare form of eye tumour. Further efforts to take advantage of this
not fully elaborated lectin based selectivity allowed Maillard et al. and Blais et al. to

i < . . 106-
selectively target retinoblastoma cells using scaffolds bearing mannose and galactose. &

107
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1.3.4.5 Sialic acid receptors
Finally sialyl Lewis X has been shown to be a site of adhesion for multiple cancer cell

108

lines.” The likelihood that this relationship is lectin based again provides us with more

carbohydrate based targeting agents against cancer cells going forward.

1.3.5 Lectins as a target for drugs

In summarising the previous Sections on differential lectin expression, one can see
possible applications in many areas from viral and bacterial infections to metastatic
tumour treatments. A key factor with the majority of these lectin targets with respect to
PDT, is their location in vivo. Tumours deep inside tissue and organs will always be
difficult targets for PDT agents, however, lectin targets can be reached with modern day
key hole surgery utilising fibre optic probes. Examples of accessible regions are the
endothelial surfaces on the urethra for E. coli, or the stomach wall for H. Pylori, blood
cells for H. Influenza, mucosal barriers for HIV, the trachea, colon, oesophagus, and
internal surfaces of blood vessels for cancerous cells.

Having seen the importance of carbohydrates in biology, the utilisation of
oligosaccharides to prepare 3 generation PDT agents is promising. Glycoporphyrins can
be defined as porphyrin based molecules which have been modified to contain
carbohydrate groups. The vast number of carbohydrates that can possibly be accessed
synthetically, allow conceptually the design of one type of drug, with a multitude of
different targeting agents. The possibility of a modular approach involving a convergent
synthesis of porphyrins and carbohydrates is an exciting prospect. Medicinal chemists
could conceivably take a PDT scaffold, functionalise it with a particular carbohydrate, to
conveniently direct the drug to the required site. Exploiting the variable lectin recognition
patterns and biological distribution could enable the targeting of “Sugar bearing”
molecules to animal cells, bacteria and viruses allowing advanced delivery of

therapeutics.

1.4 Glycoporphyrins: A review

The potential benefits of carbohydrates as targeting agents have been discussed as part
of Section 1.2, however, they are important for two other functions once applied to PDT.
Porphyrins, and related aromatic macrocycles, are notoriously insoluble in water. 2
generation PDT agents required some separate form of polar modification distinct from

the goal of improving light absorption at longer wavelengths. As described in Figure 1.5,
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extra hydroxyl, carboxylic acids, sulfonic acids or PEG functionalities have been
incorporated into the structures, all to improve their solubility. Carbohydrates would have
the advantage of providing both a targeting motif as well as an improvement in possible
formulation of the final product. The requirement for amphiphilic PDT agents has been
described as very beneficial in increasing the possibility of transport through cell

membranes.'® Indeed the drawbacks seen in 1%, 2™

and some 3" generation PDT agents
of up to 90 days post treatment photosensitization, may be alleviated by mimicking some
of the body’s own metabolism pathways. A common phase |l metabolic transformation is
glucuronidation, employed to increase polarity for faster clearance times. For this reason
glycoporphyrins as PDT agents should demonstrate lower half lives, since they are already

glycosylated. Two main considerations for glycoporphyrin synthesis are; which

carbohydrates to use, and the functionalisation strategy.

1.4.1 Natural glycoporphyrins as PDT agents

Only limited examples of glycoporphyrins have been isolated from biological systems.
These include, a tetrapyrrolic chlorophyll metabolite (21, Figure 1.15) discovered during
the ripening process of bananas by Krautler et al.''°, and the Tolyporphins, (22, 23, Figure
1.15), a group of anticancer agents isolated from extracts of an algae Tolypothrix

111,112
Nodosa.*'*?

The latter displays an unusual 3,6-di-deoxy-galactose moiety with partial
acetylation of the C-2 position. Research into the exact biological role of tolyporphins is
ongoing, and to date it has been suggested they could function as part of the light

harvesting machinery in algae.

R; = OH, 22
R, = OAc, 23

Figure 1.15 - Natural glycosylated porphyrins/derivatives
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1.4.2 Semi synthetic and synthetic glycoporphyrins

Synthetic glycoporphyrins as PDT agents have been explored for the last number of
decades. The advantages that these compounds have over existing PDT agents are
provided by the properties of the carbohydrate used. A multitude of attachment
methodologies have been employed to introduce carbohydrates, and these have been
detailed in four separate glycoporphyrin reviews, written in 2002, 2007, 2008 and 2009

13117 prasented is a summary of the synthetic glycoporphyrins

and a perspective in 2012.
and their conjugation methods, as well as highlights from the glycoporphyrin literature

since 2009.

1.4.2.1 Protoporphyrin IX derivatives
As the 1* generation PDT agents were hematoporphyrin derived it was no surprise that
the first synthetic glycoporphyrins were glycosylated derivatives thereof. In 1989, Franck

® containing B linked glucose or

et al. synthesised di-substituted glycoporphyrins™
galactose, by directly glycosylating primary hydroxyls off the porphyrin (Figure 1.16). In
the same paper, the authors showed that the singlet oxygen generation of these

compounds was comparable to that of the unglycosylated derivative.

Rz _OH
R 0
HO X
. COR; Ry=OH,Rp=H
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R1 = H, Rz =0OH
R3 =Hor CHj
Ra o CO,R,
R, .
HB%WX X=0ors
OH

Figure 1.16 - First semi-synthetic glycoporphyrin

Thio linked analogues of Figure 1.16, were prepared in 2001 by Krausz et al..'*® These
compounds were prepared by displacing a bromide on the alkyl chain of the porphyrin
with a thio-hemiacetal nucleophile of Glc or Gal. A mixture of o and 3 anomers were
isolated, due to anomerisation of the free thiol starting material. There are biological
benefits to non oxygen linked glycosides by virtue of the enhanced enzymatic stability of

the glycoporphyrins produced. If PDT targeting is mediated through the sugar it makes
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chemical sense to incorporate a carbohydrate moiety which is difficult to cleave

enzymatically. The use of halide, thioglycoside and trichloroacetimidate donors to

16, 120-121
Here,

glycosylate free hydroxyls on porphyrins is also a viable route.!
stereoselectivity must be directed by the protecting group patterns.
Ester linked'? cellulose protoporphyrins (24, 25, Figure 1.17), and C-2 amide linked

123 of 2-deoxy sugars (26, Figure 1.17) have also been prepared. Glycoporphyrin

analogues
26, demonstrated unusual micelle and fibre formation, but despite an interesting and PDT

relevant structure, it was not investigated for use as a photosensitizer.

HO,C
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- OH
: Roﬁ& é& i HO%OH
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R=H, 24
R = C11H23, 25 26

Figure 1.17 - Ester and amide linked protoporphyrin derivatives

1.4.2.2 Synthetic glycoporphyrin - condensation

The early work on carbohydrate functionalised protoporphyrins confirmed singlet oxygen
production was not adversely affected by carbohydrate introduction. As the second
generation PDT agents became available with their improved red light absorption,
chemists turned their attention to alternative methods of attaching sugars to porphyrin
scaffolds. Condensation of a pyrrole with a carbohydrate functionalised aldehyde using

acid or Lewis acid catalysis followed by oxidation, has been used to make glycosylated

124 126

porphyrins in one step, adopting the Lindsey, Rothemund,*” or Alder techniques.

Mixing aldehydes of different proportions allows the synthesis on mono-, di- or
trisubstituted glycoporphyrins (Figure 1.18). The carbohydrates are usually protected
during condensation and deprotected following the synthesis. Again for the benefit of
enzymatic stability, Drain et al. prepared a series of C and S linked glycosides attached to
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127 vields in this paper were reported as greater than 50 %,

aldehydes for condensation.
but mean yields from condensation reactions can be of the order of 10 % or so. For this
reason only cheap commercially available carbohydrates have been used to synthesise
glycoporphyrins through condensation. In general the yields are not high enough to
justify the use of complex synthetic oligosaccharides in condensations. The conditions of
strong acid or Lewis acid catalysis together with long reaction times are also a drawback,
especially if weak glycosidic linkages are present. For complex carbohydrates, alternative
means must be used. Impressive attempts have been made for glycoporphyrins
synthesised via condensation however, the strapped trehalose glycoporphyrin (29,
Scheme 1.3)*? from di-pyrrole 27, and a di-aromatic aldehyde spaced using a trehalose,

28, is one example which would be quite difficult to synthesise by other means due to the

labile nature of the glycosidic linkage in trehalose.

+/- Sugar

R R +/- Sugar-¢\ ;- Sugar
@) (@) S
N A Condensation
’ s
[ Sugar = O, S or C linked
Sugar - Glc, Gal, GlcNAc, Man,
R Xyl, Ara and Lac

7
+/- Sugar R = H or alkyl chain

Figure 1.18 - Mixed condensation route to glycoporphyrins
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Scheme 1.3 - Strapped glucose trehalose glycoporphyrin synthesis

1.4.2.3 Synthetic glycophthalocyanine - condensation
The use of condensation reactions is more acceptable in the synthesis of
glycophthalcyanines as yields are in the order of 50 % or more. Carbohydrate pre-

functionalisation of the desired di-cyano benzene is required to prepare general

structures such as (Scheme 1.4),"291%
Sugar
VAR Zn(OAc),
oy 100 °C, 24 h

NC CN  DMAE/BuOH

Sugar

Scheme 1.4 - Regioisomeric glycophthalocyanines preparation

Spacer groups, such as alkyl chains or PEG linkers can be employed between the sugar
and the phenyl ring to allow proteins greater accessibility to the sugar. The main
drawback with glycophthalocyanine preparation through condensation, is the

regioisomeric distribution of the products. This problem is removed if 4,5 or 3,4,5,6
27



substitution on the benzene core is performed. One such example is the water soluble

product (30, Figure 1.19) prepared as a mixture of 6-O linked galactose hemiacetals, by

Ribeiro et al..*3!

Figure 1.19 - Glycophthalocyanine

1.4.2.4 Sy2displacement to synthesise O/S linked glycoporphyrins

One issue with the condensation route to carbohydrate substituted porphyrins and
phthalocyanines, is the lack of stereoselectivity and formation of regioisomeric products.
This is either due to a mixed isomer of the glycoside being used in the synthesis, or
through the in situ anomerisation when using Lewis acids during condensation in
anhydrous conditions. An alternative route widely published in the literature is the
nucleophilic displacement of a halide on a suitably functionalised carbohydrate. The
advantage from this convergent synthesis is that single isomers can be prepared, one only
has to react expensive starting materials near the end of the route, and the yields should
be higher. A generic electrophile for this route which is easily prepared in short number of

steps is shown in Figure 1.20.

X=Cl, Br, |
PGO_\N//&/OvSpacer\/x Spacer = PEG chain,

alkyl, aromatic ring

Figure 1.20 - Nucleophilic displacement linkers

Spacers used for nucleophilic displacement glycoporphyrin formation have included O
and S linked polyethylene glycols, like the mannose substituted example prepared by
Blais et al. (31, Figure 1.21)** X7  alkyl chains*®® and the cationic example (32, Figure 1.21)

prepared following the reaction of a pyridine displaying porphyrin with ClAc pre-
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functionalised cellulose.** Compound 32 is under investigation for use as an antibacterial
PDT thin film. Presumably with its positive charge and interchelation ability, this
compound may interact also with DNA aithough such tests have not yet been carried out.
Nucleophilic Sy2 displacement allows the number of carbohydrate substitutions on the
porphyrin to be controlled through stoichiometry in the reaction. The length of the chains
can easily be tailored to investigate binding affinities, and the method is amenable to the

use of complex carbohydrates suitably functionalised in the anomeric position.

31 32

Figure 1.21 - Glycoporphyrins prepared through nucleophilic displacement

1.4.2.5 SpAr in glycoporphyrin synthesis

The ability to perform nucleophilic aromatic substitution of highly fluoro-substituted
aromatic rings has been used to synthesize multifunctionalised glycoporphyrins and
glycophthalocyanines. Boyle et al. developed a method whereby a nucleophilic thiol
displaces the para fluoro group on a pentafluorophenyl substituted porphyrin, providing
the cationic, B product (33, Figure 1.22).**

Later Cavaleiro et al. used SyAr on a per-fluorinated tetraphenyl porphyrin with the
alkoxide of 1,2-3,4 di-isopropylidene protected glucose to ultimately prepare a 6-0 linked
glycoporphyrin (34, Figure 1.22).**° Mixed di-, tri-, and tetra substituted examples if this

could be prepared by the same route.

29



CeFs

R = B-Glc | T
33 34

Figure 1.22 - S\Ar on the penta fluorophenyl group

Building on the ideas behind the synthesis of 34, Hirohara et al. altered equivalents of
free thioglycoside in the reaction to successfully make the tetra substituted

134 | ess substituted isomers were also prepared, and

glycoporphyrin (35, Figure 1.23).
structure activity relationships of these were investigated for both phototoxicity and
uptake.

Recently Drain et al. has applied the SyAr route to the synthesis of an octo-substituted
glycophthalocyanine (36, Figure 1.23), recording an impressive yield of 72 % for the
nucleophilic displacement reaction.”*> Regioisomers are avoided with this route, however,
due to significant broadening of the NMR spectra from aggregation, anomeric
configurations could not be confirmed.

In conclusion there is little doubt that nucleophilic aromatic substitution of fluorinated
porphyrins, provides a viable synthetic route to glycosylated porphyrinoids. The reactions
tend to run at ambient temperature and are complete in 1 to 4 days. A base is often
required to drive the reaction to completion, depending on the nucleophile. There are
limitations to the porphyrin scaffold that can be used however, and the results from

ongoing biological studies will provide any cost/benefit analysis in carrying the extra

fluorine atoms through to the final product.
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Figure 1.23 - Highly glycosylated SyAr PDT products

1.4.2.6 Coupling reactions and the synthesis of glycoporphyrinoids

In keeping with the requirement for high yielding conjugation and convergent synthetic
routes to glycoporphyrins, it is surprising the lack of coupling reactions employed in their
synthesis. It would seem comparatively easy to introduce a substrate for most cross
coupling reactions at the reducing end of a complex carbohydrate, and use this to ensure
high conjugation yields. Indeed lectin binding studies of monosaccharides vs the same
sugar containing an aromatic group in or near the anomeric position have shown a
hydrophobic binding site is accessible to increase binding.136 This could be an important
result to bear in mind. To date only limited examples are available in the literature of
glycoporphyrins produced via coupling reactions. Grubbs cross metathesis was employed,
to synthesise a glycopurpurinimide137 (37, Figure 1.24), which could be further

138-139 used

functionalised through Diels Alder chemistry. Pandey et al. in two more papers
the same porphyrin derivative to great effect with Pd cross coupling of propargyl Lac,
yielding the disaccharide containing PDT agent (38, Figure 1.24). Suzuki couplings of a
ribose substituted bromo quinolone and boronic ester functionalised TPPZn were
successfully employed by Cavaleiro et al., to yield (39, Figure 1.24) as an antibiotic with

PDT activity.'*
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Figure 1.24 - Cross metathesis and Pd cross coupling - glycoporphyrinoid products

1,3 dipolar cycloadditions have been applied to the field of glycoporphyrin synthesis,
using suitably functionalised carbohydrate starting materials (Figure 1.25). Galactose
nitrones were employed to prepare isoxazolidine fused chlorins, by Dondoni et al.*! (a0,
Figure 1.26). This shifted away from the commonly employed meso substitution. The
coupling yields reported for compound 40, were between 18 - 37 %, but the product had
favourable optical properties with a red shifted UV/Vis absorption spectrum towards 646
nm. Cavaleiro et al. using elegant chemistry, prepared a series of other cycloaddition
glycopheophorbide products, employing azomethine ylides'*> (41, Figure 1.26), and
diazoacetates’* (42-45, Figure 1.26), containing both O and C linked glycosides.
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Figure 1.25 - Carbohydrate cycloaddition substrates
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Figure 1.26 - Cycloaddition glycoporphyrinoid products

1.4.2.7 CuAAC “Click” couplings and glycoporphyrin synthesis

The copper (1) catalysed alkyne azide cycloaddition has seen an explosion in citations
since its discovery both independently by Sharpless et al.*** and Meldal et al.*** Some of
the advantages as applied to the chemistry of porphyrins are discussed by Ahsen et al..’*
The benefit of such a clean and high yielding strategy, has led to numerous applications in
the field of glycoporphyrin production too, with triazole linked examples at the C-6 and C-
1 positions.

The first example of CuAAC in glycoporphyrin synthesis was reported by Grin et al. in
2008."" Lactose was thermally ligated to a chlorin (46, Figure 1.27), in order to take
advantage of galectin over expression in cancer cells. Initially Cu (Il) insertion was an

issue. However, the use of Zn (ll) as a protecting group for the porphyrin avoids

production of the Cu (ll) side product. Zn (Il) removal is possible through much milder
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acidic conditions than Cu (Il) removal. The group later expanded their methodology to

include lactose coupled chlorophyll A and bacteriochlorophyll A products.*****

46 47

Figure 1.27 - Thermal CuAAC glycoporphyrinoids products

A water soluble octa lactose substituted glycoporphyrin (47, Figure 1.27), with Cu (ll) in
the porphyrin core, was presented by Hasegawa albeit in low yields of 18 %.% The group
reported difficulty in analysing the compound by NMR in D,0. Presumably the reasons for
this were two fold. Aggregation being one, but also the copper (Il) is paramagnetic and its
presence would interfere heavily with the NMR analysis of 47. Given the cluster
arrangement of terminal galactose, it would be interesting to investigate how lectins
interact with this multi epitope presentation.

Wong et al. were interested in using the proven targeting ability of an existing drug to
direct glycoporphyrin structures to their required sites. Using click chemistry they ligated

Zanamivir 13, in 78 % yield™" to prepare the dual agent (48, Figure 1.28).

34



48

Figure 1.28 - Tetra Zanamivir substituted porphyrin

The Scanlan group recently reported the first examples of microwave mediated CuAAC
glycoporphyrin synthesis with high yielding reactions (> 90 %) and reaction times of 20

min.*>?

A series of acetyl protected mono-, di- and tri- substituted Man, Glc, and GlcNAc
examples were prepared and deacetylated using Zemplén conditions. Hetero substitution
patterns have been achieved through a two step, sequential click process (49, Figure
1.29). This represents another step towards the goal of high specificity targeting with
glycoporphyrins, as different oligosaccharides can now be presented on the same

scaffold. To date these are the highest yielding glycoporphyrin procedures, and have since

led to an adoption of uW CuAAC glycoporphyrin synthesis by a number of other groups.

Ph R1 = S R2 = SN
Ph R,
N
N N
R,
ManO GlcO

49

Figure 1.29 - Hetero substituted pW mediated CuAAC glycoporphyrin

1.3 reported a

Triazole linked glycophthalocyanines have also been prepared. Lafont et a
series of water soluble PEG linked sugars, displaying lactose as the most complex

carbohydrate (50, Figure 1.30). Schotten et al*®® detailed the octa substituted
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phthalocyanines (51, 52, Figure 1.30) also applying CUAAC chemistry. These compounds
were prepared for the investigation of both self assembly, and PDT properties. 52, would
make a very interesting galectin probe/binder. Phthalocyanines 50-52 all used the

presence of Zn (l1), to avoid Cu (ll) insertion during the CuAAC reaction.

LacO

R, = Glc, 51
R, = Gal, 52

Figure 1.30 - Triazole ligated phthalocyanines

Two of the most recent reports into glycoporphyrin synthesis both employ microwave
CuAAC reaction conditions. Maillard et al. successfully prepared the 5,10,15 trisubstituted
glycoporphyrins (53, 54, Figure 1.31), using the pW CuAAC reaction, and reporting yields
of 40 to 80 %." Vidal et al. were interested particularly in lectin interactions, and
examination of cluster effects, through optimisation of linker length and the choice of

linker.2®®

The lactose substituted glycoporphyrin (55, Figure 1.31) is an example of their
more promising porphyrin based lectin binders. Using the CuAAC reaction, both groups
have reported marked increases in affinity over the monomeric carbohydrates for their
respective lectin targets, and results from glycoporphyrins 53-55 have suggested cluster

effects aid in these interactions.
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i
R Lac\o
R4 = Glc, 53
R1 = Man, 54 55

Figure 1.31 - pyWave CuAAC glycoporphyrin products

In conclusion, CuAAC methods have allowed for high vyielding functionalisation of
porphyrins with carbohydrates. Advantages of this method are the short reaction times,
and relatively clean product, in high yields. To date, the majority of procedures employ
protected carbohydrates before covalent attachment to the PDT agent. High yielding
glycoporphyrin production from deprotected sugars is a key requirement for the

synthesis of examples utilizing more complex carbohydrates.

1.4.2.8 Selected dendrimeric glycoporphyrinoids

Having discussed a series of possible methods of attaching carbohydrates to porphyrin
scaffolds and bearing in mind the advantages of cluster effects for increasing binding
affinity rates, combinations of both these ideas have also been investigated. Some
selected highlights from this style of compound are presented below. Stoddard et al. as
part of investigations into the redox responses and aggregation effects of glycosylated
porphyrins, prepared a dodeca substituted glycoporphyrin (56, Figure 1.32).%7 An
interesting point they noted during photophysical measurements of 56, was an inter-
molecular interaction in aqueous media which leads to different two lifetimes of excited
states upon irradiation. Aggregated glycoporphyrins were shown to present shorter lived
excited states following irradiation. As a PDT agent though, 56 does not meet general

requirement of amphiphilicity discussed briefly in Section 1.1.6.4.
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A highly unusual study conducted by Hayashi et al. detailed the incorporation of a

18 A di-galactose substituted amido spacer was prepared

galactohemin into myoglobin.
which was ligated via an amide coupling to yield a tetra glycosylated porphyrin (57, Figure
1.32). Interestingly, 57 could be reintroduced to heme free myoglobin, which
incorporated the porphyrin into its own structure. This result is an important point to

remember, when considering possible bioavailability issues of glycoporphyrins in vivo.

Ry
—Linker
R, R,
—Linker
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Linker = N N %
Ry = (0] N RZO/\/ W/\/ m/v
/ $ 0 o)
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(0]
56 57
Ph
RsR, Ry
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. O g
O O (0]
®1
Ph n=3
Rs=H, 58 IRg=2ie
Rs = Ph, 59

Figure 1.32 - Amide linked porphyrin glycoclusters

Maillard et al.**® in a more recent study, investigated tuning logP of a photosensitizer, by
ligating a glycocluster to a porphyrin core through a glycine or phenylalanine moiety (58,
59, Figure 1.32). Amide coupling yields ranged from 32 to 90% in attaching the B-Glc

cluster. Analogues of 58 and 59 were also prepared displaying -Gal and a-Man.
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Figure 1.33 - Glycoclusters with alternative covalent attachment strategies

The elaborate tetra lactose glycoporphyrin dendrimer was prepared by Pandey et al.*® in
an impressive chemical synthesis (60, Figure 1.33). However, from a PDT application, the
choice of linker may be overcomplicated, creating difficulty in deriving SAR relationships

from the biological results yet to be reported.

Finally Tomé et al. have prepared a complex, yet symmetrical hexadeca phthalocyanine
dendrimer, with B-Gal residues linked through di-thio alkyl chains to 1,3,5 triazines, (61,
Figure 1.33).°' 61, a product of SyAR on a fluorinated phthalocyanine, appeared to
display strange aggregation profiles in a series of solvents. Even in DMSO the compounds

precipitated out as long needles visible without magnification.

In summary, the above examples of glycodendrimer compounds demonstrate the
synthetic possibility to prepare and characterise complex displays of carbohydrates on

porphyrinoids. A diverse range of chemical strategies have been reported, however, more
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study is required into the choice of linker most suitable to either remain inert, or enhance
PDT activity. From a medicinal chemistry point of view it is not unreasonable to think that
the spacer groups such as those described in Figure 1.33, could contribute just as much to
uptake and localisation as the porphyrin or carbohydrate themselves. A balance needs to
be maintained between the complexity of the linker and the advantage provided by its

incorporation.

1.4.3 Selected investigations and biological studies of glycoporphyrinoids

The requirements of 3™ generation PDT agents are an improvement in solubility,
localisation, and selectivity. A summary of the available biological results for the
previously discussed glycoporphyrinoids, is presented below.

Tolyporphyrins (22 and 23, Figure 1.15) were tested for PDT activity in a mouse mammary
tumour cell line, EMT-6. In vitro and in vivo imaging confirmed localisation of the PDT

162 A 5000 fold increase in cell death was reported as

agent in the ER and Golgi apparatus.
compared to Photofrin (4, Figure 1.4). The cytotoxicity was attributed to ER damage. ER
and Golgi localisation almost certainly results from the cell processing the
glycoporphyrin’s carbohydrate functionalities. The in vivo study reported 10 times less
liver localisation as compared to a pheophorbide PDT agent.

The oxygen linked, early generation semi-synthetic GP analogues in Figure 1.16, produced

g However, no subsequent PDT

similar 'O, profiles to rose Bengal, upon irradiation.
studies have yet been published on this series of compounds. The thio analogues (Figure
1.16), were evaluated and were shown to be unaffected by a glycosidase. In vitro studies
were performed on the chronic leukaemia cell line K562. Interestingly 24 hours after
irradiation, the methyl ester analogues were found to be as effective as photofrin,
however, following ester hydrolysis, the carboxylic acid analogues were inactive. In vitro
localisation tests were not performed so it can only be speculated on whether a
difference in activity was due to lack of uptake, or localisation.

Thin films of (25, Figure 1.17) were evaluated in Petri dishes as bactericidal surfaces. The
presence of light inhibited the growth of both Staphylococcus aureus (Gram positive) and
Escherichia coli (Gram-negative). %

The series of tetra substituted C and S linked glycoporphyrins (Figure 1.18), were

evaluated for photodynamic activity through an unusual DNA cleavage assay.'?’ Although

DNA is not the site of PDT toxicity, ‘O, induced cleavage could be used to model future
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PDT activity. Significant DNA cleavage was not observed, so these compounds were not
investigated further. The authors dismiss the ‘0, production of glycoporphyrins following
the poor DNA cleavage. However, there could be another explanation for the
disappointing results. DNA interchelation with a porphyrin before '0, production is
required for DNA cleavage to be observed. A tetra functionalised porphyrin may not
interchelate efficiently due to the steric clashing provided by the carbohydrate groups.
Whilst it is likely the compounds described by (Figure 1.18), do not have the required
amphiphilicity to be uptaken in vitro, the lack of DNA cleavage could be improved through
the removal of carbohydrate groups on at least one side of the molecule.

The trans bridged trehalose glycoporphyrin (29, Scheme 1.3), was reported to show
similar 0, generation to HP, but showed 50 % less toxicity during an in vitro study on the
K562 cell line.**® The ability of the porphyrin to approach the cell membrane before
endocytosis could play a role in the lower toxicity, but uptake studies have not yet been
reported to confirm this.

Ng et al.*° investigated the ‘0, production of mono o, mono P, tetra o and tetra 3
analogues (Scheme 1.4). Using DPBF as a D, scavenger, the tetra substituted analogues,
having o substitution patterns were reported to provide the highest singlet oxygen
generation. Presumably, o substitution disrupted self aggregation. In contrast, the mono
substituted compounds performed the best during in vitro studies with human colon
adenocarcinoma (HT29) and human hepatocarcinoma (HepG2) cells. Further investigation
of this through confocal microscopy confirmed that the tetraglycosylated examples were
not uptaken due to amphiphilic deficiencies.

Glycophthalocyanine (30, Figure 1.19), was prepared as a supramolecular tool compound,
and despite interesting characteristics, PDT biological evaluation was not performed.

The PEG linked glycoporphyrin (31, Figure 1.21), as well as the Man and Gal, O and S
linked analogues, illustrate the ability of carbohydrates for cell targeting.*® 107 All
examples were shown to have similar ‘0, generation. However, the uptake of a Man
substituted example 31, was five times higher in a human retinoblastoma cells (Y79) as
compared to a non mannosylated PEG linker, and two times higher than the Gal
analogue. Interestingly the thio linked derivatives showed about 3 times less uptake in
vitro for the Man example 31, over the oxygen linked analogue, but similar uptake for
both the Gal examples. Co-localisation studies were not performed, but the compounds
appeared from confocal microscopy to localise in the perinuclear region and cytoplasm,
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and not the nucleus. An active uptake process was reported to be involved, both Gal and
Man examples showing 50 % less localisation, if glucose was removed from the cell
culture media.

The cationic porphyrin (32, Figure 1.21), was prepared as a thin film and evaluated for
anti bacterial activity. The authors reported anti-Staphylococcus aureus (Gram positive)

and anti-Escherichia coli (Gram-negative) activity.132

[ tp

The cationic glycoporphyrin (33, Figure 1.22) was reported by Boyle et a
demonstrate enhanced mitochondrial localisation properties, and lowering of dark
toxicity as compared to a non glycosylated example, in the HT-29 cell line.

Cavaleiro et al. compared the antivirus effects of (34, Figure 1.22) by evaluating Herpes
simplex 1 and Herpes simplex 2 infections of Vero cells. Favourable results were found as
compared to acyclovir and foscarnet using deprotected sugars in the presence of low

120 and the control cells, prior to Herpes simplex infection, showed no

levels of white light
phototoxicity. This general effect however, was not specific for either Herpes simplex 1 or
2, so the compounds are under investigation as antivirus blood purifying agents.

Hirohara et al. employing mono to tetra S linked per fluoro glycoporphyrin analogues of
(35, Figure 1.23) found an unusual result. The 5,15 di-substituted compound showed the
best PDT activity with, 3 times the uptake of the 5,10 example in Hela cells.”®* This
compound is less amphiphilic and would be expected to display lower cellular uptake.
Type | versus Type Il PDT activity was investigated, with reports of significant Type |
contributions, almost equal to the Type Il contributions observed for the 5,15 example.
Drain et al.**® attempted to take advantage of the over expression of glucose transporters
by attaching 8 Glc residues to a perfluorophthalocyanine core (36, Figure 1.23). 'O,
production was reported to be comparable at 700 nm to the non-glycosylated analogue.
In aqueous media however, severe aggregation occurred, with little or no intracellular
fluorescence observed in a breast cancer cell line (MDA-MB-231). However, 4 days after
fixing, fluorescence had markedly increased, with the authors citing phthalocyanine
disaggregation during storage of the dead cells. The likelihood of Gic being recognised so
close to the phthalocyanine core was not discussed, however, further studies
incorporating short spacers between the scaffold and the sugar would probably be an
advantage.

Pandey et al. rationally designed the conjugated glycopurpurinimide (37, Figure 1.24), and

137

later showed the enhanced efficacy of Lac substitution over Gal substitution.”” Molecular

42



modelling was employed to confirm the enhanced fit of a purpurinimide displaying Lac
over Gal into a binding cleft. Introducing a conjugated diene restricts rotation for
decreased entropic penalties upon binding. RIF mouse tumours were successfully treated
with both models.

Glyco-purpurinimide (38, Figure 1.24), with increased rigidity, showed less PDT activity
than 37, and an uptake study performed on a series of analogues prepared by altering the
attachment position of the Gal/Lac around the scaffold, led to an interesting conclusion. It
was found that the uptake order of Glc, Gal and Lac substituted examples in vitro did not
match the in vivo efficacy.”®

Caveleiro et al. investigated the antibacterial properties of the Suzuki coupling product,
(39, Figure 1.24). Having confirmed the 'O, production was superior than that of TPPH,,
incubation of these hydroquinoline based glycoporphyrins with Leishmania braziliensis, a
protozoa responsible for Leishmaniasis led to 30 % inhibition with 80 seconds of
irradiation.'*

To date, biological studies on glyco-bacteriochlorins (40 and 41, Figure 1.26) have not
been completed.*****?

The glyco-bacteriochlorins (42-45, Figure 1.26), showed good 'O, generation and during
in vitro evaluations, appeared to show localisation in both Hela and (non cancerous)
HaCaT cell lines, with no dark toxicity.'* Interestingly, the Gal substituted compounds
show ca. 45 % more toxicity in the Hela cell line after 15 minutes irradiation at 10° M.
'0, production of the first 1,2,3-triazole containing glycochlorin (46, Figure 1.27), was
investigated by Grin et al., who examined the effect of the triazole and Lac substitution.
No negative effect on ‘0, production from either moiety was described, but no in vitro

d.'*” Following expansion of this

studies were subsequently carried out on this compoun
series to bacteriochlorins, the same group reported that Lac substituted scaffolds over
other monosaccharides showed the highest PDT activity during in vitro screens of a Hep2
cell line.**

Hasegawa et al. reported, that an octo-Lac substituted porphyrin (47, Figure 1.27)
displays specificity for a Recinuscomunus agglutinin, a Lac recognising lectin, but only

showed non-specific binding for Con A.**°

It was argued that excessive substitution
around the porphyrin is important for efficient lectin binding in vivo, in order to disrupt
non specific porphyrin binding, but the negative effects on the cellular uptake of such a

highly polar molecule were not discussed.
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A combination of the anti-influenza and carbohydrate derived drug Zanamivir 13, and PDT
was performed by Wong et al.”! The ability of compound (48, Figure 1.28), to inhibit
neuraminidase, was lowered between 10 and 20 fold, presumably as the structure of 13
has been well optimised to inhibit the enzyme. However, the toxicity in light was over 100
fold better than 13 alone. It was argued that tight binding of the Zanamivir moiety to
neuraminidase on the surface of the virus particle, increased the local concentration of
the PDT agent, resulting in virus destruction upon irradiation.

Lafont et al. synthesised a glyco-phthalocyanine with increased water solubility™?
through the use of a 1,2 diol moiety, in conjunction with a PEG linker and lactose (50,
Figure 1.30) to investigate cell selectivity. (51 and 52, Figure 1.30) represent a highly
functionalised phthalocyanine with a direct sugar to triazole linker, prepared by Schotten
et al. to investigate lectin and PDT activity,’>* however, to date, biological studies on 50-
52 have not been published.

Maillard et al. reported the 'O, production of (53 and 54, Figure 1.31) to be higher than
TPPH,."* Cellular studies presented some interesting results. The a-Man analogue 54 was
reported to display 5 times more phototoxicity than Glc analogue 53, in the cell line Y79.
This result was positive as the Y79 cell line expresses a Man recognising lectin. In the
HT29 cell line, the PDT activity was lower than Y79 for both 53 and 54. The glycoporphyrin
54, was surprisingly less active in HT29 cell line then a non triazole containing analogue
(31, Figure 1.21), previously investigated,'®” however, both 54 and 31 had similar activity
in the Y79 cell line. This is the first direct SAR comparison of triazole functionality as
compared to a PEG linker. The reason for the lower activity in one cell line is not clear, as
both compounds were reported to have similar singlet oxygen production, greater than
that of TPPH,. Obviously the linker plays a role in cell selectivity.

Vidal et al. reported elegant lectin binding and hemagglutinin aggregation work on the
triazole linked glycoporphyrin (55, Figure 1.31), demonstrating the best application yet of
glycoporphyrins as lectin binders. Lac displaying, 55, bound Galectin-1 with a potency 250

times®*®

that of Lac alone. However, 55, demonstrated only 4 times the affinity over Lac
for an ECA lectin, (another Lac specific lectin). This data suggests that even amongst
lectins which are specific for a particular sugar, additional specificity can be gained. The
extrapolation of this finding to the differential lectin expression on cancer, virus or

bacterial cells is extremely important. Unfortunately no PDT biological studies have been
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carried out with 55 and analogues thereof, as it would be advantageous to analyse results
from a large lectin study in tandem with an in vivo/vitro examination.

Within the dendrimeric series discussed, Stoddart et al. did not carry out biological
studies on the glycoporphyrin (56, Figure 1.32).

Hayashi et al. have not reported any PDT studies on (57, Figure 1.32), but their study of

158 ~ould have far

the incorporation of galactohemin into myoglobin (Section 1.4.2.8),
reaching applications in the study of porphyrin based PDT agents in vivo. There are
currently no other published studies evaluating the incorporation of glycoporphyrins into
myo- or haemoglobins, but the result should be noted when analysing tissue localisation
in animal models. If substantial quantities of the PDT agent were encased in large
proteins, as described by Hayashi, PDT activity could be rendered obsolete.

(58, 59 Figure 1.32) are interesting glycodendrimers, in that they display only 3
carbohydrate residues. Maillard et al. reported a stronger affinity for Con A with 58 and
59, over the 5,10,15 trisubstituted triazole linked «-Man analogue (54, Figure 1.31).
However, this increased binding did not translate into improved toxicity in the Y79 cell

159

line.” In fact, 58 was over 10 times less phototoxic, and 59 was almost 20 times less

phototoxic than the 5,10,15 substituted glycoporphyrin (54, Figure 1.31), under the same

155 159 The result implies that Con A is not an

irradiation conditions in the Y79 cell line.
adequate model of the a-Man recognising lectin on the surface of Y79 cells, and perhaps
some homology models between the two lectins could allow for the better choice of
glycoporphyrin spacer required to bridge this gap in knowledge.

Pandey et al. presented the elaborate structure (60, Figure 1.33), at an international
conference on porphyrins and phthalocyanines.'® It was disclosed that these compounds
showed poor cellular uptake. Perhaps the number of redundant atoms in the spacer,
and/or the amino thiazolines functionalities are affecting the uptake and localisation. No
detailed biological study has been published to date on the results presented at the
conference.

The final glycodendrimer to be discussed are the triazine spaced octa [-Gal displaying
phthalocyanines (61, Figure 1.33). ‘0, production has been successfully reported and the
non specific interaction of 61 with Human serum albumin (HSA) was investigated through
tryptophan fluorescence quenching. Using fluorescent titration measurements the

authors confirm that 61 does indeed bind to HSA.®!

Porphyrin mediated tryptophan
quenching, suggested the dendrimers interact near to tryptophan sites on HSA.
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Table 1.4 - Summary of PDT localization studies for glycoporphyrins and derivatives

PDT agent

Intracellular localisation

In vivo/in vitro/lectin
specificity

(22, Figure 1.15)
(Figure 1.16)

(25, Figure 1.17)

(29, Scheme 1.3)

(Scheme 1.4)

(31, Figure 1.21)

(32, Figure 1.21)

(33, Figure 1.22)

(34, Figure 1.22)

(35, Figure 1.23)
(36, Figure 1.23)

(37, Figure 1.24)

(38, Figure 1.24)

(39, Figure 1.24)

(42-45, Figure 1.26)

(46, Figure 1.27)

(47, Figure 1.27)

Perinuclear region and ER

N/A

N/A

N/A

Perinuclear organelles, cytoplasm

Perinuclear region and cytoplasm.

N/A

Mitochondria

N/A

N/A
N/A

Lysosomes and Golgi

Lysosomes and Golgi

N/A

Lysosomes and ceil membranes

N/A

N/A
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Lower concentration in liver
Slower cell death in K562
than HP

Anti bacterial Gram +/-
activity

50 % lower toxicity than HP
in K562 cell line

N/A

Uptaken by Y79 and HT29

Anti  bacterial Gram +/-
activity
Lower dark toxicity with

glycosylation in HT-29 cells
Antiviral activity in Herpes
simplex | & I

Uptaken by Hela cells
Uptaken as nanoaggregates
MB-231 cells
Gal 1/3 selectivity, RIF
tumour toxicity

Gal 1/3 selectivity, RIF
tumour toxicity

L. braziliensis anti bacterial
activity

Toxicity - HeLa > HaCaT

Hep2 toxicity

binding of R.

Selective

agglutinin > Con A



(48, Figure 1.28) N/A Influenza  toxicity = 1000X
greater than 13

(54, Figure 1.31) N/A Toxicity (25X) Y79 > H29

(55, Figure 1.31) N/A Selectivity (250X) greater for

galectin-1 than galactose

(57, Figure 1.32) N/A Incorporated into myoglobin

(58, Figure 1.32) N/A No selectivity of Y79 over
H29

(60, Figure 1.33) N/A Poor PDT agents, low uptake

(61, Figure 1.33) N/A Binds HSA

1.4.4 Glycoporphyrins and phthalocyanines; a summary

A large number of groups have been investigating various methods of linking
carbohydrates to a porphyrin scaffold, creating a small library of molecules some of which
have been biologically investigated.

The correlated anticancer PDT results are presented in Table 1.4. It is clear that positively
charged glycoporphyrins are localised in the mitochondria and that neutral glyco-
porphyrinoids tend to localise in the Golgi and ER. Cellular uptake of these compounds is
only possible if at least one face of the porphyrin is free. A degree of amphiphilicity
certainly seems to be required, and this is documented by multiple literature sources.
Intracellular selectivity has been demonstrated, but results are currently limited by the
availability of model systems, with Hela, HT-29 and Y79 cell lines predominantly under
investigation for in vitro studies. The requirement for further in vitro and in vivo studies is
paramount.

To date, methods for the functionalisation of porphyrinoids with carbohydrate moieties
have included, esters, amides, glycosylations, nucleophilic substitution, conjugated
linkers, cross couplings, and cycloadditions. These linkers have been attached at the [3 or
meso positions as well as displaying ortho, meta and para-phenyl positions on porphyrins.
o and B3 substitution patterns on phthalocyanines have also been prepared. The ability to

prepare complex glycoporphyrinoids is not in question.
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A key issue with the majority of the methods listed above is the poor yield at the point of
carbohydrate introduction. For example, condensations can regularly provide optimized
yields of less than 10 %, and other methods although higher yielding, involve the use of
strong Lewis acids, bases or coupling reagents which often require the carbohydrate to be
suitably protected. This is an acceptable synthetic pathway if the carbohydrate used is not
difficult to synthesize or is easily accessible. However, as more complex and synthetically
expensive carbohydrates are prepared as targeting agents, methods wherein the
carbohydrate is reliably introduced late in the synthetic route would be preferable.

Variation in the nature and complexity of the carbohydrate groups is of interest. To date
only Glc, Gal, GIcNAc, Man, Xyl, Lyx, Ara, Rib, Maltose, Fructose, cellobiose and Lac,
LacNAc, cyclodextrin and cellulose substituted porphyrins have been prepared. This is a
reasonably long list, however, all of these can be isolated biologically sources and are
relatively cheap mono and disaccharides. Too much selectivity is being expected from
such simple carbohydrates. Chemists have yet to apply the above coupling methods to
larger more complex carbohydrates which would have a much better chance of targeting,
through improved recognition by specific lectins. It is with these requirements in mind

that this research has been directed.

1.5 Future explorations of glycoporphyrins

The literature is providing ever more impressive porphyrin scaffolds on which to base PDT
agents. A large number of groups are reporting porphyrins and related compounds with
improved spectroscopic properties, such as; long wave absorption, and efficient 9:
production. There is still scope however, to contribute to the targeting aspect of 3™
generation PDT agents, in particular through the preparation and introduction of more
complex carbohydrates.

Cluster effects have been shown to increase carbohydrate-lectin binding, and so variation
of the presentation of carbohydrates to investigate regioisomeric effects is important.
Finally, the preferred method of carbohydrate attachment shouid be mild, high yielding
and preferably at the final step, minimising functional group manipulations on a complex
oligosaccharide linked glycoporphyrin. The CuAAC reaction satisfies these requirements
and will be investigated for the preparation of highly complex glycoporphyrin systems, for

anti-cancer and anti-bacterial PDT applications.

48



Presented is my work together with the help of some gifted collaborators, towards the

aforementioned goals.

Chapter 2 details the synthesis of a glycoporphyrin library with new optimised reaction
conditions for deprotected sugars, and applications towards the synthesis of highly

complex glycoporphyrins.

Chapter 3 details synthetic workarounds for o fucosyl glycosylation in the presence of an

alkyne, through the use of a novel silylated fucose donor.

Chapter 4 expands on the silylated fucose donor series, with applications of a partially
protected fucose donor, to report a high yielding route to propargyl Lewis X. Other

unusual disaccharide producing side reactions of this donor are investigated.

Chapter 5 correlates spectral investigations of glycoporphyrins in aqueous media. Lectin
binding fluorescence disaggregation studies are carried out, and results of a biological

screen through the help of collaborators in TCD and the IMM.

Chapter 6 contains the experimental procedures
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Chapter Two

A microwave mediated synthesis of a fully

deprotected glycoporphyrin library



Chapter 2 - A microwave mediated synthesis of a fully deprotected

glycoporphyrin library

2.1 Introduction
Both symmetrical and mixed system monosaccharide glycoporphyrins have previously
been prepared by the Scanlan group, through the microwave mediated CuAAC

12 The O-propargyl spacer, which ultimately becomes a triazole ring, orientates

reaction.
the carbohydrate away from the porphyrin, which allows for lectin recognition, but
without a large degree of freedom which could lower the strength of binding. The triazole
ring may also lead to improved binding; Reymond et al. reported a finding that aromatic
groups positioned near the anomeric centre, led to increased carbohydrate recognition
by lectins, over simple alkyl chain linked examples.136 The microwave mediated CuAAC
reactions reported, offer moderate to high yields when covalently linking protected
sugars to porphyrin cores. However, high vyielding applications of CuAAC to
glycoporphyrin synthesis with deprotected carbohydrates, have not yet been reported.
The ability to employ deprotected oligosaccharides allows carbohydrate functionalisation
of porphyrinoids to be performed at the final step, which would avoid protecting group
manipulations on the synthetically expensive glycoporphyrin product. The synthesis of O-
propargyl linked di- and trisaccharides, could lead to possible chemo-enzymatic
glycoporphyrin extension. For example, LacNAc could be enzymatically modified to blood

groups H type I, Lewis X and Sialyl Lewis X (Figure 2.1). Examples of the latter have

previously been described by Davis et al..’®?

- = GlcNAc
ad O = Q@Gal

: B4. B4 B4
a2 a3 A =Puc

= Sialic acid
LacNAc H type I1 SLey

Figure 2.1 - Extended structures related to LacNAc
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2.2 O-Propargyl linked carbohydrate synthesis

2.2.1 O-Propargyl monosaccharides synthesis

The O-propargyl group can be introduced at the anomeric position of carbohydrates
through glycosylation of propargyl alcohol. Glycosylations directly from a per-acetylated
starting donor are the simplest of such preparations (Scheme 2.1). Per-acetylated
mannose 62, was used to glycosylate propargyl alcohol 63, in the presence of BF;OEt,,
providing 64, in 75 % yield.®® Quantitative deacetylation under Zemplén conditions®®
provided the target propargyl mannoside, 65. The coupling constant of the anomeric
proton in 64 at 1.7 Hz (400 MHz, CDCl3), was inconclusive for a trans; , relationship. The
dihedral angle between H-1 and H-2 of « or B substituted mannosides, are quite similar,

but an X-ray structure (Figure 2.2 - crystal mounted and analysed by Dr. Tom McCabe) as

viewed down the C-2 C-1 axis confirmed the o stereochemistry.

OAc HO OH
{ OAc OAC OH
AS\O O\ | O NaOMe HO )
cO HO
BF;0Et, , MeOH y
OAc  pom, o°c Our
62 16 h 64, 75 % 65, 99 %

Scheme 2.1 - O-Propargyl mannose synthesis

Dihedral angle
as viewed down
lhu( 2-C1 axis

/ H-1

\ PIUP T ”\l

Figure 2.2 - X-ray structure of acetyl protected O-propargyl a-mannose, 64

An analogous procedure to Scheme 2.1, was carried out using commercially available per-
acetylated -Glc, to yield the acetylated O-propargyl linked B-glucoside intermediate 66,
in 64 %, which was deacetylated to give O-propargyl Glc 67, in 99 % yield.

The synthesis of O-propargyl substituted GIcNAc 70, is not as straightforward as the

previous two examples. Acetyl directed neighbouring group participation leads to o and 3
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selectivity in Man and Glc respectively. These reactions proceed via an oxocarbenium ion
and subsequent blocking of one face through acetoxonium ion formation. The analogous
oxazolinium ion formed when per acetylated GIcNAc 68 is used as a donor, can react
further to the oxazoline through the loss of an amido proton. These oxazoline side
products lower the reaction yields dramatically, and are normally avoided by protecting
the 2-NH, as a phthalimide. Yb(OTf); has been used to react these locked oxazolines in
the presence of an acceptor.’® Ultimately Yb(OTf); has been used to form the oxazoline
directly from per-acetylated GIcNAc 68, and then to activate it allowing glycosylation in

1
one pot.'®®

Application of this literature procedure, followed by deacetylation led to the
O-propargyl GIcNAc product 70, (Scheme 2.2) and the completion of the synthesis for the

first set of monosaccharide targets.

Ho/\

OAc OAc OH
63
A‘i\(c)oﬁwom Aco A\ > Hoo G

K
NHAC Yb(OTf)s, NHAc MeOH NHAC
DCM, ll
68 reflux, 24 h 69, 89 % 70,99 %

Scheme 2.2 - O-Propargyl GIcNAc

2.2.2 O-Propargyl LacNAc synthesis

As described in chapter 1, to date only cheap, commercially available mono-,
disaccharides, and polymers, have been ligated to porphyrin based PDT agents. O-
Propargyl substituted LacNAc, as a disaccharide starting material amenable to further
transformations into more complex carbohydrates (Figure 2.1), was selected as a valuable

target.

2.2.2.1 Attempted route via a galactose thioglycoside donor

Hydrogen bonding between the amide in C-2 and the 3-OH of GIcNAc lowers the ability of
the 3-OH to participate in glycosylations. This finding has been previously used to
selectively glycosylate the 4-OH position on GIcNAc acceptors, over the 3-OH.'®® The
other requirement is a suitable PG at the 6-OH position. The bulky TBDMSCI was used to
selectively protect the primary alcohol 6-OH of 70, to yield acceptor 71, in a 92 % vyield.
Imidazole was used as a base but could co-elute during chromatography if care was not

taken to ensure its complete removal through aqueous washes during workup.
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The first donor utilised in O-propargyl substituted LacNAc synthesis, was per-acetylated
galactose thioglycoside 72, which was synthesised according to literature procedure.*®’

Glycosylation using the acceptor/donor pair, activating with NIS and TMSOT(, yielded a
complex set of products by TLC (Scheme 2.3). Crude mass spectrometry confirmed the
required disaccharide mass ion, but upon isolation and characterisation of the main
product, the orthoester 73, was observed in a 12 % yield. Attempts to minimise

168 through longer reaction times of 5 to 16 h, and increased

orthoester formation
temperature from -40 to -20 and 0 °C resulted in an ever increasing complexity of the
side products observed by TLC. Proton NMR analysis (400 MHz, CDCls) of the crude
material, appeared to show a loss of the alkyne CH as the temperature of the
glycosylation was increased, perhaps pointing to an addition of |, across the triple bond.
However, no such iodinated compounds were isolated. Altering the NIS activation

9

conditions, for dimethyl disulfide - triflic anhydride activation,’® in order to avoid 5

issues, did not improve the yield and ultimately this reaction was abandoned.

OAc
OAc
OAc OAc LO
o) IS,N\
ACO&/SEt Feld 'e)
OTBDMS OAc ><3 OTBDMS
0 o)
HO
Hoﬁwo i . Soﬁwo

bl T NIS, TMSOTf DA W
Il DCM, 40 °C, 5 h I

71,92 % 73,12 %

Scheme 2.3 - LacNAc glycosylation side product - ortho ester formation

2.2.2.2 Alternative route to O-propargyl LacNAc with galactose trichloroacetimidate
An alternative donor galactose trichloroacetimidate 74, was successfully employed in the

1163 A slightly modified version of this procedure,

synthesis of LacNAc by Davis et a
(Scheme 2.4), with increased temperature, reduced reaction time, and portionwise
addition of donor 72, improved the glycosylation yield of the required disaccharide 75
from 55 % to 67 %. The P glycosidic linkage in 75 was confirmed with NMR studies (600
MHz, CDCl3) by a coupling constant of 8.0 Hz, between H-1 (Gal) and H-2 (Gal). The 1-4
linkage was confirmed by HMBC from C-1 (Gal), d¢ 101.3 ppm to H-4 (GlcNAc), dy4 3.63
ppm, and from H-1 (Gal), oy 4.65 ppm to C-4 (GIcNAc) dc 80.6 ppm. Subsequent

deprotection of the disaccharide 75, over two steps led to intermediate 76, and finally 77,

following deacetylation.
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Scheme 2.4 - O-Propargyl LacNAc synthesis

2.2.3 O-Propargyl Lewis X synthesis (Protected)

Interaction of the human lectin DC-Sign with the histo blood group antigen, Lewis X 20,
was described in Section 1.3.3. Incorporation of this oligosaccharide into a PDT agent may
contribute to favourable targeting abilities, in vivo. Indeed, the terminal Gal moiety on
both 77, and 20, should lead to Galectin® recognition during biological testing. Therefore
the synthesis of O-propargyl Lewis X was attempted, which would yield the most complex

carbohydrate targeting agent reported to date on a porphyrin.

2.2.3.1 Fucosylation with a per-benzylated fucose thioglycoside donor

O-Propargyl Lewis X or a-Fuc-(1-3)-(B-Gal-(1-4))-B-GIcNAc-O-propargyl could be prepared
from intermediate 75. The important synthetic requirement of o selectivity for fucose
glycosylation meant that a non neighbouring group participating protecting group had to
be employed at Fuc O-2. Our first successful route utilised a fucose thioglycoside donor 81
with OBn protecting groups. Donor 81, had previously been shown in the literature to
direct o fucosylation with high stereoselectivity.'®® The synthesis of the fucose donor 81,
is described in Scheme 2.5. One point of interest here was the increase in yield of 81 from

52 % to 82 % after changing the solvent from DMF to THF.'”°
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Scheme 2.5 - Fucose donor synthesis

2.2.3.2 Glycosylation with thioglycoside donor 81

Disaccharide 75, was glycosylated with benzyl protected fucosyl thioglycoside donor 81,
using NIS and TMSOTf activation (Scheme 2.6). Although problems had occurred
previously regarding the stability of alkyne functionalities in the presence of |, (Scheme
2.3), it was hoped, that since donor 81, was armed, that glycosylation would proceed
faster than alkyne degradation, minimising side product production. TLC monitoring
showed the presence of remaining acceptor 75, after 6 h with 2 new spots, in the
expected region for the product 82. On quenching of the reaction after 20 h, the two
possible product spots had increased in concentration, with the less polar compound in
excess. The more polar spot was isolated and confirmed to be protected O-propargyl
Lewis X 82, albeit in a low yield of 15 %. The 1-3 linkage from Fuc to GIcNAc was
confirmed by HMBC (600 MHz, CDCl3) from C-1 (Fuc) 6¢c 97.4 ppm to H-3 (GIcNAc) at 3y
4.27 ppm. The a linkage between Fuc and GIcNAc was confirmed by a coupling constant
of 2.5 Hz between H-1 (Fuc) and H-2 (Fuc).

The product with the slightly less polar Rf was purified on silica by column
chromatography and analysed by NMR. A large degree of similarity to protected Lewis X
82, was observed, with one major difference: the alkyne CH oy 2.40 ppm was absent and
a new singlet appeared at 6y 7.12 ppm (Figure 2.3). HRMS confirmed the presence of a di-
iodinated Lewis X structure 83, which confirmed earlier suspicions that NIS derived |, was
reacting with the O-propargyl alkyne. It is likely that these same issues led to the LacNAc
synthesis with Gal thioglycoside (Scheme 2.3) being unsuccessful. Previous literature
examples exist for direct iodine addition across a triple bond,*’* with further evidence for

promotion of this reaction through the use of Lewis acid catalysis.'’?
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Scheme 2.6 - Lewis X synthesis with NIS activation route A

Having seen that the required product Lewis X glycoside 82, forms first during this
reaction, and as the acceptor 81, was consumed, more of the iodinated product 83, was
formed, it became clear that the glycosylation was a faster reaction than the iodination.
However, as the reaction in Scheme 2.6 proceeds, the |, concentration in solution
increases with concomitant consumption of donor 81. Therefore iodination is favoured
with longer reaction times. In chapters 3 and 4 of this thesis, work on the stability of the
O-propargyl group to |, at low temperatures is discussed. It was postulated that lower
temperatures with increased equivalents of donor would increase the yields of the
desired trisaccharide 82, in this case also. Indeed the vyield of protected Lewis X
trisaccharide 82, was increased to 58 % in 16 h, provided the reaction was run at -20 °C,
with 2 equivalents of donor 81. No appreciable amount of the iodinated compound 83,

was observed by TLC at this temperature.
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Figure 2.3 - '"H NMR (600 MHz, CDCl;) of alkyne (CH), 82, (red) and di-iodo alkene (CH)
83, (biue)

2.2.3.3 Fucose trichloroacetimidate preparation

In an attempt to lower the required amount of donor 81, to reduce the reaction time of
Scheme 2.6, and to avoid the iodination issue altogether, the per-benzylated
trichloroacetimidate donor 84, appeared to be a good candidate. Activation of 84, would
not lead to |, production, and trichioroacetimidate donors tend to be more reactive than

thioglycoside equivalents. The synthesis is described in Scheme 2.7.

1 NBS OCNHCCly
Et Acetone/H,O OEt
UG heeroneg 7 o8n Lok
B GOBN 2. CNCCl, BnOBN Bno BN
81 Cs2C0O3, DCM 84, 41% Initial sulfoxide

impurity

Scheme 2.7 - Synthesis of per-benzylated fucose trichloroacetimidate

Selective hydrolysis of the thioglycoside 81, using N-bromosuccinimide in acetone/water,
provided the crude hemiacetal anomeric mixture, which was used without further
purification. Interestingly if the H,O concentration was too high, evidence for the
sulfoxide product was isolated as shown by a characteristic shift of the thioether carbon

NMR (100 MHz, CDCl3) peak in 81 at 6. 23 ppm to a sulfoxide peak at 6. 40 ppm in the
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crude isolates. In our hands stoichiometric amounts of water gave the best conversion.
Initially the trichloroacetimidate was synthesised using the standard procedure® with
DBU as a base, yielding no product. Only the hemiacetal starting material was observed
by TLC. Given the armed nature of benzylated fucose, it was suspected the donor was
forming in solution, but decomposing during work up. For this reason Cs,CO3; was used as
a base, as it could be removed by filtration, and the excess trichloroacetonitrile could be
removed by distillation, followed by rapid filtering through a plug of silica. Donor 84, was
synthesised in 41 % vyield, with the remaining intermediate hemiacetal recovered. The
donor 84, proved to be extremely unstable, and needed to be used in glycosylations
immediately after production. Decomposition of 84 was observed even if stored dry at -
20 °C.

Unfortunately, glycosylation yields of 82 were only 25 % when 1.5 eq. of donor 84 was
used (Scheme 2.8). Taking into account the recovered acceptor starting material 75, a
glycosylation conversion of 91 % was observed, however, the goal of lowering the fucose
donor loading was not achieved, and for the best yields of Lewis X trisaccharide 82,

thioglycoside donor 81 should be employed.

OCNHCCl4

O
OBnN OAc
dBn OAc OTBDMS

OAc OAc OTBDMS  Bno 8 s S
0 84 A
Acogwﬁoﬁwo T @

OAc NHAC
OAc NHAC 1 BF;OEt, ﬁ&iogn m
Il bcwm,-40°c, 1h den

BnO
75 82 25 %

Scheme 2.8 - O-Propargyl Lewis X synthesis with a fucose trichloroacetimidate donor

2.2.4 Attempted deprotection of O-Propargyl Lewis X

To enable lectin recognition of Lewis X presented on a porphyrin scaffold, universal
deprotection must be performed. Removal of the TBDMS and OAc groups is a trivial
process and described during the synthesis of disaccharide (77, Scheme 2.4). Removal of
the benzyl groups in the presence of an alkyne however, is a difficult step. Due to the
presence of the unsaturated propargyl group, standard Pd/C hydrogenation cannot be

performed. The use of milder hydrogenation conditions, poisoned catalysts such as
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Lindlar’s, or Pd/C with BaSO, in OBn deprotection is also a common method for the
partial reduction of alkynes to alkenes, so is not of practical use. Benzyl deprotection
through Pd/C hydrogenation of the protected Lewis X after covalent attachment to a
porphyrin, would result in partial reduction of the porphyrin to a chlorin or
bacteriochlorin (See later nitro reduction routes in Section 2.3.2), and again this route is

not suitable.

2.2.4.1 Alternative routes to benzyl deprotection

Oxidative or Lewis acids based methods have been previously described for the
deprotection of OBn groups, and an investigation of these methods was performed. Test
reactions on protected propargyl Lewis X 82, were not be performed due to the limited
quantity of this material available. Preliminary tests were performed with fucose
thioglycoside 81, however, concomitant activation of the thioglycoside made results more
difficult to interpret. A model system 85, was prepared (Scheme 2.9), using in situ
bromination of 81, followed by a silver (1) salt activation in the presence of acceptor 63, as
optimized by Oscarson et al..'’”* Cyclohexene quenches any excess Br, so none of the

halogen comes into contact with the alkyne.
o X
HO S N
O-7 - SEt 63 0
OBn > OBn
OBn OBn

B Br,, DCM, 0 °C

81 Cyclohexene, 85,83 %
AgOTf, THF

Scheme 2.9 - Model OBn system for deprotection studies

The attempted debenzylation of 85 using TiCl, (Scheme 2.10), as described by Murali*’*
and Kosma'”® failed to provide the desired deprotected product 85x, under a series of
conditions. CHCl3 as a solvent, led to hydrolysis even at lower temperatures (Table 2.1).
TiCl; in dioxane appeared a milder method, presumably as a result of Ti(IV) dioxane
coordination and no reaction was observed at lower temperatures. In the cases (entry 2-
6, Table 2.1), partial hydrolysis at the anomeric centre was observed. Given the polarity of
the crude products by TLC, the benzyl protecting groups were also suspected to have
been removed, however, this method appears too harsh for the O-propargyl glycoside 85,

and by extension 82.
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Scheme 2.10 - Attempted TiCl, debenzylation

Table 2.1 - Screening of Scheme 2.10 debenzylation conditions

Entry® Solvent Temperature Time Product
1 CHCl; 0°C 10 min No reaction
2 CHCl; 0°C 6h Hydrolysis
3 Dioxane 20°C 6h No reaction
4 Dioxane 50 °C 6h Partial reduction
5 Dioxane 50°C 16 h Debenzylation and hydrolysis
6 Dioxane 105 °C 4h Debenzylation and hydrolysis

a : TiCl, used as a Lewis acid in each case.

Rodebaugh et al. successfully employed FeCl; as a Lewis acid catalysed route to the

176 selective deprotection of OBn protecting

deprotection of unhindered benzyl groups.
groups in the presence of benzoates, esters, amides and alkenes at 0 °C, was reported.
Attempts using this method on model compound 85, provided no deprotected product

(Scheme 2.11).

O/\\ O/\

S FeCl
3
WZ;Eﬁian - OH
OBn OH

BnO DCM, 0°C - RT OH
85 85x

Scheme 2.11 - Attempted FeCl; debenzylation

Davis et al. reported debenzylated of a C linked glycoside in the presence of BF;0Et,, with

183 Efforts at repeating this reaction (Scheme 2.12) led to the curious

EtSH as a solvent.
result of thioglycoside formation. TLC analysis suggested the presence of low quantities of
thioglycoside 81, later confirmed by crude NMR (400 MHz, CDCls) investigation. BF30Et,
encourages O-propargyl to act as a leaving group in excess EtSH. Presumably this method

is more suitable for C glycosides which are less susceptible to hydrolysis.
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Scheme 2.12 - Attempted BF3;0Et,/EtSH debenzylation

The final attempted debenzylation method, was an oxidative procedure under biphasic
conditions, with a slight modification of the reported procedure using NaBrOs/Na,S0s.'”’
The potassium bromate salt was used instead of the sodium salt, (Scheme 2.13). The
reaction unfortunately turned red indicating the production of bromine. Compound 85
was in fact partially debenzylated, but no alkyne peak was visible in the crude NMR (400
MHz, CDCl3) due to suspected bromination. There is literature precedence in the use of

this procedure as a mild brominating agent.178

O/\\\ NayS,04 \\ O\

KBrO3
mogn - OH
OBn OH

85 85x

Scheme 2.13 - Attempted oxidative debenzylation

Given the unsuccessful attempts at clean deprotection of the OBn groups on the model
system 85, it was proposed that the initial glycoporphyrin formation would display Lewis
X with the protecting groups present. This would still represent the most complex
glycoporphyrin synthesised from a carbohydrate chemistry point of view, and alternative

routes to Lewis X synthesis will be described later in this thesis.

2.3 Azido porphyrin preparation

In an effort to probe the SAR of both amphiphilicity and carbohydrate presentation TPPH,
86, was chosen as a porphyrin scaffold. From review of the previous literature the
amphiphilicity provided by at least one unfunctionalised face or corner on the porphyrin
would aid cellular uptake.'® This would leave three other sites where azido functionality
could be introduced. As outlined during the introduction, the condensation of suitably

functionalised benzaldehydes with pyrrole was one possible route to glycoporphyrins,
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however, the use of a common starting material TPPH,, would allow access to mono- di-
and tri- substitution patterns. Synthesis of para substituted 5-mono-, 5,10-di-, 5,15-di-
and 5,10,15-tri- azido analogues of tetraphenylporphinatozinc(ll) was performed by

179
L,

slightly modifying a procedure reported by Odobel et a through nitration, reduction

to an amine, diazonium intermediate formation and conversion to the azido product.

2.3.1 Selective nitration of TPPH,

Selective para nitration of TPPH, was performed using a literature method.*®*® TPPH, 86,
was donated by Prof. Senge, TCD. Mono- 87, di- (2:1 trans 88 : cis 89 as a mixture) and
tri-nitro 90 analogues were isolated in 46 %, 69 % (combined) and 50 % vyields
respectively, with Zinc (ll) introduced quantitatively to all isomers in order to prevent Pd
insertion during reduction of the nitro group (Scheme 2.14). Equivalents of NaNO,, and
reaction times were altered to give the different products in statistical yields. This method
was efficient in that the side products could be recycled, tetraphenylporphyrinatozinc(ll)
91, 42 %, was recovered during synthesis of mono-nitrated porphyrin 87, and 87 was
recovered from di-nitro formation 88 and 89, etc. The 5,10 and 5,15 di-substituted

mixtures 88 and 89, could not be separated at this stage.

Ph
1. NaNO,, TFA
Ph Ph - Ph
2. Zn(OAc)
DCM/MeOH
Ph
86
87-R;=R,=H

88-R1=N02,R2=H
89- R1 =H, R2=N02
90 - R, = R, = NO,

Scheme 2.14 - TPPH; nitration
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2.3.2 Reduction of nitro porphyrins to amino porphyrins

An investigation of three possible nitro reducing methods was performed. Using the
mono nitro analogue 87, reduction was attempted first using H, and Pd/C. Mass
spectrometry confirmed the presence of the required compound, however, the main
product was a bright green compound, assumed to be the chlorin side product. The
observed required mass ion for the chlorin during crude HRMS mass spectrometry data
supported this assumption. This result confirms the incompatibility of benzyl group

deprotection and porphyrins to hydrogenation with Pd/C, as described in Section 2.2.4.

Nitro reduction of 87, using Zn/NH,4Cl in MeOH/DCM furnished the required compound
92 in 73 % yield. The yield was improved to 83 %, however, using NaBH,4 and Pd/C,*®! and
this method was subsequently adopted to reduce all nitro analogues as required (Scheme
2.15). The resulting amino compounds had very poor solubility in chlorinated solvents,
getting progressively less soluble with increasing amino content, 93, 94, and 95. The
presence of co-ordinated zinc metal increases solubility for NMR spectroscopy if
deuterated sclvents, MeOD or pyridine are added to CDCl;. The addition of a polar
solvent leads to co-ordination of the zinc, increasing the porphyrin’s solubility in the

mixed solvent system and facilitating easier NMR analysis.

2.3.2.1 Mini study on di-nitro porphyrin cis/trans separation

Fortunately the 5,10 and 5,15 di-amino analogues 93 and 94, could be separated using
column chromatography. A series of mobile phase systems were screened by TLC to
maximise separation of the two isomers, whilst minimizing the streaking which occurred
on the plate due to the free amino groups. EtOAc:Hexane (1:1) allowed separation of the
isomers on low dilutions. However, transferring the method to column chromatography
showed significant overlap with an unidentified streaking baseline impurity. Precipitation
of products on the column due to poor solubility was also a significant issue. It was noted
that THF dissolved higher concentrations of the amino analogues. With this in mind a TLC
system of 1:1 THF:Hexane was investigated. Higher loadings were now possible using a
THF based system, but the R¢ values of the 5,10 and 5,15 di-amino analogues 93 and 94,
were now too similar, resulting in a more difficult separation on silica. Given the apparent
improvement in separation using EtOAc, and improved solubility using THF, a

combination of both was expected to be optimal. Column chromatography
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(THF:EtOAc:Hex, 4:1:5 (v/v/v)) proved successful, allowing the isolation of most of the
5,15 di-amino analogue 94, at 19 %, and nearly all the 5,10 di-amino 93, at 61 % yield. The
5,15 di-amino analogue had a lower than optimal isolation (max = 33 %) due to its co-
elution in early fractions with an unidentified impurity. As previously described in work by
Odobel et al., and confirmed by our experiences, the amino porphyrins are unstable and
should be stored in a dark freezer if not in use.*” This is particularly vital for the 5,15-di-

amino example 94, which appears to break down at a faster rate.

AT — AorB Pl
o N\ R i ,f\/R1

=8 | A = Zn/NH,Cl, MeOH/DCM
S B = Pd/C, NaBH,, MeOH/DCM
R, R,
87, 88, 89, 90 92-R,=R,=H

93 -R, = NH,, R, = H
94 -R, = H, R, = NH,
95-R1=R2=NH2

Scheme 2.15 - Reduction of nitro-porphyrins

2.3.3 Azido introduction through diazonium intermediate

Conversion of the amino functionalised zinc porphyrins to the mono- 96, di- 97 and 98,
and tri- 99 azido zinc analogues was achieved by forming a diazonium ion in situ and
displacing this with sodium azide as a nucleophile. Trifluoroacetic acid was used as a
solvent for this reaction thus the porphyrin was de-metallated as a result. For this reason
the final step in the reaction after a mini workup was the reintroduction of zinc (Scheme
2.16). The zinc addition is required in order to avoid the commonly encountered issue of
Cu (1) insertion into the porphyrin during later CuAAC reactions, (Section 1.4.2.7). Amino
to azido functional group interconversion, proceeded with yields of more than 90 %. The
reaction must be performed at 0 °C in order to keep the diazonium intermediate stable,
otherwise this is a very robust reaction and is performed in an open air flask. The
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solubility of the mono- 96, di- 97, 98 and tri- 99 azido porphyrins in CDCl; was greatly

improved vs the amino analogues, and consequently NMR analysis was simpler.

NH2 N3

1. NaNO,, TFA
2. NaNj
Ph O Ry —  Ph O R;
3. Zn(OACc),,
DCM/MeOH

R2 R2

92, 93, 94, 95 96-R, =R, =H
97 -R; = N3, R, = H
98 -R; = H, Ry = Nj
99-R, =R, =N,

Scheme 2.16 - Azido functionalisation of porphyrins

2.4 Deprotected glycoporphyrin optimisation

The prepared azido porphyrins represent a short synthetic path to a substituted PDT
scaffold, which would serve as a model system for carbohydrate based targeting once
reacted with suitable alkynes.

Attempts at the synthesis of a deprotected mannosyl glycoporphyrin (Scheme 2.17), using
the Scanlan et. al.”>? procedure developed for acetyl protected monosaccharides were at
first unsuccessful (entry 1, Table 2.2). Both porphyrin and carbohydrate starting materials
remained unreacted in the microwave vial. An explanation for this result was postulated.
It is fair to assume that in a two solvent system comprising of toluene:water (4:1 (v/v)) as
used in the original method by Scanlan et al., both the porphyrin and the per-acetylated
sugars are dissolved in the organic phase, and water was added to promote toluene
heating in the microwave. When using analogous conditions for deprotected sugars, with
the carbohydrate dissolving in water, it is likely that both reagents only come into contact
at the solvent interface and product formation is minimized. Following from this

hypothesis, solvent modification to ensure the reactants occupy the same phase should
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improve the yield. Investigation of the various reaction parameters was performed and
results of the subsequent optimisation with O-propargyl mannose 65, and mono-azido

porphyrin 96, are presented in Table 2.2.

Table 2.2

96 100
Scheme 2.17 - Optimisation of CuUAAC reaction with deprotected sugars

The first and most important change to the microwave reaction conditions was the
substitution of H,0 with MeOH. A single phase solution would allow the carbohydrate
and porphyrin to interact. Following microwave heating, product formation was noted
(entry 2, Table 2.2), but the major components were unreacted starting materials. At this
point the Cu (l) catalyst was altered. Different Cu (i) sources have been used for the
CuAAC reaction, including in situ formation through reduction of Cu (11).*** Cu(MeCN)4PF¢.

3 and its introduction led to the

is a source Cu (1) soluble in polar organic solvents®
complete consumption of starting materials. Two spots of product were visible, however,

and both appeared to have Rs values in the expected regions for the required product.
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Table 2.2 - Optimization table for deprotected click reactions

Entry Sugar  Catalyst Ligand Temp® Solvent Zn Cu
eq. product® product®

1 130 A(0.3eq.) - 140°C  Toluene:Water 0% 0%
(4:1) (1.25 mL)

2 130 A(0.3eq.) - 140 °C  Toluene:MeOH 5% 0%
(3:1) (.33 mL)

3 130 B(0.5eq.) - 140°C  Toluene:MeOH 60 % 30%
(3:1) (2.33 mL)

4 130 B(0.1eq.) - 100°C Toluene:MeOH 61 % 0%
(3:1) (0.8 mL)

5 1.15 B(0.1eq.) THPTA 120°C  Toluene:MeOH 87 % 5%
(0.2 eq.) (3:1) (0.8 mL)

6 1.10 B(0.15eq.) THPTA 115°C Toluene:MeOH 93 % 0%
(0.3 eq.) (3:1) (0.8 mL)

7 1.05 B(0.15eq.) THPTA 110°C Toluene:MeOH 93 % 0%
(0.3 eq.) (3:1) (0.8 mL)

8 1.10* B(0.2eq.) THPTA 110°C Toluene:MeOH 83 % 0%
(0.4 eq.) (3:1) (0.8 mL)

9 1.05 B(0.10eq.) - 110°C  Toluene:MeOH 91 % 0%
(3:1) (0.8mL)

10 1.05 B (0.10eq.) - 110°C Toluene:MeOH 89 % 0%
(3:5) (1.6 mL)

11 1.05 B(0.10eq.) - 110°C Toluene:MeOH 91 % 0%

(1:5) (3 mL)

*Per acetylated glucose, Catalyst A = CuCl, Catalyst B = Cu(MeCN),PF,, ® Time = 20 min,

®|solated yield

During TLC staining of the crude products from (Entry 3, Table 2.2), one of the spots
turned from red to green whereas the other remained red. This gave a key piece of
information as to the possible identity of the second product spot. The molybdenum stain
used is made up with dilute sulfuric acid and is highly acidic (pH < 1). At this pH the
porphyrin is protonated and the Zn (ll) displaced, therefore accounting for the observed
colour change from red to green. In this acidic media if a porphyrin does not change
colour it is likely that the metal in the centre of the ring is too tightly bound to be
removed, this is true with Pd (I1) and Cu (Il) after coordination to TPPH, 86, for example.
Isolation of both products and analysis by HRMS confirmed the Cu (ll) insertion was the
contaminant (30 %). The main product observed was the Zn (llI) containing required

glycoporphyrin. NMR analysis is not possible on Cu (Il) containing compound as this metal
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is paramagnetic. The source of Cu (Il) was, of course, the degraded Cu (l) catalyst, and the
high temperature of reaction was thought to have encouraged zinc displacement.

(Entries 4-9, Table 2.2) showed that that minimization of the Cu (Il) substituted product
was achieved once reaction temperatures were maintained below 120 °C. The use of a Cu
(1) stabilizing ligand THPTA (Figure AP e investigated in (entries 5-8, Table 2.2)
but from our results, the addition of this ligand, only increases yield in the range of 2-3 %.
Temperature is a more important factor in product formation and the Cu(l) stabilising

ligand was not included in later reactions.

Figure 2.4 - Cu (l) stabilising ligand

(Entries 1-9, Table 2.2) show the efficiency of the reaction as catalyst loadings can be
reduced to at least 10 %, and the alkyne can be reduced to 1.05 eq. without affecting the
yield. Finally (entries 9-11, Table 2.2) confirm that altering the polarity of the reaction
solvent mixtures and dilution does little in the way of affecting the yield. Solvent polarity
would be important for multi-functionalised glycoporphyrins, where reaction
intermediates could become too polar and precipitate from solution with the higher
toluene content.

In entry 8, Table 2.2, an acetylated O-propargyl glucose 66 was employed, demonstrating
that the new methodology can be applied to both protected and deprotected
carbohydrates. This is another advantage over methods previously described in the
literature™®’ 1% 152135 The observed yield for the protected glycoporphyrin product 101,
is lower than that previously reported by circa 10 %.

In summary, a new method for the production of deprotected monosaccharide
glycoporphyrins has been discovered. The yield for this reaction has been optimised from

effectively 0 % to in excess of 90 %. The method shows high levels of solvent tolerance
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with, 66 % less catalyst and 30 °C lower reaction temperatures than the previous best

literature method.**?

Cu (I) stabilising ligands such as THPTA, whilst valuable in other
systems, introduce an unnecessary impurity to the reaction and present no tangible

advantage in this case.

2.4.1 NMR investigation of triazole regioisomer

One structural aspect of the alkyne/azide cycloaddition reaction required exploration.
CuAAC provides the 1,4 regioisomeric product. The cycloaddition reaction heated in the
absence of a Cu (I) catalyst provides mixtures of the 1,4 and 1,5 isomers as originally
shown by Huisgen.'® Sharpless et al. showed how Cu (1) allowed excellent 1,4 product
regioselectivity'** but this was performed with a catalytic amount of base, albeit at lower
temperatures. Since a base was not required in the optimised microwave click reaction
(Table 2.2), confirmation of the regioselectivity for the product was required, in order to
confirm the need for base can be circumvented though the use of higher temperatures.

A model system 103, with a simple NMR spectrum was synthesised in 96 % yield from
mono-azido porphyrin 96, with phenylacetylene 102, (Scheme 2.18). NMR analysis (600

MHz, CDCIl3) was then performed to correctly assign the regioisomer.

Z
@
Z

102
Ph Ph > Ph Ph
CU(MeCN)4PF6
MeOH/Tol, 20 min
Ph

110 °C, MW
Ph

96 103, 96 %

Scheme 2.18 - Phenyl-triazole-porphyrin synthesis

The two possible regioisomers 103 and 103x, resulting triazole formation are presented in
Figure 2.5. HH COSY analysis allowed the identification of the ortho, meta and para
aromatic CH signals - o, m" and 0", m" and p". 1D NOE experiments monitoring the
|

through space interactions, after irradiation of the 5-triazole CH, would show 0" and m

recognition if 103 was the correct isomer. Isomer 103x, would only show a positive
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interaction with 0", since, irrespective of how the triazole rotates, the 4-triazole CH is
always orientated away from the bridging phenyl, (Figure 2.5). The ROESY spectrum in
Figure 2.6, confirmed the expected 1,4 triazole isomer 103. Irradiation of the 5-triazole-
CH at 8.50 ppm, results in two through space resonance peaks corresponding to o" and

m'.

Even if the reaction was not Cu (l) catalysed, 103x formation would have to proceed
through a larger energy barrier resulting from the steric clashing of the phenyl next to the
porphyrin ring, and so regioisomer 103, would still be less favoured.

The 1,4 triazole regioisomer can also be confirmed for glycoporphyrins using the same
ROESY based method. In this case positive interactions are seen between the triazole CH

to m' and the bridging CH, spacer from propargyl group on the carbohydrate.

Could not provide
a through space signal

o' = Ortho signal on porphyrin phenyl

Ph Bl m' = Meta signal on porphyrin phenyl
103 103x o' = Ortho signal on triazole
substituted phenyl

Figure 2.5 - Prediction of NOE through space interactions
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Figure 2.6 - 'H spectrum + ROESY spectrum overlaid of 103 in CDCl; - Irradiation at 8.50
ppm, (600 MHz, CDCl3)

2.5 Glycoporphyrin library synthesis

Following optimization of the CuAAC reaction (Table 2.1), confirmation of the
regioselectivity (Figure 2.6) and preparation of a series of O-propargyl linked
carbohydrates, a small library of glycoporphyrins containing less than 30 examples was
prepared using the azidoporphyrins (Scheme 2.16). Included in this series were some

protected and mixed system examples, and two non-carbohydrate controls.

2.5.1 Monosubstituted library

The prepared monosubstituted glycoporphyrins is shown in Figure 2.7. 5-Mono-
azidoporphyrin 96, was reacted with a series of previously prepared O-propargyl
carbohydrates. The Man substituted product 100, as already discussed during the
optimisation, and analogous examples containing the sugars Glc 104 and per-acetylated
Glc 101, GIcNAc 105, LacNAc 106 and protected Lewis X trisaccharide 107 were prepared.
The propargyl alcohol analogue 108, was also synthesised originally as a biological
control, however, it could not be tested due to inferior solubility. All reactions proceeded
in yields greater than 90 %, apart from the acetylated example 101, and the protected
Lewis X example 107. Some transesterification is likely to reduce the yield in the former
with the latter compound showing an impurity, preliminary identified as the protected
Lewis X glycoporphyrin with the loss of a TBDMS group, accounting for the lower yield.
Interestingly, 106 required the more polar solvent systems (Entry 10 or 11, Table 2.2), as

preliminary attempts using the solvent system (Entry 9, Table 2.2), resulted in no reaction
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and the recovery of starting materials. At increased levels of toluene O-propargyl LacNAc
precipitated from solution. At the time of synthesis, Lewis X was the most complex
synthetic carbohydrate attached to a porphyrin reported in the literature. It would have
been preferential if the compound could be deprotected, however, efforts to this effect

are discussed in later chapters.
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=
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Figure 2.7 - Monosubstituted glycoporphyrins and controls

2.5.1.1 Purification of the mono-substituted glycoporphyrins

The main side products of the CuAAC glycoporphyrin reactions are the spent catalyst ((Cu
(1), Cu (1)), 0.05 equivalents of the excess O-propargyl sugar and some amino porphyrin
through breakdown of the azido group. Fortunately the large polarity differences and
insoluble nature of some of these allows facile normal phase column chromatography,

with no other work up apart from solvent removal in vacuo. In MeOH:DCM (9:1 (v/v)) or
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EtOAC:EtOH:H,0 (7:2:1 (v/v/v)) the monosubstituted glycoporphyrins move at a higher R¢
than their respective starting material sugars. To lower the Rf and improve separations
EtOH can be replaced with isopropanoi. Aithough not always required, the different
phases and solubilities of impurities were used to aid purification in later examples. Prior
to characterisation or biological testing, the glycoporphyrins could be freeze dried from

H,0 following the addition of minimal MeOH to ensure dissolution.

2.5.1.2 Confirmation of the triazole linkage to carbohydrate with 106

The 1,4 regioisomer of triazole formation was previously confirmed using the phenyl
analogue 103, as a model system. Due to significant overlapping of proton signals in many
cases, 2D NMR, especially a high resolution HSQC is vital to the characterisation of
glycoporphyrins (Figure 2.7). Using 2D NMR one can also confirm that the carbohydrate is
attached to the triazole. The expanded HMBC spectrum of mono-substituted LacNAc
glycoporphyrin 106, is presented in Figure 2.8. The pair of characteristic doublets for the
OCHj, linker, both show long range coupling into three signals: C-1a of LacNAc, 5-triazole-
CH and the 4-triazole-C. The use of CDClz/MeOD mixture prevents aggregation of the
molecule and allows identification of key carbohydrate structural data. MeOD presumably
facilitates this through co-ordination of zinc in the porphyrin centre. Lack of aggregation
allows us to view other long range through bond couplings: the resonance between the C-

4a carbon at 8¢ 79.5 ppm and the H-1b signal at o, 4.42 ppm.

P . ™
] A hocHy )y S _ H-1a :ﬁ‘; e‘W“
C4a
C-1a C-1b C-1a
=z oH OH! O“W
& o)
ek Hogwﬁoﬁwo\)w
| eeee D OH NHAc
; 5-triazole-C
| —f OCH, 5-triazole-CH Ph '9
| W acee= . cmoran 4-triazole-CH -
0 4-triazole-C L
i ' ' B.Io ' ' ' 4Is ' ' ' 4.Ts ‘ ' ' 4!4 IF2 [ppm']

Figure 2.8 - Expanded HMBC spectrum (600 MHz, CDCl3;/MeOD) of 106
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2.5.2 Disubstituted glycoporphyrin library

2.5.2.1 5,10-Disubstituted glycoporphyrins

The prepared cis disubstituted glycoporphyrins are shown in Figure 2.9. 5,10-di-
azidoporphyrin 97, was reacted with a series of previously prepared O-propargyl
carbohydrates, and the isolated yields of these reactions are shown below. Man 109, Glc
110, GIcNAc 111 and LacNAc 112, analogues were all prepared. The catalyst loading was
increased from 0.10 eq. to 0.15 eq., which means these reactions were 25 % more
efficient than the monosaccharide synthesis (Figure 2.7), with moderate to high yields in
all cases. The carbohydrates were presented symmetrically on the porphyrin, as in the 'H
NMR, an increase in integration was noted but no extra peaks were observed. All di-
examples required the more polar solvent system (Entry 10 or 11, Table 2.2), to avoid

halting the reaction at partially glycosylated intermediate side products.

OH
Ph HO Og
HO

N=N,

R= N—5 109,93 %
©) ~
O .
A Ny 2 110,91 %
= y 0
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HO O N—§ 111,82%

97 HE&/O\#/

Ph

NHAGC
OH
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o) - 77
OH NHAC

Figure 2.9 - 5,10-Disubstituted glycoporphyrins

The disubstituted glycoporphyrin 112, was water soluble which fulfils one of the goals of
glycoporphyrin PDT synthesis: improved aqueous solubility. The lower isolated yield of
112, is most likely due to a loss of product adhering to silica during purification. The crude

mixture appeared to have the same low level distribution of impurities as the other 5,10
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glycoporphyrins (Figure 2.9), indicating no new side product production led to the

reduced yields.

2.5.2.2 5,15-Disubstituted glycoporphyrins

The prepared trans disubstituted glycoporphyrins are shown in Figure 2.10. 5,15-di-
azidoporphyrin 98, was reacted with two previously prepared O-propargyl carbohydr<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>