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Abstract

This thesis describes synthetic approaches for improving the efficiency of
transport of small molecules and DNA analogues past the blood brain barrier
towards the development of a treatment for motor neurone disease.

Chapter one introduces motor neurone disease (MND) and describes potential
causes of the disease. A mutation to the antioxidant enzyme, copper zinc
superoxide dismutase (SOD1), is known to be associated with familial cases of
motor neurone disease, potentially through an oxidative stress and/or a toxic gain
of function mechanism. The susceptibility of selective motor neurones to MND
could be due to altered AMPA receptor subunit expression. Treatment options
include small molecule antioxidants, and antisense agents to block unwanted gene
production. Previous work in our laboratory has seen the design, synthesis and
evaluation of PNAs aimed to down-regulate an AMPA receptor subunit and the
mutated SOD1 enzyme. While promising, the results indicate that the therapeutic
potency of PNAs would be enhanced by improved delivery through the blood brain
barrier.

Chapter two focuses on analogues of vitamin E, a known antioxidant. Natural
vitamin E is very lipid soluble and does not cross the BBB, therefore more
hydrophilic analogues are required for the treatment of motor neurone disease.
The use of silver carbonate as a promoter to form (3-orientated glycosyl esters was
explored for the production of 6 glycosylated vitamin E derivatives. Various
syntheses of glycosyl ester vitamin E derivatives were explored. One method
involved the synthesis of and application to the vitamin E carboxylic acid
derivative 24. For example, glucosyl ester vitamin E derivative 25 was produced
from the silver carbonate glycosylation of 24 in high yield. An alternative, and
more appropriate synthetic strategy involved the use of benzyl protecting groups.
This required the preparation of the benzyl bromide sugar 34 in situ from the
benzyl 4-pentenyl sugar 33. Glucosyl ester vitamin E derivative 35 was produced
from the silver carbonate glycosylation of 24.

Chapter three examines the synthesis of PNA monomers linked to glucose and

galactose as a means to improve the bioavailability of PNA oligomers. Two sites on

vi



the PNA structure were explored for modification - the so-called site X and Y.
Examples of site X include glycosylation of L-serine with glucose and galactose to
produce the glycosylated building blocks 39 and 40. For site Y, three strategies
were explored. First, aromatic linking groups were used to produce “rigid-linked”
glycosylated monomers, 71 and 72. Incorporation of a flexible linker was
achieved using succinic anhydride, producing 75 and 76. However, this pathway
was low yielding and complications in removing the C-terminus protecting group
were experienced. The third strategy involved the installation of an alkyl-linking
group, leading to 85 in good yield.

Chapter four consists of three smaller sections, connected by a common theme
of peptide nucleic acids (PNA). The first section details the synthesis, purification
and characterisation of a library of PNA oligomers that incorporate glycosylated
building blocks 39, 40, 71 and 72. The second section describes the use of the
quartz crystal microbalance to investigate the interaction of a selection of PNA
conjugates with a synthetic lipid bilayer. It was found that all glycosylated PNAs
display transmembrane insertion. The third section focuses on the
thermodynamic properties of the glycosylated PNA oligomers when binding
complementary DNA. Two techniques were used: i) a UV-visible spectroscopic
method investigating a thermal melt process between a PNA strand and its
complementary DNA sequence; and ii) isothermal titration calorimetry to measure
conjugation of the PNAs to complementary DNA. All thermodynamic parameters
calculated indicate that binding is not hindered, and in some cases improved, by

the attached glycosylated building blocks.
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CHAPTER 1 - INTRODUCTION

Chapter 1. Introduction
1.1. Motor Neurone Disease
1.1.1. Disease Symptoms, Statistics and Outcomes

Motor neurone disease (MND), or Amyotrophic Lateral Sclerosis (ALS) is an
aggressive neurodegenerative disease.l2 MND has a worldwide new case
incidence rate of 0.3-2.5 people per 100,000 per year,3 with Caucasian populations
displaying the higher incidence rates.! As MND is a terminal disease, this also
equates to the death rate associated with the disease. Prevalence, i.e. the
proportion of people living with the disease at any one time, is estimated to be 1 in
15,000 people in Australia.*

Disease development usually occurs between the ages of 55 and 65 years.>
The incidence of MND appears to be higher in males than in females,%7 as it is in
smokers,>8-10 war veterans!! and football players.312 Diagnosis usually occurs 14
months after symptoms!3 begin due to the lack of a diagnostic test or biomarker
for the disease and the similarity of symptoms with other neurodegenerative
diseases.37.14

MND involves the selective death of both upper and lower motor neurones in
the brain and spinal cord,»27 which controls various muscles resulting in muscle
weakness, leading to muscle atrophy and eventual paralysis of the patient.l> As
neurones do not regenerate, MND is a terminal disease. Symptoms associated with
MND include weakening of the mouth and throat muscles> leading to difficulties
with swallowing, breathing and speech,37 muscle weakness in the hands, arms and
legs,3>1> muscle twitching and cramping3> and cognitive impairment and/or
dementia in some cases.>1>16 Secondary symptoms of MND include fatigue, pain,
excess and thickened saliva, drooling, emotional lability, depression, anxiety, sleep
disturbance, constipation, urinary urgency or incontinence, malnutrition,
dehydration, hypermetabolism, slurred speech, pain, head drop and curving of the
spine.3>7.1718 Patient death typically occurs within 3 years of symptom onset?3
due to respiratory failure> from loss of function of the neurones controlling the

diaphragm.?
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1.1.2. Disease Pathology/Causes

Motor neurone disease is not very well understood.357 Associated defects in
particular genes and molecular processes are known, however why these defects
cause ALS is unknown. The majority of cases of ALS are sporadic (SALS) with 5-
10% of all cases being inherited, or familial (FALS)2>7 usually in an autosomal
dominant manner.> ALS is now considered to be a result of defects in multiple
genes and pathways and rather than being considered a single disease, it is now
regarded as a syndrome.2 A case of ALS is considered to be familial when one or
more first or second degree relatives also have ALS.2 The clinical appearances of
familial and sporadic ALS cases are similar except that familial ALS usually has a
younger age of onset.2 The similarities of the clinical presentations of SALS and
FALS suggests a common disease pathology.14

There are currently 13 genes, that when mutated, are implicated in both SALS
and FALS.2371920 These genes and/or their protein products are connected to
RNA metabolism,27.19 protein aggregation,231° axonal transport,? nucleotide repeat
expansions,321.22 and free radical generation/destructive oxidation reactions.”.23-25
Superoxide dismutase (SOD1) was the first gene to be implicated in ALS%¢ - both
SALS and FALS forms. There are over 150 known mutations of the SOD1 gene that

are implicated in ALS (Figure 1.1).3

Dimer

Figure 1.1: Structure of Cu, Zn-superoxide dismutase enzyme (SOD1), showing positions of
mutations known to lead to FALS and SALS. Purple ball = site of more the 3 mutations; red ball =

site of more than 1 mutation; orange ball = site of single mutation, insertion, deletion.3
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The SOD1 gene codes for the copper zinc superoxide dismutase enzyme
(SOD1), which is found in the cytoplasm of all mammalian cells. This enzyme acts
as a free radical scavenger and as such, converts superoxide radicals’27 (02'-),
which are toxic by-products of cellular respiration, to hydrogen peroxide and
molecular oxygen.228 The copper ion in the active site is responsible for the
catalytic conversion!* by being alternatively oxidised, and reduced by superoxide
radicals (Figure 1.2).2° The copper ion is oxidised from Cu* to Cu?* when it
catalyses the conversion of a superoxide radical to hydrogen peroxide and
conversely, the copper ion is reduced from Cu?*to Cu* when it catalyses the
conversion of superoxide radical to molecular oxygen. Superoxide radicals are
generated through cellular respiration, and if not removed/converted, can cause
oxidative stress to the cell. Neurones are susceptible to oxidative stress as they
require significant energy. The large size of these cells, i.e. a cell body that is 50-60
um and an axon that can be 1 meter long, means they have a high metabolic
demand and hence, through cellular respiration, a high level of superoxide radicals

are produced to meet this demand, relative to other cell types.3031

2H*+'0, 2H202

SOD-Cu* = X = S0D-Cu?*

Figure 1.2: How SOD1 works. SOD1 converts superoxide radicals to hydrogen peroxide and

molecular oxygen. The copper ion in the active site of SOD1 is alternatively oxidized and reduced

and thus alternates between oxidation states of +1 and +2.29

The various mutations known to exist in the SOD1 gene are thought to result
in a misfolded, destabilised protein3? that exposes the catalytic copper ion.232°
This results in a toxic gain of function of the enzyme,1424 oxidative stress and cell
death. A mutated SOD1 enzyme has enhanced activity with abnormal substrates,14
and may, for example, facilitate the increased production of peroxynitrite (ONOO-)
as well as increased nitration of proteins by peroxynitrite.23 Furthermore, a
mutated SOD1 enzyme has been thought to lose the ability to bind the necessary
zinc ion, resulting in oxidative stress to the cell.33 Without zinc, SOD1 is less

efficient at scavenging superoxide radicals.1* There appears to also be a
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concomitant increase in tyrosine nitration!# due to the increased efficiency of zinc
deficient SOD1 to catalyse the peroxynitrite-mediated process.33 In vitro studies
have shown that zinc-deficient SOD1 enzymes induce apoptosis in motor
neurones.34

Another potential cause of motor neurone death in ALS is glutamate-induced
excitotoxicity.2%35 Glutamate is the main excitatory neurotransmitter in the central
nervous system (CNS). It is released from presynaptic neuronal terminals by
calcium-induced exocytosis and binds to receptors such as NMDA, AMPA, kainate
and metabotrophic on post-synaptic neurones. Upon binding to the receptors,
glutamate causes the associated channels to open to allow the influx of cations
including Ca?*, Na*, K* and Mg?*. Usually, the glutamate is removed from the
synapse by glutamate transporters to avoid over-stimulation of the neurone.
There are five subtypes of glutamate transporters known, however the EAAT2
transporter (also referred to as the GLT-1 transporter) is responsible for the
majority of glutamate removal for motor neurones.2935

High levels of glutamate in the CNS of some ALS sufferers have been found36.37
and altered glutamate metabolism due to diminished levels of glutamate
transporters has been shown to be the cause.3® It has been shown that decreased
levels of the EAAT2 glutamate transporter results in elevated extracellular calcium
ion levels and neurodegeneration.3>3° Significantly, reduced levels of EAAT2 have
specifically been found in ALS patients.3840 Interestingly, the levels of mRNA
corresponding to the glutamate transporters have been found to be normal in ALS
patients, suggesting translation or post-translation problems are the cause of
diminished glutamate transporter levels.4041

Excess glutamate in the synapse of neurones, as shown in Figure 1.3, can cause
the activation of the various postsynaptic receptors for longer periods, resulting in
an excessive influx of Ca2* into the neurone. Increased intracellular calcium levels
then leads to cellular damage and neuronal death by the generation of reactive
oxygen species (ROS), free radical production, activation of lipases, nucleases and
proteases that cleave and inactive cellular enzymes and structural proteins,

damage lipid membranes and fragment nucleic acids.#243
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Figure 1.3: Cellular effects of glutamate excitotoxicity.

The susceptibility of selective motor neurones to excitotoxicity-induced death
could be due to altered AMPA receptor subunit expression. The AMPA (a-amino-3-
hydroxy-5-methyl-4-isoxazolepropionate) receptor is heterogenic and composed
of the subunits GluR1-4 in varying combinations and mediates fast
neurotransmission. Subunits GluR1-4 are each composed of approximately 900
amino acids, share 68-73% homology, and arise from separate genes.*44> AMPA
receptors are located on postsynaptic neurones and are ligand-gated, or ionotropic
receptors.#> Glutamate binding to the AMPA receptor causes the channel to open
and allow mainly monovalent cations, Na* and K*, to move into the cell and
propagate the action potential. The presence of the GluR2 subunit renders the
channel impermeable to Ca2* ions (Figure 1.4).4446 The reason for this is that the
GluR2 subunit contains a positively charged arginine residue, rather than a neutral
glutamine residue that is found in subunits GluR1, 3 and 4 at the corresponding
position,** hence repelling Ca%* ions. The change in residue is due to editing of
GluR2 RNA#447 because the corresponding codon in the DNA of all four subunits is

for glutamine.4”
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Ca*-impermeable Ca**-permeable

Figure 1.4: A: The presence of the GluR2 subunit with the positively charged arginine residue
renders the receptor channel impermeable; B: The presence of the GluR3 subunit with the

glutamate residue results in a permeable receptor channel for Ca2+.48

An unbalanced or altered AMPA subunit expression has been noted in some
cases of ALS. One explanation is insufficient GluR2 RNA editing resulting in Ca2*
permeable channels.4%50 Other studies have shown that there is a decrease in the
levels of GluR2 mRNA in the spinal cord of ALS patients, leading to more Ca2*
permeable AMPA receptors.>! A decrease in the GluR2 protein has been observed
in SOD1 transgenic mice, suggesting the mutant SOD1 enzyme creates a cellular
environment that leads to post-transcription events that result in reduced
translation or stability of the GIuR2 protein.52 Furthermore, proteomic studies
have found increased levels of the GluR3 subunit protein in the lumbar spinal cord
of SOD1 transgenic mice.53 Tortarolo et al. also observed an increase in the
amounts of GluR3 mRNA and subunit protein in the motor neurones of SOD1

transgenic mice.>2

1.1.3. Treatment Options

The various contributing factors implicated in progressing ALS present a
number of potential therapeutic targets. To date, there is only one drug that has
been approved for ALS treatment. Riluzole, or 6-(trifluoromethoxy)benzothiazol-
2-amine, a product of Aventis, is a small-molecule inhibitor of glutamate release
(Figure 1.5).75% Riluzole is thought to work by interfering with presynaptic
sodium channels.>> While Riluzole has been shown to slow the progression of ALS,
and in particular, slow the deterioration of muscle strength and extend life by

around 2-3 months,>657 this therapy seems specific for those patients with bulbar-
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onset ALS, i.e. for patients in which the ALS first affected the muscles of the mouth
and throat; there was no significant extension of life observed in patients with
limb-onset ALS.>” Adverse side-effects such as increased lack of strength,
increased spasticity, stiffness, nausea, altered liver function and increased blood-
pressure have been observed, however these side-effects generally do not continue
once treatment has ceased.5¢57 Riluzole is expensive with one year’s treatment
costing over $7200%8 and its beneficial effects are moderate’¢ and so a better

therapeutic approach is needed.
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Figure 1.5: Structure of Riluzole.

Conceptually, there are two broad classes of potential therapeutic agents that
could address the various pathological causes of ALS: small molecules, such as

Riluzole, and antisense agents.

1.1.3.1. Small Molecule Treatment Approaches to MND

The complicated nature of the pathology of ALS means there are potentially
many drug targets for small molecule therapeutics. For example, the increased
levels of ROS could be targeted with antioxidants, the increased levels of
intracellular Ca2* could be targeted with calcium chelators, excess glutamate levels
could be reduced with glutamate-release inhibitors (Riluzole) or an up-regulation
of the glutamate transporter, EAAT2 and the effects of excess glutamate could be
reduced with glutamate receptor antagonists/blockers.

There are several small molecules currently in clinical trials for the treatment
of ALS (Figure 1.6). Ceftriaxone, a 3-lactam antibiotic, is in phase III clinical trials
for ALS.3 Ceftriaxone has been found to increase transcription levels of EAAT2 as
well as increase the transporter’s activity and hence it displays neuroprotective
properties.>® The use of Ceftriaxone in ALS animal models has resulted in a delay
in motor neurone loss and an increase in survival.®0

Arimoclomol is a hydroxylamine small molecule that has been shown to cause
a reduction in the levels of ubiquitin-positive protein aggregation in the spinal

cords of transgenic SOD1 mice.?? Furthermore, Arimoclomol is a co-inducer of the
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heat-shock response and acts to prolong the action of heat shock proteins.61 These
proteins function to ensure the correct folding of the cell’s proteins as they are
being formed as well as to refold damaged proteins.6 In the motor neurones of
MND sufferers, the presence of the mutated SOD-1 enzyme means the availability
of heat shock proteins is diminished, resulting in a diminishing of their normal
protective functions and hence treatments aimed at increasing the levels of heat
shock proteins is a promising strategy for MND treatment.62 Arimoclomol has
been shown to increase the survival of transgenic SOD1 mice and delay disease
progression.t? Arimoclomol is currently in phase I1/1II clinical trials.3

Edaravone is a free radical scavenger and acts as an antioxidant against lipid
peroxidation®3 that has shown to improve ALS symptoms and reduce SOD1
aggregation. It recently completed phase III clinical trials and results are pending
publication.3 Structure-activity analysis revealed that the electronic properties of
substituents of the 2-pyrazolin-5-one core did not affect the activity but lipophilic

substituents (phenyl group) were required for lipid peroxidation inhibitory
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Figure 1.6: Drug compounds currently in clinical trials for the treatment of ALS.

1.1.3.2. Antisense Agents as a Treatment Approach to MND

An alternative treatment approach is to target the genetic material responsible
for the disease. Antisense therapies include DNA, RNA or their analogues, that are
designed to bind, in a complementary manner, to a nucleic acid target, an mRNA

sequence, which leads to a protein product that has been implicated in a disease.
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Figure 1.7 shows that the first DNA strand (sense strand) and the second DNA
strand (antisense strand) are complementary to each other. It is the latter that is
copied into complementary mRNA, which is therefore referred to as a sense
strand. Any sequence that binds mRNA is called antisense. A sequence that binds

a DNA sense strand (coding strand) is called antigene.

DNA Sense Strand ¢4
DNA duplex MRNA (sense strand)

DNA Antisense Strang'{%ﬂ

Antisense oligonuclotide
OG-

MRNA (sense strand)

Figure 1.7: Antisense oligonucleotides are complementary to a mRNA strand, which is

complementary to the DNA antisense strand.

Genetic information starts in the form of a gene in DNA, which is then
transcribed into pre-mRNA before it is edited and spliced, known as RNA
intermediary metabolism, to produce the mature mRNA strand, which is
transported to the cytoplasm and finally translated into the polypeptide product.
Involved in this process of information transfer are both coding RNAs, that lead to
a translated protein product, and noncoding RNAs, that modulate the transfer of
information. Each of these steps of protein production from DNA can potentially
be interrupted by oligonucleotide therapeutics.

There are a number of different modes of action that are displayed by
oligonucleotide antisense drugs. Essentially they all function to down-regulate, or
otherwise modulate, the production of specific protein products. Crooke et al.
have reviewed the various methods by which antisense drugs have been shown to
act to effectively down-regulate the production of the unwanted protein.6* In
summary, occupancy-only mechanisms involve the hybridisation of the antisense
oligonucleotide to its complementary RNA sequence to physically or sterically
block the binding of factors or proteins required for normal protein synthesis.®>
This mechanism can be applied to modulate splicing or prevent translation.66-62

Another mode of action of antisense oligonucleotides is occupancy-activated

destabilisation in which steps required to stabilise the pre-RNA strand, such as 5’
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capping’® and 3'-polyadenylation,’! are prevented. Another example of
occupancy-activated destabilisation is the RNase H mechanism, which is the most
common antisense mechanism. RNase H is an endogenous enzyme that non-
specifically cleaves RNA that is only in RNA-DNA duplexes.”273 The hybridisation
of the therapeutic antisense oligonucleotide to its target RNA strand may induce
the RNase H enzyme to cleave the RNA stand and render it unable to be translated
into a protein product.’4# An antisense drug must be single stranded and DNA-like
to activate this pathway. A similar mechanism is that of double-strand RNases,
which are enzymes that degrade RNA-RNA-like duplexes.”?> A double stranded
siRNA (short/small interfering RNA), comprising a sense and an antisense strand,
is taken to RISC (RNA-induced silencing complex that contains an RNase). The
sense strand is removed before the antisense strand is used by RISC to cleave the
target RNA.7”> Therefore double stranded oligonucleotide drugs can exploit this
pathway to down-regulate target RNA sequences and their protein products.

Another potential mode of action of antisense therapeutics is via the control of
micro-RNAs. Micro-RNAs are RNA sequences 19-23 nucleotides in length and
when they form a duplex with a complementary RNA sequence, cleavage of the
target sequence is induced.’® Antisense drugs designed to bind to micro-RNAs can
influence the levels of various mRNAs, which can lead to a change in levels of
various protein products.

The advantage of the antisense therapeutic approach is that it is specific in its
target.”” For example, specific protein isoforms can be targeted, without affecting
related proteins, as has been done for specific isoforms of Protein Kinase C
(PKC).”8 Furthermore, the generality of the approach means that developments
and improvements made in design and pharmacokinetic properties for one
antisense drug can be applied to others, with the specificity of each drug due to the
sequence of nitrogenous bases.

The first reported use of an oligonucleotide as an antisense agent showed the
promise of this therapeutic approach, however the problems with the use of
natural DNA and RNA (Figure 1.8) have driven a large amount of medicinal
chemistry work to develop modified oligonucleotides.®47® These problems
include: (1) insufficient stability in biological systems due to their recognition by

endogenous nucleases; (2) insufficient pharmacokinetics due to poor plasma half-
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lives; (3) insufficient target affinity since DNA has a lower affinity for RNA than
RNA has for itself.

5'end

gf R
3'end

Figure 1.8: Structure of a natural oligonucleotide showing sections that can be modified to
increase stability. Red - Phosphate linkage; Blue - Ribose sugar; Green - pyrimidine or purine

base.

There have been many modified oligonucleotide developed in the years since
the advent of antisense therapy. Table 1.1 shows some of the more common
modifications that have been made, with the colours of the modified structure
corresponding to those in Figure 1.8. Further details of each type of modified
oligonucleotide, their benefits and disadvantages, as well as details of less common
modifications, can be found in the references cited in Table 1.1. Generally, the 1st
generation oligonucleotides, in which the phosphate link is modified, exhibit good
resistance to nucleases and good pharmacokinetics however they show poor
affinity (lower melting temperature) to their RNA target and can cause sequence-
independent toxicity. The 2nd generation oligonucleotides involve modifications at
the 2’ position of the ribose sugar. Benefits obtained by these modifications

include increased hybrid stability, increased nuclease resistance and decreased

13



CHAPTER 1 - INTRODUCTION

toxicity, however they are generally unable to activate RNA cleavage by RNase H.

The 3rd generation of modified oligonucleotides generally involve an entire

different backbone structure and hence the sugar phosphate backbone of natural

oligonucleotides has been replaced. With the 3rd generation modifications come

resistance to degradation in biological systems and strong mRNA affinity, however

they are unable to activate RNase H.64.80

Table 1.1: Modifications of oligonucleotides to increase their drug-like nature

Modified Modif o Modified Mechanism of Example  Development
odification
section Structure®4 action®480 Reference stage68:81
@S CI)JJ st
Linkage Phosphorothioate \/P\ RNase H 82
/ ? generation
"
Boranophosphate é //P\O RNase H 83
o 3
N3'-P5’ @o':”.“ﬁ
P Steric blocking 84
hosphoramidate y O
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7 >0
oo S
Hrl\l“s
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o
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3
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o
VI"O/\(IBase
2’-0-Methoxymethyl g ’,03 Steric blocking 91
o
\
g™ o Base 3rd
Backbone Locked Nucleic Acid \ Steric blocking 92
g ) Generation
')
OTBase
Morpholino >N\;\O Steric blocking 3
Phosphorodiamidate o \:0 Base
J
3
!
Hyd l CNY\B"'*
ydroxyproline 5
T Steric blocking 94
Backbone
OQKN\[(\Base
o;P.ﬂ_' 0
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Peptide Nucleic Acid 0 t Steric blocking 95

The implication of various genetic mutations, particularly in the SOD1 gene
and the down-regulation of the GluR2 AMPA receptor subunit leading to increased
intracellular CaZ2* levels and excitotoxicity make ALS a disease suitable for
antisense therapy. Antisense drugs that are currently being developed for the
treatment of MND include a small interfering RNA to silence mutant SOD1 mRNA%-
98 and a phosphorothioate and a 2’-0-(2-methoxy)ethyl-modified antisense
oligonucleotide against mutated SOD1 mRNA.?°

1.2. Peptide Nucleic Acids

1.2.1. Structure, Properties and Applications

Peptide nucleic acids (PNAs) are mimics of DNA in which the phosphodiester
backbone is replaced with an achiral N-(2-aminoethyl)glycine (pseudopeptide)
backbonel00.101 (Figure 1.9).
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Figure 1.9: a) General structure of PNA; b) General structure of DNA showing terminal

nomenclature.

Although they contain an altered backbone, PNAs still contain the same
pyrimidine (C and T) and purine (A and G) bases as DNA, attached to the backbone
with methylene carbonyl linkers.192 For this reason, PNA is able to hybridise with
complementary DNA or RNA sequences, obeying Watson-Crick base pairing.103.104
PNA is able to bind in both parallel and anti-parallel orientations, however the
anti-parallel is preferred.10>

As a result of the altered backbone, PNA is considered neutral, not possessing
the extensive negatively charged backbones of DNA and RNA. This feature results
in minimal electrostatic repulsion between PNA/DNA and PNA/RNA complexes
and hence PNA display higher binding affinities and stabilities than DNA in
chimeras.195 This stability is illustrated by an increase in melting temperature, Tm,
of approximately 16 °C and 22 °C respectively for PNA/DNA and PNA/RNA
complexes compared to the corresponding DNA complexes for a particular
sequence.193 Melting temperatures are often used as a quantitative measure of
strength of binding.

The specificity of PNA has also been found to be superior to that of DNA which
is a very important feature in terms of drug development.19> This is evidenced by a
greater discrimination of single base mismatches in the target RNA or DNA by PNA,
relative to DNA.103,106,107

A further advantage of PNA is its resistance to endogenous nucleases,
proteases and peptidases, which allow PNA to be stable in serum and cellular
extracts and therefore have long in vivo half lives.108109 The achiral, “unnatural”
backbone means PNA are not typical substrates for nucleases. The sequence of

amide bonds found in PNA are unlike peptide bonds found in natural polypeptide
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chains and are therefore not recognised as substrates for proteases and
peptidases.108

Owing to their high affinity, high specificity and high in vivo stability, PNAs
have been used for a variety of applications. These include use as a tool in
molecular biology and biotechnology,110-114 yse in diagnostics,115116 use as
biosensors106117 and use as therapeutics in an antigene (binding to DNA) or

antisense manner.118-121

1.2.2. Previous Work with PNAs for the Treatment of MND

Work in our laboratory for the treatment of ALS has seen the design, synthesis
and biological testing of PNA sequences aimed to down-regulate the GluR3 AMPA
receptor subunit and the mutated SOD1 enzyme. The salient aspects of this

research will now be summarised.

1.2.2.1. GluR3 AMPA Subunit Target

Early work in our laboratory involved the design of a 12mer PNA sequence
based on an identified target region from the GluR3 protein that was not
conserved in the other AMPA receptor subunits, in other words, a region unique to
the GluR3 subunit. The mRNA sequence that produced the amino acids of the
target region was deduced. The resultant antisense PNA sequence designed to
bind in an anti-parallel fashion to the target region of the GluR3 AMPA receptor

subunit mRNA is shown in Figure 1.10.53.122
N' —TTCGTGAGAATG — C'

Figure 1.10: 12mer AS-PNA sequence designed against GIuR3.

The ability of the GluR3 12mer AS-PNA to down-regulate GluR3 subunit
expression was initially tested in vitro.>3122 Neuroblastoma X spinal cord (NSC-34)
cells (from an immortalised cell line) are commonly used as a model system for
motor neurone studies as they mimic motor neurones in vivo. NSC-34 cells express
many morphological and physiological properties of primary motor neurones such
as establishing contacts with cultured myotubes, producing and storing
acetylcholine, maintaining action potentials, expressing neurofilament proteins
and inducing myotube twitching.123 Of greater relevance, these cells were found to

express low levels of GIuR2 relative to GluR1, 3 and 4 also.122 The GluR3 12mer
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AS-PNA, and a 12mer nonsense control PNA sequence (NS-PNA) were used to treat
NSC-34 cells for 72 hours. The NS-PNA constitutes a scrambled, unrelated
sequence and was used to check that PNAs do not exhibit non-specific targeting or
toxicity. The cells were then lysed and Western blot analysis with an anti-GluR3
primary antibody was used to analyse the cells’ proteins. The GluR3 12mer AS-
PNA was repeatedly shown to down-regulate GluR3 expression in a dose-
dependent manner, while the nonsense control 12mer sequence showed no
change in GluR3 expression (Figure 1.11). This promising result illustrated the

therapeutic potential of the GluR3 12mer AS-PNA sequence.

_® AS-PNA L NS-PNA
28
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Figure 1.11: Western Blot analysis reveals (a) a dose dependent decrease in GluR3 expression in

the presence of AS-PNA; (b) GluR3 expression remains constant in the presence of NS-PNA.122

The effectiveness of the GluR3 12mer AS-PNA was then assessed in SOD16G93A
transgenic mice.53122 Twelve mice received AS-PNA treatment (1 mg/kg) while six
mice received NS-PNA treatment via intraperitoneal (IP) injection three times a
week. The progression of the disease was monitored in the mice on a regular
basis. It was found that on average, the mice receiving the AS-PNA survived 15
days longer than those mice receiving the NS-PNA, as shown in Figure 1.12 in the
Kaplan-Meier survival curve. This is a significant result as it demonstrates that the
12mer AS-PNA effectively minimises the susceptibility of motor neurones to
excitotoxicity in vivo and hence has the ability to delay disease progression. When
considering the human to mouse lifespan ratio, an increased survival of 15 days in
AS-PNA treated mice translates to potentially 1.5 years increased survival for
humans. This is a considerable result as the increase in survival expected with
Riluzole administration is only 2-3 months and it highlights the potential of this
12mer AS-PNA as a viable therapeutic option for MND.
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Figure 1.12: Kaplan-Meier survival curve of mice treated with AS-PNA and NS-PNA.122

Furthermore, the onset of hind-limb paralysis was delayed in AS-PNA treated
mice, with a difference of 15 days between the two groups (Figure 1.13).
Measuring the time it took for the mouse to fall off a rotarod assessed the
development of hind limb paralysis. Correlated with hind-limb paralysis is weight
loss. It was found that mice treated with the NS-PNA lost more weight than those
treated with AS-PNA (Figure 1.14). This is an indication of greater motor neurone

and muscle degeneration in NS-PNA treated mice.
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Figure 1.13: Results of Rotarod test that measure hind limb strength. As hind limb strength
decreases, the time the mice are able to stay on the Rotarod decreases. The hind limb strength of

the AS-PNA treated mice was preserved for longer than that of the NS-PNA treated mice.122
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Figure 1.14: Weight loss of mice over time. AS-PNA treated mice displayed less weight loss than
NS-PNA treated mice.122

Tissue analysis of the lumbar spinal cord and kidney of the AS-PNA treated
mice revealed that there was a slight decrease in GluR3 expression in the kidneys,
however there was no change in GluR3 expression in the lumbar spinal cord.>3.122
Conjugation of fluorescein to the AS-PNA allowed visualisation of its uptake into
NSC-34 cells. After one hour of incubation with flu-AS-PNA, a strong fluorescence
was seen in the cytoplasm of the NSC-34 cells, however a nuclear stain revealed no
flu-AS-PNA in the nuclei of the cells indicating antisense rather than antigene

behaviour.53.122

1.2.2.2. Mutated SOD1 Enzyme Target

Our research group has also considered the mutated SOD1 enzyme a valuable
therapeutic target for the treatment of ALS.122 Three 9mer PNA sequences were
designed from adjacent regions of the 5’ terminus of the human SOD1 mRNA.
These regions were the initiation codon, the middle of the 5’ region and a region
concerned with upstream control. Only one of these sequences, from the middle of
the 5' region, displayed any ability to down-regulate the mutated SOD1 enzyme.
This sequence (Figure 1.15) was designed to bind in an anti-parallel fashion to the

mRNA of mutated SOD1.

N' —TTCAGCACG — C’

Figure 1.15: 9mer AS-PNA sequence designed against SOD1.
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In vitro tests using the SOD1 9mer AS-PNA involved NSC-34 cells that had
previously been transiently transfected with a plasmid expressing the mutated
SOD1 protein.122 Initially, Western blot analysis indicated that the SOD1 9mer AS-
PNA completely eliminated protein expression, however these results could not be
reproduced. It was assumed that poor uptake of the AS-PNA into the cells was
responsible for the lack of reproducibility. Therefore, liposomes were used to
deliver the PNA into the cell and the subsequent Western blot analysis revealed
that the SOD1 9mer AS-PNA, with liposomal delivery, could reproducibly
completely inhibit mutated SOD1 expression at the microgram level.

The effectiveness of the SOD1 9mer AS-PNA was then assessed in SOD1693A
transgenic mice.122 Seven mice received AS-PNA treatment and seven mice
received NS-PNA treatment via intraperitoneal (IP) injection three times a week.
Treatment started at 60 days of age because this corresponded to the typical age of
ALS onset in humans. The progression of the disease was monitored in the mice
on a regular basis. It was found that on average, the mice receiving the AS-PNA
survived for an average of 5.5 days longer than those mice receiving the NS-PNA,

as shown in Figure 1.16 in the Kaplan-Meier survival curve.
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Figure 1.16: Kaplan-Meier survival curve of mice treated with AS-PNA and NS-PNA.122

The onset of hind-limb paralysis (motor impairment) was delayed in AS-PNA
treated mice and they were found to be more active in general. However some AS-
PNA treated mice exhibited rapid hind-limb deterioration in the later stages of

disease progression and so similar end results were observed for the AS and NS
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treated mice. It was found that there was no difference in weight change between
AS and NS treated mice.

Tissue analysis for the SOD1 protein of the lumbar spinal cord, brain and
kidney revealed no difference in protein expression between the AS and NS treated
mice. Visualisation of fluorescein-conjugated PNAs revealed that without
liposomes to enhance cellular uptake, the PNAs were only located surrounding the
cells.

The results described above suggested that the in vivo delivery of the SOD1
9mer AS-PNA needed to be improved.’?2 The PNA was conjugated to the cell
penetrating peptide (CPP), Tat (Figure 1.17), at the N-terminus of the PNA
sequence with two spacer molecules included in-between the peptide and PNA to
ensure the PNA was unhindered and the peptide is allowed flexibility.122 The Tat
peptide belongs to a family of peptides known as “Trojan peptides” that have a
general cell-penetrating ability and are therefore often conjugated to other
molecules for the purpose of transporting them into cells.124

The Tat protein is an 86 amino acid factor involved in activating transcription
of HIV and hence essential for gene expression of the virus.12> It has been found
that cells readily take up this protein.12> There are more than 10 peptide
fragments of the Tat protein that are known to translocate into the interior of
different cell types.126 The particular Tat-derived peptide sequence conjugated to
the AS and NS PNA sequences by our group was a short peptide from the N-
terminal region of the Tat protein!?Z that has been shown to deliver 120 kDa

proteins to mice brains by IP injection.127
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Figure 1.17: Structure of the Tat peptide conjugated to the AS-PNA.122
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In vitro studies in which the Tat-PNA was incubated with NSC-34 cells for 72
hours revealed that the Tat-PNA conjugate was able to down-regulate SOD1
expression without the use of liposomes; however delivery of the conjugate with
liposomes produced greater inhibition of the mutated SOD1 enzyme.l22 This
indicates that while the conjugated Tat peptide significantly improved the delivery
of the PNA, there remained a proportion of PNA unable to enter cells. Figure 1.18
shows that AS-PNA inhibits the human mutant SOD1 enzyme in a dose-dependent
manner with as little as 10 pM PNA showing some inhibition, 100 uM PNA
inhibiting most mutant enzyme, and 200 uM PNA showing 100% inhibition.
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Figure 1.18: Western Blot analysis indicates that AS-PNA shows a dose-dependent inhibition of
the human mutant SOD1 enzyme (top band at 38kDa) while this is not observed for the NS-PNA.
The lower band at 14kDa represents the mouse SOD1, acting as a protein loading control. In vitro

results obtained after 72 hours incubation.122

In vivo studies in which mice were injected thrice weekly with 5 mg/kg of
either Tat-AS-PNA or Tat-NS-PNA, revealed that Tat-AS-PNA treated mice survived
on average for 3.2 days longer than Tat-NS-PNA treated mice (Figure 1.19). Hind-
limb strength, average weight and tissue analysis trends appeared similar to those
of the non-Tat conjugated PNAs. These results emphasize the great leap that is
made from in vitro to in vivo testing due to the greater number of variables

involved with in vivo testing.
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Figure 1.19: Kaplan-Meier survival curve of mice treated with Tat-AS-PNA and Tat-NS-PNA.122

1.2.2.3. Conclusions from Previous Work and Basis for Present Work

The results of the GluR3 12mer PNA indicated the potential of this antisense
sequence to be used as an effective therapeutic. The unmodified PNA sequence
was able to cross cellular membranes without the use of liposomes or CPPs to
supress the expression of the GluR3 protein and, in a transgenic mouse model, was
able to minimise the susceptibility of motor neurones to excitotoxicity and
therefore delay disease progression. However, with no evidence of a decrease in
GIluR3 protein expression in the lumbar spinal cord but a small decrease in GluR3
protein expression in the kidneys, the tissue analysis suggests that the GluR3
12mer PNA is rapidly cleared after systemic administration. Therefore, it can be
concluded that the therapeutic effectiveness of the GluR3 12mer PNA could be
enhanced if it were directed to neuronal tissue to increase its potency and reduce
its rapid clearance from the system.

The results from the SOD1 9mer PNA showed promise in that when cellular
uptake was aided, the PNA was able to down-regulate mutated SOD1 expression.
The in vivo results indicated that the SOD1 9mer PNA was less effective in the
mouse model than would have been expected from the in vitro results. The
attempt to improve the cellular uptake of the PNA and its effectiveness, with the
conjugation of Tat, resulted in similar results as those of the unmodified PNA. A
reason for this is that while Tat increases cellular uptake, it is non-specific and so
the PNA most likely did not sufficiently reach its motor neurone target in the CNS.
Furthermore, the PNA could have experienced rapid kidney clearance or the Tat

peptide may have been cleaved from the PNA before it was delivered to its target.
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Therefore, we concluded that the therapeutic effectiveness of the SOD1 9mer PNA
could be enhanced if it were directed to neuronal tissue to increase its potency and
reduce its rapid clearance from the system.

The motivation for the present work was to explore options to improve the
delivery of the therapeutic PNA sequences to their intended site of action. There
are contradicting reports regarding the ability of PNA sequences to cross cellular
membranes, suggesting that cellular uptake of PNA could be sequence
specific.53128-130 [t is widely accepted, however, that unmodified PNAs are unable
to cross the blood brain barrier (BBB),131 or at least only a negligible proportion of
the administered dose is able to cross through to the CNS. The inability of the
GluR3 12mer PNA and the SOD1 9mer PNA to efficiently cross the BBB and reach
their intended site of action is the motivation for the present work.

Another motivation for the present work was to explore small molecule MND
treatment options and an alternative or complementary treatment to PNA
therapies. Vitamin E is a known antioxidant and naturally occurs to stop free
radical propagation in the body. Its natural function is therefore suited to treat
MND and the synthesis of many vitamin E derivatives has been the focus of study
in our group previously.132-134 The focus of the present work in terms of vitamin E
small molecule treatment of MND is the synthesis of vitamin E derivatives that are
able to reach their site of action, motor neurones, in the CNS. Vitamin E, its
derivatives and its potential as a small molecule therapeutic for MND treatment

are further discussed in Chapter 2.

1.3. PNA and Small Molecule Transport to the CNS

1.3.1. The Blood Brain Barrier

The blood brain barrier (BBB), as its name suggests, is a physical barrier
between the brain and the blood. It was first discovered over 100 years ago when
it was found that coloured dyes injected into the vascular system entered all
organs except for the brain and conversely, dyes injected into the cerebrospinal
fluid entered all neuronal tissue but were unable to enter the blood supply of the
brain.13> [t is now known that the BBB (Figure 1.20) is formed by tight junctions
between endothelial cells of brain capillaries.136137 The tight junctions thus create

an impermeable barrier that does not allow paracellular movement. Effectively,
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the permeability of the BBB is inversely proportional to the tightness of the
intercellular junctions between endothelial cells. Furthermore, endothelial cells of
the brain possess very few endocytotic vesicles and so transcellular movement is
limited.13¢ The endothelial cells of brain capillaries also contain oxidative enzymes
and peptidases that act as metabolic barriers to many substances attempting to

enter the brain.138

Tight junction: e
Adherens junction: [

P-glycoprotein: i

Blood

Astrocyte Processes

Figure 1.20: Structure of the BBB.13¢

The BBB prevents the passage of most molecules, except those that are small
and lipophilic as they can pass through the lipid bilayer of the endothelial
cells.135136  However, the P-glycoprotein transporter works to export lipophilic
molecules back into the blood stream from endothelial cells.135136 Peptide nucleic
acids are unable to cross the BBB because they are too large and hydrophilic.131.139

The purpose of the BBB is to protect the brain from neurotoxins and other
unnecessary substances in the blood and only allows vital nutrients and hormones
to enter the brain. The passage of desired substances into the brain is made
possible by a range of transport systems that are designed to carry specific
substances into the brain such as glucose, amino acids and monocarboxylic
acids.140-146 These include facilitated diffusion, carrier mediated, endocytosis and
active transport (ATP dependent) mechanisms. Furthermore, it is thought that
another purpose of the BBB is to prevent neurotransmitters, that are hydrophilic,
from leaving the brain.140 The brain has a high metabolic rate and so has a large
blood supply. It would not be economical if, once secreted, neurotransmitters

were swept away in the blood stream and left the brain. With the BBB preventing
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the neurotransmitters from leaving the brain, re-uptake mechanisms allow them

to be recycled.

1.3.2. Example Transport Mechanisms
There is a number of potential mechanisms by which drugs can be modified to
increase their ability to cross the BBB.147 Table 1.2 lists a summary of some

example mechanisms that have been explored to increase BBB transport.

Table 1.2: Mechanisms to transport therapeutic agents across the BBB148

Transport Example
Type/Explanation Example
Mechanism reference

Intracerebroventricular infusion,

Invasive Intranasal drug administration,
Neurosugical implants 149
Intracerebral implants, Convection-

enhanced diffusion
BBB disruption: Opening

Osmotic, Vasoactive (Bradykinin,
tight junctions or

Histamine, Serotonin), Cytokine- 150
Enhancement of
mediated
endothelial pinocytosis
Conjugation of Lipid
Lipid- Carriers to encourage Dihydrpyridine, docosahexanenoic 151
mediated passage through lipid acid, adamantane
membrane

Small unilameller vesicles,
Incorporation of drug

multivesicular liposomes, 152
into Liposomes
immunoliposomes
Incorporation of drug
Biodegradable polymers 153
into Nanoparticles
Conjugation of or mimic a
Carrier- Hexose, monocarboxylic acid, large
naturally transported
mediated neutral amino acid, choline, 154
small substrates to utilise
transport adenosine, Thyroid hormone
endogenous transporter
Receptor- Conjugation via a linker Peptidomimetic monoclonal
mediated of endogenous peptide or  antibodies, modified plasma proteins, 155

Transcytosis  protein to utilise receptor  transferrin, insulin-like growth factor,

of peptides mediated transcytosis leptin
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1.3.3. Sugar Conjugates

The sugar transporter of the BBB is GLUT-1, located in the endothelial cell
membranes of the brain’s blood vessels.156-159  First cloned in 1985,160 the
glycoprotein contains 492 amino acids and has a molecular weight of 54.2 kDa.161
The GLUT-1 transporter protein is composed of twelve transmembrane,
amphipathic a-helices (Figure 1.21).

GLUT-1 is part of the GLUT family of facilitative glucose transporters1¢2 and
functions to transport glucose down its concentration gradient. The transport
process is saturable and stereoselective,163 and it has been found that GLUT-1 is
specific for 3-0-linked glycosides.164 GLUT-1 has a 5 mM affinity for D-glucose and
a 17 mM affinity for D-galactose,163 however, galactosides have been reported to
be 1700 times more potent in the brain than glucosides.16> One explanation for
this is that the binding site for GLUT-1 alternates between facing the extracellular
side and the cytoplasmic side of the membrane, via a conformational change,163
which allows GLUT-1 to act as a bi-directional transporter. GLUT-1 facilitates the
movement of glucose out of the brain, but not galactose, thereby keeping the

galactoside in the brain.164
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Figure 1.21: Structure of the GLUT-1 transporter protein.161
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There have been many reports in the literature of improved drug activity in
the brain when glyco- or galacto-conjugates of small molecules166-169 and

peptides164170-172 have been utilised (Figure 1.22).

OH

HO

Figure 1.22: Examples of (top) small molecule, Ibuprofen, glycol-derivativel67 and (bottom)

peptide, enkephalin, glycol-derivative.170

It is assumed in these studies that the glycosylated conjugates are taking
advantage of the endogenous carrier mediated system of the BBB and that the
GLUT-1 transporter protein is responsible for the increased BBB penetration of the
drug conjugates. However, subsequent literature suggests that the transport of the
glycopeptides via GLUT-1 has not been proven.148 Nevertheless, Gynther et al.
reported that glyco-ketoprofen and glyco-indomethacin conjugates were able to
inhibit brain uptake of radio labelled [14C]D-glucose in an in situ rat brain
perfusion model, signalling that these conjugates bind the GLUT-1 transporter and
that these conjugates were able to cross the BBB.166 Furthermore, Dhanasekaran
and Polt have shown that glycosylated enkephalin peptides are able to penetrate
the BBB and have suggested that their transport is via transcytosis.138

While the exact mechanism of transport may not always be known or
understood, there are many reports of increased BBB penetration leading to
increased activity in the CNS of glycosylated derivatives. Possibly contributing to
this outcome are the various pharmacokinetic advantages of glycosylated
derivatives such as increased hydrophilicity (for formulation and dissolution
purposes) and significant plasma half-lives of the conjugates (approximately 80

minutes in serum and more than 7 hours in the brainl64). Therefore, regardless of
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the resultant transport mechanism, the conjugation of monosaccharaides is
expected to improve the delivery of compounds, both PNA and vitamin E, to the

CNS.

1.4. Project Aims

The aims of this project are as follows:

Explore synthetic methodology and design options to create glycosylated

building blocks that can be incorporated into automated solid phase PNA

synthesis.
o Synthesise and characterise various glycosylated PNA conjugates.
o Conduct thermodynamic tests to investigate the ability of the glycosylated

PNA conjugates to bind their complementary DNA sequences.

o Conduct biomimetic membrane interaction studies to investigate the
influence of the conjugated glycosylated building blocks on the ability of the
PNA sequence to interact with a biomimetic membrane.

o Explore synthetic methodology and design options to create glycosylated
Vitamin E analogues. Antioxidants are considered a small molecule
treatment alternative for ALS that could benefit from enhanced delivery to

the CNS. This complements other work being undertaken within the group.
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Chapter 2. Glycosyl Esters and Vitamin E
Derivatives
2.1. Introduction

2.1.1. Vitamin E as a Treatment for MND

In biological systems, polyunsaturated fatty acids are the most likely components
to be oxidised through lipid peroxidation.! If unchecked, lipid peroxidation can be
fatal to a cell because the oxidation of polyunsaturated fatty acids has the potential
to destroy all biological membranes. Lipid peroxidation involves a free radical
chain mechanism of initiation, propagation and termination (Figure 2.1). Radical
initiation is caused by hydrogen abstraction from the lipid molecule. The newly
formed carbon-centred radical then rapidly reacts with molecular oxygen to form a
peroxyl radical. This then reacts with another lipid molecule to form a new
carbon-centred radical and a peroxide, and so the chain continues. The chain is

broken when two lipid radicals react to form a molecular product.

Initiation: I+ RH —>» InH+ R’

Propagation: R + 0, —> ROO

ROO'+ RH —>» ROOH +R’

Termination: ROO’ + ROO° —>» Molecular products

Figure 2.1: Lipid peroxidation free radical chain mechanism. In = initiator; RH = general lipid.2

Biological systems are normally protected from this destructive chain
mechanism by natural antioxidants. Vitamin E is a known natural antioxidant and,
as such, functions to stop free radical propagation. Figure 2.2 shows the four
related structures that are referred to as vitamin E. o-Tocopherol is the most

abundant form of vitamin E, and the most biologically active.l
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Ri Rz
a tocopherol CH; CHj
p tocopherol CH; H

y tocopherol H CHs;

Chromanol Head Phytyl Tail dtocopherol H H

Figure 2.2: The general structure of vitamin E. This term refers to four structurally related

tocopherols. a-Tocopherol is the most naturally abundant and biologically active.

Vitamin E is a lipid soluble antioxidant due to its phytyl ‘tail’, which allows it to
be located in biological lipid membrane bilayers with the chromanol head most
likely positioned towards the surface of the bilayer, and the lipophilic tail
embedded in the centre of the bilayer with the hydrocarbon portions of the
phospholipids.134 As such, it is a very efficient lipid peroxyl radical scavenger.
The chromanol head of vitamin E is the moiety that gives the molecule its
antioxidant ability. Abstraction of the phenolic hydrogen by a radical species
results in a phenoxyl radical, which is resonance stabilized around the benzopyran
unit. The oxygen of the benzopyran located in the para position allows for
effective hydrogen donation by the phenolic group as well as contributes to
canonical forms of the formed radical (Figure 2.3). The stability of the phenoxyl
radical means that the radical chain is not continued.

o~/ Hf,O

ROO

O
O

.oé “ >0 é'

Figure 2.3: Resonance forms of vitamin E stabilise the generated radical giving rise to a potent

antioxidant.
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One of the possible causes of MND is oxidative stress - a result of a
dysfunctional SOD1 enzyme.>¢ Owing to its antioxidant properties, vitamin E has
been tested as a treatment for ALS. In one study, vitamin E was administered to
transgenic mice carrying the mutant form of the human SOD1 gene.” It was found
that vitamin E significantly delayed the onset of the disease, defined as the point in
time when shaking of mouse limbs occurs when it is suspended in the air by its tail,
and significantly delayed the progression of the disease as measured by running in
a wheel. Vitamin E, however, failed to extend survival of the transgenic mice.” In
human clinical trials, results have indicated that the use of natural antioxidants is
not effective at increasing survival or motor function.8-10 It has been suggested
that regular use of vitamin E supplements can reduce the risk of dying from ALS,
with the risk decreasing with increasing time of use.!

Plasma and cerebral spinal fluid (CSF) levels of vitamin E after daily oral
administration have been quantified and while plasma vitamin E levels increased
in a dose-dependent manner, CSF levels did not change.1?2 A probable explanation
for this is that vitamin E does not cross the BBB.1213 [t is likely that vitamin E is too
lipophilic to pass through the BBB quickly and instead remains bound to the
lipoproteins that transport it in the blood,* or imbedded in membrane bilayers,
restricting transbilayer movement.1> Furthermore, because vitamin E is not water
soluble, it is not readily absorbed after oral administration.’> Therefore in order to
utilise the efficient antioxidant properties of vitamin E to treat ALS, derivitisation

is required to improve its delivery to the CNS.

2.1.2. Vitamin E Derivatives

The development of vitamin E derivatives has generally aimed to increase the
water solubility of the natural, highly lipophilic antioxidant.1> Trolox (Figure 2.4)
is a water soluble derivative of vitamin E first synthesised in 1974.16 Trolox does
not contain the long hydrocarbon tail of vitamin E but instead a highly ionisable
carboxylic acid group. It is known to be an effective antioxidant in both animal fats
and vegetable oils’® and it has also been found to be more potent than «a-
tocopherol,17 most likely as a result of its ability to scavenge radicals in the
aqueous phase.1® Further to this, it has been found that the antioxidant activity of

Trolox derivatives decreased with increasing side-chain length from a methyl
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group to the 16-carbon chain of a-tocopherol.3 Structure-activity relationship
(SAR) analysis has revealed that the phenolic hydroxyl group of Trolox is essential
for its antioxidant activity: esterification or etherfication of the phenol resulted in
inactive derivatives.1® The presence of the chromanol nucleus was also found to be

essential for antioxidant activity.16

HO (o]

OH

Figure 2.4: Structure of Trolox.

With the aim of improving the hydrophilicity and therefore the delivery and
membrane transport of vitamin E, glycosylated vitamin E derivatives have been
synthesised.1519-22 A common glycosylated vitamin E derivative is shown in Figure

2.5, in which the phenolic hydroxyl group has been glycosylated.1>19-21

HO (o}

OH

Figure 2.5: Structure of a glycosylated vitamin E derivative.

It was found that vitamin E derivatives that have been glycosylated at the
phenolic position display improved membrane transport compared to vitamin E,1>
and good stability in the presence of exoglycosides in various rat tissues.?2 In order
to be an effective antioxidant, the sugar moiety of such vitamin E derivatives would
need to be cleaved in vivo to reveal the phenolic hydroxyl group.1®

Other examples2123 of glycosylated vitamin E derivatives are shown in Figure
2.6. In these examples, the sugar moiety is attached to either the ortho or meta
positions relative to the phenolic hydroxyl group, leaving the phenolic hydroxyl
group free, while increasing the hydrophilicity of the antioxidant.2! Interestingly,
the parent vitamin E was a more efficient antioxidant than any of the glycosylated
derivatives shown in Figure 2.6.21.23 This may be due to the electronic and steric
effects of the sugar moiety causing the deactivation of the phenolic core, since

glycosyl derivatives reacted less rapidly compared to the parent vitamin E.
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OHoH
Ho OHoH
on HO
0 o OH
HO HO
o o)
I
11
HO
o
HO o -
OH

HGQ4o

Figure 2.6: Structures of some glycosylated vitamin E derivatives with free phenolic groups.

The position of the sugar moiety was found to be the most influential factor
determining antioxidant activity with meta-substituted derivatives (III and IV
Figure 2.6) shown to be better inhibitors of lipid peroxidation than ortho-
substituted derivatives (I and II Figure 2.6).21.23 While the presence or absence of
the phytyl tail influenced the hydrophilicity of the antioxidant, it did not influence
the antioxidant activity of the derivatives.

Yet another class of glycosylated vitamin E derivatives involves the
glycosylation of the reduced form of Trolox. 2-(a-D-Glucopyranosyl)methyl-
2,5,7,8-tetramethylchroman-6-ol (TMG) (Figure 2.7) was synthesised by enzymatic

transglycosylation by a-glucosidase using maltose as the source of glucose.?*
OH

HO OH
HO

Figure 2.7: Structure of TMG.

The water solubility of TMG was found to be very high compared with other
vitamin E derivatives and its free radical scavenging ability was found to be
comparable to vitamin E, Trolox and ascorbic acid?4 and hence the sugar moiety of
TMG does not affect the antioxidant ability of the chromanol core.2> Furthermore,

TMG has been shown to be effective against radicals in the aqueous phase.?> In
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subsequent studies, TMG was found to be effective in the treatment of colitis in
rats26 and acute lung injury.2’ The structure of TMG therefore appears to combine
the advantages of increased hydrophilicity without sacrificing the antioxidant
ability of the chromanol core. To the best of our knowledge, there have not been
any studies performed to determine the activity of TMG in the CNS and hence its
BBB penetrating ability.

2.1.3. Aims and Synthetic Plan

The antioxidant ability of vitamin E suggests it could be a complimentary
treatment option to antisense therapies for ALS. In order for it to be effective, the
hydrophilicity of the antioxidant needs to be improved to provide for increased
CNS delivery. Glycosylated vitamin E derivatives have been shown to posses
improved membrane penetration and good antioxidant ability.

Therefore, the overall aim of this chapter of work is to investigate synthetic
routes and methodologies towards the synthesis of new glycosylated vitamin E
derivatives. Continuing from the promising results of TMG, glycosylated vitamin E
derivative targets in which the phytyl tail of natural vitamin E is replaced with a
sugar moiety are the aim of this chapter of work. Figure 2.8 depicts the general
structure of the targeted glycosylated vitamin E derivative. The aim of this chapter
is to explore synthetic routes and methodologies to produce the B-glycosyl ester

derivatives of glucose and galactose.

OH

HO
MOH
o X OH

HO

Figure 2.8: Proposed general structure of glycosylated vitamin E targets.
2.2, Results and Discussion

2.2.1. Glucosyl and Galactosyl Ester Library

A variation of the traditional Koenigs-Knorr glycosylation method using silver
carbonate as a promoter was used as the general approach explored in this
chapter. Table 2.1 summarises the range of carboxylic acids coupled to either
glucose or galactose to produce B-glycosyl esters, in generally good to excellent

yields using this approach. A general reaction scheme for the library generated is
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shown in Scheme 2.1. The carboxylic acids chosen relate to alkyl, allyl and aryl
acids and purely relate to readily available compounds within our laboratory.
Both acetyl and benzoyl protected sugars were employed to increase the scope of

the reaction.

o DCM
RO 0 + )J\ Nast4 RO 0
RO OR R’ OH ——>» RO (o} R'
Br reflux OR \ﬂ/
48 h o
4-OHgq = glucose 4-OHgq = glucosyl ester = a
4-OH,, = galactose 4-OH,, = galactosyl ester = b
Scheme 2.1

Table 2.1: Results of glycosyl and galactosyl library, synthesised as shown in Scheme 2.1

Yield % glycosyl ester  Yield % galactosyl ester

Compound R R’ (a) (b)
1 Ac phenyl 98 99
2 Ac nonyl 96 98
3 Ac /\/@ 76 81
4 Ac methyl 98 94

5 Ac Ogg 69 41

6 Ac naphthyl 77 79
7 Ac allyl 11 47
8 Bz phenyl 49 60
9 Bz nonyl 56 49

Reactions were undertaken using an excess of Ag2COs. In each case, a 20 times
excess of the promoter was needed to avoid a significant drop in product yield.
The reaction was also better served at elevated temperatures than when the
reactions were carried out at ambient temperature.

The 1H NMR spectra of all compounds showed a consistent pattern (for
example, Figure 2.9). In particular, a coupling constant of ca. 8 Hz was always

observed for the signal attributable to the anomeric proton, indicating diaxial
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coupling between the anomeric proton and the adjacent H-2 proton, consistent

with B-glycoside configuration. The a-anomer was not observed.

OA Ar
c
4 6,6 o [ \
AcO a
Aco NS\l o xAc
3 OAc b
o &8
R R
i/

Ar
o 1 2&
34 b *
a
I M,
I T T T T T T T T T 1
9 8 7 6 5 4 3 2 1 ppm

Figure 2.9: 400 MHz 'H NMR spectrum of 3a (CDCls, 300 K). * denotes residual solvent

Single crystals of 1a suitable for analysis were grown by vapour diffusion from

dichloromethane and hexane. The solved structure (Figure 2.10) shows the

expected diaxial orientation of H-1 and H-2 and, as a consequence, the f-

orientation of the benzoate substituent at C-1.

Figure 2.10: Stick representation of the X-ray structure of C21H24011. The absolute configuration of
the molecule was not determined by the X-ray diffraction experiment but was inferred from the

synthesis.
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2.2.2. Synthesis of Novel Vitamin E Glycosyl Esters
Scheme 2.2 depicts the synthesis of a Trolox-like compound, 14, containing an
additional methylene group at the C-2 position. This synthesis is based on the total

synthesis of vitamin E by Scott.28

MVK
TMOF 1) Ac0
H,SO0, Py
HO MeOH HO RT, 18 h o
— —_—
OH RT 0707 2)HCl,, © o
24h acetone OH
10 11 85% 12 78%
reflux TMPA

O/N 60% NaH

o Acy0 EtOH
PY HO NaOH o
\n/ fo) \"/
° o € 0 o) 0
OH RT o RT o
o

. 17h H 4h o~
15 86% 14 37% 13 Quant.

Scheme 2.2

2,3,5-Trimethylhydroquinone 10 was reacted with methyl vinyl ketone under
acid-catalysed conditions to produce the methyl acetal 11 in 85% yield. One of the
advantages of the conditions used is that the product precipitates from solution.
1H NMR spectroscopy supported product formation and the presence of a set of
two signals at approximately 2.6 ppm and another set of two signals at
approximately 2.0 ppm, representing the adjacent pair of ring methylene protons,
became characteristic for the rest of the synthetic strategy. 13C NMR spectroscopy
also supported product formation with the presence of signals at 32.3 and 20.4
ppm indicating the presence of the ring CH2 groups and a peak at 97.6 ppm
corresponding to the quaternary acetal carbon. The ESI mass spectrum also
supported product formation with a signal at m/z 259.2 corresponding to the
[M+Na]*ion. Methyl acetal 11 was produced as a mixture of enantiomers that
were taken all the way to the final product 15.

Acetylation of phenol 11 using acetic anhydride in pyridine proceeded
smoothly, resulting in a yellow oil product that was clean enough to use without

further purification. The 1H NMR spectrum gave evidence for the presence of the
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protecting group with a singlet at 2.33 ppm representing the acetate methyl
protons. The 13C NMR also supported the presence of the acetate protecting group
with signals at 168.8 and 19.8 ppm. The ESI mass spectrum also supported
product formation with a signal at m/z 301.2 corresponding to the [M+Na]* ion.
Acid-catalysed conversion of the acetal 11 to the hemiacetal 12 was driven by the
removal of the produced methanol using distillation.

A variation on the Horner-Wadsworth-Emmons reaction using trimethyl
phosphonoacetate (TMPA) and sodium hydride yielded the methyl acetate 13 in
quantitative yield. The yellow oil product was used in the final reaction in its
crude form. ESI mass spectrometry supported product formation with a signal at
m/z 343.3 corresponding to the [M+Na]* ion.

Conversion of the acetate and ester groups of 13 to the phenol and carboxylic
acid groups, respectively, was accomplished simultaneously using sodium
hydroxide in ethanol. Recrystallisation twice from ethanol/water gave pure 14 in
37% yield. The 'H NMR and 13C NMR spectra supported product formation with
the absence of peaks representing both methyl groups as well as the carbonyl
group of the acetate protecting group of 13. The ESI mass spectrum also
supported product formation with a signal at m/z 287.2 corresponding to the
[M+Na]* ion. Reprotection of the phenol, so as to not complicate the esterification
of the carboxylic acid group, was achieved using acetic anhydride to give 15 in
86% yield after HPLC purification. No attempt was made to prepare enantiopure
15 at this point.

Glycosylation conditions optimised in Section 2.2.1 were then used to prepare

the tocopherol glycosyl ester 18 and tocopherol galactosyl ester 19 (Scheme 2.3).

Ang03
DCM
\n/ N32304 \n/
OAc
reflux
Br 1824 h
16 4-OHeq 18 4-OHyq 92%
17 4-OHyy 19 4-OH,, 19%
Scheme 2.3

Column chromatography (silica, 1% (v/v) MeOH/DCM) was used to isolate 18

in 92% yield as a mixture of diastereomers. 1H NMR spectroscopy shows evidence
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of the presence of both diastereomers caused by the chiral centre at C-2 of vitamin
E. While complicated, both 1H and 13C NMR support formation of the glycosyl
ester. The J value of each of the doublets representing H-1 is 8.3 Hz, which is
consistent with diaxial coupling between H-1 and H-2 and hence B-substitution of
the glycosyl ester.

To evaluate the best purification method of the vitamin E conjugates, reverse
phase HPLC, rather than column chromatography, was used to isolate 19 in 19%
yield. The unusually low yield for the formation of the galactosyl ester is unknown.
This reaction was not repeated in an attempt to improve the yield as a more
favourable synthetic procedure was used instead, see Section 2.2.3. High
resolution mass spectrometry supported product formation with a peak
corresponding to the sodium adduct of 19 at m/z 659.2303. As was the case with
18, the 1H NMR spectrum of 19 showed evidence of the presence of both
diastereomers with two overlapping doublets for the H-1 proton at 5.73 ppm and
5.71 in the 1H NMR spectrum (Figure 2.11) and two peaks for C-1 at 92.30 and
92.26 ppm in the 13C NMR spectrum.
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Figure 2.11: 400 MHz 'H NMR spectrum of 19 (CDCls, 300 K). * denotes residual solvent

Removal of the acetate protecting groups in 19 was attempted using
triethylamine,2° however as was the case with the glucosyl and galactosyl ester

library, we were unable to deprotect while keeping the system intact.
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2.2.3. Alternate Synthetic Pathways to Novel Vitamin E Glycosyl Esters
Patents by Fukumoto3? and Tamura3! describe conditions by which chromans
can be synthesised in a mild one-step process that allows for variation in the
substituent extending from the C-2 quaternary carbon by varying the alkene
starting material. Scheme 2.4 demonstrates the two different pathways used to

potentially synthesise vitamin E glycosyl esters.

)‘\”/ Tamura synthesis RO
o\ —_—
—_—
0 OH

Pathway 1:
Koenigs-Knorr glycosylation

RO OR
MOR
(o}
OR
o RO
(o]

Glycosyl ester
product

OAc

Pathway 2:
Fukumoto synthesis

OH

OR
)k"/OH . MOR Koenlgs Knorr glycosylation )‘\n/ w
OR
° X RO

Scheme 2.4: Pathways to produce target vitamin E glycosyl esters

The method by Fukumoto3? has the potential to be more versatile in that it
allows a range of alkenes to be coupled with a range of substituted phenols. On the
other hand, the method by Tamura3! is limited because only short-chain
methacrylate esters can be used. It has the advantage, however, of starting with
the unprotected dimethylhydroquinone. Scheme 2.5 illustrates that unlike the
method used by Scott, Tamura’s method produces the desired carboxylic acid-

substituted chroman core in one step.
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Scheme 2.5: Tamura’s chroman synthesis3!

2.2.3.1. Assessment of Pathway 1
The benzyl protected vitamin E analogue 24 bearing a carboxylic acid group at
C-2, was synthesised according to the steps outlined in Scheme 2.6. Benzopyran

22 was produced in 58% yield by the reaction of methyl methacrylate 21 with the

hydroquinone 20.
OH 80% (CH,0),
AcOH HO
(o)
" > o
o 180 °C Y h
OH 3h o
20 21 22 58%
BnBr
reflux K,CO;
NaOH
o MeOH o
%
o OH RT o o
o O/N o
4 90% 23 94%
Scheme 2.6

The presence of the characteristic multiplets in the regions of 2.70-2.38, 2.46-
2.38 and 1.92-1.81 ppm in the 1H NMR spectrum of 22, representing the ring -
CH2CH2-, supported formation of the tetrahydropyran ring. All other signals were
consistent with the formation of 22.

Benzyl protection of the phenol OH group of 22 to produce 23 proceeded
smoothly using benzyl bromide and K2COs. The presence of aromatic signals, as
well as a two proton singlet at 4.76 ppm in the 1H NMR spectrum of the product
suggested successful protection had been achieved. The benzyl protecting group

was chosen for its ability to be removed under hydrogenating conditions, which
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would not interfere with the eventual glycosyl ester linkage as either acidic or
basic conditions would.

The methyl ester of 23 was cleaved in aqueous NaOH in ethanol. The product
24 precipitated upon neutralisation and required no further purification. The 1H
NMR spectrum of 24 (Figure 2.12) supported product formation. In particular, the

absence of the signal at 3.74 ppm correlates with the cleavage of the methyl ester.
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Figure 2.12: 400 MHz 'H NMR spectrum of 24 (CDCls, 300K). * denotes residual solvent

To complete Pathway 1, glycosylation of 24 was performed under Koenigs-
Knorr conditions (Scheme 2.7).32 The B-anomer of 25 was exclusively formed,
however both the 1H NMR and the 13C NMR spectra indicated the presence of two
diastereomers, which could not be separated by flash chromatography, but
resolved using HPLC purification (80% ACN/20% H20 - 85% ACN/15% H20) in a
ratio of 1: 0.6. 1H NMR analysis supported the identity of the two diastereomers of
the product 25. Mass spectrometry also supported product formation with a

signal at m/z 693.2, corresponding to the [M+Na]* ion.
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Scheme 2.7

As expected, the TH NMR spectra of the two diastereomers showed only subtle
changes as a result of the positions of chirality. A representative 1H NMR spectrum
of one of the two diastereomers is shown in Figure 2.13. The coupling constant of
H-1 is large enough in the 1H NMR spectra of both diastereomers to indicate that

the B-anomer has formed.
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Figure 2.13: 600 MHz 'H NMR spectrum of one diastereomer of 25 (CDCls, 300K). * denotes

residual solvent
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In order to understand the differences in retention time better, computer
modelling was used to show the in-space differences of geometry between the two
diastereomers (Figure 2.14). The calculations were performed on the Gaussian 09

package.33 All geometries were modelled and optimised using B3LYP/6-31G(d).

Figure 2.14: Minimised computer modeling images of the diastereomers of compound 25 using

Gaussian 09.

The computer predictions of the lowest energy conformations shown in Figure
2.14 suggest that the overall three-dimensional shape is influenced greatly by the
chiral centre at C-2. It can be inferred from these computer-generated models that
diastereomer 1, which eluted first from the reverse-phase column, is the
diastereomer pictured on top in Figure 2.14 due to its elongated structure and
therefore more polar-exposed configuration, and diastereomer 2, which eluted 3

minutes later from the reverse-phase column, is the diastereomer pictured below
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in Figure 2.14 due to its folded structure and therefore less polar-exposed
configuration. With that said, confirmation by 2D-NMR techniques would be
necessary to confirm the identity of each diastereomer.

The phenolic hydroxyl group of a-tocopherol derivatives is essential to
antioxidant activity. The benzyl protecting group of 25 was easily removed
quantitatively under hydrogenation conditions (Scheme 2.8). Both NMR
spectroscopy and mass spectrometry supported formation of the product. In
particular the lack of aromatic proton signals and the distinctive benzyl CH2 signal

in the TH NMR spectrum supported successful deprotection.

)
o OAc Pd/C HO OAc
OAc — 3 o c
o o OAc o OAc

AcO RT AcO
o O/N o
25 26 Quant.
Scheme 2.8

There are numerous literature examples of the use of an aqueous solution of
triethylamine,2® methanolic sodium carbonate,3* methanolic sodium
methoxide,3>3¢ and aqueous potassium hydroxide3’ to cleave the acetate
protecting groups of glycosyl esters, in particular, glycosylated natural products
and plant saponins (Figure 2.15). The latter class of compound consists of
glycosylated oleanolic acid by a monosaccharide at a hindered carboxylic acid

position, as well as glycosylated at a tertiary hydroxyl group.

Figure 2.15: Deprotected glycosylated oleanolic acid.3¢

Due to the similarity of this class of compounds and 26 with respect to the

hindered glycosyl ester, it was expected that the ability of small, nucleophilic bases
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to cleave the acetate protecting groups while leaving the glycosyl ester intact for
the saponins would be applicable to 26.

The glycosyl ester 26 was dissolved in methanol in an ice bath and treated
with sodium methoxide for one hour. The 1H NMR spectrum of the organic-soluble
component of the reaction mixture displayed signals consistent with the methyl
ester of 24 showing a peak at 3.69 ppm representing the new methyl group,
indicating that the glycosyl ester had been cleaved. The 'H NMR spectrum of the
component of the reaction mixture that was soluble in methanol revealed the
presence of a mixture of the a and 3 anomers of the cleaved, hydrolysed sugar
moiety. These results suggest that small nucleophilic bases are not appropriate for
removing acetate protecting groups from this particular glycosyl ester. A bulky
base, potassium t-butoxide in butanol was used in a further attempt to remove the
acetate protecting groups from 26, however TLC analysis and the ESI mass
spectrum did not show any change to the starting material, even under prolonged

conditions.

2.2.3.2. Assessment of Pathway 2

Fukumoto’s30 procedure for chroman synthesis involves combining a phenol,
paraformaldehyde, an unsaturated compound and catalytic amounts of a
secondary amine and an organic acid, as shown generally in Scheme 2.9. The
unsaturated compound must contain a carbon-carbon double bond and Rs-Rs in
Scheme 2.9 can be hydrogen or a linear or branched alkyl group having 1-20
carbons that can be substituted, an aryl group, carbonyl group, carboxyl group or
an ester group. The difference with Fukumoto’s procedure and Tamura’s
procedure (Pathway 1 Scheme 2.4) is that Tamura’'s does not use a secondary
amine. As a result, the unprotected hydroquinone can be used without the risk of
it being oxidised to the corresponding quinone.31 However a consequence of the
absence of base is that only a limited range of short chain methacrylate esters can

be used.
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(CH0)y
organic acid Rq Rs

2° amine R, Rs
I N
Rs 0" R

Scheme 2.9: Fukumoto’s chroman synthesis3?

Glycosylation of methacrylic acid was achieved using silver carbonate and
acetobromo galactose to form the exclusively -orientated unsaturated compound,
7b in 47% yield. Compound 7b was then combined with mono acetate-protected
trimethylhydroquinone 28, paraformaldehyde and catalytic amounts of acid and

base in a pressure tube (Scheme 2.10), according to the Fukumoto method.30
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Scheme 2.10

Purification by HPLC led to a poor yield of the desired product 29. 'H NMR
analysis of the major fractions from HPLC revealed unreacted 7b, and four other
relatively hydrophobic major impurities. The 'H NMR spectra of the major
impurities displayed signals consistent with both a sugar moiety and a vitamin E
moiety. However, the characteristic multiplets attributable to the ~-CH2CHz- of the
tetrahydropyran ring of the vitamin E moiety are not present. This suggests that
the impurities could be the result of the sugar and vitamin E moieties reacting but

the cyclisation has failed, or perhaps they are some sort of transglycosylated
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product. These unidentified impurities are not surprising given the conditions
used in this reaction and go someway to explain the poor yield of the desired
product 29.

Signals in the 1H NMR spectrum attributed to 29 support successful product
formation with multiplet peaks at 2.65, 2.50, 2.34 and 1.84 ppm representing the
two sets of methylene rings protons as well as the typical sugar proton signals
between 5.7 and 3.9 ppm. Both 'H and 13C NMR analysis show that the two
possible diastereomers of this product co-eluted. Given the production of
unwanted by-products, Pathway 2 appears to be an inferior pathway to Pathway 1

for the synthesis of vitamin E glycosyl esters and was not explored further.

2.2.4. Benzyl Protected Glycosyl Esters

One strategy by which to overcome the susceptibility of the glycosyl ester to
the conditions necessary to cleave the acetate protecting groups is to change the
nature of protecting groups and hence the chemistry required to remove them.
The benzyl protecting group is complementary in that it is removed by
hydrogenation which does not interfere with the glycosyl ester. For an example
recall the removal of the benzyl group of 25 occurred under mild conditions and
high yield. Konradsson and Fraser-Reid describe the use of pent-4-enyl glycosides
to produce glycosyl bromides via displacement by molecular bromine in
dichloromethane at 0 °C.38

The synthesis of benzyl-protected bromo sugar 34 started with the reaction of
commercially available 2,3,4,6-tetra-O-acetyl-a-D-glucopyranosyl bromide 16,
with 4-penten-1-ol 30 to form an O-linkage glycoside 31 (Scheme 2.11). Silver
carbonate was used as the promoter to exclusively produce the 3-anomer of 31 in
66% yield. Interestingly, when boron trifluoride dietherate was used as the
promoter, a mixture of the a- and 3- anomers was formed. However, based on the
mechanism of the conversion to the bromo sugar 34 from the pentenyl glycoside
33, both anomers could be used to produce the desired a-bromo benzyl protected
sugar.

The acetate groups of 31 were efficiently cleaved using sodium methoxide in
methanol to produce 32 in quantitative yield. TLC analysis clearly indicated

complete conversion. 'H NMR analysis also showed that cleavage was complete,
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specifically by the absence of the signals corresponding to the acetate methyl

protons around 2.1 ppm.
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Scheme 2.11

Excess quantities of benzyl bromide and sodium hydride in DMF solution were
used to benzyl protect each hydroxyl group of 32. Purification by column
chromatography separated the desired product from excess benzyl bromide and
other by-products. Dichloromethane was first used to elute the benzyl bromide,
followed by ethyl acetate to elute the desired benzyl protected product 33 in a
modest 41% yield. The TH NMR and 3C NMR spectra clearly indicated successful
product formation with characteristic aromatic signals in the regions of 7.0-7.5
ppm and 127-128 ppm, respectively. The ESI mass spectrum supported the
complete protection of 32 with a peak at m/z 631.3 corresponding to the [M+Na]*
ion.

With the pent-4-enyl benzyl protected glycoside 33 in hand, its conjugation to
the benzopyran was explored. Glycoside 33 was converted to the bromo sugar 34
using molecular bromine in dry DCM (Scheme 2.12). Bromo sugar 34 was not
isolated although small aliquots were removed from the reaction flask in order to
monitor the progress of the reaction. 1H NMR analysis was used to monitor the
disappearance of the distinctive ddt signal of the starting material at 5.87 ppm,
attributable to the single proton on the non-terminal end of the double bond. Mass

spectrometry was also used to monitor the disappearance of the starting material.
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Scheme 2.12

Once the starting material had been converted, the solvent was removed in
vacuo. Vitamin E analogue 24, silver carbonate, drying agents (molecular sieves
and NazS04) and freshly distilled dichloromethane were then immediately added
to the same reaction flask. The glycosylation reaction was heated to reflux and
allowed to react overnight (Scheme 2.12). Upon workup of the reaction mixture,
column chromatography was attempted, however as was the case with 25, HPLC
was needed to completely separate all components of the reaction mixture.

Due to the non-polar nature of 35 (as a consequence of five benzyl rings), the
desired product eluted at 52 minutes and 55 minutes with the solvent at 100%
acetonitrile on the reverse phase column. These two peaks correspond to the two
possible diastereomers of the product in a ratio of 0.5 : 1.

The 1H NMR spectra of the two diastereomers indicate that the $-anomer was
formed in both cases with | = 7.8-8.0 Hz for H-1. Figure 2.16 shows the 1H NMR

spectrum of the major diastereomer of 35.
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Bn

Figure 2.16: 600 MHz 'H NMR spectrum of 35 - major diastereomer (CDCl3, 300K).

* denotes residual solvent

2.3. Conclusions and Future Directions

This chapter of work focussed on an alternative preparation of vitamin E
derivatives. As a known antioxidant, vitamin E has the potential to treat MND or
perhaps work as a complementary therapeutic. Natural vitamin E is very lipid
soluble and does not cross the BBB and therefore more hydrophilic analogues are
required for the treatment of MND. Glycosylated vitamin E analogues have been
reported to possess improved BBB penetration ability.

A library of glycosyl ester derivatives was prepared to explore the use of silver
carbonate in carbohydrate conjugation. Compounds 1-9 (a and b; glucose and
galactose derivatives) were prepared in moderate to excellent yields and the -
anomer was exclusively formed in each case. The acetate protecting groups
however could not be removed while maintaining the glycosyl ester linkage.

The use of silver carbonate to form [-orientated glycosyl esters was
transferred to the production of glycosylated vitamin E derivatives. Initially, a six-
step synthesis was used to produce a Trolox-like vitamin E derivative, 15 that
contained carboxylic functionality from which a glycosyl ester could be formed.

Glucosyl ester 18 and galactosyl ester 19 vitamin E derivatives were produced

65



CHAPTER 2 - GLYCOSYL ESTERS AND VITAMIN E DERIVATIVES

however again, the sugar acetate protecting groups could not be removed while
maintaining the glycosyl ester linkage.

Alternate syntheses of glycosyl ester vitamin E derivatives were explored.
Pathway 1 involved the synthesis of vitamin E carboxylic acid derivative 24 in a
more efficient 3 steps. Glucosyl ester vitamin E derivative 25 was produced from
the silver carbonate glycosylation of 24. The two possible diastereomers of 25
were successfully isolated and characterised. Computational modelling was used
to explain the large difference in elution time of the two diastereomers. Distinctly
different three-dimensional shapes (elongated and folded) were found to result
from the inversion of the one stereocentre. Neither small nucleophilic bases nor
bulky bases were successful in removing the sugar acetate protecting groups.
Hydrogenation successfully removed the phenol benzyl protecting group to
produce 26.

Pathway 2 involved the formation of the glycosylated allyl moiety 7b first,
followed by the formation of the vitamin E chromanol structure, to produce
galactosyl ester vitamin E derivative 29. This synthetic route however produced
many undesired by-products and was therefore considered an inferior pathway.

An alternative synthetic strategy involved the use of benzyl protecting groups
on the sugar and phenol. This required the preparation of the benzyl bromide
sugar 34 in situ from the benzyl 4-pentenyl sugar 33. Glucosyl ester vitamin E
derivative 35 was produced from the silver carbonate glycosylation of 24. HPLC
purification successfully isolated the two possible stereoisomers of 35.

The most immediate future work in this area of research would be to
successfully carry out the hydrogenation of the benzyl protected glucosyl ester
vitamin E derivative 35. It is assumed that this would be a facile reaction and
readily produce the desired unprotected glucosyl ester vitamin E derivative. Of the
various synthetic strategies explored in this study to produce a glycosyl ester
vitamin E derivative, the benzyl protected sugar strategy appears to be the most
likely to successfully produce an unprotected final product.

Further necessary work would be to conduct biological assays to assess the
ability of the glycosylated vitamin E derivatives to act as antioxidants, and
penetrate the BBB. It is possible that the acetate protecting groups of 26 would be
cleaved in vivo before they reached the BBB. If that were the case, Pathway 1

66



CHAPTER 2 - GLYCOSYL ESTERS AND VITAMIN E DERIVATIVES

would be favoured over the benzyl protected sugar strategy due to the readily

available starting aceto sugar.
2.4. Experimental Details

2.4.1. General Experimental Methods

All solvents used were AR grade or HPLC grade. All experiments were
conducted under N2 unless otherwise stated. Acetonitrile was dried by storage
over 4A molecular sieves before use. Dichloromethane was dried over CaHs) prior
to distillation.

Melting points (MP) were measured on a Stuart Scientific SMP 3 melting point
apparatus.

Analytical thin layer chromatography (TLC) was performed on metal plates
coated in silica gel (Silica 60 F2s4). Column chromatography was conducted using
Merck silica gel 60, with a pore size between 0.063 and 0.200 mm. The eluent
conditions are expressed as volume (v/v) ratios. Components were detected by
fluorescence under 254 mm ultraviolet irradiation and/or after coating in vanillin
stain and heated (sugar moieties).

High performance liquid chromatography (HPLC) was conducted using Waters
600 gradient controller with a Cis column, Waters 996 photo diode array and
Waters Millennium 32 software. A Jupiter Cis column (10 mm diameter, 250 mm
length, 10 pum particle size) was used for analytical runs, while a Delta Pak Cis
column (19 mm diameter, 300 mm length, 15 um particle size) was used for
preparative runs.

1H NMR spectra were recorded using Bruker AV200 MHz, DPX 300 MHz, DRX
400 MHz, Bruker Avance III 400 MHz or Bruker Avance III 600 MHz
spectrometers. All TH NMR spectra were obtained in solutions using deuterated
chloroform (CDCIs) as the solvent and calibrated to the residual solvent resonance
(7.26 ppm). All resonance peaks were assigned with the following format:
chemical shift measured in parts per million (ppm), multiplicity (denoted as s
(singlet), d (doublet), t (triplet), q (quartet), m (multiplet), doublet of doublets (dd)
or doublet of doublet of triplets (ddt), and prefixed broad (br) where applicable.),
observed coupling constants (J Hz), number of protons and assignment. Most 1H

NMR and 13C NMR spectra were assigned from COSY and HMQC experiments.
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JMOD 13C NMR spectra were recorded using a Bruker DPX, DRX or Advance III
spectrometer, at 75 MHz, 100 MHz or 150 MHz respectively. All 13C NMR spectra
were obtained in solutions using deuterated chloroform (CDCl3) as the solvent and
calibrated to the residual solvent resonance (77.36 ppm).

Mass spectrometry (MS) results were obtained by Sally Duck, School of
Chemistry, Monash University. Low-resolution electrospray ionisation (ESI)
spectra were recorded on a Micromass Platform (QMS-quadrupole mass
electrospray) or a Micromass ZMD mass spectrometer. High-resolution ESI
spectra were recorded on an Agilent Technologies 6220 Acurate-Mass TOF LC/MS
mass spectrometer, or on a Bruker BioApex 47e Fourier Transform mass
spectrometer. The predominant ion peaks (m/z) were recorded. [M]* denotes the
molecular ion.

X-ray crystallography results were obtained by Kristina Konstas and Craig
Forsyth, School of Chemistry, Monash University. X-ray crystal diffraction patterns
were determined using a Bruker Kappa Apex Il diffractometer with graphite
monochromated MoKe radiation at 123 K. The crystal data was solved and refined
using SHELXS-973% and SHELXL-9740 suite of programs with the graphical

interface X-seed v2.0.41

2.4.2. Synthesis of Glucosyl and Galactosyl Ester Library

Synthesis of 1a
OAc
% I
AcO
AcO (o)
OAc

Tetraacetyl bromo-a-D-glucopyranose (50 mg, 0.12 mmol), benzoic acid (22
mg, 0.18 mmol), silver carbonate (711 mg, 2.58 mmol) and sodium sulfate (1.4 g,
9.9 mmol) were stirred in DCM (15 mL) at reflux, under an atmosphere of nitrogen
for 24 h. The reaction mixture was then filtered through celite, the organic layer
washed with sat. NaHCOs3 (aq) (2 x 20 mL) and H20 (20 mL), dried (MgS04) and the
solvent removed under reduced pressure to leave 1a as a white solid (53.9 mg,
98%).
1H NMR (400 MHz): 6 8.03 (d, 2H, J = 7.3 Hz, Ar H); 7.60 (tt, 1H, J = 7.3, 1.3 Hz, Ar
H); 7.45 (t, 2H, J = 7.3 Hz, Ar H); 5.92 (m, 1H, H-1); 5.33 (m, 2H, H-3 & H-2 or H-4);
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5.19 (m, 1H, H-2 or H-4); 4.32 (dd, 1H, J = 12.5, 4.5, H-6); 4.14 (dd, 1H, ] = 12.5, 2.2,
H-6"); 3.94 (ddd, 1H, J = 10.0, 4.5, 2.3, H-5); 2.06 (s, 3H, Ac CH3); 2.04 (s, 3H, Ac
CH3); 2.04 (s, 3H, Ac CHs); 1.98 (s, 3H, Ac CH3).

13C NMR (100 MHz): 56 170.9, 170.4, 169.8, 169.7, 164.9, 134.3, 130.5, 129.0, 128.8,
92.7,73.2,73.0,70.6,69.0, 61.9, 21.0, 20.9, 20.9, 20.9.

MS (ESI, +ve): m/z 475.2 [M+Na]*.

HRMS (ESI, +ve): m/z 475.1219 [M+Na]*, C21H24011Na required m/z 475.1211.
MP: 140-141 °C (Literature*z: 146-148 °C).

X-ray crystallography: For data, see Appendix.

Synthesis 1b

AcO OAc

&L
AcO (o)
OAc

(o)

Tetraacetyl bromo-o-D-galactopyranose (50 mg, 0.12 mmol), benzoic acid (22
mg, 0.18 mmol), silver carbonate (711 mg, 2.58 mmol) and sodium sulfate (1.4 g,
9.9 mmol) were stirred in DCM (15 mL) at reflux, under an atmosphere of nitrogen
for 24 h. The reaction mixture was then filtered through celite, the organic layer
washed with sat. NaHCOs3 (aq) (2 x 20 mL) and H20 (20 mL), dried (MgS04) and the
solvent removed under reduced pressure to leave 1b as a white solid (54.5 mg,
99%).
1H NMR (400 MHz): 6 8.05 (dd, 2H,J = 8.3, 1.2 Hz, Ar H); 7.60 (tt, 1H, /= 7.5, 1.5 Hz,
Ar H); 7.45 (t, 2H, ] = 7.7 Hz, Ar H); 5.90 (d, 1H, J = 8.3 Hz, H-1); 5.53 (dd, 1H, ] =
10.5, 8.3 Hz, H-2); 5.48 (d, 1H J = 3.3 Hz, H-4); 5.16 (dd, 1H, J = 10.5, 3.4 Hz, H-3);
4.16 (m, 3H, H-5, H-6 & H-6"), 2.19 (s, 3H, Ac CH3); 2.04 (s, 3H, Ac CH3); 2.01 (s, 3H,
Ac CH3); 1.98 (s, 3H, Ac CH3).
13C NMR (100 MHz): 6 170.7,170.5, 170.3, 169.8, 164.9, 134.3, 130.5, 128.9, 128.8,
93.2,72.2,71.1,68.2,67.3,61.4, 21.0, 20.9.

MS (ES], +ve) m/z 475.1 [M+Na]*.
HRMS (ESI, +ve) m/z 475.1216 [M+Na]*, C21H24011Na required m/z 475.1211.
MP: 119-121 °C.
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Synthesis 2a

Tetraacetyl bromo-a-D-glucopyranose (50 mg, 0.12 mmol), decanoic acid (25
mg, 0.14 mmol), silver carbonate (711 mg, 2.57 mmol) and sodium sulfate (1.4 g,
9.9 mmol) were stirred in DCM (15 mL) at reflux, under an atmosphere of nitrogen
for 6 d. The reaction mixture was then filtered through celite, the organic layer
washed with sat. NaHCOs (aq) (1 x 20 mL) and water (1 x 20 mL), dried (MgS04)
and the solvent removed under reduced pressure. Purification by flash
chromatography (2:1 hexane:ethyl acetate; Re= 0.22). The solvent was removed
under reduced pressure to leave 2a as a white solid (58.4 mg, 96%).
1H NMR (400 MHz): 6 5.72 (d, 1H, J = 8.3 Hz, H-1); 5.25 (t, 1H, J = 9.6 Hz, H-3); 5.13
(m, 2H, H-2 & H-4); 4.28 (dd, 1H, ] = 12.5, 4.4 Hz, H-6); 4.10 (dd, 1H, J = 12.4, 1.9 Hz,
H-6"); 3.83 (dt, 1H, J = 7.7, 2.2 Hz, H-5); 2.34 (td, 2H, J = 7.5, 1.7 Hz, -CH2C00-); 2.07
(s, 3H, Ac CHs); 2.02 (s, 3H, Ac CH3); 2.01 (s, 3H, Ac CH3); 2.00 (s, 3H, Ac CH3); 1.59
(bs, 2H, -CH2-); 1.25 (bs, 12H, 6 x -CH2-); 0.87 (t, 3H, ] = 6.7 Hz, -CH3).
13C NMR (100 MHz): 6 172.2,171.0,170.9, 170.5, 169.7,91.9, 73.1, 73.0, 70.6, 68.1,
61.8,34.4,32.2,29.7,29.6, 29.5, 29.3, 24.9, 23.0, 21.0, 20.9, 20.9, 8.6.

MS (ESI, +ve) m/z 525.1 [M+Na]*.
HRMS (ESI, +ve) m/z 525.2313 [M+Na]*, C24H38011Na required m/z 525.2306.
MP: 53-56 °C.

Synthesis of 2b

AcO OAc
o

AcO (0]
OAc \n/\/\/\/\/

o

Tetraacetyl bromo-a-D-galactopyranose (40 mg, 0.10 mmol), decanoic acid
(20 mg, 0.12 mmol), silver carbonate (568 mg, 2.06 mmol) and sodium sulfate (1.1
g, 7.9 mmol) were stirred in DCM (10 mL) at reflux under an atmosphere of

nitrogen for 2 d. The reaction mixture was then filtered through celite, the organic
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layer washed with sat. NaHCO3 (aq) (20 mL) and water (20 mL), dried (MgS04)
and the solvent removed under reduced pressure. Purification by flash
chromatography (2:1 hexane:ethyl acetate; Ri= 0.28). The solvent was removed
under reduced pressure to leave 2b as a colourless oil (48.1 mg, 98%).

1H NMR (400 MHz): 6 5.70 (d, 1H, J = 8.3 Hz, H-1); 5.42 (dd, 1H, ] = 3.4, 0.9 Hz, H-
4); 5.33 (dd, 1H, J = 10.5, 8.3 Hz, H-2); 5.07 (dd, 1H, J = 10.4, 3.4 Hz, H-3); 4.12 (m,
2H, H-6 & H-6); 4.05 (td, 1H, /= 6.6, 1.0, H-5); 2.36 (td, 2H, /= 7.6, 1.6 Hz, -CH2COO0-
); 2.16 (s, 3H, Ac CH3); 2.04 (s, 3H, Ac CH3); 2.03 (s, 3H, Ac CHs); 2.00 (s, 3H, Ac
CH3); 1.61 (m, 2H, -CH2-); 1.26 (m, 12H, 6 x -CH2-); 0.88 (t, 3H, ] = 6.8 Hz, -CH3).
13CNMR (100 MHz): 6 172.2,170.7,170.5, 170.3, 169.7,92.3, 72.0, 71.2, 68.2, 67.1,
61.3,34.4,32.2,29.7,29.6, 29.5, 29.2, 24.9, 23.0, 21.0, 20.9, 8.8.

MS (ES], +ve) m/z 525.1 [M+Na]*.

HRMS (ESI, +ve) m/z 525.2310 [M+Na]*, C24H38011Na required m/z 525.2306.

Synthesis of 3a

OAc

o]
AcO
AcO (0]
OAc

(o)

Tetraacetyl bromo-a-D-glucopyranose (30 mg, 0.07 mmol), hydrocinnamic
acid (16 mg, 0.11 mmol), silver carbonate (427 mg, 1.55 mmol) and sodium sulfate
(842 mg, 5.93 mmol) were stirred in DCM (10 mL) at reflux, under an atmosphere
of nitrogen in the dark for 2 d. The reaction mixture was then filtered through
celite, the organic layer washed with sat. NaHCO3 (aq) (20 mL) and water (20 mL),
dried (MgS04) and the solvent removed under reduced pressure. Purification by
flash chromatography (5% methanol/DCM; Rf = 0.58). The solvent was removed
under reduced pressure to leave 3a as a white solid (27.8 mg, 79%).
1H NMR (400 MHz): 6 7.26 (m, 2H, Ar H); 7.16 (m, 3H, Ar H); 5.71 (d, 1H, /] = 8.2 Hz,
H-1); 5.22 (t, 1H, ] = 9.4 Hz, H-3); 5.10 (m, 2H, H-2 & H-4); 4.26 (dd, 1H,J =125, 4.6
Hz, H-6); 4.09 (dd, 1H, ] = 6.2, 2.2 Hz, H-6’); 3.81 (ddd, 1H, J = 10.0, 4.5, 2.2 Hz, H-5);
2.92 (m, 2H, -CH2CHz2-); 2.67 (m, 2H, -CH2CH2-); 2.06 (s, 3H, Ac CH3); 2.01 (s, 3H, Ac
CH3); 1.98 (s, 3H, Ac CH3); 1.91 (s, 3H, Ac CH3).
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13CNMR (100 MHz): 6 171.2,170.9, 170.4, 169.7, 169.5, 140.2, 128.9, 128.6, 126.8,
92.1,73.1,73.1,70.6, 68.2, 61.8, 35.8, 30.7, 21.0, 20.9, 20.8.

MS (ES], +ve) m/z 503.1 [M+Na]*.

HRMS (ESI, +ve) m/z 503.1529 [M+Na]*, C23H28011Na required m/z 503.1524.

MP: 120-122 °C.

Synthesis of 3b

AcOOAc

%&
AcO (o]
¢ OAc

0]

Tetraacetyl bromo-a-D-galactopyranose (30 mg, 0.07 mmol), hydrocinnamic
acid (16 mg, 0.11 mmol), silver carbonate (427 mg, 1.55 mmol) and sodium sulfate
(842 mg, 5.93 mmol) were stirred in DCM (10 mL) at reflux, under an atmosphere
of nitrogen in the dark for 2 d. The reaction mixture was then filtered through
celite, the organic layer washed with sat. NaHCO3 (aq) (20 mL) and water (20 mL),
dried (MgS04) and the solvent removed under reduced pressure. Purification by
flash chromatography (5% methanol/DCM; Rt = 0.69). The solvent was removed
under reduced pressure to leave 3b as a colourless oil (28.4 mg, 81%).
1TH NMR (400 MHz): 6 7.25 (m, 2H, Ar H); 7.17 (m, 3H, Ar H); 5.69 (d, 1H, /= 8.3 Hz,
H-1) 5.40 (dd, 1H, J = 3.4, 1.0 Hz, H-4); 5.30 (dd, 1H, J = 10.4, 8.3 Hz, H-2); 5.05 (dd,
1H,]=10.4, 3.4 Hz, H-3); 4.12 (m, 2H, H-6 & H-6"); 4.02 (t, 1H, ] = 6.6 Hz, H-5); 2.92
(m, 2H, -CH2CHz2-); 2.68 (m, 2H, -CH2CH2-); 2.14 (s, 3H, Ac CH3); 2.01 (s, 3H, Ac CHs),
1.96 (s, 3H, Ac CH3); 1.91 (s, 3H, Ac CH3).
13C NMR (100 MHz): 6 171.2,170.6, 170.4, 170.3, 169.6, 140.2, 128.9, 128.6, 126.8,
92.6,72.1,71.2,68.2,67.2,61.3,35.8,30.7, 21.0, 20.9, 20.9, 20.8.

MS (ES], +ve) m/z 503.1 [M+Na]*.
HRMS (ESI, +ve) m/z 503.1524 [M+Na]*, C23H28011Na required m/z 503.1524.
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Synthesis of 4a

To a stirred solution of acetic acid (0.004 mL, 0.073 mmol) in acetic anhydride
(0.003 mL, 0.036 mmol), was added tetraacetyl bromo-a-D-glucopyranose (30 mg,
0.07 mmol), silver carbonate (427 mg, 1.55 mmol) and sodium sulfate (842 mg,
5.93 mmol) and DCM (10 mL). The reaction mixture was heated to reflux and
allowed to stir under an atmosphere of nitrogen in the dark for 2 d. The reaction
mixture was then filtered through celite, the organic layer washed with sat.
NaHCOs3 (aq) (20 mL) and water (20 mL), dried (MgS04) and the solvent removed
under reduced pressure. Purification by flash chromatography (5%
methanol/DCM; Rr = 0.66). The solvent was removed under reduced pressure to
leave 4a as a white solid (27.9 mg, 98%).
1H NMR (400 MHz): 6 5.72 (d, 1H, J = 7.0 Hz, H-1); 5.25 (t, 1H, ] = 9.4 Hz, H-3); 5.13
(m, 2H, H-2 & H-4); 4.28 (dd, 1H, ] = 12.5, 4.6 Hz, H-6); 4.11 (dd, 1H, J = 12.5, 2.3 Hz,
H-6"); 3.84 (ddd, 1H, J = 9.8, 4.4, 2.2 Hz, H-5); 2.11 (s, 3H, Ac CH3); 2.06 (s, 3H, Ac
CH3); 2.03 (s, 6H, 2 x Ac CH3); 2.01 (s, 3H, Ac CH3).
13C NMR (50 MHz) 6: 170.9, 170.4, 169.7, 169.6, 169.3, 92.1, 73.1, 73.1, 70.6, 68.1,
61.8,21.1, 21.0, 20.9.

MS (ES], +ve): m/z 413.1 [M+Na]*.
MP: 130-131 °C (Literature43: 131-132 °C).

Synthesis of 4b

AcO OAc
o

AcO SAC O\n/

(o)

To a stirred solution of acetic acid (0.004 mL, 0.073 mmol) in acetic anhydride
(0.003 mL, 0.036 mmol), was added tetraacetyl bromo-a-D-galactopyranose (30
mg, 0.07 mmol), silver carbonate (427 mg, 1.55 mmol) and sodium sulfate (842

mg, 5.93 mmol) and DCM (10 ml). The reaction mixture was heated to reflux and
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allowed to stir under an atmosphere of nitrogen in the dark for 2 d. The reaction
mixture was then filtered through celite, the organic layer washed with sat.
NaHCOs3 (aq) (20 mL) and water (20 mL), dried (MgS04) and the solvent removed
under reduced pressure. Purification by flash chromatography (5%
methanol/DCM; Rt = 0.58). The solvent was removed under reduced pressure to
leave 4b as a white solid (26.7 mg, 94%).

1H NMR (300 MHz) &: 5.69 (d, 1H, J = 8.3 Hz, H-1); 5.41 (dd, 1H, J = 3.4, 1.1 Hz, H-
4); 5.32 (dd, 1H, J = 10.4, 8.3 Hz, H-2); 5.10 (dd, 1H, J = 10.4, 3.4 Hz, H-3); 4.14 (m,
2H, H-6 & H-6" ); 4.05 (t, 1H, J = 6.7 Hz, H-5) 2.16 (s, 3H, Ac CH3); 2.11 (s, 3H, Ac
CH3s); 2.03 (s, 6H, 2 x Ac CH3); 1.98 (s, 3H, Ac CH3s).

13CNMR (75 MHz) &: 170.7,170.5,170.2, 169.75, 169.2,92.5, 72.0, 71.2, 68.2, 67.2,
61.3,21.1, 20.9, 20.9, 20.8.

MS (ESI, +ve): m/z 413.1 [M+Na]*.

MP: 148-150 °C (Literature*4: 142 °C).

Synthesis of 5a

OAc

A°°/&
AcO (o)

OAc
(0]

Tetraacetyl bromo-ca-D-glucopyranose (40 mg, 0.10 mmol), pyrenebutyric acid
(42 mg, 0.15 mmol), silver carbonate (567 mg, 2.06 mmol) and sodium sulfate (1.1
g, 7.9 mmol) were stirred in DCM (20 mL) at reflux, under an atmosphere of
nitrogen in the dark for 2 d. The reaction mixture was then filtered through celite,
the organic layer washed with sat. NaHCOs3 (aq) (20 mL) and water (20 mL), dried
(MgS04) and the solvent removed under reduced pressure. Purification by flash
chromatography (5% methanol/DCM; Rf = 0.70). The solvent was removed under
reduced pressure to leave 5a as a yellow solid (41.4 mg, 69%).
1TH NMR (400 MHz): 6 8.27 (d, 1H,J = 9.2 Hz, Ar H); 8.17 (m, 2H, Ar H); 8.12 (d, 1H,
J=9.3 Hz, Ar H); 8.11 (d, 1H, J = 7.8 Hz, Ar H) 8.03 (s, 2H, Ar H); 8.00 (t, 1H, /= 7.6
Hz, Ar H); 7.84 (d, 1H, J = 7.8, Ar H); 5.79 (d, 1H, J = 8.3 Hz, H-1); 5.27 (t, 1H, /= 9.3
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Hz, H-3); 5.16 (m, 2H, H-2 & H-4); 4.30 (dd, 1H, J = 12.5, 4.6 Hz, H-6); 4.13 (dd, 1H, ]
=12.5, 2.2 Hz, H-6"); 3.87 (ddd, 1H, J = 7.8, 4.5, 2.2 Hz, H-5); 3.38 (t, 2H, /= 7.7 Hz, -
CH2C00-); 2.52 (m, 2H, -CH2CH2-); 2.20 (m, 2H, -CH2CHz-); 2.06 (s, 3H, Ac CH3);
2.04 (s, 3H, Ac CH3); 2.01 (s, 3H, Ac CH3); 1.96 (s, 3H, Ac CH3).
13C NMR (100 MHz): 6 171.9, 170.9, 169.7, 169.5, 135.5, 131.8, 131.2, 130.5, 129.1,
127.9,127.8, 127.6, 127.2, 126.2, 125.5, 125.4, 125.2, 123.5, 92.1, 73.2, 73.1, 70.7,
68.2,61.9,33.9,32.8,26.7, 21.1, 21.0, 20.9, 20.9.
MS (ES], +ve): m/z 641.1 [M+Na]*.
HRMS (ESI, +ve) m/z 641.1996 [M+Na]*, C34H34011Na required m/z 641.1993.
MP: 79-81 °C.

Synthesis of 5b

Aco OAc

AcO (o]
OAc

(0]

Tetraacetyl bromo-a-D-galactopyranose (40 mg, 0.10 mmol), pyrenebutyric
acid (42 mg, 0.15 mmol), silver carbonate (567 mg, 2.06 mmol) and sodium sulfate
(1.1 g, 7.9 mmol) were stirred in DCM (20 mL) at reflux, under an atmosphere of
nitrogen in the dark for 2 d. The reaction mixture was then filtered through celite,
the organic layer washed with sat. NaHCO3 (aq) (20 mL) and water (20 mL), dried
(MgS04) and the solvent removed under reduced pressure. Purification by flash
chromatography (5% methanol/DCM; Rf = 0.56). The solvent was removed under
reduced pressure to leave 5b as a white solid (24.5 mg, 41%).
1H NMR (300 MHz): 6 8.28 (d, 1H, J = 9.3 Hz, Ar H); 8.18 (m, 2H, Ar H); 8.13 (d, 2H,
J=9.3 Hz, Ar H); 8.11 (d, 1H, J = 7.8 Hz, Ar H); 8.03 (s, 2H, Ar H); 7.99 (t, 1H,/ = 7.6
Hz, Ar H); 7.84 (d, 1H, ] = 7.8 Hz, Ar H); 5.79 (d, 1H, /] = 8.3 Hz, H-1); 5.44 (dd, 1H, ] =
3.4, 1.0 Hz, H-4); 5.36 (dd, 1H, J = 10.4, 8.3 Hz, H-2); 5.10 (dd, 1H, = 10.4, 3.4 Hz, H-
3); 4.11 (m, 3H, H-5, H-6 & H6’); 3.39 (t, 2, ] = 7.7 Hz, -CH2C00-); 2.53 (td, 2H, ] =
7.3, 3.1 Hz, -CH2CH2-); 2.20 (m, 2H, -CH2CHz-); 2.17 (s, 3H, Ac CH3); 2.03 (s, 3H, Ac
CH3); 2.00 (s, 3H, Ac CH3); 1.97 (s, 3H, Ac CH3).
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13C NMR (75 MHz) 6: 171.9, 170.4, 170.3, 169.7, 135.6, 131.8, 131.2, 130.4, 129.1,
127.9, 127.8, 127.6, 127.2, 126.2, 125.3, 125.2, 123.5, 92.6, 72.1, 71.2, 68.3, 67.2,
61.4,34.0,32.8, 26.8, 21.0, 21.0.

MS (ES], +ve): m/z 641.0 [M+Na]*.

HRMS (ESI, +ve) m/z 641.1998 [M+Na]*, C34H34011Na required m/z 641.1993.

MP: 67-71 °C.

Synthesis of 6a

Tetraacetyl bromo-a-D-glucopyranose (40 mg, 0.10 mmol), 2-naphthoic acid
(25 mg, 0.15 mmol), silver carbonate (567 mg, 2.06 mmol) and sodium sulfate (1.1
g, 7.9 mmol) were stirred in DCM (20 mL) at reflux, under an atmosphere of
nitrogen in the dark for 2 d. The reaction mixture was then filtered through celite,
the organic layer washed with sat. NaHCO3 (aq) (20 mL) and water (20 mL), dried
(MgS04) and the solvent removed under reduced pressure. Purification by flash
chromatography (5% methanol/DCM; Rf= 0.67). The solvent was removed under
reduced pressure to leave 6a as a cream solid (37.5 mg, 77%).
1H NMR (400 MHz): 6 8.62 (s, 1H, Ar H); 8.03 (dd, 1H, /= 8.6, 1.7 Hz, Ar H); 7.97 (d,
1H, ] = 8.0 Hz, Ar H); 7.89 (d, 1H, J = 8.7 Hz, Ar H); 7.87 (d, 1H, ] =8.1 Hz, Ar H);
7.60 (m, 2H, Ar H); 6.00 (d, 1H, J = 7.9 Hz, H-1); 5.37 (m, 2H, H-3 & H-2); 5.23 (t, 1H,
J=9.6 Hz, H-4); 4.34 (dd, 1H, ] = 12.6, 4.5 Hz, H-6); 4.15 (dd, 1H, ] = 12.5, 2.1, H-6");
3.98 (ddd, 1H, J = 10.0, 4.5, 2.2, H-5); 2.07 (s, 3H, Ac CH3); 2.06 (s, 3H, Ac CH3); 2.05
(s, 3H, Ac CH3); 1.98 (s, 3H, Ac CH3).
13C NMR (100 MHz): 6 170.9, 170.4, 169.8, 169.7, 165.0, 136.3, 132.8, 132.5, 130.0,
129.2,128.8, 128.1, 127.2, 125.5,92.8, 73.2, 73.1, 71.4, 70.6, 68.3, 61.9, 21.0, 20.9,
20.9, 20.9.

MS (ESI, +ve): m/z 525.0 [M+Na]*.
HRMS (ESI, +ve) m/z 525.1371 [M+Na]*, C2sH26011Na required m/z 525.1367.
MP: 123-125 °C.
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Synthesis of 6b

AcO OAc

&L
AcO O
OAc

(o)

Tetraacetyl bromo-a-D-galactopyranose (40 mg, 0.10 mmol), 2-naphthoic acid
(25 mg, 0.15 mmol), silver carbonate (567 mg, 2.06 mmol) and sodium sulfate (1.1
g, 7.9 mmol) were stirred in DCM (20 mL) at reflux, under an atmosphere of
nitrogen in the dark for 2 d. The reaction mixture was then filtered through celite,
the organic layer washed with sat. NaHCO3 (aq) (20 mL) and water (20 mL), dried
(MgS04) and the solvent removed under reduced pressure. Purification by flash
chromatography (5% methanol/DCM; Rf = 0.62). The solvent was removed under
reduced pressure to leave 7b as an orange solid (38.7 mg, 79%).
1H NMR (400 MHz): 8 8.65 (s, 1H, Ar H); 8.05 (dd, 1H, J = 8.6 Hz, 1.7 Hz, Ar H); 7.98
(d, 1H, J = 8.0 Hz, Ar H); 7.89 (d, 1H, J = 8.7 Hz, Ar H); 7.87 (d, 1H, ] = 8.2 Hz, Ar H);
7.58 (m, 2H, Ar H); 5.98 (d, 1H, J = 8.3 Hz, H-1); 5.60 (dd, 1H, J = 10.5, 8.3 Hz, H-2);
5.50 (d, 1H, J = 3.4 Hz, H-4); 5.20 (dd, 1H, J = 10.5, 3.4 Hz, H-3); 4.19 (m, 3H, H-5, H-
6 & H6’); 2.21 (s, 3H, Ac CH3); 2.05 (s, 3H, Ac CH3); 2.03 (s, 3H, Ac CH3); 1.98 (s, 3H,
Ac CH3).
13C NMR (100 MHz): 6 170.3, 170.2, 170.0, 169.5, 164.8, 136.0, 132.4, 132.2, 129.7,
128.8,128.5,127.8,126.9,125.7,125.3,93.0, 71.9, 70.8, 67.9, 67.0, 61.1, 20.7, 20.6.
MS (ESI, +ve): m/z 525.0 [M+Na]*.
HRMS (ESI, +ve) m/z 525.1366 [M+Na]*, C2sH26011Na required m/z 525.1367.
MP: 73-75 °C.

Synthesis of 7a
OAc

A
AcO o)

OAc
(o]

Tetraacetyl bromo-a-D-glucopyranose (100 mg, 0.243 mmol), methacrylic
acid (0.025 mL, 0.292 mmol), silver carbonate (1.42 g, 5.15 mmol) and sodium
sulfate (2.80 g, 19.7 mmol) were stirred in DCM (20 mL) at reflux, under an

atmosphere of nitrogen in the dark for 17 h. The reaction mixture was then
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filtered through celite, the organic layer washed with sat. NaHCO3 (aq) (20 mL)
and water (20 mL), dried (MgSO4) and the solvent removed under reduced
pressure. Purification by flash chromatography (2.5% methanol/DCM; Rf = 0.71).
The solvent was removed under reduced pressure to leave 7a as a colourless oil
(11.5 mg, 11%).

1H NMR (300 MHz): 6 6.19 (m, 1H, H-b); 5.74 (d, 1H, J = 7.7 Hz, H-1); 5.69 (m, 1H,
H-a); 5.22 (m, 3H, H-2, H-3 & H-4); 4.30 (dd, 1H, J = 12.5, 4.5 Hz, H-6); 4.12 (dd, 1H,
J=12.5, 2.3 Hz, H-6’); 3.88 (ddd, 1H, J = 10.0, 4.5, 2.3 Hz, H-5); 2.08 (s, 3H, Ac CH3);
2.04 (s, 3H, Ac CH3); 2.02 (s, 3H, Ac CH3); 2.01 (s, 3H, Ac CH3); 1.94 (m, 3H, CH3).
13C NMR (100 MHz): 6 170.7, 170.1, 169.5, 169.3, 165.1, 134.8, 128.4, 92.2, 72.7,
72.6,70.1,67.9, 61.6,20.8, 20.6, 20.6, 18.1.

MS (ESI, +ve) m/z 439.1 [M+Na]*.

Synthesis of 7b

AcOOAc

\ik ;o
AcO 0
¢ OAc

(o)

Tetraacetyl bromo-a-D-galactopyranose (100 mg, 0.243 mmol), methacrylic
acid (0.025 mL, 0.292 mmol), silver carbonate (1.42 g, 5.15 mmol) and sodium
sulfate (2.80 g, 19.7 mmol) were stirred in DCM (20 mL) at reflux, under an
atmosphere of nitrogen in the dark for 17 h. The reaction mixture was then
filtered through celite, the organic layer washed with sat. NaHCOs3 (aq) (20 mL)
and water (20 mL), dried (MgSO4) and the solvent removed under reduced
pressure. Purification by flash chromatography (2.5% methanol/DCM; Rf = 0.71).
The solvent was removed under reduced pressure to leave 7b as a colourless oil
(47.8 mg, 47%).
1H NMR (400 MHz): 6 6.20 (m, 1H, H-b); 5.69 (d, 1H, J = 8.4 Hz, H-1); 5.67 (m, 1H,
H-a); 5.42 (dd, 1H, ] = 3.6, 0.8 Hz, H-4); 5.39 (dd, 1H, J = 10.6, 8.2 Hz, H-2); 5.10 (dd,
1H,J=10.4, 3.6 Hz, H-3); 4.15 (m, 3H, H-5, H-6 & H-6"); 2.15 (s, 3H, Ac CH3); 2.02 (s,
3H, Ac CH3); 2.00 (s, 3H, Ac CH3); 1.98 (s, 3H, Ac CHs); 1.93 (m, 3H, CH3).
13C NMR (100 MHz): 6 170.6, 170.4, 170.2, 169.7, 165.4, 135.2, 128.5, 93.0, 72.1,
71.0,68.1,67.2,61.3,20.9, 20.9, 20.8, 18.3.
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HRMS (ESI, +ve) m/z 439.1218 [M+Na]*, C1s8H24011Na required m/z 439.1211.

Synthesis of 8a

Tetrabenzoyl bromo-a-D-glucopyranose (80 mg, 0.12 mmol), benzoic acid (28
mg, 0.23 mmol), silver carbonate (707 mg, 2.57 mmol) and sodium sulfate (1.75g,
12.3 mmol) were stirred in DCM (20 mL) at reflux, under an atmosphere of
nitrogen in the dark for 2 d. The reaction mixture was then filtered through celite,
the organic layer washed with sat. NaHCO3 (aq) (20 mL) and water (20 mL), dried
(MgS04) and the solvent removed under reduced pressure. Purification by flash
chromatography (5% methanol/DCM; Rf = 0.81). The solvent was removed under
reduced pressure to leave 8a as a white solid (41.4 mg, 49%).
1H NMR (400 MHz): 6 8.06 - 7.86 (m, 10H, Ar H); 7.55 - 7.28 (m, 15H, Ar H); 6.32
(d, 1H, J = 8.0 Hz, H-1); 6.06 (t, 1H, J = 9.4 Hz, H-3); 5.90 - 5.82 (m, 2H, H-2 & H-4);
4.67 (dd, 1H,J =12.3, 2.9 Hz, H-6); 4.52 (dd, 1H, ] = 12.3, 4.7 Hz, H-6'); 4.44 (m, 1H,
H-5).
13C NMR (100 MHz): 6 166.4, 166.0, 165.5, 164.9, 134.2, 133.8, 133.8, 133.7, 133.4,
130.5, 130.2, 130.2, 130.3, 129.9, 129.1, 129.1, 129.1, 128.9, 128.8, 128.8, 128.7,
93.1,73.6,73.2,71.2,69.5, 63.1.

MS (ES], +ve): m/z 722.9 [M+Na]*.
MP: 186-187 °C.

Synthesis of 8b

BzO OBz

%&
BzO (o)
OBz

o

Tetrabenzoyl bromo-a-D-galactopyranose (80 mg, 0.12 mmol), benzoic acid
(28 mg, 0.23 mmol), silver carbonate (889 mg, 3.20 mmol) and sodium sulfate
(1.75g, 12.3 mmol, 81.2 equ) were stirred in DCM (20 mL) at reflux, under an

atmosphere of nitrogen in the dark for 2 d. The reaction mixture was then filtered
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through celite, the organic layer washed with sat. NaHCOs3 (aq) (20 mL) and water
(20 mL), dried (MgSO4) and the solvent removed under reduced pressure.
Purification by flash chromatography (5% methanol/DCM; Rr = 0.72) and then by
gravity chromatography (5% methanol/DCM). The solvent was removed under
reduced pressure to leave 8b as a white solid (51.2 mg, 60%).

1H NMR (400 MHz): 6 8.14-7.80 (m, 10H, Ar H); 7.64-7.24 (m, 15H, Ar H); 6.32 (d,
1H, J = 8.0 Hz, H-1); 6.11 (m, 2H, H-2 & H-4); 5.80 (dd, 1H, J = 10.4, 3.5 Hz, H-3);
4.68 (dd, 1H,J =11.0, 6.4 Hz, H-6); 4.60 (td, 1H, ] = 6.4, 1.0 Hz, H-5); 4.47 (dd, 1H, J
=11.0, 6.4 Hz, H-6").

13C NMR (100 MHz): 6 166.3, 165.8, 165.8, 165.7, 165.0, 134.2, 134.0, 133.8, 133.7,
133.6, 130.6, 130.4, 130.2, 130.1, 130.1, 129.7, 129.4, 129.2, 129.1, 129.0, 128.9,
128.9,128.8,128.8,128.7,93.4,72.8,71.9, 69.2, 68.3, 62.1.

MS (ESI, +ve): m/z 722.9 [M+Na]*.

MP: 166-167 °C

Synthesis of 9a
OBz
A
BzO
BzO o)
OBz \n/\/\/\/\/
o]

Tetrabenzoyl bromo-a-D-glucopyranose (80 mg, 0.12 mmol), decanoic acid
(31 mg, 0.18 mmol), silver carbonate (707 mg, 2.57 mmol) and sodium sulfate
(1.40 g, 142 mmol) were stirred in DCM (10 mL) at reflux, under an atmosphere of
nitrogen in the dark for 2 d. The reaction mixture was then filtered through celite,
the organic layer washed with sat. NaHCO3 (aq) (20 mL) and water (20 mL), dried
(MgS04) and the solvent removed under reduced pressure. Purification by flash
chromatography (10% methanol/DCM; Rf = 0.98). The solvent was removed
under reduced pressure to leave 9a as a colourless oil (50.7 mg, 56%).
1H NMR (400 MHz): & 8.04 (d, 2H, J = 7.8 Hz, Ar H); 7.94 (d, 2H, ] = 7.8 Hz, Ar H);
7.90 (d, 2H, J = 7.8 Hz, Ar H); 7.84 (d, 2H, ] = 7.8 Hz, Ar H); 7.57-7.29 (m, 12H, Ar
H); 6.12 (d, 1H, J = 8.2 Hz, H-1); 5.96 (t, 1H, J = 9.6 Hz, H-3); 5.75 (t, 1H, / = 9.6 Hz,
H-4); 5.68 (t, 1H, ] = 9.0 Hz, H-2); 4.63 (dd, 1H, ] = 12.2, 2.9 Hz, H-6); 4.49 (dd, 1H, J
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=12.2,4.8 Hz, H-6’); 4.31 (m, 1H, H-5); 2.31 (m, 2H, -CH2C00-); 1.49 (m, 2H, -CHz-);
1.27 - 1.10 (m, 12H, 6 x -CHz), 0.87 (t, 3H, /= 7.1 Hz, -CH3).

13C NMR (100 MHz): 6 172.2, 166.4, 166.0, 165.4, 165.3, 133.8, 133.8, 133.6, 133.4,
130.2, 130.1, 130.1, 129.9, 129.1, 129.1, 129.0, 128.8, 128.8, 128.7, 128.6, 92.3,
73.5,73.2,71.2,69.5,61.1, 34.4,32.1, 29.5, 29.5, 29.4, 29.1, 24.9, 22.9, 14.4.

MS (ES], +ve): m/z 772.8 [M+Na]*.

HRMS (ESI, +ve) m/z 768.3377 [M+NHa4]*, C44aH46011NH4 required m/z 768.3378.

Synthesis of 9b

BzO OBz
(0]

BzO o}
OBz \n/\/\/\/\/

0]

Tetrabenzoyl bromo-a-D-galactopyranose (80 mg, 0.12 mmol), decanoic acid
(31 mg, 0.18 mmol), silver carbonate (707 mg, 2.57 mmol) and sodium sulfate
(1.40 g, 142 mmol) were stirred in DCM (10 mL) at reflux, under an atmosphere of
nitrogen in the dark for 2 d. The reaction mixture was then filtered through celite,
the organic layer washed with sat. NaHCOs3 (aq) (20 mL) and water (20 mL), dried
(MgS04) and the solvent removed under reduced pressure. Purification by flash
chromatography (10% methanol/DCM; Rf = 0.82) and then by gravity
chromatography (5% methanol/DCM). The solvent was removed under reduced
pressure to leave 9b as a colourless oil (44.3 mg, 49%).
1H NMR (400 MHz): 6 8.10 (m, 2H, Ar H); 8.00 (m, 2H, Ar H); 7.92 (m, 2H, Ar H);
7.78 (m, 2H, Ar H); 7.64-7.35 (m, 10H, Ar H); 7.24 (m, 2H, Ar H); 6.11 (d, 1H, /=8.3
Hz, H-1); 6.04 (dd, 1H, J = 3.4, 0.9 Hz, H-4); 5.92 (dd, 1H, J = 10.3, 8.3 Hz, H-2); 5.67
(dd, 1H, J = 10.3, 3.4 Hz, H-3); 4.64 (dd, 1H, / = 10.8, 6.1 Hz, H-6); 4.49 (td, 1H, ] =
6.5, 0.9 Hz, H-5); 4.42 (dd, 1H, J = 10.8, 6.5 Hz, H-6’); 2.34 (td, 2H, ] = 7.5, 2.4 Hz, -
CH2C€00-); 1.52 (m, 2H, -CH2-); 1.31-1.09 (m, 12H, 6 x -CH2-); 0.87 (t, 3H, /= 7.1 Hz,
-CHs).
13C NMR (100 MHz): 6 172.2, 166.3, 165.8, 165.5, 134.0, 133.8, 133.7, 133.6, 130.4,
130.2, 130.2, 130.1, 129.7, 129.4, 129.2, 129.1, 129.0, 128.8, 128.8, 128.7, 92.6,
72.8,72.0,69.2,68.3,62.2,34.5,32.2,29.6, 29.5, 29.4, 29.2, 27.8, 25.0, 14.4.
MS (ESI, +ve): m/z 772.8 [M+Na]*.
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HRMS (ESI, +ve) m/z 768.3375 [M+NHa4]*, C44H46011NH4 required m/z 768.3378.

2.4.3. Synthesis of Vitamin E Derivatives

Synthesis of 11

HO

(0]
o—

Trimethylhydroquinone (20.0 g, 131 mmol) and trimethyl orthoformate (20.0
mL, 183 mmol) were dissolved in degassed methanol (80 mL). The mixture was
cooled in ice under an atmosphere of nitrogen. Concentrated sulfuric acid (20
drops) was added followed by dropwise addition of methyl vinyl ketone (22.4 mL,
270 mmol). The reaction mixture was wrapped in foil and stirred at room
temperature for 26 h after which time water (20 mL) was added. The resulting
solid was filtered and washed with water (20 ml) to give 11 as a tan solid product
(26.5 g, 85%) that could be used in subsequent reactions without further
purification.
1H NMR (400 MHz) 6: 4.23 (s, 1H -OH); 3.21 (s, 3H, -OCH3); 2.73/2.57 (ddd/ddd,
1H/1H, ] = 16.6,12.3, 6.6/16.4, 6.5, 2.1 Hz, -CH2CH2-); 2.17 (3H, Ar-CHs); 2.16 (3H,
Ar-CHs) 2.11 (s, 3H, Ar-CHs); 2.10/1.80 (ddd/ddd, 1H/1H, ] = 13.4, 6.8, 2.2/13.4,
12.5, 6.6 Hz, -CH2CH2-); 1.54 (3H, -CH3).
13C NMR (100 MHz) &: 145.8, 144.1, 122.6, 121.2, 118.9, 118.8, 97.6, 49.2, 32.3,
23.5,20.4,12.5,11.9,11.6.

MS (ESI, +ve): m/z 259.2 [M+Na]*.
MP: 125-128 °C (Literature?28: 125-126 °C).

Synthesis of 12
\n/o
° (o]
OH
Acetic anhydride (43 mL) was added to a mixture of 11 (5.0 g, 21 mmol) in

pyridine (29 mL). The yellow solution was degassed for 45 minutes and allowed

to stir at room temperature for 19 h. Ice water (120 mL) was then added and the
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resultant oily suspension left to stir for 3 h at room temperature. The product was
extracted into dichloromethane, washed with water (20 mL), 2M HCI (20 mL) and
sat. NaHCO3 (aq) (20 mL), dried (MgSO0a4), filtered and solvent removed under
reduced pressure to give the product (5.8 g, 98%) as a yellow oil. This product
was used in the subsequent reaction without further purification.
TH NMR (300 MHz) &: 3.21 (s, 3H, -OCH3); 2.71/2.54 (m/ddd, 1H/1H, ] = 16.4, 6.3,
2.1 Hz, -CH2CH2-); 2.33 (s, 3H, CH3CO2-); 2.14 (s, 3H, Ar-CHs); 2.07/1.79, m/td,
1H/1H, ] = 12.9, 6.4 Hz, -CH2CHz-); 2.03 (s, 3H, Ar-CH3); 1.98 (s, 3H, Ar-CHs); 1.54
(s, 3H, -CH3).
13C NMR (100 MHz) &: 168.8, 147.4, 141.4, 126.4, 124.7, 122.2, 118.6, 97.2, 48.3,
31.4,22.6,19.8,19.6,12.5,11.5, 11,2.
MS (ES], +ve): m/z 301.2 [M+Na]*.
2-Hydroxy-2,5,7,8-tetramethyl-3,4-dihydro-2 H-chromen-6-yl acetate (5.8 g, 21
mmol) was dissolved in acetone (28 mL) and water (15 mL) with concentrated HCl
(10 drops). Acetone was removed at reflux until the distilling head reached 92 °C.
The heat source was removed and acetone (60 mL) added when the temperature
of the solution decreased to 70 °C. After cooling to 30 °C, the remaining acetone
was removed under reduced pressure, leaving a bright yellow solid product. Cold
water was added to the solid before it was filtered and washed with water. The
solid was recrystallised from acetone/water to give the product, 12 (4.4 g, 80%) as
a bright yellow solid.
1H NMR (400 MHz) 6: 2.77/2.63 (m/ddd, 1H/1H, J = 16.7, 6.4, 3.2 Hz, -CH2CH2-);
2.4 (bs, 1H, -OH); 2.33 (s, 3H, CH3CO2-); 2.11 (s, 3H, Ar-CH3); 2.09/1.84, m/m,
1H/1H, -CH2CHz-); 2.02 (s, 3H, Ar-CH3); 2.00 (s, 3H, Ar-CH3); 1.63 (s, 3H, -CH3).
13C NMR (75 MHz) &: 169.9, 148.3, 141.6, 127.2, 125.2, 123.1, 118.1, 95.8, 31.6,
29.8,20.7,20.3,13.3,12.7,12.3.
MS (ESI, +ve): m/z 287.2 [M+Na]*.
MP: 124-129 °C (Literature?8: 124-126 °C).
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(o}
Tk
(o)
:

Sodium hydride (1.6 g, 60% formulation, 39 mmol) was stirred in dry

Synthesis of 13

tetrahydrofuran (44 mL). Trimethyl phosphonoacetate (6.3 ml, 38 mmol) was
added slowly (gas evolution and solid formation) and the mixture was stirred for
30 m. 12 (4.3 g, 16 mmol), pre-dissolved in dry tetrahydrofuran (34 mL) was then
added slowly. The solution was stirred at room temperature overnight and then at
reflux (~ 90 °C) for 4 h. The solvent was then removed under reduced pressure
and the product dissolved in ether, washed with HCl (2M, 20 mL) and water (20
mL), dried (MgS0s4), filtered and the solvent removed to leave 13 (5.2 g, assumed
16.24 mmol) as a dark yellow oil. This product was used crude in subsequent
reactions.

MS (ES], +ve): m/z 343.3 [M+Na]*.

Synthesis of 14

HO

(o) 0

OH

Crude 13 (5.2 g, assumed 16 mmol) was dissolved in ethanol (30 mL). NaOH
pellets (1.3 g, 33 mmol) pre-dissolved in water (30 mL) were added and the black-
brown solution stirred at room temperature for 5 h. The solution was washed
with hexane (2 x 30 mL) and then diluted with ice water (80 mL). Concentrated
HCI (20 mL) was added drop wise to produce a dark red solid. The solid was
filtered, washed with water and recrystallised twice from ethanol/water to give 13
(1.57 g, 37%) as a light tan fine solid.
1H NMR (400 MHz) &: 2.67, (s, 2H, -CH2C02H); 2.62 (m, 2H, -CH2CH2); 2.16 (s, 3H,
Ar-CH3); 2.11 (s, 3H, Ar-CHs); 2.10 (s, 3H, Ar-CH3); 1.95 (m, 2H, -CH2CH2); 1.44 (s,
3H, -CH3).
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13C NMR (75 MHz) &6: 175.1, 145.7, 144.7, 123.2, 121.8, 119.1, 117.3, 73.7, 44.3,
31.7,24.7,209,12.6,12.1, 11.6.

MS (ESI, +ve): m/z 287.2 [M+Na]*.

MP: 172-174 °C (Literature?28: 180-182 °C).

Synthesis of 15

AcO

(0] O

OH

Acetic anhydride (30 mL) was added to a mixture of 14 (0.50 g, 1.9 mmol) in
pyridine (20 mL). The yellow solution was degassed and allowed to stir at room
temperature for 17 h. Ice water (120 mL) was then added and the resultant oily
suspension left to stir for 5 h at room temperature. The product was extracted into
dichloromethane (100 mL), washed with water (100 mL), HCI (2M, 100 mL) and
sat. NaHCOs3 (aq) (100 mL), dried (MgS0a4), filtered and solvent removed under
reduced pressure. Purification was by reverse phase HPLC on a Cis Delta Pak
column with a flow rate of 5 mL/minute. The solvent system used was 40:60
H20:ACN for 5 minutes then a gradual change to 20:80 H20:ACN for 10 minutes
followed by a gradual change to 10:90 H20:ACN over 5 minutes and held for 10
minutes. The desired product eluted at approximately 25 minutes as detected at
256 nm absorbance. The solvent was removed under reduced pressure to leave
15 as a purple coloured oil product (498 mg, 86%).
1H NMR (400 MHz) o: 2.65 (m, 4H, -CH2-CO2H & -CH2CH2-); 2.34 (s, 3H, Ac CH3);
2.09 (s, 3H, Ar-CH3); 2.15/1.92 (m/m, 1H/1H, -CH2CH2-); 2.03 (s, 3H, Ar-CHs); 1.99
(s, 3H, Ar-CH3); 1.46 (s, 3H, -CHs).
13C NMR (75 MHz) é: 175.4, 170.0, 148.7, 141.6, 127.5, 125.6, 123.6, 117.4, 74.1,
53.7,31.2,24.7 20.8, 20.8, 13.3, 12.4, 12.1.

MS (ES], +ve): m/z 329.1 [M+Na]*.

85



CHAPTER 2 - GLYCOSYL ESTERS AND VITAMIN E DERIVATIVES

Synthesis of 18
AcO OAc
I Jﬁ
OAc
(0] (0] OAc
AcO

Tetraacetyl bromo-a-D-glucopyranose (465 mg, 1.13 mmol), 15 (519.0 mg,
1.70 mmol), silver carbonate (6.60 g, 24.0 mmol) and sodium sulfate (3.0 g, 21
mmol) were stirred in DCM (20 mL) at reflux, under an atmosphere of nitrogen in
the dark for 18 h. The reaction mixture was then filtered through celite, the
organic layer washed with sat. NaHCOs3 (aq) (20 mL) and water (20 mL), dried
(MgS04) and the solvent removed under reduced pressure. Purification by flash
chromatography (1% methanol/DCM; Rf= 0.70). The solvent was removed under
reduced pressure to leave 18 as a yellow solid (662 mg, 92%).
1H NMR* (300 MHz) 6: 5.74 & 5.72 (d, 1H, J = 8.3 Hz, H-1); 5.24 - 5.08 (m, 3H, H-2,
H-3 & H-4); 4.27 (dd, 1H, J = 12.5, 4.5 Hz, H-6); 4.09 (dd, 1H, ] = 12.4, 2.2 Hz, H-6’);
3.83 (ddd, 1H,J=9.9, 4.5, 2.3, H-5); 2.60 (m, 4H, -CH2-CO2- & -CH2CH2-); 2.30 (s, 3H,
Ph Ac CHs); 2.07 (m, 1H, -CH2CH2-); 2.05 (s, 3H, Ac CH3); 2.04 (s, 3H, Ar CH3); 2.01
(s, 3H, Ac CH3); 1.99 (s, 3H, Ar CH3); 1.98 (s, 3H, Ac CH3); 1.95 (s, 3H, Ac CH3); 1.92
(s, 3H, Ar CH3); 1.83 (m, 1H, -CH2CHz-); 1.37 (s, 3H, -CH3).
13C NMR* (75 MHz) &: 170.8,170.4, 170.4, 169.9, 169.6, 169.5, 169.4, 168.7, 148.7,
141.5, 127.5, 127.5, 125.5, 125.4, 123.7, 123.7, 117.3, 117.1, 92.0, 91.9, 73.8, 73.8,
70.5, 68.2, 68.2, 61.8, 31.3, 31.0, 30.0, 23.9, 21.0, 21.0, 20.8, 20.8, 20.7, 20.7, 20.7,
13.2,12.4,12.1.

MS (ES], +ve): m/z 659.23 [M+Na]*.
MP: 142-145 °C.

* Both diastereomers present.

Synthesis of 19

AcO AcOoAc
o

(0] (o] OAc
AcO

Tetraacetyl bromo-a-D-galactopyranose (156 mg, 0.38mmol), 15 (141 mg,
1.70 mmol), silver carbonate (2.20 g, 8.06 mmol) and sodium sulfate (4.38 g, 30.9
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mmol) were stirred in DCM (20 mL) at reflux, under an atmosphere of nitrogen in
the dark for 24 h. The reaction mixture was then filtered through celite, the
organic layer washed with sat. NaHCOs3 (aq) (20 mL) and water (20 mL), dried
(MgS04) and the solvent removed under reduced pressure. Purification was by
reverse phase HPLC on a Cis Delta Pak column with a flow rate of 5 mL/minute.
The solvent system used was 40:60 H20:ACN for 5 minutes then a gradual change
to 20:80 H20:ACN for 10 minutes followed by a gradual change to 10:90 H20:ACN
over 5 minutes and held for 10 minutes. The desired product eluted at
approximately 33 minutes as detected at 256 nm absorbance. The solvent was
removed under reduced pressure to leave 19 as a colourless oil (44.9 mg, 19%).

1H NMR (400 MHz) &: 5.72 (t, 1H, J = 8.4 Hz, H-1); 5.42 (dd, 1H, J = 3.2, 0.8 Hz, H-4);
5.34 (m, 1H, H-2); 5.08 (dd, 1H, J = 10.4, 3.6 Hz, H-3); 4.15 (m, 2H, H-6 & H-6"); 4.05
(m, 1H, H-5); 2.88-2.59 (m, 4H, -CH2-CO2- & -CH2CH2-); 2.32 (s, 3H, Ph Ac CHs);
2.17 (s, 3H, Ac CH3); 2.09 (m, 1H, -CH2CHz-); 2.07 (s, 3H, Ar CHs); 2.03 (s, 3H, Ac
CH3); 2.02 (s, 3H, Ac CH3); 1.99 (s, 3H, Ac CH3); 1.97 (s, 3H, Ar CH3); 1.95 (s, 3H, Ar
CH3); 1.39 (s, 3H, CH3).

13C NMR (75 MHz) 6: 170.5, 170.3, 170.1, 170.1, 169.8, 169.5, 169.4, 168.7, 168.6,
148.6, 141.4,127.4,127.3,125.3, 125.3, 123.6, 123.6, 117.2, 117.0, 92.3, 92.3, 73.7,
73.7, 719, 719, 71.2, 71.1, 67.9, 67.0, 61.1, 44.4, 31.2, 30.8, 24.8, 20.8, 20.7, 20.6,
20.6,13.1,12.3,12.0.

HRMS (ESI, +ve) m/z 659.2303 [M+Na]*, C31H40014Na required m/z 659.2310.

Synthesis of 22

HO
0 o~
(0]

Trimethylhydroquinone (1.0 g, 6.6 mmol), methyl methacrylate (3.5 mL, 33
mmol), 80% paraformaldehyde (494.0 mg, 13.2 mmol) and glacial acetic acid (190
uL, 3.40 mmol) were combined in a pressure tube and degassed for 10 min. The
pressure tube was then sealed and heated to 180 °C for 3 h with constant stirring.

After this time the tube was removed from heat. A cream coloured solid formed
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upon cooling and was filtered and washed with cold methanol (10 mL) to afford 22
as a cream solid (1.03 g, 58%).

1H NMR (300 MHz): 6 4.20 (s, 1H, -OH); 3.67 (s, 3H, -OCH3); 2.70-2.38 (m, 2H, -
CH2CHz2-); 2.46-2.38 (m, 1H, -CH2CH2-); 2.18 (s, 3H, Ar CH3); 2.16 (s, 3H, Ar CH3);
2.07 (s, 3H, Ar CH3); 1.92-1.81 (m, 1H, -CH2CHz-); 1.60 (s, 3H, CH3).

13C NMR (75 MHz): 6 174.6, 145.7, 145.4, 122.7, 121.4, 118.5, 117.0, 77.4, 52.4,
30.8,25.5,21.1,16.7,12.3,11.9, 11.3.

MS (ESI, +ve) m/z 265.3 [M+H]*, 287.3 [M+Na]*.

MP: 162-163 °C (Literature*s: 162-164 °C).

Synthesis of 23

Q.

o

Compound 22 (300 mg, 1.13 mmol), benzyl bromide (0.54 mL, 4.5 mmol),
potassium carbonate (628 mg, 4.54 mmol) were combined in ACN (20 mL) and
allowed to stir under an atmosphere of nitrogen at reflux for 5 h. The reaction
mixture was then filtered and the solvent removed under reduced pressure to
leave a viscous yellow oil. The crude material was purified by column
chromatography (DCM). The solvent was removed from the appropriate fraction
under reduced pressure to leave 23 as a yellow oil (376 mg, 94%).
1H NMR (400 MHz): & 7.58-7.34 (m, 5H, Ar H); 4.76 (s, 2H, Bn CHz); 3.74 (s, 3H, -
OCH3); 2.75-2.66 (m, 1H, -CH2CHz-); 2.63-2.48 (m, 2H, -CH2CH2-); 2.31 (s, 3H, Ar
CH3s); 2.28 (s, 3H, Ar CH3); 2.21 (s, 3H, Ar CH3); 1.98-1.91 (m, 1H, -CH2CH2-); 1.70
(s, 3H, CH3).
13C NMR (100 MHz): 6 174.3, 149.0, 148.0, 138.1, 128.4, 128.3, 127.8, 127.7, 126.0,
123.0,117.3,77.2,74.7,52.4, 30.6, 25.5, 21.0, 13.0, 12.0, 12.0.

MS (ESI, +ve) m/z 355.2 [M+H]*, 377.1 [M+Na]*.

88



CHAPTER 2 - GLYCOSYL ESTERS AND VITAMIN E DERIVATIVES

Synthesis of 24

.

OH

(o)

Compound 23 (2.3 g, 6.7 mmol) was stirred in ethanol (15 mL) and sodium
hydroxide solution (3M, 12 mL) over night. The reaction mixture was then washed
with hexane (20 mL) and the aqueous layer was acidified with concentrated
hydrochloric acid (~ 10 mL). The white solid product 24 was filtered and washed
with water (2.05 g, 90 %).
1H NMR (400 MHz): & 7.52-7.31 (m, 5H, Ar H); 4.70 (s, 2H, Bn CHz); 2.71-2.56 (m,
2H, -CH2CHz2-); 2.42-2.36 (m, 1H, -CH2CH2-); 2.23 (s, 3H, Ar CH3); 2.17 (s, 3H, Ar
CHs3); 2.15 (s, 3H, Ar CH3); 1.99-1.92 (m, 1H, -CH2CH2-); 1.63 (s, 3H, CH3).
13CNMR (100 MHz): 6 177.8, 149.4, 147.1, 137.9, 128.7, 128.6, 128.0, 127.9, 126.4,
123.0,117.5,77.3,74.8,30.1, 24.8, 20.7, 13.0,12.2, 12.1.

MS (ESI, +ve) m/z 341.1 [M+H]*, 363.0 [M+Na]*, 379.0 [M+K]*; (ESI, -ve) m/z 339.0
[M-H]-.
MP: 148-150 °C.

Synthesis of 25

©\/0 phe
Mm‘
(o]
(o) o OAc

AcO
(o]

Compound 24 (200 mg, 0.59 mmol) was combined with tetraacetyl bromo-a-
D-glucopyranose (363 mg, 0.88 mmol), silver carbonate (3.44 g, 12.5 mmol) and
sodium sulfate (6.78 g, 47.8 mmol) in dry DCM (20 mL) with molecular sieves. The
reaction was left to reflux under an atmosphere of nitrogen and in the dark over
night. The reaction mixture was then filtered (celite), washed with sat. NaHCOs3
(aq) (2 x 20 mL), water (20 mL), dried (MgSO4) and the solvent removed under
reduced pressure to leave a thick oily crude mixture. Purification was by column
chromatography (diethyl ether), the solvent removed from the appropriate

fractions to leave 25 as a white solid (315 mg, 80%)
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Reverse phase HPLC was then used on a small amount of the product in order
to separate the diastereomers. A Cis Delta Pak column with a flow rate of 5
mL/minute was used. The solvent system used was 20:80 H20:ACN for 10 minutes
then a gradual change to 15:85 H20:ACN for 10 minutes. The desired product
eluted at approximately 45 and 48 minutes as detected at 256 nm absorbance. The
solvent was removed under reduced pressure to leave the colourless oil product
(diastereomer 1: diastereomer 2 = 1:0.6).
Diastereomer 1
1H NMR (600 MHz): 6 7.48 (m, 2H, Ar H); 7.40 (m, 2H, Ar H); 7.36 (m, 1H, Ar H);
5.67 (d, 1H,J = 8.0 Hz, H-1); 5.38-5.04 (m, 3H, H-2, H-3 & H-4); 4.68 (s, 2H, Bn CH2);
4.25 (dd, 1H, J = 12.4, 4.4 Hz, H-6); 4.08 (dd, 1H, J = 12.4, 2.4 Hz, H-6"); 3.79 (ddd,
1H, ] = 9.9, 4.8, 2.4 Hz, H-5); 2.66-2.61 (m, 1H, -CH2CH2-); 2.40-2.33 (m, 2H, -
CH2CH2-); 2.22 (s, 3H, Ar CH3); 2.17 (s, 3H, Ar CH3); 2.10 (s, 3H, Ar CHs); 2.07 (s, 3H,
Ac CH3); 2.02 (s, 3H, Ac CH3); 2.01 (s, 3H, Ac CH3); 2.01 (s, 3H, Ac CHs); 1.93-1.89
(m, 1H, CH2CHz2-); 1.64 (s, 3H, CH3).
13CNMR (150 MHz): 6 171.6,170.7, 170.2, 169.5, 169.1, 149.3, 147.7, 138.1, 128.8,
128.6,128.0,127.9,125.9,123.4,116.8, 92.4, 74.8, 73.0, 72.9, 70.3, 68.1, 61.6, 30.3,
25.0, 20.9, 20.8, 20.7, 20.6, 13.0, 12.1, 11.9.
MS (ES], +ve) m/z 693.2 [M+Na]*.
HRMS (ESI, +ve) m/z 693.2520 [M+Na]*, C3sH42013Na required m/z 693.2518.
MP: 115-117 °C.

Diastereomer 2

1H NMR (600 MHz): 6 7.47 (m, 2H, Ar H); 7.39 (m, 2H, Ar H); 7.34 (m, 1H, Ar H);
5.65 (d, 1H, ]/ =7.2 Hz, H-1); 5.21-4.99 (m, 3H, H-2, H-3 & H-4); 4.66 (s, 2H, Bn CH2);
4.29 (dd, 1H, J = 12.4, 4.8 Hz, H-6); 4.07 (dd, 1H, J = 12.4, 2.4 Hz, H-6’); 3.78 (ddd,
1H, ] = 9.9, 4.8, 2.4 Hz, H-5); 2.67-2.60 (m, 1H, -CH2CH2-); 2.55-2.46 (m, 2H, -
CH2CH2-); 2.22 (s, 3H, Ar CH3); 2.15 (s, 3H, Ar CH3); 2.12 (s, 3H, Ar CHs); 2.05 (s, 3H,
Ac CH3); 2.02 (s, 3H, Ac CH3); 1.98 (s, 3H, Ac CH3); 1.91-1.81 (m, 1H, CH2CH2-); 1.76
(s, 3H, Ac CHs); 1.61 (s, 3H, CH3).

13CNMR (150 MHz): 6 172.1,170.5, 170.1, 169.3, 168.8, 149.1, 147.5, 137.9, 128.5,
128.5,127.8,127.7,125.9,123.2,117.0,91.9, 74.6, 72.9, 72.8, 69.8, 68.0, 61.5, 30.1,
25.3,20.6,20.5,20.0,12.8,11.9,11.8.
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MS (ES], +ve) m/z 693.2 [M+Na]*.

HRMS (ESI, +ve) m/z 693.2520 [M+Na]*, C3sH42013Na required m/z 693.2518.

MP: 115-117 °C.

Computational modelling: Calculations performed on the Gaussian 09 package.
All geometries were modelled and optimised using B3LYP/6-31G(d). There were

no imaginary frequencies.

Synthesis of 26

OAc

HO
MC’A
(o3
o o OAc

AcO
(o]

Compound 25 (20 mg, 0.03 mmol) was dissolved in ethyl acetate (3 mL) and
the solution degassed with nitrogen before Pd/C (5%, 10 mg) was added and
hydrogenated with a balloon of hydrogen gas at room temperature for 21 h. The
solution was filtered through celite and the solvent removed under reduced
pressure to give 26 as a colourless oil (17 mg, quant.).
1H NMR* (400 MHz): 6 5.65 & 5.64 (d, 1H, J = 8.0 Hz, H-1); 5.25-5.05 (m, 3H, H-2,
H-3 & H-4); 4.28 & 4.22 (dd, 1H, /] = 12.4, 4.8 Hz, H-6); 4.06 (dd, 1H, J = 12.6, 2.2 Hz,
H-6'); 3.72 (m, 1H, H-5); 2.65 (m, 1H, -CH2CH2-); 2.35 (m, 2H, -CH2CHz-); 2.17 (s,
3H, CHs); 2.15 & 2.15 (s, 3H, CH3); 2.07 (s, 3H, CH3); 2.05-1.98 (m, 12H, 4 x CH3s);
1.87 (m, 1H, -CH2CH2-); 1.62 & 1.59 (s, 3H, -CH3).
13C NMR* (100 MHz): 6 171.7, 170.7, 170.7, 170.2, 170.2, 169.5, 169.5, 169.1,
168.9, 145.7, 145.6, 145.5, 145.4, 123.0, 123.0, 121.6, 121.5, 118.5, 118.4, 116.8,
116.6,92.3,91.9, 77.0, 73.1, 73.0, 73.0, 72.9, 70.3, 70.0, 68.1, 61.7, 30.5, 29.8, 25.5,
25.1, 21.0, 20.8, 20.8, 20.7, 20.7, 20.6, 20.1, 12.3,12.3,11.9,11.8, 11.4, 11.3.

MS (ES], +ve) m/z 603.1 [M+Na]*.

* Both diastereomers present

91



CHAPTER 2 - GLYCOSYL ESTERS AND VITAMIN E DERIVATIVES

Synthesis of 29

AcO AcO OAc

OAc
o AcO

(o)

Monoacetate trimethyl hydroquinone (41 mg, 0.21 mmol) was combined in a
pressure tube with 7b (44 mg, 0.11 mmol) and 80% paraformaldehyde (12 mg,
0.32 mmol) in toluene (2 mL) and degassed before dibutylamine (1.87 pL, 0.01
mmol) and acetic acid (3.03 pL, 0.05 mmol) were added and the pressure tube
sealed and the reaction temperature set to reflux. Six d later, more
paraformaldehyde (20 mg) and mono-protected hydroquinone (40 mg) were
added. Three d later, the reaction mixture was allowed to cool before being
washed with sat. NaHCOs (aq) (2x 20 mL), water (20 mL), dried (MgS0O4) and the
solvent removed under reduced pressure. Purification by column chromatography
(diethyl ether) failed to completely separate the components of the reaction.
Reverse phase HPLC was then used on a Cis Delta Pak column with a flow rate of 5
mL/minute. The solvent system used was 20: 80 H20:ACN for 10 minutes then a
gradual change to 15:85 H20:ACN for 10 minutes. The desired product eluted at
26 minutes as detected at 256 nm absorbance. The solvent was removed under
reduced pressure to leave 29 as a colourless oil (8.9 mg, 14%).
1H NMR¥* (400 MHz): 6 5.64 (d, 1H, J = 8.4 Hz, H-1); 5.43 (t, 1H, / = 2.4 Hz, H-4);
5.34 (dd, 1H,J = 8.4, 10.4 Hz, H-2); 5.06 (ddd, 1H, J = 3.6, 10.4, 13.5 Hz, H-3); 4.13
(m, 2H, H-6 & H-6'); 4.02 (m, 1H, H-5); 2.66 (m, 1H, -CH2CH2-); 2.50 (m, 1H, -
CH2CH2-); 2.34 (m, 1H, -CH2CH2-); 2.34 & 2.33 (s, 3H, CH3); 2.19 & 2.18 (s, 3H, CH3);
2.17 & 2.15 (s, 3H, CHs); 2.03 (s, 3H, CHs); 1.20 (s, 3H, CHs); 1.99 & 1.97 (s, 3H,
CHs); 1.94 & 1.93 (s, 3H, CH3); 1.85 (m, 1H, -CH2CH2-); 1.81 (s, 3H, CH3); 1.64 &
1.60 (s, 3H, CH3s).
13C NMR* (75 MHz): 6 170.4, 170.3, 170.3, 170.1, 170.0, 141.7 127.5, 127.5, 125.1,
124.9, 123.5, 117.0, 116.8, 92.8, 92.5, 72.0, 71.9, 71.0, 70.9, 67.9, 67.4, 66.9, 66.8,
29.9, 25.4, 25.0, 20.8, 20.8, 20.7, 20.7, 20.6, 20.3, 13.1, 13.1, 12.2, 12.2, 11.9, 11.9.
MS (ESI, +ve) m/z 645.1 [M+Na]*, 661.1 [M+K]*.

HRMS (ESI, +ve) m/z 640.2600 [M+NHa4], C30H42014N required m/z 640.2600.

*Both diastereomers present
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Synthesis of 31

OAc
o]
c M

Tetraacetyl bromo-a-D-glucopyranose (50 mg, 0.12 mmol), silver carbonate
(413 mg, 2.59 mmol) and sodium sulfate (1.4 g, 9.9 mmol) were combined in
freshly distilled DCM (5 mL) and 4-penten-1-ol (0.03 mL, 0.24 mmol) was then
added. The reaction mixture was allowed to stir at room temperature for 24 h
before it was filtered through celite. The organic layer was washed with water (2 x
20 mL), dried (MgSO4) and the solvent removed under reduced pressure to leave a
viscous colourless oil. Purification by flash chromatography (1% MeOH/DCM) to
leave 31 as a clear colourless oil (34 mg, 66%).
1H NMR (400 MHz): 6 5.77 (ddt, 1H, J = 17.1, 10.3, 6.7 Hz, CH=CHz); 5.19 (t, 1H, J =
9.6 Hz, H-3); 5.06 (t, 1H, ] = 9.6 Hz, H-4); 5.02-4.94 (m, 3H, CH=CH2 & H-2); 4.48 (d,
1H,J =8.0 Hz, H-1); 4.25 (dd, 1H, J = 12.0, 4.8 Hz, H-6); 4.12 (dd, 1H, = 12.0, 2.4 Hz,
H-6"); 3.86 (dt, 1H, J = 9.6, 6.0 Hz, -OCH2-); 3.68 (ddd, 1H, J = 9.8, 4.8, 2.4 Hz, H-5);
3.49 (dt, 1H, J = 9.6, 6.6 Hz, -OCH2-); 2.11 - 2.04 (m, 2H, -OCH2CH2CH2-); 2.07 (s, 3H,
Ac CH3); 2.03 (s, 3H, Ac CH3); 2.01 (s, 3H, Ac CH3); 1.99 (s, 3H, Ac CHs); 1.74-1.59
(m, 2H, -OCH2CH2CHz2-).
13C NMR (100 MHz): 6 170.6, 170.3, 169.4, 169.3, 137.8, 115.1, 100.9, 72.9, 69.3,
68.6, 62.1 29.9, 28.6, 20.7, 20.7, 20.6, 20.6.

MS (ES], +ve) m/z 439.0 [M+Na]*.

Synthesis of 32
OH
o]
oOH X

Compound 31 (34 mg, 0.08 mmol) was dissolved in methanol (5 mL) and
solium methoxide (10 mg) was added and allowed to stir at room temperature for
1 hour. Amberlite IR 120 was then added and the reaction mix was stirred for a
further 30 minutes. It was then filtered and the filtrate was removed under

reduced pressure to leave 32 as a white solid (20.3 mg, quant.).
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1H NMR (300 MHz): 6 5.79 (ddt, 1H, J = 17.1, 10.3, 6.7 Hz, CH=CHz2); 5.02-4.87 (m,
2H, CH=CH2); 4.21 (d, 1H, J = 7.8 Hz, H-1); 3.91-3.79 (m, 2H, H-6 & -OCHz-); 3.65
(dd, 1H, J = 5.3, 11.9 Hz, H-6"); 3.51 (dt, 1H, ] = 9.6, 6.7 Hz, -OCHz-); 3.27 (m, 3H, H-
2, H-3, & H-4); 3.14 (m, 1H, H-5); 2.10 (m, 2H, -OCH2CH2CHz-); 1.67 (m, 2H, -
OCH2CH2CHz2-).

13C NMR (100 MHz): 6 138.9, 115.2, 103.9, 77.4, 77.2, 74.5, 71.1, 70.0, 62.2, 30.8,
29.6.

MS (ESI, +ve) m/z 271.1 [M+Na]*.

Synthesis of 33

OBn

(o]
Bﬁomo
n M

OBn

Compound 32 (31 mg, 0.12 mmol) was dissolved in DMF (2 mL) and NaH
(60% dispersion in oil, 39 mg, 0.98 mmol) was added while in an ice bath. Benzyl
bromide (0.13 mL, 1.1 mmol) was then slowly added and the reaction stirred at
room temperature for 7 hours. Methanol (5 mL) was then added, followed by DCM
(10 mL). The mixture was then washed with water (2 x 20 mL), dried (MgS04) and
the solvent was removed under reduced pressure to leave a thick oil. This was
purified by column chromatography (DCM then EtOAc), the solvent removed from
the appropriate fractions to leave 33 as a white solid (30.8 mg, 41%).
1H NMR (300 MHz): 6 7.41-7.15 (m, 20H, Ar H); 5.87 (ddt, 1H, /= 17.1, 10.3, 6.7 Hz,
CH=CH2); 5.12-4.57 (m, 10H, 4xBn CH2, CH=CH2); 4.44 (d, 1H, ] = 7.8 Hz, H-1); 4.02
(dt, 1H, J = 9.5, 6.4 Hz, -OCH2-); 3.83-3.47 (m, 7H, -OCHz-, H-2, H-3, H-4, H-5, H-6 &
H-6"); 2.23 (m, 2H, -OCH2CH2CH?-); 1.82 (m, 2H, -OCH2CH2CH2-).
13C NMR (100 MHz): 6 138.8, 138.6, 138.4, 138.3, 138.2, 128.5, 128.5, 128.3, 128.1,
128.0, 128.0, 127.9, 127.9, 127.8, 127.7, 115.0, 103.8, 84.9, 82.4, 78.1, 75.8, 75.1,
75.0,75.0, 73.6, 69.5, 69.2, 30.4, 29.1.

MS (ES], +ve) m/z 631.3 [M+Na]*.
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Synthesis of 35
OBn
o OBn
BEno o
OBn (0)
o

Glycosylated pentenyl ether 33 (31 mg, 0.05 mmol) was dissolved in DCM (2
mL) in an ice bath with molecular sieves. Brz (in DCM, 2.59 puL, 0.05 mmol) was
then added very slowly to the reaction. 90 min later, more Brz (1.30 uL, 0.026
mmol) was slowly added to the reaction. 30 min later, the solvent was removed
under reduced pressure. To the same flask, 24 (19 mg, 0.06 mmol), silver
carbonate (298 mg, 1.10 mmol) and sodium sulfate (588 mg, 4.10 mmol) were
added with fresh dry DCM (5 mL). The reaction temperature was set to reflux
under an atmosphere of nitrogen, in the dark for 24 hours. The reaction mixture
was then filtered (celite), washed with saturated sodium hydrogen carbonate (2 x
20 mL), water (20 mL), dried (MgSO4) and the solvent removed under reduced
pressure. Purification was attempted with column chromatography (various
conditions: diethyl ether; DCM; 9:1 Hexane:EtOAc), however complete separation
was not achieved. Reverse phase HPLC was then used on a Cis Delta Pak column
with a flow rate of 5 mL/minute using 100% ACN. The desired product eluted at
approximately 52 and 55 minutes as detected at 256 nm absorbance. The solvent
was removed under reduced pressure to leave the colourless oil product (11.9 mg,
43%, diastereomer 1: diastereomer 2 = 0.5:1.0).

Diastereomer 1

1H NMR (400 MHz): 6 7.52-7.15 (m, 25H, Ar H), 5.57 (d, 1H, J = 8.0 Hz, H-1); 4.86-
4.73 (m, 5H, Bn CHz); 4.63 (s, 2H, Bn CH2); 4.58-4.46 (m, 3H, Bn CHz2); 3.75-3.50
(m, 6H, H-2, H-3, H-4, H-5, H-6 & H-6"); 2.48-2.43 (m, 2H, -CH2CH2-); 2.41-2.35 (m,
1H, -CH2CH2-); 2.18 (s, 3H, Ar CH3); 2.14 (s, 3H, Ar CH3); 1.98 (s, 3H, Ar CH3); 1.93-
1.86 (m, 1H, -CH2CH2-); 1.66 (s, 3H, CH3).

MS (ES], +ve) m/z 885.3 [M+Na]*.

HRMS (ESI, +ve) m/z 885.3975 [M+Na]*, CssHsgsO9Na required m/z 885.3973.
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Diastereomer 2

1H NMR (600 MHz): 6 7.41-7.10 (m, 25H, Ar H), 5.62 (d, 1H, J = 8.0 Hz, H-1); 4.81-
4.73 (m, 3H, Bn CHz); 4.61-4.50 (m, 3H, Bn CH2); 4.43 (s, 2H, Bn CH2); 4.38-4.27
(m, 2H, Bn CHz); 3.72-3.55 (m, 6H, H-2, H-3, H-4, H-5, H-6 & H-6"); 2.68-2.56 (m,
2H, -CH2CH2-); 2.55-2.45 (m, 1H, -CH2CH2-); 2.18 (s, 3H, Ar CH3); 2.09 (s, 3H, Ar
CHs3); 2.03 (s, 3H, Ar CH3); 1.93-1.81(m, 1H, -CH2CH2-); 1.66 (s, 3H, CH3).

13C NMR (150 MHz): 172.9, 149.2, 147.8, 138.5, 138.3, 138.2, 138.2, 138.1, 128.6,
128.5, 128.5, 128.5, 128.1, 128.0, 128.0, 128.0, 127.9, 127.8, 127.8, 127.6, 126.3,
122.9,117.3,95.1, 84.8,81.1, 76.0, 75.7, 75.1, 74.6, 74.4, 73.7, 68.4, 30.4, 25.7, 20.8,
12.9,12.1,12.0.

MS (ES], +ve) m/z 885.3 [M+Na]*.

HRMS (ESI, +ve) m/z 885.3975 [M+Na]*, CssHssO9Na required m/z 885.3973.
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CHAPTER 3 - FUNCTIONAL PNA MONOMERS

Chapter 3. Functional PNA Monomers

3.1. Introduction

3.1.1. Modified Peptide Nucleic Acids
The many benefits of PNAs over other classes of nucleic acid molecules have long
been known (see Chapter 1).1# The unnatural, achiral PNA backbone is the
structural feature that contributes most to the benefits of high sequence
selectivity, strong DNA binding and resistance to nucleases and proteases. These
benefits combine to produce a very useful class of molecule.>

To expand the potential application of PNA, many modified structures have
been prepared.®’” Modifications include conjugating a group to the N or C terminus
of the PNA sequence,8? derivatising the natural nucleobases,1011 changing the
nucleobase linker,12 substituting the PNA backbone!314 and replacing the
nucleobase with another useful moiety.1>1¢ Figure 3.1 summarises these points of
modification on the structure of a PNA oligomer and compares the modifications
with an unmodified PNA oligomer. Examples of some of the above modifications

and the applications to which they relate are summarised below.

Unmodified PNA

o [ NH, NH, NH, Z NN NH,
HNJ‘]/HN/H(N/N N (N\Ql Y ij/ | N
O%N NN oPN N o N W N
%, kfo o %o %, ‘ o Kfo o [ o Kfo o
X N/\/N\)J\N/\/N\)]\N/\/N\)J\N/VN\)I\N/\/H\)I\H/\/N\)\H/\/N\)J\H/\/N\’)\NM
H H H H H
A

Figure 3.1: Representative PNA structure showing a section of unmodified PNA (left) in a
sequence and also indicating potential positions for modification (right): X = N terminal
conjugation of useful group; Y = Nucleobase replacement with useful group; Z = Nucleobase

derivatisation; W = Substitution or derivatisation of linker; A = Substitution of PNA backbone.

In the field of antisense biosensors, Gasser et al. have synthesised modified
PNA monomers containing a ferrocenyl moiety for use as a redox sensor for
specific DNA/RNA sequences.1”18 [n one variation, the ferrocenyl moiety was

attached to the uracil nucleobasel” (Figure 3.2, left) of the monomer while in
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another it was attached via a linker directly to the PNA monomer backbonel8
(Figure 3.2, right), demonstrating the synthetic and derivatisable versatility of the
PNA monomer. The purpose of the ferrocenyl-derivatised monomers was to
provide an improved redox biosensor by incorporating multiple derivatised
monomers in a single PNA oligomer. The benefit of the second derivative in which
the ferrocenyl moiety is attached via a linker directly to the PNA monomer
backbone, lies in the synthetic strategy used to prepare it. To protect the sensitive
ferrocenyl moiety from the harsh conditions of PNA oligomer synthesis, this
monomer is initially prepared as an alkyne-substituted monomer that is
incorporated into the PNA oligomer. The ferrocenyl is then introduced to the
completed PNA oligomer via a click reaction with an azidoferrocene. This
synthetic strategy is not available to the first derivative in which the ferrocenyl
moiety is attached to the uracil nucleobases prior to incorporation into the PNA
oligomer.

Furthermore, the same group have prepared a bimetallic monomer in which
the C terminus is attached to a platinum moiety and the N terminus is attached to a
ferrocene moiety!? as well as most recently, modified PNA monomers with various

ruthenium-containing complexes replacing the nucleobase for biosensing.20

oy

(o)
?le . S
= o =
o 0

(o) o
Fmoc\N/\/N\)l\o/% Fmoc\N/\/N\)J\o/%
H H

Figure 3.2: Ferrocenyl moiety attached to uracil nucleobase (left) and ferrocenyl moiety replacing

the nucleobase (right).1?

Modified PNA monomers have also been prepared with pyrene and acetate
respectively replacing the nucleobase.?! Using varying numbers and combinations
of the two modified monomers, oligomers were synthesised for potential use as
polyintercalators with DNA (Figure 3.3). While various bisintercalators had been
reported,?2 there were fewer reports of tris- or higher intercalators due to the

complexity in design and synthesis of polyintercalators including the requirement
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of balance between a pre-organised arrangement and sufficient flexibility to follow
changes in DNA conformation.?  Therefore the synthesis of modified PNA
monomers was undertaken with the aim of addressing such obstacles to

synthesise DNA polyintercalators.

°o Yo o °o
H3N/\/N\)J\ /\/NJI\ /\/N\)I\OJ<

N
H
Figure 3.3: Structure of pyrene replacing the nucleobase to form a DNA polyintercalator.2!

As an extension, “universal bases” have been prepared with a selection of
polycyclic aromatic hydrocarbons such as 1-anthracene, 2-anthracene, 4-biphenyl
and 5-acenaphthene replacing the nucleobases of the PNA monomer.23 Universal
PNA bases are PNA monomers that are able to pair equally well with any of the
natural bases and therefore can be included in a sequence without destabilising a
consequential duplex.23 These “universal bases” may find potential application in
PNA probe molecules to hybridise with various DNA targets.

Fluoroaromatic-substituted PNA monomers containing a 2,4-difluro-5-
methylphenyl moietyl® are a further development of aromatic-substituted
nucleobases. When incorporated into oligomers, these modified monomers could
find potential applications as probes for the study of hydrophobic and stacking
interactions.16

Manicardi et al. have recently prepared uracil monomers modified with an
azide group at the C5 position!! as an access point for further modification (Figure
3.4). For reviews specifically on nucleobases modification in PNAs, see

Wojciechowski and Hudson?24 and Pensato et al.

Figure 3.4: Structure of Manicardi’s modified nucleobase.!
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3.1.2. PNA Modifications for Increased Solubility and Cell Penetration

While the properties of PNAs make them highly suitable as antisense
diagnostic/probe molecules, unmodified PNAs are less successful as antisense
therapeutic molecules.25> The limited ability of unmodified PNA molecules to cross
biological membranes2¢ results in limited bioavailability of PNA molecules in
vivo.2527

In order to improve the physicochemical properties of PNAs, there are many
examples in the literature of modified PNA oligomers and monomers that aim to
increase the solubility and cell-penetrating ability of PNAs. For example, the
positively charged amino acid, lysine, has been added to PNA oligomers to increase
their aqueous solubility.! Due to its positive charge, lysine also imparts
electrostatic attraction to the otherwise neutral PNA. It is therefore likely that the
lysine causes nonspecific DNA attraction.! The disadvantage of such a modification
to the PNA oligomer is that it introduces a site of reactivity, which could also be a
source of complication during synthesis.28

Conjugation of PNA sequences has previously been shown to increase cellular
up-take and overcome their poor membrane permeability.2® Such molecules
include cell-penetrating (or “Trojan”) peptides such as Tat, Penetratin and
Transportan,3%31 lipids such as adamantly acetic acid,? insulin-like growth factor
peptide analogue,® and even oligonucleotides.32

The solubility of PNAs has successfully been enhanced by modified
monomers.28 Incorporation of the modified PNA monomers shown in Figure 3.5
into previously insoluble PNA oligomers resulted in the complete solubilisation of
the oligomers, leading to improved synthesis, purification and use as probes.
When the solubility enhancers were added to the C and/or N termini of PNA
oligomers, in varying quantities, hybridisation to complementary nucleic acids was

not affected.?8
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H3CO

N

H3CO/_/ \Eo |-|3co\L J/

o N

(0] (0]
Fmoc\u/\/N\)I\OH Fmoc\u/\/N\)I\OH

OCH;

Figure 3.5: PNA solubility enhancers by Gildea et al.28

There are a limited number of examples of PNA modifications involving sugars
as solubilising agents. These modifications have been made to the PNA backbone
in order to alter the pharmacokinetic properties of the PNA oligomer. In one
example, modified thymine monomers substituted at the backbone “C” position
with  galactosyl, mannosyl, fucosyl, N-acetylgalactosaminyl, and N-
acetylglucosaminyl substituents have been made.33 Incorporation of each of the
modified glycosylated monomers into a PNA oligomer resulted in a decrease in
thermal stability of the corresponding PNA-RNA duplex.33 The biodistribution of
the resultant glycosylated PNA oligomers was altered significantly compared to
unmodified oligomers with the N-acetylgalactosaminyl-substituted oligomer, in
particular, displaying high affinity for the liver.33

In a further development, a glycosylated PNA monomer has been prepared by
forming a carbon-carbon bond with the “C” position of the backbone of a thymine
nucleobase monomer (Figure 3.6) with a more efficient synthesis.3* The purpose
of this modified PNA monomer was to improve the biodistribution of the PNA
sequence it is incorporated into, leading to increased water solubility without DNA
binding hinderance.3* The benefit of glycosylating a thymine monomer, rather
than attaching a sugar moiety to the N-terminus of the sequence, is that the
number and position of sugars can be varied, at least within the confines of

sequence identity.
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AcO

Figure 3.6: A glycosylated PNA thymine monomer.34

3.1.3. Aims and Synthetic Plan

The over-arching aim of this Chapter is to develop new methods of
incorporating glycosylated building blocks into PNA sequences in order to improve
the physicochemical properties of the PNA and more specifically, enhance the BBB
penetrating abilities of the PNA sequences. We have decided to explore two points
of modification that have not yet been explored in the literature: N terminal
conjugation (modification “X” in Figure 3.1) and nucleobases replacement
(modification “Y” in Figure 3.1).

The general structure of modification “X” is shown in Figure 3.7. The use of
two different linker groups, will be explored: the chiral amino acid serine and the
achiral molecule 4-(hydroxymethyl)benzoic acid. These selected linker groups
possess the required hydroxyl group to which the sugar moiety can be attached.
They also possess the required carboxylic acid functionality to allow conjugation to

the N-terminus of the PNA sequence via peptide bond formation.

OAc
AN
c
AcO o— N'PNA
OAc

= linker group
(serine OR 4-(hydroxymethyl)benzoic acid)

Figure 3.7: Structure of modification “X”: sugar moiety attached to a linker group to be conjugated

to the N terminal of a PNA sequence.

The general structure of modification “Y” is shown in Figure 3.8. The synthesis

of the modified glycosylated PNA monomer using three different types of linkers,
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being rigid aromatic linkers, succinic anhydride linkers and alkyl linkers, will be

explored.

OAc
AcO OAc

OAc

= linker group

(rigid aromatic,
succinic anhydride OR
alkyl)

Figure 3.8: Structure of modification “Y”: sugar moiety replaces nucleobase and attached to PNA

backbone by various linkers.

The synthesis of the glycosylated building blocks, using various linkers at both
points of modification will focus on the optimisation of synthetic conditions to
produce B-O-linked glycosides. The sugars to be used are glucose and galactose.
The influence, if any, that the structural difference between these sugars has on

transport and binding will be studied in Chapter 4.
3.2. Results and Discussion

3.2.1. Design and Synthesis of Glycosylated Building Blocks for N-

Terminal Conjugation

3.2.1.1. Chiral Glycosylated Building Blocks

The simplest approach to the addition of a carbohydrate to the PNA backbone
would be to generate an appropriate glycosylated amino acid. Typical approaches
use a pentaacetate of the sugar with the appropriate amino acid in the presence of
a Lewis acid (Scheme 3.1).3536

Amino acids conferring hydroxyl groups such as serine, threonine and
tyrosine, are appropriate with which to undergo glycosylation in a chemoselective

way leaving the amino acid’s amine and carboxylic acid free for conjugation to the
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backbone of a PNA. Owing to its simple structure, L-serine, 36, was used in this

project.
OAc
AcO OAc
OAc
OH BF;.Et,0
Fmoc\N OH + AcO OAc —_— 3
H OAc lo}
0 RT
7h
36 37 4-OHq Fmoc\N OH
38 4-OH,y H (o]
39 4-OH,q 22%
40 4-OH,, 35%
Scheme 3.1

The synthesis of compounds 39 and 40 proceeded smoothly with predictable
elution times by RP-HPLC purification (eluent (v/v): 60% H20/40% ACN to 40%
H20/60% ACN; C1s column). 'H NMR spectroscopy (Figure 3.9) supported product
formation in both cases. Easily identifiable are the four singlets at 2.1 ppm
representing the remaining four acetyl methyl groups of the product, indicating
the fifth had been displaced. The coupling constant of the anomeric proton H-1 in
each of these compounds was of the order 7-8 Hz, consistent with diaxial coupling
between H-1 and H-2 and hence the B-anomer of the conjugate.

Mass spectrometry also supported the formation of each of these conjugates
with [M+Na]* signals identified in each case. While this method of conjugate
synthesis was able to produce the desired product, it only did so in very low yields.
Attempts to improve yield through increases in stoichiometry, elevated
temperature, or longer reaction time failed to increase yields significantly. Low to
moderate yields of glycosylated amino acids, with the galactose product forming in
higher yield than the glucose product, have been reported previously.3¢ The
formation of undesired glycosylated by-products seems to be responsible for the
low yields. Glycosylated building blocks 39 and 40 will be used in Chapter 4 to

prepare novel PNAs.
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1285
AcO ¢
6&6 3 .

4xAc

58 57 56 55 54 53 52 51 50 49 48 47 46 45 44 43 42 41 40 39 38 37  ppm

*
Ar
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T T T T T T T T T T
0 75 7.0 6.5 6.0 55 5.0 45 4.0 35 3.0

T T T T T 1
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T T T T
95 9.0 8.5 8.

Figure 3.9: 400 MHz 'H NMR spectrum of 39 (CDCl3, 300 K). * denotes residual solvent

3.2.1.2. Achiral Glycosylated Building Blocks

While the synthesis of glycosylated amino acids is a straightforward single
step reaction and convenient way to couple sugars to a linker molecule so that they
can be conjugated to PNA sequences, this method also produces chiral
glycoconjugates from the chiral amino acid. This is potentially undesirable as the
glycoconjugate may be recognised by endogenous peptidases in vivo and
consequently degraded. One way of improving the biological stability of sugar
conjugates is to produce achiral and hence less biologically recognisable
conjugates.37:38

In order to satisfy our conditions of glycosylation and functionalisation to the
PNA backbone, 4-(hydroxymethyl)benzoic acid was seen as a suitable linker.
While the use of BF3.Et20 for glycosylation was low yielding in this case, silver
carbonate was also investigated to facilitate the glycosylation. Here, as was seen
with the use of L-serine, we expected that reaction was more likely to occur at the
hydroxy group of 4-(hydroxymethyl)benzoic acid and the carboxylic acid could
conjugate to the PNA backbone through peptide bond formation at a later stage.

Reaction of 4-(hydroxymethyl) benzoic acid, 41, with either acetobromoglucose,
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16, or acetobromogalactose, 17, in the presence of silver carbonate (Scheme 3.2),

however, yielded a number of interesting products.

AWm
AcO

42 4-OHq ~20%
43 4-OH,, ~13%

A92C03
DCM

44 4-OHgq ~20%

J@»%

16 4-OH,,

17 4-OH
ax 45 4-OH,, ~13%

46 4-OHqq 40%

47 4-OH,, 59%

Scheme 3.2

Purification of the reaction mixtures by RP-HPLC led to the elution of two
major fractions at 35 and 62 minutes (eluent (v/v): 60% H20/40% ACN to 40%
H20/60% ACN; Cis column). 'H NMR analysis of the faster fraction indicated the
presence of two products in equal proportions for both sugar forms. Clearly
evident were two distinct ABq resonances between 7-8 ppm and a multiplication
of overlapping signals for sugar, benzylic and acetate methyl protons, all
integrating to double the expected amount.

The ESI mass spectrum of the 35 minute fraction for both the glucose and
galactose derivative has a single peak at m/z 505.1, corresponding to the [M+Na]*
ion, which supports the theory that the two products present in the 35 minute
HPLC fraction are regioisomers (42 and 44 for glucose and 43 and 45 for
galactose). The 'H NMR spectra of the glucose and galactose mixtures indicate that
the B-anomer of each isomer has formed, with each H-1 signal displaying a
coupling constant of ~8 Hz at a chemical shift of 5.90 ppm for the esters 44 and 45
and a chemical shift of 4.56 ppm for the ethers 42 and 43. As these two isomers

eluted at the same time on a reverse phase column, no further attempt was made
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to separate the isomers. Further NMR analysis allowed us to conclude the
presence of the glycosyl ester and the glucoside/galactoside. 1H NMR and 13C NMR
analyses of the slower eluting product for both glucose and galactose derivatives
supported formation of the bis-sugar product 46 and 47. Each glycosylated
product was formed in approximate statistical yield, as expected.

1H NMR spectroscopic evidence for the formation of products 46 and 47
include one AA’MM’ system in the aromatic region between 7-8 ppm, signals for
sugar protons integrating to that required for two sugar residues, one benzylic
group signal only and 8 distinct singlets at approximately 2 ppm representing the
acetyl methyl groups. 13C NMR (jmod) spectroscopic evidence for the formation of
products 46 and 47, as distinct from the formation of two separate products,
include the presence of three CH: signals in the region between 60-70 ppm
representing two C-6 carbons and one benzylic carbon; 9 carbonyl carbon peaks
and 2 aromatic CH peaks. The ESI mass spectrum also supports the formation of a
bis-sugar product for both sugars with a signal at m/z 835.0, corresponding to the
[M+Na]*ion.

While products 46 and 47 are of no use in the current project, the ability to

make such products may be useful in the future.

3.2.2. Design and Synthesis of Glycosylated PNA Monomers - Replacing

the Nucleobase

3.2.2.1. The PNA Monomer Backbone

The synthesis of N-functionalised 2-aminoethylglycine, has been reported
previously.3? The general utility of the PNA monomer is its amino acid structure,
meaning it is amenable to the same peptide chemistry as other amino acids. The
general structure of the 2-aminoethylglycine PNA monomer (Figure 3.10) contains
a primary amine at one end of the backbone, that is often Fmoc protected, and a
free carboxylic acid at the other. These functionalities allow amide bonds to form
between monomers to produce a PNA sequence using solid-phase synthesis (SPS)
methods. The tertiary nitrogen of the backbone is linked to the nucleobase
(adenine, cytosine, guanine or thymine) via an amide link. Hence the identity of

the PNA sequence depends upon the order of A, C, G and T, as with DNA. The
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achiral and unnatural nature of PNA monomers gives rise to the increased

biological stability of PNA oligomer compared to native DNA sequences.3:40

Nucleobase=A,C,GorT
(o)
(0]
Fmoc N\)J\

Figure 3.10: General structure of the PNA monomer backbone.

In order to synthesise glycosylated PNA monomers in which the nucleobase is
replaced with a sugar, compound 51 was initially prepared (Scheme 3.3).

A protected form of 2-aminoethylglycine was synthesised in 2 steps.
Ethylenediamine, 48, was reacted with t-butyl bromoacetate, 49, in a dropwise
fashion, keeping the diamine in excess. Separation of the desired product by an
aqueous wash from the statistical mix led to an expected yield of close to 50% as
an orange oil. The product obtained had an indicative signal in the 1TH NMR
spectrum at 1 ppm integrating to 9 protons representing the t-butyl group. The
ESI mass spectrum of 50 supported product formation with a signal at m/z 175.17

corresponding to the [M+Na]* ion.

(o]
H
Fmoc\N/\/ N\)j\ok

N HCl
51 61%
Scheme 3.3

Reaction of 50 with the succinimidyl ester of Fmoc gave rise to the fully
protected PNA monomer backbone 51 in 61% yield as the HCl salt, in slightly
higher yield than previously reported.3® The product was obtained as the
hydrochloride salt white solid that precipitated out of a yellow solution at -20 °C in

three crops. The product is more easily stored as the hydrochloride salt and only
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converted to the free base immediately prior to use. The product obtained had
indicative signals in the 1TH NMR spectrum (Figure 3.11) attributable to the Fmoc
signals and a new downfield broad signal representing the NH of the newly formed

amide bond.

‘Bu
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440 435 430 425 420 415 410 405 400 395 390 385 380 375 970 350 345 340 335 330 325
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9.5 9.0 8.5 8.0 75 7.0 6.5 6.0 55 5.0 4.5 4.0 35 3.0 25 2.0 15 1.0 0.5 ppm

Figure 3.11: 400 MHz 'H NMR spectrum of 51 (CDCls, 300 K). * denotes residual solvent.

3.2.2.2. Rigid-Linked Glycosylated Monomers

The original approach undertaken to the synthesis of our target sugar
conjugates employs a rigid spacer between the backbone and sugar groups,
thereby directing the sugar away from the backbone. We chose to begin our
studies with 41 bearing both alcohol and acid groups. In order to overcome the
problems associated with the production of undesired products 44-47 (Scheme
3.2), we decided to amide couple to the backbone first, in place of the nucleobases,
so that glycosylation of the benzylic alcohol could proceed without complication.

The coupling of 41 with the 2-aminoethylglycine derivative 51 using the
coupling  reagent  1-ethyl-3-(3-dimethylaminopropyl)carbodiimide = (EDC)
hydrochloride led to the formation of 52 in 43% yield (Scheme 3.4).
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Scheme 3.4

The reaction was monitored by TLC analysis and ceased when no starting
material was observed in the reaction mixture. Column chromatography (5%
MeOH/DCM) was used to purify 52 and ESI mass spectrometry supported product
formation with a signal at m/z 531.6 corresponding to the [M+H]* ion. The
presence of four extra aromatic proton signals, yielding an AA’MM’ system, in the
1H NMR spectrum of 52 compared to that of 41 supported the successful coupling
of 4-(hydroxymethyl)benzoic acid to the backbone. There are some interesting
issues with this spectrum that have plagued much of the following
characterisation. The coupling of 41 has caused the methylene proton signals of
52 to broaden considerably. Also, the signal corresponding to the t-butyl methyl
protons is represented by two broad singlets, whereas in the spectrum of 51, it
appears as one sharp singlet. Restricted rotation about the tertiary amide bond of
the backbone can lead to two rotamers.4! Therefore the broadening of signals and
duplication of some signals are attributed to the likely result of the product
existing in two rotamer forms. This will be discussed further in later sections of
this chapter. The 13C NMR spectrum for 52 supports product formation with an
additional carbonyl carbon peak at 173 ppm (amide bond), additional aromatic
carbon peaks and an extra CHz peak at 63.9 ppm corresponding to the methylene
next to the OH group of 4-(hydroxymethyl)benzoic acid.

While this reaction did produce the desired substituted backbone product, it
proceeded in moderate yields at best (43%) with tedious purification required to
remove impurities and side products. Nevertheless, with 52 in hand, glycosylation
with glucose or galactose using silver carbonate as the promoter was undertaken

(Scheme 3.5).
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While silica column chromatography (5% v/v MeOH/DCM) was unable to
separate the products from other impurities, RP-HPLC gave the desired conjugates
in a highly purified form, albeit low yield. The 1H NMR spectra of 53 and 54 both
displayed very broad signals, as seen in 52. Normally the size of the coupling
constant of H-1 is used to determine the orientation of the glycosidic bond.
However due to the broad, undefined peaks in these spectra, no coupling is
determinable. The 13C NMR spectra, however, of 53 and 54 clearly show the peaks
corresponding to C-1 have chemical shifts of 100.0 ppm and 97.7 ppm respectively.
While different glycosides exhibit different anomeric chemical shifts, it has been
observed throughout this work with various glycosyl ethers that a chemical shift
towards 100 ppm for the C-1 carbon is indicative of the presence of the 3-anomer,
whereas a chemical shift closer to 90 ppm suggests the a-anomer.

While achievable, the overall yields for this sequence were low, despite
attempts to optimise the reaction conditions. A new synthetic approach began by
protecting the carboxylic acid of 4-(hydroxymethyl)benzoic acid (Scheme 3.6) to
produce 55 in excellent yield. This simple esterification was carried out using
acidified absolute ethanol. The characteristic triplet and quartet signals in the 1H
NMR spectrum of 55 at 1.38 and 4.35 ppm, respectively, are indicative of the ethyl

protecting group, supporting successful product formation.
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Scheme 3.6

The ester 55 was glycosylated using silver carbonate as the promoter to give
compounds 56 and 57 (glucose and galactose conjugate, respectively). Reverse
phase HPLC was used to purify both conjugates. The 1H NMR spectra of these
compounds, and in particular the H-1 coupling constants, both indicate that the 3-
glycoside was formed (J 7.7 Hz and 7.9 Hz for 56 and 57, respectively). ESI mass
spectrometry yielded peaks corresponding to the sodium adduct of the glucose
and galactose conjugate at m/z 533.0 and 533.2, respectively.

Various conditions were attempted including lithium hydroxide, aqueous
hydrochloric acid, enzymatic cleavage with Pancreatin and sodium hydroxide,
however none of these conditions successfully cleaved the ethyl ester while
leaving the sugar acetate protecting groups intact.

Despite success in coupling, and with the ethyl ester not being able to be
cleaved successfully, an adaptation of the protocol to allow hydrogenation of the
protected linker group was undertaken. Scheme 3.7 shows the reaction of benzyl
4-hydroxybenzoate, 59 with glucose or galactose. After the trial of AgOTf, Ag2COs3
and BF3.Et20 at various temperatures, reaction times and ratios of reactants and

promoters, it was found that BFs.Et20 gave the highest conversion of starting
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material to product. The B-anomer was the major anomer produced and could be
separated from the a-anomer by RP-HPLC, with the former eluting first. It was
found that a reaction time of only one hour gave the highest yield of the desired f3-
anomer in the case of the galactose conjugate. The glucose conjugate was
consistently produced in a higher B to o ratio (1 : 0.026) than the galactose
conjugate (1:0.26).

OAc OAc

HO. B F3 . Et20
\/@ AcO o DCM AcO Q
o Y AcO OAc —— > AcO o
OAc OAc
o ;?:l o
37 4-OH
59 o o

60 4-OH,, 479
38 4-OH,, ea 47%

61 4-OH,, 36%

Hz(g), Pd/C | Rt
EtOAc 5h

OAc

"°°WM
AcO o
OAc
OH

62 4-OHeq Quant O

62 4-OH,, Quant

Scheme 3.7

For both 60 and 61, the 1H NMR (Figure 3.12, Figure 3.13 and Figure 3.14) and
13C NMR spectra can distinguish between the a and B anomers. The signals
corresponding to the acetate protons, H-1, H-2, H-3 and H-4 in the 1H NMR spectra
are the most significantly different for the two anomers.

The cleavage of the benzyl ester for both 60 and 61 was extremely facile.
When TLC analysis had shown that all starting material had been cleaved, the
reaction mixture was filtered through celite to remove the Pd/C catalyst and the
solvent removed to leave the products as a white solid with no need for
purification in quantitative yields. The absence of signals in the 1H NMR spectra
corresponding to the benzyl protecting group (multiplet integrating to five protons
at 7.37 ppm and the singlet at 5.35 ppm integrating to two) supported formation of
62 and 63.
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Figure 3.12: 400 MHz 'H NMR spectrum of 60, 3-anomer (CDCl3, 300 K).
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Figure 3.13: 400 MHz H NMR spectrum of 61, -anomer (CDCls, 300 K). * denotes residual

solvent
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Figure 3.14: 400 MHz H NMR spectrum of 61, a-anomer (CDClz, 300 K). * denotes residual

solvent

Test reaction trials were undertaken to determine appropriate conditions for
the formation of an amide bond with the secondary amine of the PNA backbone
monomer 51. Benzoic acid 64 was used rather than acids 62 and 63 for trials
(Scheme 3.8). Conditions trialled include EDC (in DCM and DMF), triethylacetyl
chloride and triethylamine, the pentafluoroester with HOBt, DCC with HOBt and
formation of the acid fluoride. All conditions failed to produce the desired phenyl
amide substituted PNA monomer 66 with the exception being
(diethylamino)sulfur trifluoride (DAST), yielding the product in 35% yield.42 An
advantage of the use of DAST as a fluorinating agent is that the reaction by-
products produced by using DAST are water soluble and so can be removed by a

simple wash before the amine component is added.#2
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The successful formation of 66 was supported by the 1H NMR spectrum in
which signals representing the coupled aromatic ring were apparent between 7-8
ppm. The methylene protons of the backbone are each represented by broad
singlets in the TH NMR spectrum of 66, whereas in the 1H NMR spectrum of 51,
each pair of methylene protons are represented by a multiplet or singlet. This
difference suggests that the presence of the aromatic ring creates a different
chemical environment for each proton in the methylene groups of the backbone.
Furthermore, the t-butyl group is represented by a singlet in the spectrum of 51,
but is represented by 2 singlets in the spectrum of 66. This has been reported
previously for PNA monomers containing aromatic rings.1821.23 [t appears that,
again, the two different rotamers caused by the restricted rotation about the
tertiary amide bond, display different chemical shifts for some signals due to the
presence of an aromatic ring that causes the chemical environment of two different
rotamers of the product to differ.

Following the successful formation of 66 via the acid fluoride, DAST was used
in the synthesis of the targeted rigid linked glycosylated monomers (Scheme 3.9).
Sugar acids 62 and 63 were independently combined with DAST to produce the
corresponding acid fluorides 67 and 68 before the PNA monomer backbone 51
was added to form the desired glycosylated PNA monomers 69 and 70. The

products were isolated after HPLC purification although only in modest yields
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(glucose 45%; galactose 39%) commensurate with the model reaction. The H
NMR spectra of 69 and 70 displayed similar broadening effects as seen in the
spectrum of 66. The region between 3-6 ppm integrated to the correct number of
protons expected (3 for Fmoc, 6 for backbone and 7 for sugar) indicating that the
sugar was conjugated to the backbone in each case. The high resolution ESI mass
spectra of both conjugates display peaks corresponding to the proton adduct (m/z
847.3281 and 847.3283) as well as the sodium adduct (m/z 869.3105 and
869.3101), further support product formation.
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Acow AcO o
AcO o DAST AcO o
OAc DCM OAc
OH — 3 F
RT

62 4-OH,, o 30 min 67 4-OHeq o
Not isolated
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OAc
(o}
o
FmOC\N/\/N\)J\OJ<
H

69 4-OH,q 45%

70 4-OH,, 39%
Scheme 3.9

While the formation of the acid fluorides using DAST and the subsequent
successful peptide coupling to the PNA monomer backbone resulted in the desired
rigid linked glycosylated monomers, the moderate yields of this reaction prompted
another series of test reactions to examine other coupling conditions. When HATU
was used as the activator in conjugation with HOBt,2! the desired coupled product
was produced in 36% yield. Gasser et all’18 found that the use of N-

methylmorpholine, HOBt and HBTU in dry DMF worked best to produce their
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coupled PNA monomer. When these conditions were used in the benzoic acid test
reaction, the desired coupled product was formed in 65% yield. Both of these
literature examples only utilised the free-base form of the backbone and hence
base washed the more stable hydrochloride salt of the backbone immediately
before use. As the hydrochloride salt is a solid, it is easier to handle than its free-
base counterpart, which is an oil. Also it is inevitable that some material will be
lost in the washing and drying process. For these reasons, the coupling method
used by Stafforst and Diederichsen*3 employing HBTU, HOBt and DIEA in DMF and
reacting the hydrochloride salt of 51 was preferred for the coupling of benzoic acid

to the backbone, which produced 66 in 65% yield (Scheme 3.10).

o
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66 65%

Iz

Scheme 3.10

These reaction conditions were then used to couple 62 and 63 to 51 (Scheme
3.11). The coupled products 69 and 70 were produced in better yields compared
to the DAST method. It was found that yield was not affected by solvent choice so
DCM was used for subsequent reactions due to its ease of handling. The reaction
was monitored by TLC and ceased once all of 51 had been consumed (2-3 days).
The desired coupled products 69 and 70 were isolated after flash column

chromatography (eluent: DCM followed by ethyl acetate) in very good yield.
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The final step required to produce our target monomers was to remove the t-
butyl protecting group. Initially, formic acid in DCM at room temperature was
trialled however reaction times of up to two weeks were required to completely
cleave all of the starting material. As such long reaction times were required, a
small amount of a by-product, attributed to cleavage of the peptide bond, was
encountered. The use of TFA in DCM at 0 °C was more favourable (Scheme 3.12) in
forming the final rigid linked glycosylated PNA monomers 71 and 72 in rapid (2 h)

and quantitative yield.
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Scheme 3.12
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3.2.2.3. Succinic Anhydride-Linked Glycosylated Monomers

As an alternative design strategy to afford modification “Y” PNA monomers,
succinic anhydride was used as an alternate flexible linker. Reaction of 51 with
succinic anhydride 73 gave the substituted PNA monomer 74 in quantitative yield
(Scheme 3.13). The carboxylic acid functionality of 74 will allow the coupling of
glucose and galactose via our developed glycosylation method used for the library

of sugar-conjugates in Chapter 2.
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74 Quant.

Scheme 3.13

Thin-layer chromatography (5% MeOH/DCM) was used to track the
consumption of the backbone starting material, but as 51 and 74 display similar R¢
values, ESI mass spectrometry was also used to track the progress of the reaction.
The 1H NMR spectrum of 74 supports product formation with the addition of two
multiplets at 2.68 and 2.48 ppm, with a total integration of 4 protons,
corresponding to the two adjacent methylene groups of the succinic moiety. This
spectrum also displays evidence of two rotamers in approximately a 1 : 0.6 ratio
with two signals representing each of the Fmoc carbamate proton, Fmoc and
backbone methylene groups.

The glycosylation of 74 with glucose and galactose to afford 75 and 76
respectively were completed with Ag2C0O3 as the promoter (Scheme 3.14) and the
products purified by RP-HPLC. Compound 75 eluted at 35 minutes as measured at
a wavelength of 254 nm.

The 1H NMR spectrum attributable to compound 75 displays our assigned H-1
signal at 5.71 ppm and the signal corresponding to the C-1 carbon appears at 92.1
ppm in the 13C NMR spectrum. These chemical shifts are typical of the 3-glycosyl
esters observed in this work, and reported elsewhere.#* Like the starting material,
there is evidence in the TH NMR and 13C NMR spectrum of 75 that the product is a

mixture of two different rotamers. There are two sets of signals for the H-1, NH,
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acetate methyl and the tert butyl methyl protons, all in a ratio of approximately 1 :
0.85. There are also two sets of signals corresponding to a variety of carbons
including C-1. The overlapping doublets corresponding to H-1 in the 1TH NMR
spectrum of 75 display coupling constants of 8.0 Hz, further supporting formation

of the B-anomer.
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Scheme 3.14

The HPLC results of 76 were surprisingly different to that of 75. There were
two major HPLC peaks eluting at 34 and 37 minutes and ESI mass spectrometry
showed both fractions contained the desired product, with signals at m/z 849.17,
corresponding to the [M+Na]* ion. When the reaction time was limited to 24 h, the
ratio of the isomers was 34 min : 37 min = 1 : 0.36. However when the reaction
was left for longer (42 hours), the ratio was 1 : 0.08. The different reaction times
gave almost the same combined product yield (27% and 26% respectively).

The TH NMR spectra of these fractions displayed slightly different chemical
shifts for some of the sugar protons, indicating that perhaps different isomers of
76 had formed. The 34 minute isomer presents the chemical shift of H-1 as two
overlapping doublets (two rotamers) at 5.70 and 5.68 ppm with coupling
constants of 8.4 Hz. The signals for C-1 appears at 92.7 and 92.5 ppm in the 13C
NMR spectrum. This data is similar to that of 75, the glucose derivative and
consistent with formation of the 3-anomer.

The 37 minute isomer of 76 presents the chemical shift of H-1 as two distinct
doublets (two rotamers) at 6.39 and 6.37 ppm with coupling constants of 3.2 Hz.
These lie more downfield than the H-1 signals of the 34 minutes isomer. This data

is indicative of the a-anomer. Furthermore, the B-anomer of other glycosylated
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derivatives prepared for this work have similarly eluted before the a-anomer, if
produced.

The phenomena of the galactose conjugate forming the a-anomer more readily
than the glucose conjugate has been observed previously in this work with the
rigid linked glycoconjugates 60 and 61. The axial orientation of H-4 in galactose
must play a role in the orientation of the attacking nucleophile necessary to form
the a-anomer. The a: B ratio of 76 increases over time, under thermodynamic
conditions, to favour the thermodynamically stable product, the -anomer.

The flexibility of the succinyl linker and its ability to flip and hydrogen-bond to
the backbone could explain the low yield of these glycosylation reactions (40% and
27%). Removal of the t-butyl protecting group of 75 and 76 was attempted using
TFA however mass spectrometry and 'H NMR analysis revealed the presence of
the species in which both the t-butyl ester and the glycosyl ester had been cleaved.
This is a problem because if 75 and 76 were to be included in PNA oligomers, they
were be subjected to TFA for long periods of time in order to cleave the oligomer
from the resin.

While the desired succinic anhydride-linked glycosylated monomers were
successfully produced, no further work was conducted with this class of
glycosylated PNA monomer as the glycosylation step was low yielding and the
conditions required to remove the t-butyl protecting group caused the cleavage of
the glycosoyl ester. These drawbacks render the succinic anhydride linker an

inappropriate linker for glycosylated PNA monomers.

3.2.2.4. Alkyl-Linked Glycosylated Monomers

The third design strategy for the development of modification “Y” PNA
monomers employed a small alkyl linker. Reaction of PNA monomer backbone 51
with 2-chloroethanol 77, under various conditions failed to produce the desired

alkyl-substituted PNA monomer 78 (Scheme 3.15).

OH
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Scheme 3.15
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An alternative synthetic strategy is to attach the sugar moiety to the alkyl
linker first, followed by attachment to the PNA backbone monomer. Scheme 3.16
shows the reaction of acetobromoglucose and 2-chloroethanol with silver triflate
as the promoter to produce the desired glycosylated linker 79 in 45% yield after
column chromatography (eluent: 5% (v/v) MeOH/DCM). Compound 79 was also
successfully produced using Ag2C0Os3 as the promoter, but in lower yield (38%).

AgOTf
OAc DCM OAc
molecular /m
o HO _~ sieves o
Cl AcO
A‘:A%;m‘ * H AcO o\/\c|
OAc 77 20¢ OAc
Br
16 OIN 79 45%
Scheme 3.16

The 'H NMR spectrum of 79 clearly shows that glycosylation has taken place
with signals corresponding to four additional protons at chemical shifts of 4.05
ppm (one proton), 3.75 ppm (one proton) and 3.63 ppm (two protons)
corresponding to the two methylene groups of the 2-chloroethanol moiety. The
distinct signals for individual protons of one of the methylene groups caused by
the close proximity of the chiral environment of the sugar moiety, indicates that
the coupling was successful. The chemical shift of the H-1 proton signal is 4.57
ppm, with a coupling constant of 7.9 Hz supports -anomer formation, as does a
chemical shift of 101.2 ppm for C-1 in the 13C NMR. The ESI mass spectrum
displays the expected chlorine isotope pattern with a base peak at m/z 433.2
corresponding to the [M+Na]* ion as well as a peak, one third its height, at m/z
435.2, further supporting the successful glycosylation of 2-chloroethanol.

Single crystals of 79 suitable for analysis were grown by slow evaporation of
dichloromethane. The solved structure (Figure 3.15) shows the expected diaxial
orientation of H-1 and H-2 and, as a consequence, the [-orientation of the

chloroethyl substituent at C-1.
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Figure 3.15: Stick representation of the X-ray structure of C16H23Cl010. The absolute configuration

was determined by the synthesis and was confirmed by the X-ray experiment.

Various conditions were used to join 79 to the PNA backbone monomer 51
(Scheme 3.17), such as triethylamine in DMF and potassium iodide in refluxing

DCM, however none were successful.
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Scheme 3.17

With two failed reaction attempts involving the reaction of the alkyl chloride of
both 77 and 79 with the secondary amine of 51, a different synthetic approach
was investigated in which the PNA monomer was constructed in a different order.
Scheme 3.18 shows that by starting with 2-(2-aminoethylamino)ethanol 81, the
alkyl linker is already in place.

Fmoc protection of 81 led to the formation of the alcohol 82 as a white solid,
collected by filtration in quantitative yield. The 1H NMR spectrum supports the
formation of 82 displaying characteristic signals of the Fmoc group. A peak at m/z
327.2 in the ESI mass spectrum corresponding to [M+H]* further supports the

successful protection of the amine.
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Reaction of 82 with t-butylbromoacetate 49 in the presence of K2COs,
successfully produced the alkyl-substituted PNA monomer 78 as a colourless oil
after column chromatography (eluent: 5% (v/v) MeOH/DCM). It was found that
base selection, required to neutralise the HBr produced in the reaction, affected
the yield with K2CO3 producing a superior yield (70%) to, for example, pyridine
(43%).

The formation of 78 was supported by the 'H NMR spectrum (Figure 3.16)
that showed an additional singlet at 1.48 ppm, integrating to nine protons, which is
characteristic of the t-butyl group. Similarly, in the 13C JMOD NMR spectrum, the
presence of the signal at 28.4 ppm (CH3) and 82.2ppm (C) indicate the presence of
the t-butyl group, while the presence of an additional CHz peak at 57.8 ppm also
supports the formation of the product. The mass spectrum further supports
product formation with a signal at m/z 441.2 corresponding to the [M+H]* ion.

With 78 finally in hand, it was available for glycosylation to produce the
desired alkyl-linked glycosylated PNA monomer. Initially, Ag2CO3 was used as the
promoter (Scheme 3.19), and the reaction proceeded slowly with the desired
single product spot appearing by TLC on the third day of the reaction. Reverse
phase HPLC purification and NMR spectroscopy revealed that both the o and the 8

anomers had been formed for 80 and 83.
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Figure 3.16: 400 MHz 'H NMR spectrum of 78 (CDCls, 300 K). * denotes residual solvent
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Scheme 3.19

The 1H NMR spectrum of the first-eluting anomer of 83 (Figure 3.17) indicates
the 3-anomer, with a coupling constant for H-1 being 7.6 Hz at a chemical shift of
4.48 ppm. The 'H NMR spectrum of the second anomer (Figure 3.18) show the
coupling constant for H-1 is 4.8 Hz at a chemical shift of 5.83 ppm, indicating the a-

anomer.
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Figure 3.17: 400 MHz 'H NMR spectrum of 83, B-anomer (CDCl3, 300 K). *denotes residual solvent
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Figure 3.18: 400 MHz 'H NMR spectrum of 83, a.-anomer (CDCls, 300 K). *denotes residual solvent
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As the B anomer is desired, other glycosylation conditions were explored to
increase the P:a ratio of the glucose derivative. Table 3.1 lists various conditions

that were explored to produce 80.

Table 3.1: Reaction conditions and associated o.:f3 ratio for reaction

;f;fg OAc

OAc AcO

OH
(0]
o . Aa°m i
c
Fmoc _ /\/N\)I\OJ< \
A~N

OAc X 3

o}
v . e A K
37 X=OAceq 80

X Promoter  Solvent T(igp (gi;;se) r:::tlis o
Brax Ag2C0O3 DCM RT 1 2:1
Brax Ag2COs3 DCM RT 3 6:1
Brax Ag2COs3 DCM RT 3 5:1
Brax Ag2C0O3 ACN RT 4 No
Brax Ag2COs3 ACN 0-RT 5 1:1
Brax Ag2COs3 ACN 40 1 6:1

OAceq BF3.Et20 DCM RT 3 Trace
OAceq BF3.Et20 ACN 0-RT 2 No

Brax I2 ACN RT 4 Trace
Brax I2, DDQ ACN RT 3 No

Brax AgOTf DCM 0-RT 16 Trace
OAceq TMSOTf ACN 0 5 No

Table 3.1 shows that in the reaction of 78 with glucose, the a-anomer was
formed as the major stereoisomer. As a result, this pathway was no longer

pursued.

134



CHAPTER 3 - FUNCTIONAL PNA MONOMERS

In a final attempt to make a [3-alkyl-linked glycosylated PNA monomer, a
different synthetic strategy was developed involving the glycosylation of the alkyl
link before the t-butyl ester was installed. It was anticipated that the glycosylation
of the Fmoc-protected 2-(aminomethylamino)ethanol would be a more facile
reaction than the glycosylation of the alkylated PNA backbone monomer. Reaction
of Fmoc-protected 2-(aminomethylamino)ethanol 82 with glucose pentaacetate
37 in the presence of BF3.Et20 produced the desired glycosylated alkyl-linked
backbone segment 84, however in low yields (Scheme 3.20). The main reason for
the low yield is the limited solubility of 82 in DCM. Another solvent was sought in
which the starting material was soluble and which allowed for the BFs.Et20
promoted glycosylation reaction to take place. Compound 82 completely dissolves
in acetonitrile, however no reaction was observed in this solvent, possibly because
this solvent highly solvates the reactants, making them less reactive towards each
other. Toluene was also used as a solvent in this reaction, however no reaction
was observed at room temperature or at 50 °C. Therefore the reaction was

conducted with DCM as the solvent as it allowed this reaction to proceed.

OAc
y Ohc BF,.Et,0 o
o DCM H OAc
Fmoc N
SN0+ Acﬂmom P Fmoc” N0 OAc
H 82 OAc RT H
37 4d 84 20%
Scheme 3.20

A solution of 82 in DCM was heated and sonicated to encourage 82 to dissolve
before the sugar and promoter were added. The reaction was left to stir for four
days and column chromatography (eluent: 5% (v/v) MeOH/DCM followed by 10%
(v/v) MeOH/DCM) was used to isolate the glycosylated product 84. 1H NMR
(Figure 3.19) and 13C NMR analysis both show that the B anomer was exclusively
formed with the signal corresponding to the proton at the anomeric position
displaying a coupling constant of 8.0 Hz in the 1H NMR spectrum and the chemical
shift of the anomeric carbon in the 13C NMR spectrum at 101.1 ppm. The ESI mass
spectrum further supported the successful formation of 84 with a signal at m/z
657.0 corresponding to the [M+H]* ion. The fixing of the anomeric
stereochemistry at this early stage of the synthetic pathway makes this pathway

superior to the previous one in Scheme 3.19.
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Figure 3.19: 400 MHz H NMR spectrum of 84 (CDCls, 300 K). * denotes residual solvent

The 'H NMR spectrum in Figure 3.19 shows that the chiral environment
accentuated by the sugar moiety, causes each of the methylene protons directly
next to the glycosyl ether bond to be electronically inequivalent and hence appear
at very different chemical shifts of 3.95 and 3.74 ppm.

To install the second half of the PNA backbone to the glycosylated portion 84,
potassium carbonate was used as a base and dehydrating agent in acetonitrile to
afford the alkylation of the secondary amine with t-butyl bromoacetate 49 and
produce the desired alkyl-linked glycosylated PNA monomer 80 (Scheme 3.21).
The reaction proceeded in good yield (62%) after two days and an excess of 49.
The reaction mixture was easily purified via column chromatography (eluent: DCM
then ethyl acetate) to leave the desired product as a colourless oil.

The 'H NMR spectrum of 80 displays a two-proton singlet at 3.31 ppm and a
singlet (9 protons) at 1.48 ppm, attributable to the methylene group adjacent to
the ester and the t-butyl methyl groups, respectively, supporting the successful
synthesis of the complete PNA backbone monomer. The ESI mass spectrum also
supported product formation with a signal at m/z 771.2, corresponding to the

mass of the proton adduct of the product.
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Scheme 3.21

The final step in the synthesis was to remove the t-butyl protecting group of
80 to leave a free C-terminus of acid 85 to allow the PNA monomer to be
incorporated into a PNA sequence. This was easily achieved with TFA in DCM in
an ice bath overnight (Scheme 3.22). The alkyl-link was stable under such
conditions, unlike the ester link of the succinic anhydride-linked monomers. While
these conditions completely removed the protecting group with no starting
material evident, there was still a need for purification by column
chromatography. In solution, the Fmoc protecting group degrades, producing a 9-
methylene-9H-fluorene by-product. This group is easily removed with DCM on a
silica column, with the desired Fmoc-protected product eluting in 10% (v/v)
MeOH/DCM. The other by-product of the Fmoc degradation, the unprotected, free

amine glycosylated monomer, remains on the silica.

AcO AcO

AcO OAc AcO OAc
AcO 0 TFA AcO 0
DCM
N e 2 N e
Fmoc._ N J< Fmoc_ N
H/\/ \)I\O H/\/ \)I\OH
80 85 62%
Scheme 3.22

13C NMR analysis supports the formation of 85 with the chemical shift of the
anomeric carbon at 100.4 ppm, suggesting the retainment of the -anomer, as
would be expected. The signals corresponding to the t-butyl methyl groups in both

the 1H and 13C NMR spectra are no longer present. The high resolution ESI mass
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spectrum supports the cleavage of the t-butyl group with a peak at m/z 715.2723,

corresponding to the [M+H]* ion.

3.2.3. Conclusions and Future Directions

There are many advantages of PNA as an antisense molecule such as high
specificity, high mismatch sensitivity, high binding affinity and resistance to
nucleases and proteases. These advantages are a result of the unnatural,
uncharged, achiral backbone of PNA. The use of PNA as a therapeutic however has
been limited by its poor bioavailability and inability to cross biological
membranes. To overcome these problems, and to enhance the spectrum of uses of
this class of antisense molecule, many variations have been made to structure of
PNA.

This chapter of work explored various ways in which to include a sugar moiety
in a PNA oligomer. Of the different sites available for modification on the PNA
monomer, two sites for modification were explored: N terminal conjugation
(modification X) and replacing the nucleobase of the PNA monomer (modification
Y). Two strategies were explored to conjugate a sugar to the N terminal of a PNA
oligomer. First, the chiral amino acid serine was glycosylated with glucose and
galactose to produce the glycosylated building blocks 39 and 40. The
incorporation of these glycosylated building blocks is discussed in Chapter 4.
Second, the glycosylation of 4-(hydroxymethyl)benzoic acid was attempted in
order to form an achiral glycosylated building block that could be conjugated to
the N terminal of a PNA oligomer via its free carboxylic acid. The glycosylation
reaction however led to a mixture of inseparable products as both the hydroxyl
and carboxylic acid groups were glycosylated. This line of work was not pursued
further.

Three strategies were explored to synthesise glycosylated PNA monomers in
which the nucleobases was replaced with a sugar. First, aromatic linking groups
were used to produce “rigid-linked” glycosylated monomers. This strategy
involved the conjugation of 4-(hydroxymethyl)benzoic acid to the PNA monomer
backbone 51 to produce 52 as the first PNA monomer backbone rigid aromatic
linker with a hydroxyl group available for glycosylation. Conjugation of glucose

and galactose to the rigid linker of 52 produced 53 and 54 respectively. While the
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desired B-anomers were formed, the yields of the glycosylation reactions were
low. In an attempt to increase these yields, the carboxylic acid of 4-
(hydroxymethyl)benzoic acid was initially ethyl-protected to prevent unwanted
side-reactions and interferences, before the hydroxyl group was glycosylated.
While the glycosylation proceeded smoothly to form the glucose conjugate 56 and
galactose conjugate 57 in moderate yield, the ethyl-protecting group was unable to
be removed, under various conditions, without destroying the glycosidic bond. An
alternative protecting group, benzyl, was used to facilitate deprotection in the
presence of the glycosidic bond. Reaction of benzyl 4-hydroxybenzoate with
glucose and galactose led to the formation of 60 and 61: the majority of each of the
products were the 3-anomer as deduced from the 1H NMR spectra, however a
small proportion of 60 and 61 were the a-anomer. The different anomers were
separated by RP-HPLC. Removal of the benzyl protecting group from each
glycosylated derivative produced 62 and 63. Optimised peptide coupling
conditions were used to couple 62 and 63 to the PNA monomer backbone 51 to
produce 69 and 70. Finally, the t-butyl protecting group was removed to leave the
free carboxylic acid of 71 and 72, ready for coupling in a PNA oligomer.

The second strategy that was explored to synthesise glycosylated PNA
monomers involved succinic anhydride. The synthesis of the succinic acid-
substituted PNA monomer backbone 74 proceeded in quantitative yield.
Glycosylation of 74 with glucose and galactose produced 75 and 76 respectively in
low to moderate yields. The (-anomer of 75 and 76 was produced and the a-
anomer of 76 was also produced. This pathway was not pursued because it was
low yielding and there were complications in removing the C-terminus protecting
group.

The third strategy that was developed to form glycosylated PNA monomers
involved the installation of an alkyl linking group. Initial attempts involving the
coupling of the PNA monomer backbone 51 to an alkyl substituent to form the
alkyl-substituted PNA monomer 78 failed. An alternative approach that ‘built’ 78
in a different order saw its success. However glycosylation of 78 with glucose and
galactose to produce 80 and 83 was not overly successful. Both a and 3 anomers
were produced for both derivatives. A further adjustment to the synthetic

pathway saw the successful installation of glucose in the first step to produce 84
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exclusively as the B-anomer. The synthesis of the glycosylated alkyl-linked PNA
monomer 80 was completed (62% yield) with the installation of the protected
carboxylic acid as the C-terminus of the monomer. The final step saw the removal
of the t-butyl protecting group to leave 85 ready to be incorporated into a PNA
oligomer.

Future work in this area would include the optimisation of the synthesis of the
alkyl-linked glycosylated monomer. @ While the final pathway discussed
successfully produced the desired [-anomer exclusively, the yield of the
glycosylation could be improved by further optimisation. Furthermore, the
synthesis of the galactose derivative via the pathway described in Scheme 3.20,
Scheme 3.21 and Scheme 3.22 should be completed. The incorporation of the
alkyl-linked glycosylated PNA monomers into PNA oligomers should also be
undertaken. This will allow for the comparison of different “Y” modifications to
the PNA monomer structure, being the rigid (aromatic)-linked and the alkyl-linked
glycosylated PNA monomers, as well as the comparison of different types of PNA

modifications, being “X” and “Y” modifications.

3.3. Experimental

Details of general experimental methods can be found in Section 2.4.1.

3.3.1. Synthesis of Chiral Glycosylated Building Blocks

Synthesis of 3936
/Fmoc
HN OAc
r o
0 0 OAc
OH AcO OAc

Fmoc-Serine (500 mg, 1.52 mmol) and B-D-glucopyranose pentaacetate (494
mg, 1.27 mmol) were stirred in freshly distilled DCM (20 mL). The Lewis acid
BF3.Et20 (0.460 mL, 3.18 mmol) was then added via syringe and the solution left to
stir at room temperature for 7 h. After this time the solution was washed with HCl
(1M, 1 x 20 mL) and H20 (1 x 20 mL) and dried (MgS0O4). The solvent was then
removed under reduced pressure to leave a yellow oil. Purification by HPLC on a
Cis Delta Pak column with a flow rate of 5 mL/minute. The solvent system used

was 60:40 H20:ACN 5 minutes then a gradual change to 40:60 H20:ACN for 20
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minutes. The desired conjugated product eluted at approximately 62 minutes as
detected at 220 nm absorbance. The solvent was removed under reduced
pressure to leave 39 as a flocculent white solid (180 mg, 22%).

1H NMR (400 MHz) &: 7.76 (d, 2H, J = 9.7 Hz, Ar H); 7.60 (d, 2H, J = 7.2 Hz, Ar H;
7.40 (t, 2H, /= 7.4 Hz, Ar H); 7.32 (t, 2H, J = 7.4 Hz, Ar H); 5.70 (d, 1H, /= 7.8 Hz,
NH); 5.19 (t, 1H, J = 9.4 Hz, H-3); 5.08 (t, 1H, /= 9.7 Hz, H-4); 4.96 (t, 1H, /= 8.6 Hz,
H-2); 4.51 - 4.39 (m, 4H, H-1, Fmoc CH2 & a-H); 4.29 - 4.19 (m, 4H, Fmoc CH, H-6,
H-6’, B-H); 3.92 (d, 1H, m, B-H); 3.67 (dt, 1H, /= 10.0, 3.6 Hz, H-5); 2.07 (s, 3H, Ac
CHs); 2.03 (s, 3H, Ac CH3); 2.00 (s, 6H, 2 Ac CH3).

13CNMR (100 MHz) &: 171.4,171.0, 170.6, 169.98, 169.8, 56.5, 144.0, 141.7, 128.1,
127.5, 125.4, 120.4, 101.5, 73.0, 72.3, 71.5, 70.0, 68.7, 67.5, 62.2, 47.5, 21.1, 21.0,
20.9.

MS (ESI, +ve): m/z 680.0 [M+Na]*.

MP: 94-99 °C.

Synthesis of 4036

/Fmoc
HN

(0] o
OH AcO OAc

Fmoc-Serine (629 mg, 1.92 mmol) and B-D-galactopyranose pentaacetate (500
mg, 1.28 mmol) were stirred in freshly distilled DCM (20 mL). The Lewis acid
BF3.Et20 (0.730 ml, 6.40 mmol) was then added via syringe and the solution
allowed to stir at room temperature for 7 h. After this time the solution was
washed with 1M HCI (1 x 10 mL) and H20 (1 x 10 mL) and dried (MgS0O4). The
solvent was then removed under reduced pressure to leave a yellow oil.
Purification by HPLC on a Cis Delta Pak column with a flow rate of 5 mL/minute.
The solvent system used was 60:40 H20:ACN for 5 minutes then a gradual change
to 40:60 H20:ACN for 20 minutes. The desired conjugated product eluted at
approximately 61 minutes as detected at 220 nm absorbance. The solvent was
removed under reduced pressure to leave 40 as a flocculent white solid (295 mg,

35%).
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1H NMR (300 MHz) &: 7.76 (d, 2H, ] = 7.6 Hz, Ar H); 7.61 (br s, 2H, Ar H); 7.39 (t,
2H, ] = 7.5 Hz, Ar H); 7.32 (t, 2H, ] = 7.4 Hz, Ar H); 5.67 (d, 1H, ] = 7.4 Hz, NH); 5.40
(d, 1H, J = 3.2 Hz, H-4); 5.2 (t, 1H, ] = 9.1 Hz, H-2); 5.00 (dd, 1H, J = 10, 3.3 Hz, H-3);
4.52 - 448 (m, 2H, Fmoc CHz); 4.46 - 4.43 (m, 2H, H-1 & B-H); 4.3 (d, 1H,/=9.2, a-
H); 4.22 (t, 1H, ] = 6.6 Hz, Fmoc CH); 4.16 - 4.07 (m, 2H, H-6 & H-6’); 3.92 (d, 1H, J =
9.2 Hz, B-H); 3.86 (t, 1H, J = 6.6 Hz, H-5); 2.12 (s, 3H, Ac CH3); 2.02 (s, 3H, Ac CH3);
2.00 (s, 3H, Ac CH3); 1.99 (s, 3H, Ac CH3).

13C NMR (75 MHz) 6: 171.0, 170.6, 170.5, 170.2, 156.5, 149.0, 144.0, 141.7, 128.1,
127.5, 125.4, 120.4, 102.0, 77.6, 71.2, 71.0, 70.3, 69.0, 67.4, 67.3, 61.5, 47.5, 20.9,
20.9, 20.9, 20.9.

MS (ES], +ve): m/z 680.1 [M+H]*, (ESI, -ve): m/z 656.2 [M-H]-.

MP: 81-86 °C.

3.3.2. Synthesis of Achiral Glycosylated Building Blocks
Synthesis of 42

(o)

OAc
A°°ﬁ» >
AcO o

OAc

4-(Hydroxymethyl)benzoic acid (1.2 g 7.7 mmol) and [B-D-glucopyranose
pentaacetate (3.0 g, 7.7 mmol) were stirred in freshly distilled DCM (10 mL). The
Lewis acid BF3.Et20 (6.0 ml, 48 mmol) was then added via syringe and the solution
allowed to stir at room temperature for 24 h. After this time the solution was
washed with HCl (1M, 1 x 10 mL) and H20 (10 mL) and dried (MgSO4). The
solvent was then removed under reduced pressure to leave a yellow oil.
Purification by HPLC on a Cis Delta Pak column with a flow rate of 5 mL/minute.
The solvent system used was 60:40 H20:ACN for 5 minutes then a gradual change
to 40:60 for 20 minutes. The desired conjugated product eluted at approximately
35 minutes as detected at 220 nm absorbance. The solvent was removed under
reduced pressure to leave 42 as a flocculent white solid (331.3 mg, 9%).
1H NMR (400 MHz) &: 8.03 (d, 2H, J = 8.2 Hz, Ar H); 7.35 (d, 2H, ] = 8.3 Hz, Ar H);
5.20 - 5.03 (m, 3H, H-2, H-3 & H-4); 4.93 (d, 1H, J =13.1 Hz, -OCH2); 4.66 (d, 1H, ] =
13.1 Hz, -OCH2); 4.57 (d, 1H, J = 7.8 Hz, H-1); 4.24 (dd, 1H, J = 12.4, 4.7 Hz, H-6);
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413 (dd, 1H, J = 12.3, 2.4 Hz, H-6"); 3.69 (ddd, 1H, J = 9.9, 5.4, 2.4 Hz, H-5); 2.06 (s,
3H, Ac CHs); 2.00 (s, 3H, Ac CHs); 1.98 (s, 3H, Ac CHs); 1.97 (s, 3H, Ac CH3).

13C NMR (100 MHz) &: 170.9, 170.5, 169.7, 169.6, 169.0, 143.1, 130.4, 127.4, 100.0,
73.0,72.2,71.5,70.3, 68.6, 62.2, 20.9, 20.8, 20.8, 20.8.

MS (ESI, -ve): m/z 481.0 [M-H]-

MP: 95-98 °C.

Attempted synthesis of 42

Tetraacetyl bromo-a-D-glucopyranose (67 mg, 0.16 mmol), 4-
(hydroxymethyl)benzoic acid (25 mg, 0.16 mmol), silver carbonate (947 mg, 3.43
mmol) and sodium sulfate (1.87 g, 13.1 mmol) were mixed together in DCM (90
mL) at room temperature under nitrogen for 7 h. The reaction mixture was then
filtered through celite and the filtrate washed with water (2 x 50 mL), dried
(MgS04) and the solvent removed under reduced pressure to leave a clear oil.
Purification was attempted by HPLC on a Cis Delta Pak column with a flow rate of 5
mL/minute. The solvent system used was 60:40 H20:ACN for 5 minutes then a
gradual change to 40:60 H20:ACN for 20 minutes. The desired conjugated product
was expected to elute at approximately 35 minutes as detected at 220 nm
absorbance, however 1H NMR analysis of the contents of this peak indicated two
products were present and were not separated. A peak also eluted at
approximately 62 minutes. The IH NMR spectrum suggested a bis sugar product
was present. The solvent was removed under reduced pressure to leave 46 as a

white solid product (31.5 mg, 40%).

OAc

o)
C Wi
AcO 0 o OAc
AcO fo) AcO

OAc

1H NMR (200 MHz) &: 8.01 (d, 2H, J = 8.5 Hz); 7.36 (d, 2H, ] = 8.5 Hz); 5.91 (dd, 1H,
J=5.8, 2.3 Hz); 5.35 (d, 1H, J = 2.9 Hz); 5.32 (d,1H, J = 2.3 Hz); 5.23 - 5.10 (m, 4H);
4.96 (d, 1H, ] = 13.2 Hz); 4.70 - 4.55 (m, 2H); 4.37 - 4.10 (m, 4H); 3.92 (ddd, 1H, ] =
9.9, 5.4, 2.0 Hz); 3.68 (ddd, 1H, J = 9.9, 5.4, 2.0 Hz); 2.10 (s, 3H); 2.07 (s, 3H); 2.04
(s, 6H); 2.04 (s, 3H), 2.02 (s, 3H); 2.00 (s, 3H); 1.99 (s, 3H).
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13C NMR (75 MHz) 6: 170.8, 170.8, 170.4, 170.3, 169.6, 169.6, 169.5, 169.5, 164.4,
143.5, 130.6, 128.2, 127.4, 100.0, 92.6, 73.1, 73.0, 72.9, 72.2, 71.5, 70.4, 70.2, 68.6,
68.2,62.1,61.7,20.9, 20.9, 20.8.

MS (ESI, +ve): m/z 835.0 [M+Na]*.

MP: 113-118 °C.

Synthesis of 43

AcO OAc 7
AcO o
OAc

4-(Hydroxymethyl)benzoic acid (1.2 g, 7.7 mmol) and B-D-galactopyranose
pentaacetate (3.0 g, 7.7 mmol) were stirred in freshly distilled DCM (150 mL). The
Lewis acid BF3.Et20 (6.0 ml, 48 mmol) was then added via syringe and the solution
allowed to stir at room temperature for 24 h. After this time the solution was
washed with HCI (1M, 1 x 10 mL) and H20 (1 x 10 mL) and dried (MgS04). The
solvent was then removed under reduced pressure to leave a yellow oil.
Purification by HPLC on a Cis Delta Pak column with a flow rate of 5 mL/minute.
The solvent system used was 60:40 H20:ACN for 5 minutes then a gradual change
to 40:60 H20:ACN for 20 minutes. The desired conjugated product eluted at
approximately 35 minutes as detected at 220 nm absorbance. The solvent was
removed under reduced pressure to leave 43 as a flocculent white solid (264.0 mg,
7%).
1H NMR (300 MHz) &: 8.03 (d, 2H, J = 8.3 Hz, Ar H); 7.36 (d, 2H, J = 8.3 Hz, Ar H);
5.37 (dd, 1H, J = 3.4, 0.8 Hz, H-4); 5.27 (dd, 1H, J = 10.4, 7.9 Hz, H-2); 4.99 (dd, 1H, J
=10.4, 3.4 Hz, H-3); 4.94 (d, 1H, / = 13.2 Hz, -OCH2); 4.67 (d, 1H, J = 13.1 Hz, -OCH2);
4.54 (d, 1H, /= 7.9 Hz, H-1); 4.21 - 4.03 (m, 2H, H-6 & H-6"); 3.90 (td, 1H, /= 6.7, 0.8
Hz, H-5); 2.12 (s, 3H, Ac CH3); 2.02 (s, 3H, Ac CH3); 2.01 (s, 3H, Ac CH3); 1.95 (s, 3H,
Ac CH3).
13C NMR (75 MHz) é: 171.1, 170.7, 170.5, 170.4, 169.7; 143.2, 130.5, 127.4, 100.5,
71.1,71.1,70.3,69.1, 67.3, 61.6, 20.9, 20.8, 20.7.
MS (ES], +ve): m/z 505.1 [M+Na]*.
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Attempted synthesis of 43

Tetraacetyl = bromo-a-D-galactopyranose (1.0 g 2.4 mmol), 4-
(hydroxymethyl)benzoic acid (38 mg, 0.25 mmol), silver carbonate (0.95 g, 3.4
mmol) and sodium sulfate (1.9 g, 13 mmol) were mixed together in DCM (90 mL)
at room temperature under nitrogen for 7 h. The reaction mixture was then
filtered through celite and the filtrate washed with water (2 x 50 mL), dried
(MgS04) and the solvent removed under reduced pressure to leave a clear oil.
Purification by by HPLC on a Cis Delta Pak column with a flow rate of 5
mL/minute. The solvent system used was 60:40 H20:CAN for 5 minutes then a
gradual change to 40:60 H20:ACN for 20 minutes. The desired conjugated product
was expected to elute at approximately 35 minutes as detected at 220 nm
absorbance, however 1H NMR analysis of the contents of this peak indicated two
products were present and were not separated. A peak also eluted at
approximately 62 minutes. The IH NMR spectrum suggested a bis sugar product
was present. The solvent was removed under reduced pressure to leave 47 as a

white solid product (70.8 mg, 59%).

o AcO OAc
Aco 9Ac o)
o o OAc
AcO o AcO

1H NMR (200 MHz) &: 8.04 (d, 2H, J = 8.3 Hz); 7.38 (d, 2H, / = 8.2 Hz); 5.89 (d, 1H J
= 8.3 Hz); 5.54 (dd, 1H, J = 10.5, 8.3 Hz); 5.48 (d, 1H, J = 3.4 Hz); 5.40 (dd, 1H, ] =
3.3, 1.0 Hz); (5.31, dd, 1H, J = 10.5, 7.8 Hz); 5.16 (dd, 1H, J = 10.5, 3.3 Hz); 5.04 -
4.94 (m, 2H); 4.69 (d, 1H, J = 13.1 Hz); 4.54 (d, 1H, /] = 7.9 Hz); 4.26 - 4.10 (m, 5H);
3.91 (td, 1H, J = 6.5, 1.1 Hz); 2.20 (s, 3H); 2.17 (s, 3H); 2.07 (s, 3H); 2.06 (s, 3H);
2.05 (s, 3H); 2.02 (s, 3H); 1.99 (s, 6H).

13C NMR (75 MHz) &: 170.3, 170.2, 170.1, 169.9, 169.5, 169.4, 143.3, 130.4, 128.0,
127.2,100.3,92.9,71.9, 70.9, 70.9, 70.7, 69.9, 68.8, 67.8, 67.0, 66.9, 61.3, 61.0, 20.7,
20.6, 20.5.

MS (ESI, +ve): m/z 835.0 [M+Na]*.

MP: 87-91 °C.
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3.3.3. Synthesis of the PNA Monomer Backbone
Synthesis of 503°

(0]
a H J<
HZN/\b/N\c)]\O

Ethylenediamine (30 mL, 0.45 mol) was stirred in DCM (200 mL) at 0 °C. t-
Butyl bromoacetate (8.2 mL, 0.050 mol) in DCM (40 mL) was added slowly over 3
h. The reaction was then allowed to stir at room temperature over night. The
reaction mixture was then washed with water (3 x 100 mL) and the DCM layer
dried (MgSO04) and the solvent removed under reduced pressure to leave 50 as an
opaque oil (5.4 g, 62%).
1H NMR (400 MHz) &: 2.79 (s, 2H, H-c); 2.27 (t, 2H, ] = 5.8 Hz, H-a or H-b); 2.22 (bs,
3H, NH & NH2); 2.16 (t, 2H, ] = 5.8 Hz, H-a or H-b); 0.97 (s, 9H, tBu CH3).
13C NMR (100 MHz) 6: 171.2,80.2, 51.1, 50.7, 40.7, 27 4.

MS (ESI, +ve): m/z 175.17 [M+H]*.

Synthesis of 513°

Amine 50 (1.00 g 174 mmol) was dissolved in DCM (40 mL) and
diisopropylethyl amine (0.96 mL, 129 mmol) added. A solution of N-(9-
fluorenylmethoxycarbonyloxy)succinimide (1.85 g, 337 mmol) in DCM (10 mL)
was added slowly over 3 h and the reaction mixture allowed to stir for 12 h at
room temperature. The mixture was then washed with HCI (1M, 4 x 35 mL) and
brine (1 x 50 mL) and dried (MgS04). The solvent was then partially removed
under reduced pressure before being stored at -20 °C for 72 h. The white solid
that had precipitated was filtered, washed with cold DCM and left to dry, leaving
51 as a white solid (1.32 g, 61%).
1H NMR (400 MHz) &: 7.74 (d, 2H, ] = 7.5 Hz, Ar H); 7.65 (d, 2H, ] = 7.4 Hz, Ar H);
7.36 (t, 2H, ] = 7.4 Hz, Ar H); 7.28 (td, 2H, J = 7.5, 1.2 Hz, Ar H); 6.93 (t, 1H, /= 5.4
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Hz, amide NH); 4.31 (d, 2H, J = 7.4 Hz, H-d); 4.21 (t, 1H, ] = 7.1 Hz, H-e); 3.78 (s, 2H,
H-c); 3.73 (m, 2H, H-a); 3.29 (m, 2H, H-b); 1.45 (s, 9H, tBu).

13C NMR (75 MHz) &: 171.7, 156.3, 144.3, 141.6, 128.0, 127.5, 125.8, 120.2, 85.1,
67.7,49.2,48.7,47.5, 38.1, 28.3.

MS (ESI, +ve): m/z 397.3 [M+H]".

MP: 104-106 °C.

3.3.4. Synthesis of Rigid-Linked Glycosylated Monomers
Synthesis of 52

The hydrochloride salt of 51 (2.5 g, 5.8 mmol) was converted to the free base
by dissolving in DCM (5 mL) and washing with sat. Na2COs3 (aq) (2 x 5 mL) and
dried (MgSO4) to leave a colourless oil that was combined with 4-
hydroxymethylbenzoic acid (1.9 g, 13 mmol) and EDC (1.2 g, 6.1 mmol) in DMF (30
mL) under a nitrogen atmosphere at room temperature. After 45 min, a further
1.2 g (6.1 mmol) EDC was added to the reaction flask. One day later, the solvent
was removed under reduced pressure to leave a thick oil. Water (30 mL) was
added to this oil, which produced a white solid that was consequently removed by
filtration. The oil was then purified on a gravity silica column (5% MeOH/DCM) to
leave 52 as a yellow coloured oil (2.13 g, 43%).
1H NMR* (400 MHz) &: 7.74 (d, 2H, ] = 7.5 Hz, Ar H); 7.60 (d, 2H, ] = 7.4 Hz, Ar H);
7.38 (t, 2H, ] = 7.4 Hz, Ar H); 7.28 (m, 6H, Ar H); 5.78 (bs, 1H, NH); 4.62 (m, 2H, H-
d); 4.25 (m, 3H, H-e & H-f); 4.08 (bs, 1H, H-c); 3.87 (bs, 1H, H-c); 3.69 (bs, 1H, H-a
or H-b); 3.46 (d, 2H, H-a or H-b); 3.22 (bs, 1H, H-a or H-b); 1.52 & 1.42 (s, 9H, tBu
CH3).
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13C NMR* (100 MHz) &: 173.2, 172.6, 168.9, 156.8, 156.4, 143.9, 143.7, 141.2,
127.6,126.7, 126.6, 126.5, 125.1, 119.9, 82.6, 82.1, 66.7, 63.9, 53.6, 48.7, 47.1, 39.1,
38.9, 28.0, 27.8.

MS (ESI, +ve): m/z 553.1 [M+Na]*.

HRMS (ESI, +ve) m/z 553.23092 [M+Na]*, C31H34N2NaOe¢ required m/z 553.23091.

*rotamers present.

Synthesis of 53

OAc
OAc

AcO

Alcohol 52 (1.2 g, 2.2 mmol) was combined with tetraacetyl bromo-a-D-
glucopyranose (1.4 g, 3.3 mmol), silver carbonate (13 g, 47 mmol) and sodium
sulphate (26.0 g, 181 mmol) in dichloromethane (200 mL) and allowed to stir at
room temperature. After 3 d, the reaction mixture was filtered through celite,
washed with water (2 x 20 mL), dried and the solvent removed under reduced
pressure. A flash silica column (5% methanol/dichloromethane) was used to
purify the crude reaction mixture, however complete separation was not achieved.
Purification was then achieved by reverse phase HPLC on a Cis Delta Pak column
with a flow rate of 5 mL/minute. The solvent system used was 20:80 H20:ACN for
10 minutes, a change to 5:95 H20:ACN for 1 minute and held for 10 minutes,
followed by a change to 0:100 H20:ACN over 1 minute and held for the remainder
of the run. The desired product eluted at approximately 24 minutes as detected at
256 nm absorbance. The solvent was removed under reduced pressure to leave

53 as a colourless oil (155 mg, 8%).
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1H NMR* (300 MHz) &: 7.74 (d, 2H, ] = 7.4 Hz, Ar H); 7.59 (d, 2H, ] = 7.4 Hz, Ar H);
7.29 (m, 8H, Ar H); 5.70 (bs, 1H, NH); 5.19-4.10 (bm, 12H, H-1, H-2, H-3, H-4, H-5,
H-6, H-6’, H-d, H-e, H-f); 3.89 (bs, 1H, H-a, H-b or H-c); 3.70 (bs, 2H, H-a, H-b or H-
c); 3.48 (m, 2H, H-a, H-b or H-c); 3.26 (bs, 1H, H-a, H-b or H-c); 2.08 (s, 3H, Ac CH3);
2.01 (s, 3H, Ac CH3); 1.99 (m, 6H, s, 3H, 2 x Ac CH3); 1.52 & 1.43 (s, 9H, tBu CH3).

13C NMR* (75 MHz) &: 170.9, 170.5, 169.7, 169.6, 144.3, 141.6, 128.5, 128.0, 127.8,
127.4, 125.5, 120.3, 100.0, 73.1, 72.3, 71.6, 70.5, 68.7, 67.2, 62.2, 47.5, 39.6, 28.4,
21.0,20.9, 20.9.

MS (ESI, +ve): m/z 883.0 [M+Na]*.

*rotamers present.

Synthesis of 54

AcO
AcO OAc

Alcohol 52 (1.2 g, 2.3 mmol) was combined with tetraacetyl bromo-a-D-
galactopyranose (1.4 g, 3.4 mmol), silver carbonate (13 g, 49 mmol) and sodium
sulfate (26.4 g, 186 mmol) in dichloromethane (150 mL) and allowed to stir at
room temperature for 2 d. The reaction mixture was then filtered through celite
and washed with sat. NaHCO3 (aq) (1 x 20 mL) and H20 (1 x 20 mL), dried (MgS04)
and the solvent removed under reduced pressure. Purification by reverse phase
HPLC on a Cis Delta Pak column with a flow rate of 5 mL/minute in four batches.
The solvent system used was 20:80 H20:ACN for 10 minutes, a change to 5:95
H20:ACN for 1 minute and held for 10 minutes, followed by a change to 0:100
H20:ACN over 1 minute and held for the remainder of the run. The desired

product eluted at approximately 24 minutes as detected at 256 nm absorbance.
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The solvent was removed under reduced pressure to leave 54 as a colourless oil
(318 mg, 16%).

1H NMR (400 MHz) &: 7.72 (d, 2H, ] = 6.8 Hz, Ar H); 7.58 (d, 2H, ] = 7.2 Hz, Ar H);
7.40-7.18 (m, 8H, Ar H); 5.79 (bs, 1H, NH); 5.42-4.10 (bm, 12H, H-1, H-2, H-3, H-4,
H-5, H-6, H-6’, H-d, H-e, H-f); 3.86 (bs, 2H, H-a, H-b or H-c); 3.65 (bs, 1H, H-a, H-b or
H-c); 3.45 (m, 2H, H-a, H-b or H-c); 3.21 (bs, 1H, H-a, H-b or H-c); 2.12-1.92 (m,
12H, 4 x Ac CH3); 1.50 & 1.40 (s, 9H, tBu CH3).

13C NMR (100 MHz) &: 170.6, 170.5, 170.4, 170.2, 169.9, 169.5, 156.4, 144.1, 141.4,
127.9,127.6,127.3,127.0,125.3,120.1, 97.7,82.8, 71.5, 71.0, 70.3, 69.0, 67.3, 67.0,
61.5,50.6,49.0,47.4,39.3, 28.2, 20.9, 20.8, 20.8, 20.7.

HRMS (ESI, +ve) m/z 883.3259 [M+Na]*, C4sHs2015Na required m/z 883.3260.

Synthesis of 55

(o)

b
0/\0
HO

a

4-(Hydroxymethyl)benzoic acid (695 mg, 4.57 mmol), absolute ethanol (50
mL) and concentrated sulfuric acid (5 drops) were combined and heated to reflux
for 22 h. The reaction mixture was then allowed to cool before being diluted with
sat. NaHCOs (aq) (100 mL), extracted with ethyl acetate (100 mL), washed with
water (2 x 100 mL), dried (MgS0O4) and the solvent was removed under reduced
pressure to leave 55 as a pale yellow oil (753 mg, 92%).
1H NMR (300 MHz): 8 7.87 (d, 2H, J = 8.3 Hz, Ar H); 7.28 (d, 2H, ] = 8.1 Hz, Ar H);
4.59 (d, 2H, J = 4.9 Hz, H-a); 4.25 (q, 2H, /= 7.3 Hz, H-b); 3.99 (t, 1H, ] = 5.5 Hz, OH-);
1.30 (t, 3H, /= 7.2 Hz, H-c).
13C NMR (100 MHz): 6 166.9, 146.3, 130.1, 129.9, 126.7, 64.9, 61.3, 14.6.
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Synthesis of 56

OAc 0 b
AN
Aco&ov@)\o )
AcO OAc <

Tetraacetyl bromo-a-D-glucopyranose (288 mg, 0.700 mmol), 55 (126 mg,
0.700 mmol), silver carbonate (4.0 g, 15 mmol) and sodium sulfate (8.0 g, 57
mmol) were stirred in DCM (10 mL) under an atmosphere of nitrogen in the dark
for 5 h. The reaction mixture was then filtered through celite, the organic layer
washed with sat. NaHCOs3 (aq) (1 x 20 mL) and water (1 x 20 mL), dried (MgS04)
and the solvent removed under reduced pressure. Purification by reverse phase
HPLC on a Cis Delta Pak column with a flow rate of 5 mL/minute. The solvent
system used was 40:60 H20:ACN for 5 minutes then a gradual change to 20:80
H20:ACN for 10 minutes followed by a gradual change to 10:90 H20:ACN over 5
minutes and held for 10 minutes. The desired product eluted at approximately 62
minutes as detected at 256 nm absorbance. The solvent was removed under
reduced pressure to leave 56 as a colourless oil (38 mg, 11% (recovered yield
14%)).
1H NMR (300 MHz): 6 8.01 (d, 2H, J = 8.4 Hz, Ar H); 7.34 (d, 2H, ] = 8.5 Hz, Ar H);
5.13 (m, 3H, H-2, H-3 & H-4); 493 (d, 1H, ] = 12.9 Hz, H-a); 4.66 (d, 1H, J = 12.9 Hz,
H-a); 4.56 (d, 1H, ] = 7.7Hz, H-1); 4.37 (q, 2H, ] = 7.2 Hz, H-b); 4.26 (dd, 1H,] =12.3,
4.7 Hz, H-6); 4.15 (dd, 1H, J = 12.3, 2.5 Hz, H-6’); 3.68 (ddd, 1H, ] = 9.6, 4.7, 2.5 Hz,
H-5); 2.08 (s, 3H, Ac CH3); 2.02 (s, 3H, Ac CH3); 2.01 (s, 3H, Ac CHs); 1.99 (s, 3H, Ac
CHs); 1.38 (t, 3H,J = 7.2 Hz, H-c).
13C NMR (75 MHz): 6 170.9, 170.5, 169.7, 169.6, 166.6, 142.1, 130.4, 130.0, 127.4,
100.0,73.1,72.3,71.6,70.4,68.7,62.2, 61.3, 21.0, 20.9, 20.9, 14.6.

MS (ES], +ve) m/z 533.0 [M+Na]*.
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Synthesis of 57

Tetraacetyl bromo-a-D-galactopyranose (2.0 g, 4.8 mmol), 55 (719 mg, 3.99
mmol), silver carbonate (10 g, 36 mmol) and sodium sulfate (30.0 g, 211 mmol)
were stirred in DCM (50 mL) under an atmosphere of nitrogen in the dark for 23.5
h. The reaction mixture was then filtered through celite, the organic layer washed
with sat. NaHCOs3 (aq) (1 x 20 mL) and water (1 x 20 mL), dried (MgS0O4) and the
solvent removed under reduced pressure. Purification by reverse phase HPLC on a
Cis Delta Pak column with a flow rate of 5 mL/minute. The solvent system used
was 40:60 H20:ACN for 5 minutes then a gradual change to 10:90 H20:ACN for 20
minutes, held for 5 minutes followed by a change to 0:100 H20:ACN for 5 minutes.
The desired product eluted at approximately 27 minutes as detected at 256 nm
absorbance. The solvent was removed under reduced pressure to leave 57 as a
colourless oil (499 mg, 25% (recovered yield 64%)).
1H NMR (300 MHz): 8 7.94 (d, 2H, J = 8.2 Hz, Ar H); 7.28 (d, 2H, ] = 8.2 Hz, Ar H);
5.33 (d, 1H, J = 3.4 Hz, H-4); 5.22 (dd, 1H, J = 10.4, 8.0 Hz, H-2); 4.95 (dd, 1H, ] =
10.4, 3.4 Hz, H-3); 4.89 (d, 1H, J = 13.0 Hz, H-a); 4.62 (d, 1H, J = 13.0 Hz, H-a); 4.50
(d, 1H, J = 7.9 Hz, H-1); 4.30 (q, 2H, / = 7.1 Hz, H-b); 4.10 (m, 2H, H-6 & H-6"); 3.86
(td, 1H, J = 6.6, 0.92 Hz, H-5); 2.09 (s, 3H, Ac CH3); 1.98 (s, 3H, Ac CH3); 1.96 (s, 3H,
Ac CH3); 1.91 (s, 3H, Ac CH3); 1.32 (t, 3H, J = 7.1 Hz, H-c).
13C NMR (75 MHz): 6 170.5, 170.4, 170.2, 169.5, 166.4, 142.1, 130.2, 129.8, 127.3,
100.3,71.0, 71.0, 70.2, 69.0, 67.3, 61.5, 61.1, 20.8, 20.7, 20.6, 14.4.

MS (ES], +ve): m/z 533.0 [M+Na]*.
HRMS (ESI, +ve) m/z 533.1633 [M+Na]*, C24H30012Na required m/z 533.1629.
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Synthesis of 60

OAc

AcO o
OAc
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Benzyl-4-hydroxybenzoate (500 mg, 2.19 mmol) was dissolved with B-D-
glucopyranose pentaacetate (1.28 g, 3.28 mmol) in dichloromethane (540 mL)
before BF3.Et20 (1.24 mL, 11.0 mmol) was added and the reaction was allowed to
stir at room temperature for 8 h. The reaction was then quenched and washed
with water (2 x 20 mL), dried (MgS0O4) and the solvent removed under reduced
pressure to leave a thick pale yellow oil. Purification by reverse phase HPLC on a
Cis Delta Pak column with a flow rate of 5 mL/minute. The solvent system used
was 40:60 H20:ACN for 5 minutes then a gradual change to 20:80 H20:ACN for 5
minutes, held for 10 minutes, followed by a gradual change to 10:90 H20:ACN for 5
minutes, held for 10 minutes before a rapid change to 0:100 H20:ACN to finish the
run. The desired conjugated product eluted at approximately 30 minutes as
detected at 220 nm absorbance. The solvent was removed under reduced
pressure to leave 60 as a white solid (574.6 mg, 47%, o:f = 0.026 : 1).
1H NMR (400 MHz): 6 8.03 and 7.00 (ABq, 4H, / = 9.0 Hz, Ar H); 7.37 (m, 5H, Ar Bn
H); 5.35 (s, 2H, Bn CH2); 5.30 (m, 2H, H-1 & H-3); 5.17 (m, 2H, H-2 & H-4); 4.28 (dd,
1H,J=12.4, 5.6 Hz, H-6); 4.17 (dd, 1H, J = 12.2, 2.4 Hz, H-6"); 3.89 (ddd, 1H, / = 9.9,
5.4,2.4 Hz, H-5); 2.07 (s, 3H, Ac CH3); 2.05 (s, 6H, 2 Ac CH3); 2.04 (s, 3H, Ac CH3).
13C NMR (100 MHz): 6 170.8,170.4, 169.7, 169.5, 166.0, 160.6, 136.3, 132.0, 128.9,
128.5,128.4,116.5,98.5,72.9,72.5,71.3, 68.5, 66.9, 62.2, 21.0, 20.9, 20.9.

MS (ES], +ve) m/z 581.1 [M+Na]*.
HRMS (ESI, +ve) m/z 581.1629 [M+Na]*, C28H30012Na required m/z 581.1629.
MP: 143-144 °C.
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Synthesis of 61

AcO OAc
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Benzyl-4-hydroxybenzoate (500 mg, 2.19 mmol) was dissolved with B-D-
galactopyranose pentaacetate (1.28 g, 3.28 mmol) in dichloromethane (50 mL)
before BF3.Et20 (1.24 mL, 10.95 mmol) was added and the reaction was allowed to
stir with molecular sieves under an atmosphere of nitrogen at room temperature
for 1 h. The reaction was then quenched and washed with water (2 x 20 mL), dried
(MgS04) and the solvent removed under reduced pressure to leave a thick pale
yellow oil. Purification by reverse phase HPLC on a Cis Delta Pak column with a
flow rate of 5 mL/minute. The solvent system used was 40:60 H20:ACN for 5
minutes then a gradual change to 20:80 H20:ACN for 5 minutes, held for 10
minutes, followed by a gradual change to 10:90 H20:ACN for 5 minutes, held for 10
minutes before a rapid change to 0:100 H20:ACN to finish the run. The desired
conjugated product eluted at approximately 30 minutes as detected at 220 nm
absorbance. The solvent was removed under reduced pressure to leave 61 as a
white solid (443.7 mg, 36%, a:p = 0.26:1).

B-anomer
1H NMR (400 MHz): 6 8.03 and 7.02 (ABq, 4H, ] = 8.8 Hz, Ar H); 7.44 - 7.31 (m, 5H,
Ar Bn H); 5.50 (dd, 1H, J = 10.4, 8.0 Hz, H-2); 5.46 (dd, 1H, ] = 3.6, 0.8 Hz, H-4); 5.34
(s, 2H, Bn CH2); 5.13 (d, 1H, /= 8.0 Hz, H-1); 5.13 (dd, 1H, /= 10.4, 3.6 Hz, H-3); 4.30
- 4.14 (m, 2H, H-6 & H-6"), 4.10 (m, 1H, H-5); 2.18 (s, 3H, Ac CH3); 2.06 (s, 3H, Ac
CH3); 2.05 (s, 3H, Ac CH3); 2.01 (s, 3H, Ac CH3).
13C NMR (100 MHz): 6 170.5,170.4, 170.2, 170.1, 169.5, 166.0, 160.6, 136.3, 131.9,
128.8, 128.4, 128.3, 125.2, 116.4, 99.0, 71.5, 70.9, 68.7, 67.0, 66.8, 61.6, 20.9, 20.8,
20.8, 20.7.

MS (ES], +ve) m/z 581.1 [M+Na]*.
HRMS (ESI, +ve) m/z 581.1627 [M+Na]*, C28H30012Na required m/z 581.1629.
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o-anomer

1H NMR (400 MHz): 6 8.05 and 7.10 (ABq, 4H, / = 9.0 Hz, Ar H); 7.45 - 7.32 (m, 5H,
Ar Bn H); 5.85 (d, 1H, J = 3.6 Hz, H-1); 5.56 (dd, 1H, J = 10.8, 3.2 Hz, H-3); 5.52 (dd,
1H, J = 3.2, 1.2 Hz, H-4); 5.35 (s, 2H, Bn CH2); 5.30 (dd, 1H, J = 10.8, 3.6 Hz, H-2);
4.28 (t, 1H, J = 6.4 Hz, H-5); 4.11 (dd, 1H, J = 11.2, 6.0 Hz, H-6); 4.04 (dd, 1H, ] =
11.2, 7.2 Hz, H-6"); 2.17 (s, 3H, Ac CH3); 2.07 (s, 3H, Ac CH3); 2.03 (s, 3H, Ac CH3);
1.92 (s, 3H, Ac CH3).

13C NMR (100 MHz): 6 170.4, 170.3, 170.2, 170.1, 169.4, 165.8, 159.9, 136.2, 131.8,
128.7,128.3, 128.2, 125.1, 116.3, 94.6, 67.8, 67.7, 67.6, 67.5, 66.6, 61.5, 20.8, 20.7,
20.7, 20.6.

MS (ESI, +ve) m/z 581.1 [M+Na]*.

MP: 68-71 °C.

Synthesis of 62

OAc
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A solution of t-butyl ester 60 (300 mg, 0.537 mmol) in ethyl acetate (50 mL)
was flushed with nitrogen gas before Pd/C (5%, 200 mg) was added and
hydrogenated with a balloon of hydrogen gas at room temperature for 5 h. The
solution was filtered through celite and the solvent removed under reduced
pressure to give the product, 62 as a white solid (251 mg, quantitative).
1H NMR (400 MHz): 5 8.06 and 7.04 (ABq, 4h, J = 8.6 Hz, Ar H); 5.32 (m, 2H, H-1 &
H-3); 5.18 (m, 2H, H-2 & H-4); 4.29 (dd, 1H, J = 12.0, 5.6 Hz, H-6); 4.18 (dd, 1H, ] =
12.4, 2.4 Hz, H-6"); 3.92 (ddd, 1H, J = 10.0, 5.6, 2.4 Hz, H-5); 2.08 (s, 3H, Ac CH3);
2.06 (s, 3H, Ac CH3); 2.06 (s, 3H, Ac CH3); 2.04 (s, 3H, Ac CH3).
13C NMR (100 MHz): 6 171.0, 170.5, 170.2, 169.4, 169.3, 160.8, 132.3, 124.3, 116.3,
98.2,72.6,72.3,71.1, 68.2, 62.0, 29.7, 20.6, 20.6.

MS (ES], +ve) m/z 491.1 [M+Na]*.
HRMS (ESI, +ve) m/z491.1160 [M+Na]*, C21H24012Na required m/z 491.1160.
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Synthesis of 63
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A solution of the t-butyl ester 61 (513 mg, 0.92 mmol) in ethyl acetate (50 mL)
was flushed with nitrogen gas before Pd/C (5%, 400 mg) was added and
hydrogenated with a balloon of hydrogen gas at room temperature for 5 h. The
solution was filtered through celite and the solvent removed under reduced
pressure to give the product, 63 as a white solid (430.7 mg, quantitative).
1H NMR (400 MHz): & 8.05 and 7.03 (ABq, 4H, ] = 8.8 Hz, Ar H); 5.50 (dd, 1H, J =
10.4, 8.0 Hz, H-2); 5.46 (d, 1H, J = 3.2 Hz, H-4); 5.15 (d, 1H, J = 8.0 Hz, H-1); 5.13
(dd, 1H, J = 10.4, 3.6 Hz, H-3); 4.24 - 4.10 (m, 3H, H-5, H-6 & H-6"), 2.17 (s, 3H, Ac
CHs); 2.05 (s, 6H, 2 Ac CH3); 2.01 (s, 3H, Ac CH3).
13CNMR (100 MHz): 6 171.1, 170.5, 170.3, 170.2, 169.5, 161.0, 132.4, 124.4, 116.7,
98.8,71.4,70.8,68.6,67.0, 61.5, 20.8, 20.7, 20.7, 20.6.

MS (ESI, +ve) m/z 491.0 [M+Na]*.
HRMS (ESI, +ve) m/z 491.1157 [M+Na]*, C21H24012Na required m/z 491.1160.

Synthesis of 66
o ©Yo o
L Ao Ik
H b c
Method 142

Benzoic acid (50 mg, 0.45 mmol) was dissolved in DCM (5 mL). DAST (0.08
mL, 0.59 mmol) was added and the solution was stirred for 30 min before it was
poured over ice water. The organic layer was dried (MgSO4) and the solvent
removed under reduced pressure to leave a yellow coloured oil. PNA monomer
backbone 51 (126 mg, 0.290 mmol) was washed with sat. NaHCO3 (aq) (5 mL) in
DCM (5 mL), then dried (MgSO4) and the solution added to the yellow oil. The
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reaction was left to stir at room temperature over night. The reaction mixture was
then washed with water (2 x 20 mL), dried (MgS0O4) and the solvent removed
under reduced pressure. Purification by flash silica chromatography (DCM to 1%

MeOH/DCM to 5% MeOH/DCM) to leave 66 as a colourless oil (51.3 mg, 35%).

Method 243

PNA monomer backbone 51 (50 mg, 0.12 mmol), benzoic acid (18 mg, 0.15
mmol), HOBt (22 mg, 0.16 mmol), HBTU (44 mg, 0.12 mmol) and DIPEA (0.07 mL,
0.44 mmol) were combined in DMF (2 mL). The reaction was allowed to stir at
room temperature for 4 d. The solvent was then removed under reduced pressure
and the oily mixture was purified by column chromatography (DCM to 1%
MeOH/DCM) using flash silica. The solvent was then removed under reduced

pressure to leave 66 as a colourless oil (37.7 mg, 65%).

Method 321

PNA monomer backbone 51 (55 mg, 0.13 mmol) was washed with sat. NaHCOs3
(aq) (5 mL) in DCM (5 mL), then dried (MgSO4) and the solution combined with
benzoic acid (19 mg, 0.15 mmol), HATU (57 mg, 0.15 mmol), HOBt (20 mg, 0.15
mmol) and DIEPA (0.04 mL, 0.25 mmol) in DMF (5 mL) and allowed to stir at room
temperature over night. The solvent was then removed under reduced pressure.
The remaining oil was dissolved in DCM (20 mL) and washed with H20 (1 x 20
mL), HCI (1 x 20 mL) and sat. NaHCOs (aq) (20 mL). The organic layer was then
dried (MgS0O4) and the solvent removed under reduced pressure. Column
chromatography (DCM to 1% MeOH/DCM) on flash silica was used to purify the

mixture. The desired product 66 (colourless oil) was isolated in 36% yield (23

mg).

Method 417,18

Benzoic acid (17 mg, 0.14 mmol), HBTU (52.6, 139 mmol), HOBt (29 mg, 0.21
mmol) and N-methyl morpholine (0.02 mL, 0.21 mmol) were combined in DCM (1
mL) and allowed to stir at room temperature for 20 m. PNA monomer backbone

51 (55 mg, 0.13 mmol) was washed with sat. NaHCOs3 (aq) (5 mL) in DCM (5 mL),
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then dried (MgSO4) and the solution combined with the benzoic acid solution.
After 5 days, the solvent was removed and the remaining oily mixture was purified
by flash silica column chromatography (DCM to 1% MeOH/DCM). The solvent was
removed under reduced pressure to leave 66 as a colourless oil (40.7 mg, 65 %).
1H NMR* (400 MHz): 6 7.76 (d, 2H, ] = 6.8 Hz, Ar H); 7.62 (d, 2H, J = 7.2 Hz, Ar H);
7.39-7.27 (m, 8H, Ar H); 5.76 (bs, 1H, NH); 4.37 (m, 1H, H-e); 4.23 (m, 2H, H-d);
4.10 (s, 1H, H-c); 3.90 (s, 1H, H-c); 3.72 (m, 1H, H-a or H-b); 3.53 (m, 1H, H-a or H-
b); 3.48 (m, 1H, H-a or H-b); 3.26 (m, 1H, H-a or H-b); 1.54 & 1.42 (s, 9H, tBu CH3).
13C NMR* (100 MHz): 6 173.8, 172.94, 169.7, 169.5, 156.9, 156.3, 143.9, 141.2,
135.3, 134.9, 130.5, 129.9, 128.9, 128.8, 128.6, 128.0, 127.9, 127.3, 127.2, 126.9,
126.5,126.2,125.5,125.4,120.3, 120.3, 83.2, 83.0, 67.1, 66.9, 54.1, 52.7, 51.0, 49.2,
46.8,46.8, 38.9, 31.8, 28.2, 28.0.

MS (ESI, +ve) m/z 523.0 [M+Na]*.

* Rotamers present.

Synthesis of 69
OAc
AcO o
OAc o
o\©\( o
d a
A A Ak
H b c
Method 1

PNA monomer backbone 51 (229 mg, 0.528 mmol) was dissolved in DCM (10
mL), washed with sat. NaHCO3 (aq) (2 x 5 mL) and then dried (MgSO4). Acid 62
(165 mg, 0.352 mmol) was dissolved in DCM (10 mL) and DAST (0.10 mL, 0.71
mmol) was added and stirred at room temperature for 30 m. The mixture was
then washed with water (5 mL), dried (MgSO4) and the solvent then partially
removed under reduced pressure. The backbone solution was then added to the
sugar fluoride solution and was stirred at reflux for 3 d. The reaction mixture was
then washed with water (2 x 20 mL), dried and the solvent removed under

reduced pressure to leave a yellow/brown coloured oil. This was initially purified
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by flash column chromatography (DCM to 0.5% MeOH/DCM to 1% MeOH/DCM to
2% MeOH/DCM) however complete separation was not achieved. Then reverse
phase HPLC was used to purify in 3 batches on a Cis Delta Pak column with a flow
rate of 5 mL/minute and an isocratic solvent system of 20:80 H20:ACN. The
desired product eluted at 26 minutes as detected at 256 nm absorbance. The

solvent to removed under reduced pressure to leave 69 as a white solid (133.4 mg,

45%).

Method 2

Acid 62 (420 mg, 0.897 mmol) was combined in DCM (10 mL) with HBTU (330
mg, 0.870 mmol), HOBt (165 mg, 1.22 mmol), DIEA (0.55 mL, 3.3 mmol) and PNA
monomer backbone 51 (377 mg, 0.870) and stirred at room temperature for 2 d.
At this time, TLC analysis revealed there still to be starting material present so the
same quantities again of HOBt and HBTU were added. 24 h later, the reaction
mixture was washed with sat. NaHCOs3 (aq) (2 x 20 mL), HCl (1 M, 1 x 20 mL) and
water (2 x 20 mL), dried (MgSO4) and the solvent removed under reduced
pressure. Purification by flash silica chromatography (DCM to ethyl acetate)
isolated 69 as a colourless oil (502 mg, 68%).
1H NMR* (400 MHz): 6 7.79 (d, 2H, J = 9.3 Hz, Fmoc Ar H); 7.60 (d, 2H, ] = 9.3 Hz,
Fmoc Ar H); 7.39 (m, 2H, Fmoc Ar H); 7.32 (m, 4H, Fmoc Ar H & Ar H); 6.85 (m, 2H,
Ar H); 5.76 (bs, 1H, NH); 5.38 - 3.21 (broad multiplets unresolved, 16H, H-1, H-2,
H-3, H-4, H-5, H-6, H-6’, H-a, H-b, H-c, H-d, H-e); 2.04 (s, 3H, Ac CH3); 2.02 (s, 9H, Ac
CHs); 1.47 (m, 9H, tBu CH3).
13C NMR* (100 MHz): 6 171.9, 170.6, 170.3, 169.5, 169.3, 157.7, 156.9, 144.1,
141.4, 130.8, 130.5, 128.7, 127.9, 127.3, 125.3, 120.1, 116.8, 98.8, 81.7, 72.7, 72.2,
71.1,68.2,67.0,61.9,50.9,49.1, 47.4, 39.3, 28.2, 20.8, 20.7.
MS (ESI, +ve) m/z 847.0 [M+H]*, m/z 869.1 [M+Na]*.
HRMS (ESI, +ve) m/z 869.3105 [M+Na]*, C44Hs0N2NaO1s required m/z 869.3103.
m/z 847.3281 [M+H]*, C44H51N2015 required m/z 847.3284.

* Rotamers present.
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Synthesis of 70
Aco OAC
o
AcO (o)
OAc o
o
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OJ\N/\/ N\)1\0J<
H b c
Method 1

PNA monomer backbone 51 (351 mg, 0.810 mmol) was dissolved in DCM (10
mL), washed with sat. NaHCO3 (aq) (2 x 5 mL) and then dried (MaSO4). Acid 63
(253 mg, 0.540 mmol) was dissolved in DCM (10 ml), DAST (0.15 ml, 1.08 mmol)
added and stirred at room temperature for 1.5 h. The mixture was then washed
with water (5 mL), dried (MgSO4) and the solvent then partially removed under
reduced pressure. The backbone solution was then added to the sugar fluoride
solution and was stirred at reflux for 3 d. The reaction mixture was then washed
with water (2 x 20 mL), dried (MgSO4) and the solvent removed under reduced
pressure to leave a yellow/brown coloured oil. Reverse phase HPLC was used to
purify in 3 batches on a Cis Delta Pak column with a flow rate of 5 mL/minute and
an isocratic solvent system of 20: 80 H20:ACN. The desired product eluted at 26
minutes as detected at 256 nm absorbance. The solvent was removed under

reduced pressure to leave 70 as a white solid (178 mg, 39%).

Method 2

Acid 63 (396 mg, 0.847 mmol) was combined in DCM (10 mL) with HBTU (292
mg, 0.770), HOBt (145 mg, 1.08 mmol), DIEA (0.48 mL, 2.93 mmol) and PNA
monomer backbone 51 (333 mg, 0.770) and stirred at room temperature for 1 d.
The reaction mixture was then washed with sat. NaHCOs3 (aq) (2 x 20 mL), HCI (1
M, 1 x 20 mL) and water (2 x 20 mL), dried (MgSO4) and the solvent removed
under reduced pressure. Purification by flash silica chromatography (DCM to ethyl
acetate) to leave 70 as a colourless oil (522 mg, 80%).
1H NMR* (400 MHz): 6 7.77 (bs, 2H, Fmoc Ar H); 7.59 (d, 2H, J = 6.8 Hz, Fmoc Ar
H); 7.39 (m, 2H, Fmoc Ar H); 7.32 (m, 4H, Fmoc Ar H & Ar H); 6.89 (m, 2H, Ar H);
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5.79 (bs 1H, NH); 5.51 - 3.10 (broad multiplets unresolved, 16H, H-1, H-2, H-3, H-4,
H-5, H-6, H-6’, H-a, H-b, H-c, H-d, H-e); 2.15 (s, 3H, Ac CH3); 1.99 (s, 9H, Ac CH3);
1.46 (m, 9H, tBu CH3).

13C NMR* (100 MHz): 6 171.9, 170.2, 170.2, 170.0, 169.3, 157.7, 156.2, 143.9,
141.2, 130.7, 130.3, 128.6, 127.8, 127.1, 125.2, 120.0, 116.6, 99.1, 82.5, 71.0, 70.7,
68.4, 67.0, 66.8, 61.3,50.8, 49.1, 47.2, 39.2, 28.0, 20.6, 20.6, 20.6, 20.6.

MS (ESI, +ve) m/z 847.1 [M+H]*, m/z 869.0 [M+Na]*.

HRMS (ESI, +ve) m/z 869.3101 [M+Na]*, C44Hs0N2NaO1s required m/z 869.3103.
m/z 847.3283 [M+H]*, C44H51N2015 required m/z 847.3284.

* Rotamers present.

Synthesis of 71

OAc
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t-Butyl ester 69 (105 mg, 0.124 mmol) was dissolved in DCM (1 mL) in an ice
bath and TFA (1 mL) was added. The reaction was allowed to stir for 4 h before
the solvents were removed under reduced pressure and the reaction mixture
purified by flash silica chromatography (2% MeOH/DCM to 10% MeOH/DCM).
The solvent was removed under reduced pressure to leave 71 as a colourless oil
(97.5 mg, quant).
1H NMR* (400 MHz): 8 7.78 (d, 2H, J = 7.2 Hz Fmoc Ar H); 7.58 (d, 2H, ] = 5.6 Hz,
Fmoc Ar H); 7.40-7.25 (m, 6H, Fmoc Ar H & Ar H); 7.15-6.72 (m, 2H, Ar H); 5.89 (bs
1H, NH); 5.27 - 3.10 (broad multiplets unresolved, 16H, H-1, H-2, H-3, H-4, H-5, H-
6, H-6', H-a, H-b, H-c, H-d, H-e); 2.09-1.91 (m, 12H, 4 x Ac CH3).
13C NMR* (100 MHz): 6 172.9, 170.5, 170.3, 170.2, 169.5, 157.6, 156.9, 144.0,
141.3. 129.1, 128.9, 128.0, 127.4, 127.3, 125.5, 125.2, 125.0, 120.2, 117.2, 116.7,
99.0,71.0, 70.8, 68.5, 67.5, 67.23, 67.0, 67.0, 61.3,51.1, 47.3,47.1, 40.1, 39.4 20.7.
MS (ESI, +ve) m/z 790.9 [M+H]*, m/z 812.8 [M+Na]*.
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HRMS (ESI, +ve) m/z 813.2469 [M+Na]*, C40H42N2NaO1s required m/z 813.2477.
m/z 791.2650 [M+H]*, C40H43N201s required m/z 791.2658.

* Rotamers present.

Synthesis of 72

t-Butyl ester 70 (522 mg, 0.617 mmol) was dissolved in DCM (2 mL) in an ice
bath and TFA (2 mL) was added. The reaction was allowed to stir for 2 h before
the solvents were removed under reduced pressure and the reaction mixture
purified by flash silica chromatography (2% MeOH/DCM to 10% MeOH/DCM).
The solvent was removed under reduced pressure to leave 72 as a colourless oil
(480 mg, quant).
1H NMR* (400 MHz): 6 7.72 (m, 2H, Fmoc Ar H); 7.56 (m, 2H, Fmoc Ar H); 7.45-
7.25 (m, 6H, Fmoc Ar H & Ar H); 7.05-6.70 (m, 2H, Ar H); 5.99 (bs 1H, NH); 5.80-
3.10 (broad multiplets unresolved, 16H, H-1, H-2, H-3, H-4, H-5, H-6, H-6', H-a, H-b,
H-c, H-d, H-e); 2.15-1.85 (m, 12H, 4 x Ac CH3).
13C NMR* (100 MHz): 6 172.9, 170.7, 170.3, 169.5, 169.4, 157.3, 143.9, 143.6,
141.4, 130.3, 129.0, 128.8, 128.0, 127.3, 125.4, 125.1, 125.0, 120.2, 117.0, 116.8,
98.6, 72.7, 72.0, 71.0, 68.3, 68.2, 67.6, 67.2, 61.9, 61.7, 51.0, 47.2, 47.0, 40.0, 39.3,
20.7.
MS (ESI, +ve) m/z 791.0 [M+H]*, m/z 812.8 [M+Na]*.
HRMS (ESI, +ve) m/z 813.2478 [M+Na]*, C40H42N2NaO1s required m/z 813.2477.
m/z 791.2647 [M+H]*, C40H43N201s5 required m/z 791.2658.

*Rotamers present.
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3.3.5. Synthesis of Succinic Anhydride-Linked Glycosylated Monomers
Synthesis of 74

(o}
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PNA monomer backbone 51 (52 mg, 0.13 mmol) and succinic anhydride (13
mg, 0.13 mmol) were combined in DCM (5 mL) and stirred at room temperature
for 2 h. More succinic anhydride (8 mg) was added and the reaction mixture
allowed to stir at room temperature for a further 4.5 h. The reaction mixture was
then washed with water (2 x 20 mL), dried (MgS04) and the solvent removed
under reduced pressure to leave 74 as a colourless oil (65 mg, quant.).
1H NMR* (400 MHz): 6 7.74 (d, 2H, ] = 7.2 Hz, Fmoc Ar H); 7.58 (d, 2H, ] = 7.6 Hz,
Fmoc Ar H); 7.38 (t, 2H, ] = 7.6 Hz, Fmoc Ar H); 7.30 (t, 2H, ] = 7.4 Hz, Fmoc Ar H);
5.98 & 5.60 (bs, 1H, NH); 4.37 & 4.33 (d, 2H, J = 7.2 Hz Fmoc CHz); 4.20 (m, 1H,
Fmoc CH); 3.97 & 3.91 (s, 2H, H-c); 3.52 (m, 2H, H-a or H-b); 3.36 (m, 2H, H-a or H-
b); 2.65-2.41 (m, 4H, H-f & H-g); 1.47 (s, 9H, tBu CH3).
13C NMR* (100 MHz): 6 176.3, 173.3, 172.5, 156.7, 143.9, 141.3, 127.7, 127.1,
125.1,120.0, 82.4, 66.8, 50.2, 49.6, 47.4, 39.6, 29.5, 28.3, 27.9.

MS (ESI, +ve) m/z 497.25 [M+H]*, m/z 519.16 [M+Na]*.
HRMS (ESI, +ve) m/z 519.2100 [M+Na]*, C27H32N2NaO7 required m/z 519.2102.
m/z 497.2284 [M+H]*, C27H33N207 required m/z 497.2282.

* Rotamers present.
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Synthesis of 75
AcO
AcO OAc
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Tetraacetyl bromo-a-D-glucopyranose (693 mg, 1.69 mmol), acid 74 (558 mg,
1.12 mmol), silver carbonate (6.55 g, 23.7 mmol) and sodium sulfate (12.9 g, 90.9
mmol) were stirred in DCM (40 mL) at reflux, under an atmosphere of nitrogen in
the dark for 44 h. The reaction mixture was then filtered through celite, the
organic layer washed with sat. NaHCO3 (aq) (1 x 20 mL) and water (1 x 20 mL),
dried (MgS04) and the solvent removed under reduced pressure. Purification by
reverse phase HPLC on a Cis Delta Pak column with a flow rate of 5 mL/minute.
The solvent system used was 40:60 H20:ACN for 5 minutes then a gradual change
to 20:80 H20:ACN for 10 minutes followed by a gradual change to 10:90 H20:ACN
over 5 minutes and held for 10 minutes. The desired product eluted at
approximately 35 minutes as detected at 256 nm absorbance. The solvent was
removed under reduced pressure to leave 75 as a colourless oil (347 mg, 40%).
1H NMR (400 MHz): 6 7.76 (d, 2H, J = 7.6 Hz, Fmoc Ar H); 7.60 (d, 2H, /] = 7.6 Hz,
Fmoc Ar H); 7.40 (t, 2H, J = 7.2 Hz, Fmoc Ar H); 7.31 (t, 2H, ] = 7.2 Hz, Fmoc Ar H);
5.95 & 5.48 (m, 1H, NH); 5.71 & 5.70 (d, 1H, J = 8.0 Hz H-1); 5.24 - 5.05 (m, 3H, H-2,
H-3 & H-4); 4.36 (m, 2H, Fmoc CH2); 4.21 (m, 2H, Fmoc CH & H-6); 4.09 - 3.84 (m,
3H, H-c & H-6); 3.74 (m, 1H, H-5); 3.51 (m, 2H, H-a or H-b); 3.37 (m, 2H, H-a or H-
b); 2.79 - 2.43 (m, 4H, H-f & H-g); 2.06 & 2.03 (s, 3H, Ac CH3); 2.04 (s, 3H, Ac CH3);
2.02 (s, 3H, Ac CH3); 2.00 (s, 3H, Ac CH3); 1.49 & 1.47 (s, 9H, tBu CH3).
13C NMR (100 MHz): 6 171.7,171.3,171.2,170.9, 170.4, 169.9, 169.7, 157.0, 144.4,
141.7,128.1, 127.4, 125.4, 120.4, 92.1, 73.1, 70.5, 68.2, 67.3, 61.8, 50.1, 49.6, 47.6,
39.8,29.5,28.4,27.7,21.0, 21.0, 21.0.

MS (ESI, +ve) m/z 827.09 [M+H]*, 849.05 [M+Na]*, 865.17 [M+K]*.
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Synthesis of 76
OAc
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Tetraacetyl bromo-a-D-galactopyranose (131 mg, 0.318 mmol), 74 (132 mg,
0.265 mmol), silver carbonate (1.55 g, 5.62 mmol) and sodium sulfate (3.06 g, 21.5
mmol) were stirred in DCM (20 mL) at reflux, under an atmosphere of nitrogen in
the dark for 24 h. The reaction mixture was then filtered through celite, the
organic layer washed with sat. NaHCO3 (aq) (1 x 20 mL) and water (1 x 20 mL),
dried (MgS04) and the solvent removed under reduced pressure. Purification by
reverse phase HPLC on a Cis Delta Pak column with a flow rate of 5 mL/minute.
The solvent system used was 40:60 H20:ACN for 5 minutes then a gradual change
to 20:80 H20:ACN for 10 minutes followed by a gradual change to 10:90 H20:ACN
over 5 minutes and held for 10 minutes. The desired product eluted at
approximately 34 and 37 minutes as detected at 256 nm absorbance. The solvent
was removed under reduced pressure to leave 76 as a colourless oil (combined
57.6 mg, 27%).

B-anomer
1H NMR* (400 MHz): 6 7.76 (d, 2H, ] = 7.6 HZ, Fmoc Ar H); 7.60 (d, 2H, J = 7.6 Hz,
Fmoc Ar H); 7.40 (t, 2H, ] = 7.6 Hz, Fmoc Ar H); 7.31 (t, 2H, ] = 7.4 Hz, Fmoc Ar H);
6.00 & 5.48 (m, 1H, NH); 5.68 (dd, 1H, J = 8.4, 2.0 Hz, H-1); 5.39 (d, 1H, ] = 2.8 Hz, H-
4); 5.32 (t, 1H, ] = 9.4 Hz, H-2); 5.04 (m, 1H, H-3); 4.38 (m, 2H, Fmoc CHz); 4.22 (m,
1H, Fmoc CH); 4.09 (m, 2H, H-6 & H-6"); 3.93 (m, 3H, H-5 & H-c); 3.55 (m, 2H, H-a
or H-b); 3.37 (m, 2H, H-a or H-b); 2.75 - 2.41 (m, 4H, H-f & H-g); 2.14 & 2.12 (s, 3H,
Ac CH3); 2.06 & 2.06 (s, 3H, Ac CH3); 2.01 & 2.00 (s, 3H, Ac CH3); 1.98 (s, 3H, Ac
CH3); 1.49 & 1.47 (s, 9H, tBu CH3).
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13C NMR* (100 MHz): 5 171.8, 171.3, 171.3, 170.6, 170.4, 170.3, 170.1, 157.0,
144.2,141.7, 128.1, 127.4, 125.4, 120.3, 92.7, 92.5, 83.5, 72.0, 71.1, 68.0, 67.3, 67.1,
61.3,50.2, 49.6, 47.6, 39.8, 29.5, 28.4, 27.8, 21.0, 20.9, 20.9, 20.8.

MS (ESI, +ve) m/z 827.09 [M+H]*, 849.17 [M+Nal*, 865.17 [M+K]*.

g-anomer

1H NMR* (400 MHz): 8 7.76 (m, 2H, Fmoc Ar H); 7.60 (m, 2H, Fmoc Ar H); 7.40 (m,
2H, Fmoc Ar H); 7.31 (t, 2H, ] = 7.6 Hz, Fmoc Ar H); 6.39 & 6.37 (d, 1H, ] = 3.2 Hz, H-
1); 5.92 (m, 1H, NH); 5.51 (m, 1H, H-4); 5.34 (m, 2H, H-2 & H-3); 4.36 (m, 3H, Fmoc
CH2 & H-5); 4.22 (m, 1H, Fmoc CH); 4.14 - 4.03 (m, 2H, H-6 & H-6); 4.00 (s, 1H, H-
c); 3.91 (s, 1H, H-c); 3.54 (m, 2H, H-a or H-b); 3.38 (m, 2H, H-a or H-b); 2.70 (m, 4H,
H-f & H-g); 2.14 (s, 3H, Ac CH3); 2.03 (s, 3H, Ac CH3); 2.01 (s, 3H, Ac CHs); 2.00 (s,
3H, Ac CH3); 1.49 & 1.47 (s, 9H, tBu CH3).

MS (ESI, +ve) m/z 849.17 [M+Na]*, 865.17 [M+K]*.

*Rotamers present.

3.3.6. Synthesis of Alkyl-Linked Glycosylated Monomers
Synthesis of 79
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Tetraacetyl bromo-a-D-glucopyranose (50 mg, 0.12 mmol) and 2-
chloroethanol (0.25 mL, 3.1 mmol) were dissolved in DCM (15 mL) over 4A
molecular sieves and stirred at room temperature under an atmosphere of
nitrogen for 1 h. The reaction flask was then put in an ice bath (~ 2 °C) and silver
triflate (68 mg, 0.27 mmol) was added and left to stir for 12 h. The reaction
mixture was then filtered (celite) and the organic layer washed with sat. NaHCOs3
(aq) (1 x 20 mL) and water (1 x 20 mL), dried (MgS04) and the solvent removed
under reduced pressure. Purification by flash chromatography (5%
methanol/DCM; Rt = 0.55). The solvent was removed under reduced pressure to

leave 79 as a white solid (22.4 mg, 45%).
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1H NMR (300 MHz): 6 5.22 (t, 1H, J = 9.5 Hz, H-3); 5.08 (t, 1H, ] = 9.6 Hz, H-4); 5.01
(dd, 1H, J = 9.6, 7.9 Hz, H-2); 4.57 (d, 1H, ] = 7.9 Hz, H-1); 4.25 (dd, 1H, /] = 12.3, 4.8
Hz, H-6); 4.14 (dd, 1H, J = 12.4, 2.3 Hz, H-6’); 4.05 (m, 1H, H-a); 3.75 (m, 2H, H-5 &
H-a); 3.63 (m, 2H, H-b); 2.08 (s, 3H, Ac CHs); 2.05 (s, 3H, Ac CH3); 2.02 (s, 3H, Ac
CH3); 2.00 (s, 3H, Ac CH3).

13C NMR (75 MHz): 6 170.7, 170.3, 169.5, 169.5, 101.2, 72.8, 72.1, 71.2, 70.0, 68.5,
62.0,42.5,20.8, 20.7, 20.7, 20.7.

MS (ESI, +ve) m/z 433.2 [M+Na]* (35Cl), 435.2 [M+Na]* (37Cl).

X-ray crystallography: For data, see Appendix.

Synthesis of 82

2-(2-aminoethylamino)-ethanol (0.90 mL, 8.9 mmol) and DIEA (1.6 mL, 8.9
mmol) were stired in DCM (25 mL) at room temperature. Fmoc succinimide (3.0 g,
8.9 mmol) was dissolved in DCM (25 mL) and slowly added to the reaction mixture
via a dropping funnel. After stirring for 15 h, the reaction mixture was filtered and
the white solid product collected and washed with cold DCM and left to dry,
leaving 82 as a white solid (2.90 g, quant.).
1H NMR (400 MHz): 6 7.76 (d, 2H, ] = 7.6 Hz, Fmoc Ar H); 7.59 (dd, 2H, /= 7.6, 0.8
Hz, Fmoc Ar H); 7.39 (t, 2H, ] = 7.6 Hz, Fmoc Ar H); 7.31 (td, 2H, ] = 7.6, 1.2 Hz,
Fmoc Ar H); 5.27(bs, 1H, NH); 4.43 (d, 2H, / = 6.4 Hz, H-d); 4.21 (t, 1H, /] = 6.4 Hz, H-
e); 3.63 (t, 2H, J = 5.2 Hz, H-g); 3.28 (d, 2H, ] = 5.2 Hz, H-a); 2.75 (m, 4H, H-b & H-f);
2.01 (bs, 2H, NH & OH).
13C NMR (100 MHz): 6 157.0, 144.3, 141.7, 128.0, 127.3, 125.3, 120.3, 66.9, 61.4,
51.2,49.1,47.7,41.2.

MS (ESI, +ve) m/z 327.2 [M+H]*.
MP: 111-113°C
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Synthesis of 78

Amine 82 (200 mg, 0.613 mmol) and potassium carbonate (845 mg, 0.61
mmol) were stirred in DCM (10 mL) in an icebath. t-Butyl bromoacetate (0.14 mL,
0.92 mmol) dissolved in DCM (3 mL) was slowly added to the reaction mixture.
The solution was allowed to stir at room temperature for 28 h, after which time it
was washed with HCl (1M, 10 mL) and then brine (10 mL). The DCM layer was
dried (MgS04) and removed under reduced pressure to leave a mixture of the
product, by-product and excess t-butyl bromoacetate. Purification by column
chromatography (DCM to 5% MeOH/DCM). The solvent was removed under
reduced pressure from the appropriate fraction to the leave 78 as a colourless oil
(188 mg, 70%).
1H NMR (400 MHz): 8 7.75 (d, 2H, ] = 7.6 Hz, Fmoc Ar H); 7.62 (d, 2H, /] = 7.6 Hz,
Fmoc Ar H); 7.39 (t, 2H, ] = 7.4 Hz, Fmoc Ar H); 7.31 (td, 2H, ] = 7.4, 1.2 Hz, Fmoc Ar
H); 5.69 (bs, 1H, NH); 4.37 (d, 2H, J = 7.2 Hz, H-d); 4.23 (t, 1H, /] = 7.2 Hz, H-e); 3.57
(t, 2H, /= 5.2 Hz, H-g); 3.30 (m, 4H, H-a & H-c); 2.80 (m, 4H, H-b & H-f); 1.48 (s, 9H,
tBu CH3); 1.46 (s, 1H, OH).
13C NMR (100 MHz): 6 172.3, 157.0, 144.4, 141.6, 128.0, 127.4, 125.5, 120.2, 82.2,
67.1, 60.0,57.8,56.9, 55.4, 47.6, 39.8, 28.4.

MS (ESI, +ve) m/z 441.2 [M+H]".
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Synthesis of 83

AcO OAc

Alcohol 78 (55 mg, 0.12 mmol) was combined with tetraacetyl bromo-a-D-
galactopyranose (76 mg, 0.19 mmol); silver carbonate (725 mg, 2.63 mmol) and
sodium sulfate (1.43 g, 10.0 mmol) in dichloromethane (20 mL) with molecular
sieves under an atmosphere of nitrogen at room temperature in the dark. One day
later a further 100 mg of acetobromogalactose was added to the reaction. A
further four days after that, the reaction mixture was filtered through celite,
washed with water (20 mL), dried (MgSO4) and the solvent removed under
reduced pressure. Purification by reverse phase HPLC on a Cis Delta Pak column
with a flow rate of 5 mL/minute. The solvent system used was 20:80 H20:ACN for
10 minutes then a gradual change to 15:85 H20:ACN for 10 minutes. The
conjugated products eluted at 34 and 37 minutes as detected at 220 nm
absorbance. The solvent was removed under reduced pressure to leave 83 as a
colourless clear oil (total product 14 mg, 15%).

B-anomer
1H NMR (400 MHz): 8 7.76 (d, 2H, ] = 7.6 Hz, Fmoc Ar H); 7.65 (d, 2H, /] = 7.2 Hz,
Fmoc Ar H); 7.39 (t, 2H, ] = 7.6 Hz, Fmoc Ar H); 7.31 (t, 2H, ] = 7.2 Hz, Fmoc Ar H);
5.88 (bs, 1H, NH); 5.37 (d, 1H, J = 2.8 Hz, H-4); 5.20 (dd, 1H, J = 10.4, 8.0 Hz, H-2);
5.00 (dd, 1H, J = 10.4, 3.6 Hz, H-3); 4.48 (d, 1H, J = 7.6 Hz, H-1); 4.39 (d, 2H, / = 6.8
Hz, H-d); 4.24 (t, 1H, /= 7.2 Hz, H-e); 4.13 (m, 2H, H-6 & H-6"); 3.89 (m, 2H, H-g & H-
5); 3.62 (m, 1H, H-g); 3.31 (s, 2H, H-c); 3.23 (bs, 2H, H-a); 2.88 (m, 2H, H-f); 2.77
(bs, 2H, H-b); 2.12 (s, 3H, Ac CHs); 2.05 (s, 3H, Ac CHs); 2.02 (s, 3H, Ac CH3); 1.98 (s,
3H, Ac CH3); 1.48 (s, 9H, tBu CH3).
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13CNMR (100 MHz): 6 170.4, 169.8, 144.5, 141.7,128.0, 127.4, 125.6, 120.3, 101.4,
81.7, 71.3, 71.1, 69.2, 68.6, 67.4, 66.9, 61.6, 57.0, 54.4, 53.7, 47.7, 39.6, 28.5, 21.1,
21.0, 21.0, 20.9.

MS (ESI, +ve) m/z 771.1 [M+H]".

g-anomer
1H NMR (400 MHz): & 7.76 (d, 2H, J = 7.6 Hz, Fmoc Ar H); 7.64 (d, 2H, ] = 7.2 Hz,
Fmoc Ar H); 7.39 (t, 2H, ] = 7.4 Hz, Fmoc Ar H); 7.31 (td, 2H, ] = 7.4, 1.2 Hz, Fmoc Ar
H); 5.91 (bs, 1H, NH); 5.83 (d, 1H, J = 4.8 Hz, H-1); 5.41 (t, 1H, J = 2.8 Hz, H-4); 5.04
(q, 1H,J = 3.2 Hz, H-3); 4.37 - 4.24 (m, 5H, H-2, H-5, H-d & H-e); 4.12 (m, 2H, H-6 &
H-6"); 3.58 (bs, 2H, H-g); 3.34 (s, 2H, H-c); 3.25 (m, 2H, H-a); 2.86 (m, 2H, H-f); 2.80
(m, 2H, H-b); 2.05 (s, 3H, Ac CH3); 2.03 (s, 3H, Ac CH3); 2.01 (s, 3H, Ac CH3); 1.68 (s,
3H, Ac CH3), 1.48 (s, 9H, tBu CH3).
13C NMR (100 MHz): 6 170.8, 170.4, 170.1, 157.0, 144.5, 141.6, 128.0, 127.4, 125.6,
120.3,97.9, 81.6, 74.3, 71.8, 69.5, 67.1, 66.3, 61.7, 61.7, 56.9, 54.3, 53.5, 47.7, 39.5,
28.5,24.4,21.0,21.0, 20.8.
MS (ESI, +ve) m/z 771.1 [M+H]".

Synthesis of 84

OAc

M
OAc
OAc

Amine 82 (200 mg, 0.613 mmol) was added to dry DCM (50 mL). The solution

was then heated and sonicated to encourage the solid material to dissolve. [-D-
glucopyranose pentaacetate (359 mg, 0.920 mmol) and BF3.Et20 (0.209 mL, 1.84
mmol) were then added and the reaction was allowed to stir at room temperature
under a nitrogen atmosphere for 4 d. The reaction was quenched and washed with
water (3 x 20 mL), dried (MgSO4) and the solvent removed under reduced
pressure. Purification by flash silica chromatography (DCM to 5% MeOH/DCM to
10% MeOH/DCM to acetone). The solvent was removed from the appropriate
fractions under reduced pressure to leave 84 as a colourless oil (79 mg, 20%).

Note: Product must be refrigerated to avoid decomposition.
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1H NMR (400 MHz): 6 7.75 (d, 2H, J = 7.6 Hz, Fmoc Ar H); 7.61 (d, 2H, /] = 7.2 Hz,
Fmoc Ar H); 7.39 (t, 2H, J = 7.6 Hz, Fmoc Ar H); 7.30 (t, 2H, J = 7.4 HZ, Fmoc Ar H);
5.59 (bs, 1H, NH); 5.20 (t, 1H, J = 9.5 Hz, H-3); 5.06 (t,1H, J = 9.7 Hz, H-4); 4.96 (dd,
1H, J = 9.5, 8.02 Hz, H-2); 4.52 (d, 1H, J = 8.0 Hz, H-1); 4.39 (d, 2H, ] = 6.6 Hz, H-d);
4.21 (m, 3H, H-e, H-6 & H-6'); 3.95 (m, 1 H, H-g); 3.74 (m, 2H, H-5 & H-g); 3.30 (m,
2H, H-a); 2.85 (m, 4H, H-b & H-f); 2.05 (s, 3H, Ac CH3); 2.03 (s, 3H, Ac CHs); 2.01 (s,
3H, Ac CH3); 1.98 (s, 3H, Ac CH3).

13C NMR (100 MHz): 6 170.9, 170.3, 169.7, 169.5, 156.9, 144.1, 141.5, 127.8, 127.2,
125.2, 120.1, 101.1, 72.8, 72.2, 71.5, 69.2, 68.4, 66.8, 61.9, 48.9, 48.7, 47.4, 40.5,
20.9, 20.9, 20.7.

MS (ESI, +ve) m/z 657.0 [M+H]".

Synthesis of 80
kgg OAc
AcO 0
Method 1

Glycosylated amine 84 (79 mg, 0.12 mmol) was combined with potassium
carbonate (33 mg, 0.24 mmol) and t-butyl bromoacetate (34 uL, 0.24 mmol) in
ACN (5 mL). The reaction was allowed to stir at room temperature under a
nitrogen atmosphere for two d. The product was then extracted into DCM (10 mL),
washed with water (2 x 10 mL), dried (MgSO4) and the solvent removed under
reduced pressure. Purification by silica column chromatography (DCM to ethyl
acetate) and the solvent was removed from the appropriate fractions to leave 80
as a colourless oil (57 mg, 62%).
1H NMR (400 MHz): & 7.76 (d, 2H, ] = 7.2 Hz, Fmoc Ar H); 7.65 (d, 2H, /] = 7.6 Hz,
Fmoc Ar H); 7.39 (t, 2H, ] = 7.4 Hz, Fmoc Ar H); 7.31 (t, 2H, ] = 7.4 Hz, Fmoc Ar H);
5.90 (bs, 1H, NH); 5.20 (t, 1H, J = 9.2 Hz, H-3); 5.07 (dd, 1H, J = 10.0, 9.2 Hz, H-4);
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4.90 (dd, 1H, J = 9.6, 8.0 Hz, H-2); 4.53 (d, 1H J = 8.0 Hz, H-1); 4.39 (m, 2H, H-d);
4.24 (m, 2H, H-e & H-6); 4.11 (m, 1H, H-6); 3.86 (m, 1H, H-g); 3.64 (m, 2H, H-g & H-
5); 3.31 (s, 2H, H-c); 3.21 (m, 2H, H-a); 2.87 (m, 2H, H-f); 2.76 (t, 2H, ] = 5.2 Hz, H-
b); 2.06 (s, 3H, Ac CHs); 2.03 (s, 3H, Ac CHs); 2.00 (s, 3H, Ac CH3); 1.98 (s, 3H, Ac
CHs); 1,48 (s, 9H, tBu CHs).

MS (ESI, +ve) m/z 771.2 [M+H]".

Method 2

Alcohol 78 (35 mg, 0.08 mmol) was combined with tetraacetyl bromo-a-D-
glucopyranose (130.5 mg, 0.32 mmol), silver carbonate (438 mg, 1.59 mmol) and
sodium sulfate (865 mg, 6.09 mmol) in DCM (5 mL) with molecular sieves under
an atmosphere of nitrogen at room temperature in the dark. After three days, the
reaction mixture was filtered through celite, washed with water (1 x 20 mL), dried
(MgS04) and the solvent removed under reduced pressure. Purification by reverse
phase HPLC on a Cis Delta Pak column with a flow rate of 5 mL/minute. The
solvent system used was 20:80 H20:ACN for 10 minutes then a gradual change to
15:85 H20:ACN for 10 minutes. The conjugated products eluted at 35 and 36
minutes as detected at 220 nm absorbance. The solvent was removed under
reduced pressure to leave 80 as a colourless clear oil. (3.4 mg, 9%).

[i-anomer

See characterisation data above

o-anomer
1H NMR (400 MHz): & 7.75 (d, 2H, J = 7.6 Hz, Fmoc Ar H); 7.65 (d, 2H, ] = 7.6 Hz,
Fmoc Ar H); 7.39 (t, 2H, ] = 7.6 Hz, Fmoc Ar H); 7.31 (td, 2H, ] = 7.6, 1.2 Hz, Fmoc Ar
H); 5.89 (bs, 1H, NH); 5.74 (d, 1H, J = 5.2 Hz, H-1); 5.18 (t, 1H, J = 2.8 Hz, H-3) 4.88
(dd, 1H, J = 9.6, 2.8 Hz, H-4); 4.36 (m, 3H, H-2 & H-d); 4.25 (t, 1H, ] = 7.2 Hz, H-e);
4.18 (m, 2H, H-6 & H-6"); 3.93 (m, 1H, H-5); 3.55 (m, 2H, H-g); 3.32 (s, 2H, H-c);
3.24 (m, 2H, H-a); 2.84 (m, 2H, H-f); 2.79 (m, 2H, H-b); 2.07 (s, 3H, Ac CH3); 2.06 (s,
3H, Ac CH3); 2.04 (s, 3H, Ac CH3); 1.73 (s, 3H, Ac CH3); 1.47 (s, 9H, tBu CH3).
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13CNMR (100 MHz): 6 171.5,171.0, 170.0, 170.0, 157.0, 144.5, 141.6, 128.0, 127.4,
125.6,120.3,97.4, 81.6, 73.7, 70.6, 68.5, 67.5, 67.1, 63.4, 62.6, 57.0, 54.5, 54.153.8,
47.7,39.6, 28.5,21.4,21.1, 21.1, 21.0.

MS (ESI, +ve) m/z 771.2 [M+H]".

Synthesis of 85
kgg OAc
Aco'\ °

t-Butyl ester 80 (57 mg, 0.07 mmol) was dissolved in DCM (1 mL) in an ice
bath and TFA (1 mL) was added. The reaction was allowed to stir for 24 h before
the solvents were removed under reduced pressure and the reaction mixture
purified by flash silica chromatography (5% MeOH/DCM to 10% MeOH/DCM) to
leave 85 as a colourless oil (32.7 mg, 62%).
1H NMR (400 MHz): & 7.75 (d, 2H, J = 7.6 Hz, Fmoc Ar H); 7.60 (d, 2H, J = 7.2 Hz,
Fmoc Ar H); 7.38 (t, 2H, ] = 7.4 Hz, Fmoc Ar H); 7.30 (t, /] = 7.4 Hz, Fmoc Ar H); 5.17
(t, 1H,J = 9.6 Hz, H-3); 5.06 (t, 1H, ] = 9.6 Hz, H-4); 4.95 (dd, 1H, ] = 9.6, 8.0 Hz, H-2);
4.42 (m, 3H, H-1 & H-d); 4.21 (t, 1H, / = 6.4 Hz, H-e); 4.11 (m, 2H, H-6 & H-6’); 3.85
(m, 1H, H-g); 3.63 (m, 1H, H-g); 3.56 (m, 1H, H-5); 3.42 (s, 2H, H-c); 3.35 (bs, 2H, H-
a); 2.99 (bs, 2H, H-f); 2.91 (bs, 2H, H-b); 2.03 (s, 3H, Ac CH3); 2.03 (s, 3H, Ac CH3);
2.01 (s, 3H, Ac CH3); 1.97 (s, 3H, Ac CH3).
13C NMR (100 MHz): 6 171.6,170.8, 170.3, 170.0, 169.5, 157.2, 144.1, 141.4, 127.9,
127.3, 125.3, 120.1, 100.4, 72.7, 72.1, 71.3, 68.4, 66.7, 66.3, 61.7, 57.7, 55.3, 54.2,
47.4,38.5, 20.8, 20.7, 20.7.
MS (ESI, +ve) m/z 715.0 [M+H]".
HRMS (ESI, +ve) m/z 715.2723 [M+H]*, C3sH43N2014 required 715.2709.
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Chapter 4. Conjugated Peptide Nucleic Acids and

their Physical Measurements

4.1. Introduction

This chapter consists of three smaller sections, connected by a common theme of
peptide nucleic acids (PNAs). The first section details the synthesis, purification
and characterisation of the library of PNA molecules synthesised in this project.
Glycosylated building blocks 38, 39 (modified amino acids), 71 and 72 (rigid-
linked glycosylated monomers) were attached to the ends of PNA sequences on the
solid phase. A total of 34 different PNA sequences were synthesised, including 32
different glycosylated PNA conjugates.

The behaviour of the glycosylated PNA oligomers on a supported lipid bilayer
was investigated using a Quartz Crystal Microbalance (QCM). In a form of
biomimicry, a synthetic lipid bilayer was constructed on a gold-coated sensor so
that the cell penetrating abilities of the glycosylated PNA oligomers could be
compared with those of unconjugated PNA oligomers.

The stability of the glycosylated oligomers with complementary DNA
oligomers is vital for their therapeutic success. The heat released upon binding is
indicative of the binding strength of two molecules: a highly exothermic response
will result from a favourable interaction. Two techniques have been used in the
present project to measure the thermodynamic properties of a selection of
conjugated PNA sequences in the presence of their complementary DNA sequence:
PNA/DNA thermal m elt using a UV-visible spectrophotometer, and isothermal
titration calorimetry (ITC). The aim of these thermodynamic analyses is to
compare PNA sequences with and without conjugated sugar molecules, and
investigate whether or not the conjugation of glycosylated building blocks
decreases the binding ability of the SOD1 PNA sequence to its complementary DNA

sequence.
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4.2. Peptide Nucleic Acid Preparation

4.2.1. Peptide Nucleic Acid Synthesis

PNA synthesis is carried out using the Expedite 8909 Nucleic Acid Synthesis
System. The resin on which the PNA sequence was built was a poly(ethylene
glycol) /polystyrene (PEG-PS) resin, with a 9-fluorenylmethoxycarbonyl (Fmoc)
protected amine. The standard monomers used in the synthesis contain an achiral N-
(2-aminoethyl)glycine backbone with an Fmoc-protected amine and a free carboxylic
acid. The backbone is bound to one of four bases: A, C, G or T as shown in Figure 4.1.
Those bases with exocyclic amines (A, C and G) were protected with
benzhydryloxycarbonyl (Bhoc), which is an acid labile group, complementary to the

base sensitive Fmoc group.!

Base=A,C,GorT

,Bhoc

HN” Yo O HN o)

NN N7 HN N HN™

fj: > O¢I\N Bhoc\NJ\\N | N> Oél\N
i H e s

A monomer C monomer G monomer T monomer

Figure 4.1: Nucleobases on the PNA backbone form the PNA monomers.

The same automated protocol was used for PNA synthesis, regardless of
sequence identity (Figure 4.2). The first step of the synthetic cycle involves the
removal of the Fmoc protecting group using 20% v/v piperidine in DMF. Next, the
monomer to be added to the sequence is activated using HATU mixed with lutidine
and DIEA in DMF, and is coupled to the free amine on the resin. HATU activates
the carboxylic acid of the next monomer in the sequence so it is more electrophilic

for attack by the free amine of the growing sequence. Lutidine and DIEA are bulky
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bases and so cannot act as nucleophiles towards the carbonyl groups of the new

monomers.
Wash
! (DMF) Cleave and deprotect
'—N—Fmoc
Cap Fmoc deblock
(Ac0 + lutidine in DMF) (20% piperidine in DMF)

Wash Wash '
(DMF) (DMF) NH;

AN

Activate and couple
(DIPEA, lutidine, HATU in NMP/DMF)

New monomer

n Base=TA,C,G

H
'_N\[‘c])/\N/\/ ~Fmoc Kfo o
O)\ Fmoc\N/\/N\)J\OH

Base = T or Bhoc protected A, C, G H

Figure 4.2: PNA synthetic cycle.

Capping involves the acetylation of any uncoupled oligomers on the resin
using acetic anhydride (lutidine, DMF). As a result of this step, any unreacted free
amines generated through the cycle will be acetylated ensuring that the next
monomer cannot be coupled to them under the reaction conditions. Consequently,
this step reduces the formation of sequences containing deletions and so this step
also aids in the purification process. A DMF wash separates each step to remove
any reagents or uncoupled monomers from the resin which may complicate the
next step in the cycle. Once the desired sequence of monomers has been coupled, a
final deblock is performed twice, to remove the Fmoc protecting group of the last
monomer, thus affording a free amine.

To demonstrate the flexibility and ease by which the glycosylated building
blocks BBGluOH, BBGalOH, SerGluOH, SerGalOH, BBGluAc, BBGalAc, SerGluAc and
SerGalAc were incorporated into PNA sequences, each was dissolved in NMP (0.2
M) and inserted into the PNA synthesiser, in the same manner as standard PNA

monomers. The desired sequence was programmed in the synthesiser. A typical
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program sees that a PNA sequence is synthesised in the C’ to the N’ direction and,
to ensure the greatest number of amine sites on the resin are in use, the first
coupling event is repeated (double coupled). In light of this, the glycosylated
building block was, in most cases, programmed to be coupled last at the N’
terminus, to maximise its use.

Once synthesis of the desired sequence was complete, the resin was removed
from the synthesiser so that post-synthesis modifications could be performed.
When required, a mixture of triethylamine, methanol and water (5:3:2)2 was used
to cleave the acetate protecting groups from the sugar moieties. The resin-bound
PNA sequence was left in this solution overnight before the solution was decanted
off and the resin rinsed with methanol.

To cleave the PNA from the resin, a 4:1 TFA:m-cresol mix was used. This
solution also cleaved the Bhoc protecting group from the nucleobases. m-Cresol
acts as a radical scavenger to remove the highly reactive carbonium cations from
Bhoc that would otherwise attach onto a free amine of another or the same base.
The resin was left to sit in a TFA - m-cresol solution for one hour before the
solution (now containing the PNA product) was removed from the resin and the
process repeated with fresh cleavage solution. Cold diethyl ether was added to the
combined cleavage solutions to precipitate the PNA product typically as a white
solid. Centrifugation was used to compact the white solid into a pellet from which
the diethyl ether could be evaporated. Figure 4.3 shows the general steps involved

in this final phase of PNA preparation.
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Figure 4.3: Steps of PNA preparation.

The rationale behind the creation of the PNA-sugar conjugate library in this
project was two-fold. Firstly, from a synthetic point of view, we wanted to
demonstrate that amino acid conjugates could be incorporated into PNA chemistry
and that the sugar-substituted PNA backbone monomers would not be sterically
hindered, or be sterically hindering, in PNA synthesis. For use in therapeutics and
diagnostics, PNA sequence integrity is essential therefore the SOD1 and GluR3
sequences could not be interrupted. In light of this design restriction, the
glycosylated building blocks were only added to the sequences at the terminal
positions. The PNA sequence grows from the C'end to the N'end in the
synthesiser. In order to maximise the number of positions on the resin from which
a sequence can grow, the first monomer of the sequence is ‘double coupled’. In
order to use minimal amounts of the precious glycosylated building blocks, these

monomers were usually added to the N’ terminus of the sequence. However, some
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conjugated sequences were synthesised with the glycosylated building block
starting the chain as the first monomer at the C’ terminus in order to demonstrate
the synthetic flexibility of these building blocks. Their flexibility was also
demonstrated by the synthesis of sequences that contain sequential glycosylated
building blocks.

The second consideration behind the rationale of the PNA conjugate library
was the potential to investigate the effect of numerous variations in sequence
design on the binding ability of the conjugated PNA sequences.

Table 4.1 lists the components of the synthesised PNA sequences. This table is
to be read in conjunction with Table 4.2, which lists each PNA sequence that has
been synthesised for this project. In Table 4.2, each sequence has been given a
name based on the number, type, and location of glycosylated building blocks
incorporated in the sequence, as well as the sequence itself. Table 4.1 explains the
terminology used. This naming system will be used for the remainder of this
chapter and has been used in preference to a standard compound numbering
system, so that the PNA sequence of interest, and its particular variables, can be
easily identified by its name only. This system is considered important for the
present chapter because this chapter is concerned with the comparison of different

variables within the PNA sequence.
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CHAPTER 4 - CONJUGATED PEPTIDE NUCLEIC ACIDS

4.2.2. Peptide Nucleic Acid Purification

Once ESI mass spectrometry confirmed the presence of the desired product in
the crude pellet, preparative reverse phase HPLC was used to purify all PNA
sequences. Factors such as number of sugars attached (0, 1 or 2), and whether or
not the sugars were acetate protected, influenced the elution time of the
sequences. The identity of the sequence (SOD1 or GluR3) did not significantly
affect the elution time. The impurities included incomplete capped sequences,
uncoupled capped monomers and acetate protected glycosylated sequences when
the deprotected glycosylated sequence was desired. Table 4.2 shows each PNA
sequence synthesised, the conditions used to purify it, and its elution time.

Generally, conjugates with unprotected sugars eluted much earlier than those
with acetylated sugars, as would be expected on a reverse-phase column. For
many of the deprotected sugar sequences, peaks were observed in the HPLC run
that corresponded to the protected sugar product, indicating that complete acetate
cleavage was not always achieved. Optimisation of the acetate cleavage step will

be needed in the future.

4.2.3. Peptide Nucleic Acid Characterisation

Characterisation of the purified PNA sequences was achieved by ESI mass
spectrometry. A small sample of the HPLC fraction of interest was diluted with
methanol before use. Typically, PNA sequences display characteristic multiply
charged peaks in ESI mass spectra. The most common signals correlate to the
[M+3H]3*, [M+4H]4* and [M+5H]5* ions, and occasionally the [M+2H]%* and
[M+6H]6* ions are observed. For example, in the case of SOD BBGal20H, a
molecular mass of 3199.8 is calculated with observed peaks at m/z 1067.6
[M+3H]3+, 800.9 [M+4H]** and 641.0 [M+5H]>".

ESI mass spectral analysis of HPLC fractions not containing the desired PNA
products gave an insight into the PNA synthesis procedure, and possibly the
acetate cleavage procedure. For example, in the cases of SOD BBGalOH and SOD
BBGluAc, the ESI mass spectra of the 40 minute HPLC fractions revealed the
presence of a species in which the sugar moiety (including the para-substituted
benzene ring) had been cleaved from the backbone. These spectra show peaks at

m/z 507.8 [M+5H]>*, 634.7 [M+4H]** and 845.7 [M+3H]3*, which correlate to a
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molecular mass of 2534.8, or a mass loss of 283 in the case of SOD BBGalOH, and a
mass loss of 453 in the case of SOD BBGluAc. As these mass losses are a result of
the cleavage of the amide bond from the backbone, it is likely that this deletion
occurred during the overnight cleavage of the sugar acetate groups in
triethylamine, methanol and water.

In each case, the desired HPLC fraction was freeze-dried overnight to leave a
flocculent white solid. The PNA sequences were stored in individual sealed glass
vials at -20 °C until they were required for the various techniques discussed in the

following sections.

4.3. Quartz Crystal Microbalance: Analysis of PNA -

Membrane Interaction

4.3.1. Overview

The Quartz Crystal Microbalance (QCM) is a convenient, highly sensitive
analytical technique that is used to accurately detect nanogram/cm? (in solution)
and picogram/cm? (in vacuum) changes in mass. The technique is based around a
piezoelectric quartz crystal, in the form of a thin gold-coated, 1 cm diameter,
silicon oxide sensor.3 When an oscillating voltage is applied to the sensor, an
acoustic wave spreads in the direction perpendicular to the surface of the sensor.3
The frequency of this wave is dampened due to the mass deposited on the sensor’s
surface.3 There is a number of review articles that describe this instrument and
technique in great detail.3-6

A selection of traditional applications of the QCM include:
e gas phase detection of moisture and hydrocarbons using a coating on the
sensor’s surface to be selective for specific volatiles;”
e immunosensors in which the quartz sensors are pre-coated with an antigen so
that the antibody activity of an antibody solution can be determined by the
thickness of the antibody layer formed on the crystal.8 Examples of analytes that
have been detected include HIV antibodies, pesticides, bacteria, viruses, human
[gM and a-fetoprotein;3
e celectrochemical applications including metal deposition monitoring,
examination of redox processes and mass transfer, electron transfer, rate of film

growth and determination of the mass of an electrodeposited film;? and
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e DNA biosensors in which the crystal surface was initially modified with a
polymer, a nucleic acid was covalently attached to the polymer (and the quartz
surface) and hybridisation of a target sequence from a test solution was detected
as a mass increase (frequency decrease).19 Peptide nucleic acids attached to the
QCM surface have been used,11-14 which in most cases, compared to their DNA

counterparts, create more sensitive and selective biosensors.

The progression of the QCM technique for applications in the liquid phase led
to its use in examining the viscoelastic properties of materials deposited on its
surface. The quartz crystal microbalance with dissipation monitoring (QCM-D) is
able to give both quantitative masses and structural information in liquid. The
temporal change in frequency reflects the mass change on the surface of the
crystal, while the change in dissipation indicates the nature (rigid or viscoelastic)
of the sensor surface. If the sensor surface is viscoelastic or viscous, its internal
friction will dissipate more energy!> and produce an increased dissipation factor.

To exploit this use, supported lipid bilayers (SLB) can be attached to the
quartz sensor’s surface to provide an environment in which pseudo-physiological
interactions can be monitored.1® An advantage of QCM over other surface-
sensitive techniques is that it inherently monitors mass and structural changes as a
result of a particular biomolecule/molecule in real-time, with no need for
additional labelling.16

A SLB can be anchored to the sensor’s surface by first appropriately modifying
the surface, which is achieved by the formation of a self-assembled monolayer.
Using a gold coated sensor (silver and oxide surfaces have also been used in
various surface-sensitive techniques®), a sulfur-containing molecule is often used
to modify the surface due to its strong and unrivalled affinity for gold. Examples of
sulfur-containing molecules include thiolipids, alkylthiols, and terminal derivitised
alkylthiols with carboxylate, ammonium or hydroxyl groups. The nature of the
sulfur-containing compound will determine the properties of the self-assembled
surface: alkyl chains are hydrophobic, hydroxyls are hydrophilic and carboxylate
and ammonium groups create a charged, hydrophilic surface, as a function of the

pH of the surrounding solution.1¢
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Martin and co-workers have used the QCM with attached SLB to examine
various peptide-membrane interactions.17-24 Further to this, and more relevant, is
the pioneering work for the analysis of PNA-metal conjugate derivatives and their
interactions with SLB using QCM-D.2> The present project aims to use the QCM
technique in a similar way: to investigate and compare the interactions of
glycosylated PNA sequences with a supported lipid bilayer.

Our intention is to use a supported lipid bilayer (SLB) on a gold-coated quartz
crystal microbalance to mimic a plasma cell membrane, or perhaps a BBB, in order
to determine if a conjugated sugar molecule (both acetylated and deacetylated)
influences the interaction of the PNA sequence with the lipid bilayer. The aim of
PNA glycosylation was to increase PNA transport to the CNS by means of carrier-
mediated transport utilising the GLUT-1 transporter. As an isolated GLUT-1
transporter protein was not acquired for this project, the use of QCM can be seen
as a preliminary assessment of the effect a conjugated sugar has on the interaction
of a PNA sequence with a lipid bilayer. Owing to its simple experimental set-up
and relatively quick experimental run time, QCM is a very efficient technique from
which much in vitro data can be obtained.

One point of interest is whether or not a conjugated sugar alters the behaviour
of the PNA sequence to interact with the lipid bilayer, or remain on its surface.
Information regarding the depth, or extent of interaction can be inferred by the
difference in change of frequency and dissipation of the various harmonics of the
resonating quartz crystal, or the overtone effects.2! Figure 4.4 shows the depth of
interaction of each of the harmonics in the SLB. The penetration depth of each

harmonic is inversely proportional to its frequency.1523
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i

3rd 5th 7th 9th

Figure 4.4: Schematic representation of the depth of penetration of the 3rd, 5th, 7th and 9th
harmonics of the fundamental frequency compared to the height of a SLB. Comparison of the
changes in frequency and dissipation in the different harmonics provides 3D information of mass

change over the entire sensor surface.

The information contained across these different harmonics is very important
when investigating the interaction of biomolecules with a SLB. As the 3r4 harmonic
probes at the surface of the lipid bilayer, the 5t and 7t harmonics probe within
the lipid bilayer and the 9th harmonic probes near the sensor surface and therefore
near the underside of the lipid bilayer, the extent of an interaction with the lipid
bilayer can be inferred. For example, if all harmonics were affected equally, it is
reasonable to infer that the test compound had transversed the lipid bilayer. If on
the other hand, for example, only the 3rd harmonic displayed a change in frequency
(and dissipation), it could reasonably be inferred that the test compound had only

interacted with the surface of the lipid bilayer.
4.3.2. Procedure

4.3.2.1. Lipid Preparation

The lipid composition for the present QCM experiments was 80% v/v 1,2-
dimyristoyl-sn-glycero-3-phosphocholine (PC) and 20% v/v cholesterol. These
proportions are designed to mimic a biological cell membrane. Each lipid
preparation was made up into 5 mM chloroform solutions so that 1 mL cholesterol
solution and 250 pL PC solution could be added to each test tube in the batch. The
chloroform was evaporated under a stream of nitrogen while the test tube was

slowly rotated to promote an even lipid film formed on the surface of the test tube.
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This is an important factor in the success of the formation of a lipid bilayer on the
quartz sensor. The tubes were then placed in vacuo to ensure that all the solvent

was removed, then stored in the freezer until required.

4.3.2.2. Quartz Crystal Microbalance Preparation

The AT-cut quartz chips used as the sensor crystals, were polished, gold-
coated and only ever handled with round-tipped tweezers at the edge of the quartz
and not the gold surface to avoid scratching the gold surface. These sensors had a
fundamental oscillating frequency of ca. 5 MHz. The quartz sensors were cleaned
in a hydrogen peroxide/ammonia/water solution for 20 minutes at approximately
70 °C. This was to ensure the removal of everything from the surface of the sensor.
The sensors were then rinsed with Hz0, followed by isopropanol (in preparation
for the next solution) and then surface modified by submersion in a 1 mM 3-
mercaptopropionic acid (MPA) solution in isopropanol for approximately 30
minutes. As can be seen from Figure 4.5, MPA has a terminal thiol group and hence
can participate in a gold-sulfur interaction, forming a self-assembled monolayer on

the sensor’s surface (see yellow and red components of Figure 4.5 below).

AW

) 7\ o
= o . Fo_ o
7 N 3-Mercaptopropioate ¢ XF°
() |°=§ E )
SH 1

Figure 4.5: Schematic representation of a surface modified quartz sensor used for each QCM

experiment.

After this time, excess MPA solution was rinsed from the sensors with

isopropanol, and the sensors thoroughly dried under a stream of N2. The sensors
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were then loaded into the QCM-D chambers with their edges not touching the
edges of the chambers as contact of the sensor with the edges of the chamber
would interfere with the oscillation of the sensor. The system used in the present
experiments was an E4 system with flow cells (Q-Sense, Vastra Frolunda, Sweden).
Once the instrument was switched on, the temperature was set to 22 °C and H20
pumped through the cells at maximum speed to flush the system, followed by
absolute ethanol, at maximum speed to flush the system of air bubbles, followed by
H20 again to remove the ethanol from the system. The pump was then switched
off and the sensors turned on using the QSoft 401 software. The oscillating
frequency range for each harmonic of each sensor was checked to ensure each
sensor has been placed correctly in the cell. Once everything was established as
operational, recording of the experiment in real time commenced.

Figure 4.6 shows a typical time dependence of Af and 4D, obtained during the
QCM experiment. As the QCM contains four cells, a time dependence plot is
produced for each cell and so one experiment will produce four sets of data. The
experiment begins with the pumps turned off to establish a frequency and
dissipation baseline, however, a small amount of drift can sometimes be observed
from the expected origin as a result of the temperature dependence of the viscosity
of the water introduced to the system. PBS buffer was introduced at a rate of 300
uL/minute. A bulk shift in the frequency and dissipation values is expected with
the change in solvent due to viscosity effects. Once a stable baseline was
established, the flow was ceased while the lipid was prepared. One lipid test tube
was removed from the freezer, the lipid resuspended in 1 mL PBS buffer and
heated to 37 °C in an incubator for at least 30 minutes. The suspension was then
subjected to sonication and agitation (vortex) to dislodge the lipid composition
from the walls of the test tube to create a cloudy suspension. This step is

important for the formation of a lipid bilayer on the sensor surface.
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MW 3 harmonic

5! harmonic

B 7" harmonic

9" harmonic

(,0Lx) Qv

0 50 / 100 150 200 50 (v) Water wash
(i) Lipid deposition

(iii) PNA addition |me (min)

Ilv) PBS buffer wash
(ii) Low salt buffer wash )

Figure 4.6: Typical real-time QCM run. Thin lines show change in frequency and thick lines show
change in dissipation. One QCM experiment employs 4 chambers. The data (above) would be

produced by each cell.

The lipid solution was diluted in PBS buffer (0.5 mL lipid in 4.5 mL buffer) and
thoroughly mixed to encourage liposomes of even composition before it was
introduced to the QCM at 100 pL/minute (“lipid deposition” in Figure 4.6). The
slower flow rate was used to increase the contact time between the positively
charged “head” of the PC molecules and the negatively charged MPA of the SAM on
the sensors’ surface so that the desired lipid bilayer could form (see Figure 4.5).
Lipid flow was continued until the change in frequency from before lipid
deposition is at least a minimum value of 15 Hz. The lipid deposition process was
repeated if the sensors’ surface was not adequately coated.

The aim is for the liposomes to burst after they reach the quartz sensor and so
create a lipid bilayer. If they don’t burst spontaneously, a change in the osmotic
pressure of the surrounding solution with a low salt buffer can be used.2? The low
salt buffer is introduced to the system at 300 pL/minute and usually only for 1-2
minutes. The bursting of the liposomes results in the release of the water trapped
in the liposomes hence a decrease in mass is observed, and corresponding increase

in frequency. If the exposure to the low salt buffer is too extensive, there is a risk
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of stripping the quartz sensor completely of lipid. Following this, the PBS buffer is
returned to high salt concentration and is used to establish a flat baseline in

preparation for the addition of the PNA sequences into the QCM.

o i . o

l Low salt buffer

Figure 4.7: Liposomes that initially form on modified quartz sensor are burst with low salt buffer.

Trapped water is released and lipids form a bilayer.

As there are 4 chambers in the QCM instrument, 4 different PNA sequences can
be examined in each run. Each PNA sample was carefully weighed on a
microgram-sensitive balance, transferred to a screw-capped plastic vial and
dissolved in a precise amount of PBS buffer to make up a 100 uM stock solution.
From this stock solution, 1 ml of either 20 pM or 40 pM solutions were prepared
for each experiment. To ensure complete dissolution of the PNA in PBS buffer,
both the stock solution and the 1 mL experimental solution were sonicated until a
clear solution was observed. The stock solutions were stored in the freezer in
between experiments and thawed at room temperature prior to use.

Once a stable frequency baseline had been established with PBS, the flow rate
was diminished to 50 pL per minute to ensure maximum contact time of the PNA
with the lipid bilayer on the surface of the sensor. Twenty minutes was allowed
for each of the 1 mL PNA solutions to be simultaneously pumped through the QCM

system. To make certain that no air bubbles entered the system, the pump was
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switched off just prior to the PNA solution vials emptying. The system was then
left undisturbed for 1 hour, while real-time data was recorded, to allow any
further, longer-term interactions of the PNA compounds with the synthetic lipid
bilayer to be observed.

To conclude the experiment, the pump was switched back on, flow rate set to
300 pL per minute and PBS flushed through the system. After approximately 10
minutes, water was flushed through the system for a further 10 minutes before
data recording was ceased, the pump and QCM instrument switched off and the

sensors removed from the chambers.

4.3.2.3. Experimental Design to Investigate Effects of PNA Glycosylation
Only synthesised PNA conjugates were analysed using the QCM. Various
conjugated SOD1 sequences were selected for analysis so that the following
questions could be investigated:
e Does the presence of a sugar change the interaction?
e Does the type of sugar change the interaction?
e Does the type of linker change the interaction?
e Does more than one sugar change the interaction?

e Do protecting groups on the sugar change the interaction?

The sequences selected to answer these questions were unconjugated SOD1,
SOD SerGluOH, SOD SerGalOH, SOD BBGIuOH, SOD BBGalOH, SOD (BBGIu)2 OH,
SOD SerGalAc and SOD BBGalAc. Their selection was based on both the features
the molecules possessed, e.g. acetate protected sugar or two conjugated sugars, as
well as the amount of compound available. Each PNA compound was tested, in
triplicate, at each of two concentrations (20 uM and 40 uM).

Table 4.3 shows how the comparison of certain PNA molecules can be used to
answer the questions above. This highlights the efficiency of the QCM technique to
investigate the effect that different modifications can have on the interactions of

compounds with a lipid bilayer.
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4.3.3. Results and Discussion

The main stages of a typical experiment can be seen in Figure 4.6. During the
QCM experiments, the relative changes of frequency and energy dissipation of the
sensor were recorded simultaneously for the 1st, 3rd, 5th, 7th and 9th harmonics. The
information recorded for the 1st harmonic, i.e. fundamental frequency of the
crystal, is deliberately not shown as it contains too much noise to be useful.

It is possible to convert these raw data to a plot that exemplifies the change in
frequency and dissipation. This plot is called an f vs d plot and shows the
relationship between negative change in frequency (-4f) and change in dissipation
(4D).26 The data for these plots are taken from the time the PNA enters the QCM
system. As shown in Figure 4.8, this plot is a way of analysing the observed change
in frequency and dissipation data to interpret the data in terms of the structure of
the synthetic lipid bilayer. For example, an increase in negative frequency means
more mass has been deposited on the sensor’s surface and conversely, a decrease
in negative frequency suggests a mass loss from the sensor’s surface. An increase
in energy dissipation can be aligned with an increase in the viscoelastic nature of
the sensor’s surface and conversely, a decrease in the measured energy dissipation
suggests a shift towards a more ridged sensor surface. In this context,

viscoelasticity relates to the disruption of the lipid bilayer.

AD
/N
Af increases = mass loss Af decreases = mass bound
AD increases = soft layer AD increases = soft layer
—> -Af
Af increases = mass loss <, Af decreases = mass bound =<,
AD decreases = rigid layer "5 AD decreases = rigid laye

Figure 4.8: Four quadrants of an fvs d plot illustrating structural explanations of observed changes

in frequency and dissipation.

The fvs d plots of all of our tested PNA compounds consistently showed data in

the upper right quadrant. We can conclude from this that the influence the PNA
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compounds have on the surface of quartz sensor is to increase mass and (slightly)
increase the viscoelastic nature of the sensor’s surface. We can extrapolate these
results to suggest that generally, the tested PNA compounds do interact with the
synthetic lipid bilayer. The degree and type of interaction, and whether the
presence of various conjugated sugars effects these interactions will be discussed
in detail in the next sections.

The results indicate that while different concentrations of the same PNA
compound causes a difference in the change of frequency observed, generally the
change in frequency is not proportional to the change in concentration. Therefore,
the discussion in the following sections will not include comparisons of the
different concentrations.

Lipid variability can greatly influence the observed changes in frequency and
dissipation. More often than not, the lipid surface is not a perfect bilayer and
embedded vesicles and patches of multilayers can result. Hence it is important to
note that these experiments are averages across the sensor surface. During the
lipid deposition phase of a QCM experiment, care is taken to ensure a bilayer forms
and that liposomes are removed (dissipation of 6 or greater and spread harmonics
are indicators that structures other than a bilayer are present). However the lipid
is a viscoelastic material and the frequency and dissipation indicators do not
always provide an accurate reflection of its structure. Furthermore, factors such as
the quality and extent of lipid deposition and surface integrity of the quartz
sensors can influence the data produced by a QCM run.

Table 4.4 summarises the general trend observed over multiple experiments
(n>3) for each PNA sequence. Some experiments produced outliers in terms of
frequency and dissipation changes. Other than lipid variability and other various
influencing factors discussed above, the reasons for the outliers are unknown. The

outliers are not discussed in Table 4.4.
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4.3.3.1. Does the Presence of a Glycosylated Building Block Influence the
Interaction with Membrane?

A comparison of the typical fvs D plots of each of the glycosylated sequences
studied with that of the SOD1 sequence will provide insight into the influence on
attached glycosylated building blocks. It appears that the glycosylated PNA
sequences generally cause a small increase in dissipation compared to the
unglycosylated SOD1 sequence, which has little or no change in dissipation as it
binds. This suggests that the presence of a glycosylated building block does not
affect the membrane binding of glycosylated oligomers. The change in frequency
observed for the unglycosylated SOD1 sequence is similar to that of the
glycosylated PNA sequences however it is generally towards the lower end of the
range of frequency changes observed for the glycosylated PNA sequences. This
suggests that the presence of a glycosylated building block slightly enhances the
interaction of the PNA sequence with the lipid, possibly through hydrogen-bonding

interactions of the sugar moieties and the lipid molecules.

4.3.3.2. Does the Type of Sugar Influence the Interaction?

The two types of sugars used in the glycosylated building blocks were glucose
and galactose. According to Table 4.3, the comparison of SOD SerGluOH with SOD
SerGalOH and the comparison of SOD BBGluOH with SOD BBGalOH can be used to
examine the influence of the type of sugar. Table 4.4 shows that the typical
interactions of SOD BBGIuOH and SOD BBGalOH with the SLB are almost identical,
indicating that the type of sugar does not influence the membrane interaction.
This is not surprising because the structures of glucose and galactose only differ by
the orientation of one hydroxyl group (OH-4 is equatorial in glucose but axial in
galactose) and it is reasonable to assume that such a small structural difference
would not influence the interaction of a 9-mer PNA sequence. However, this gave
confidence in the QCM method used to distinguish between membrane
interactions for this family of PNA sequences.

While the typical interactions of SOD SerGluOH and SOD SerGalOH presented
in Table 4.4 are not identical, the differences are within experimental variability
and as such are still consistent with the conclusion that the type of sugar does not

influence the interaction of the PNA sequence with the synthetic lipid membrane.
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4.3.3.3. Does the Type of Linker Influence the Interaction?

The two types of linkers used in the synthesis of the various glycosylated
building blocks were L-serine and a 4-hydroxymethylbenzoic acid derivative
attached to the secondary amine of the PNA backbone. The serine linker is chiral
and smaller than the achiral benzoic acid backbone linker. The comparison of SOD
SerGluOH with SOD BBGIuOH, the comparison of SOD SerGalOH with SOD
BBGalOH and the comparison of SOD SerGalAc with SOD BBGalAc can be used to
examine what influence, if any, the type of linker has on the interaction of the PNA
with the lipid.

Table 4.4 shows that the typical interactions of SOD SerGluOH and SOD
BBGIuOH and SOD SerGalOH and SOD BBGalOH are similar. In both sets of cases, a
slight increase in dissipation was observed and the ranges of frequency change
were almost identical. Generally the harmonics were equally affected however the
3rd harmonic in some cases of SOD SerGluOH shows a slightly greater change in
frequency while in some cases of SOD SerGalOH, the 3rd harmonic showed slightly
lower dissipation. However as these differences are very minor and did not occur
in every experiment, they were attributed to random lipid variability. However it
is interesting that these differences were both observed for the serine-linked
glycosylated building blocks. Perhaps the smaller size of this linker resulted in the
sugar moiety being closer to the PNA sequence than its benzoic acid backbone
counterpart. This structural implication of the smaller serine linker may cause
changes with the PNA interaction with the surface of the SLB and hence affect the
3rd harmonic to a small extent, more than the other harmonics.

The other set of results that can be compared to examine the influence of the
linker is SOD SerGalAc and SOD BBGalAc. The typical results for these PNA
conjugates are nearly identical, with the main difference being the change in
frequency range for SOD BBGalAc is much larger than that of SOD SerGalAc. It
should be noted however that not all frequency changes observed for the various
SOD BBGalAc experiments were large and many were in the range of those
observed for SOD SerGalAc. Therefore based on this comparison, it appears that
the type of linker does not influence the interaction.

Based on three sets of data comparisons, it is reasonable to conclude that the

type of linker does not significantly influence the interaction of the PNA sequence
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with the lipid and in any event, the interactions observed were consistent with

transmembrane insertion.

4.3.3.4. Does More than One Sugar Influence the Interaction?

A comparison of SOD BBGluOH with SOD BBGIu20H will allow an examination
of the influence that more than one sugar has on the interaction of the glycosylated
PNA sequence with the lipid. The typical interactions described in Table 4.4 for
these glycosylated PNA sequences share many similarities. In both cases, all
harmonics are equally affected, indicating that the presence of a second sugar
moiety does not prevent transmembrane insertion or promote surface
aggregation. While the dissipation increases in both cases, a larger increase was
observed in some experiments of the SOD BBGlu20H sequence. While this could
be caused by random lipid variability, it may indicate that the presence of the
second sugar could cause more disruption to the integrity of the lipid bilayer than
a single sugar moiety.

The significant difference between these PNAs was the increased change in
frequency observed for SOD BBGlu2ZOH compared with the single sugar derivative.
However, while some cases of SOD BBGluZ20H resulted in larger frequency changes
(up to 25 Hz negative change) than SOD BBGluOH, the majority of cases for these
two conjugates displayed similar frequency changes (1.5-7 Hz negative change).
This indicates that generally, the presence of a second sugar does not influence the
extent of PNA interaction with the lipid, although, a slight indication of more

binding could be concluded.

4.3.3.5. Does the Presence of Protecting Groups on the Sugar Influence the
Interaction?

The synthesis of all glycosylated building blocks involved acetate protected
sugar moieties. The protecting groups were removed from selected glycosylated
PNA sequences once synthesis was complete but before the sequences were
cleaved from the resin. It is expected that in vivo, acetate protecting groups would
be cleaved by endogenous enzymes before the PNA reached the BBB, as a pro-
drug. Nevertheless, according to Table 4.3 the comparison of SOD SerGalAc with
SOD SerGalOH and the comparison of SOD BBGalAc with SOD BBGalOH can be used
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to examine the influence the sugar protecting groups have on the interaction of the
PNA with the lipid.

The most striking difference of the example fvs D plots in Table 4.4 for both
comparison sets is that the change in dissipation for both SOD SerGalAc and SOD
BBGalAc is significantly more than that of their unprotected counterparts. This
indicates that the presence of acetate protecting groups alters the integrity of the
synthetic lipid bilayer. This could be due to increased solvation associated with
the acetate protecting groups within the bilayer.

The ranges of frequency change associated with both SOD SerGalAc and SOD
BBGalAc are very similar to the ranges observed for SOD SerGalOH and SOD
BBGalOH, with no discernible pattern suggesting that differences are due to
random lipid variability.

The harmonics for the acetate protected conjugates were equally affected with
the 3rd harmonic displaying higher frequency and dissipation in both cases. The
increased frequency and dissipation of the 34 harmonic was not as pronounced for
SOD SerGalOH and SOD BBGalOH. These observations indicate that acetate
protecting groups on the sugar moiety cause disruption or otherwise alter the

surface of the lipid bilayer in a way that the unprotected sugar moieties do not.

4.3.3.6. Overall Conclusions

The overall conclusion that can be drawn from the QCM experiments
conducted and summarised in Table 4.4 is that all PNA sequences interact with the
SLB in a transmembrane fashion, which has previously been observed for PNA
conjugates.2> The evidence supporting this conclusion is that in all cases, the
harmonics are equally affected and there is a negative change in frequency. This
therefore means that the attachment of one or two glycosylated building blocks
does not significantly interfere with the interaction of the PNA sequence with the
lipid. It has been acknowledged that a major challenge in the use of QCM in mass
analysis is that it cannot distinguish between specific signals, or real mass changes,
and non-specific signals.16 However any variability observed is likely due to the
inhomogeneity of the lipid surface layer as mentioned earlier. The results
summarised in Table 4.4 indicate that attached glycosylated building blocks do not
negatively interfere with the interaction of the SOD1 PNA sequence with the

208



CHAPTER 4 - CONJUGATED PEPTIDE NUCLEIC ACIDS

synthetic lipid bilayer. There are, however, some structural features of the
glycosylated building blocks that influence the type and extent of interaction.
Factors such as the presence of a sugar at all, the presence of two sugars and
acetate protecting groups on the sugar moieties have been shown to influence the

interaction of the conjugated PNA sequence with the synthetic lipid bilayer.
4.4. Thermodynamic Investigation of PNA Conjugates

4.4.1. PNA/DNA Binding

The complementarity of nucleic acids is the fundamental feature that allows
the various endogenous forms to perform their specific roles. The elegance of
processes such as transcription and translation is due to simple base pairing rules
- adenine binds to thymine and cytosine binds to guanine - that should allow for
the seamless transfer of genetic information from DNA in the nucleus through to
protein products in the cytosol. At the atomic level, it is hydrogen bonds (two
between adenine and thymine; three between cytosine and guanine) that are
responsible for physically binding two nucleic acid strands. Watson and Crick
discovered the orientation that the bases must be in to enable base pairing to
occur and hence that complementarity is key.2?

There are many examples of the role of complementarity during transcription
and translation. RNA polymerase reads the antisense strand of the double
stranded DNA in the nucleus to transcribe the sequence to mRNA. The mRNA
sequence is complementary to the antisense strand and so is called the sense
strand. Accordingly, any sequence that binds to mRNA is deemed antisense.
mRNA is able to leave the nucleus. In the cytosol it is translated into its
corresponding polypeptide chain by the complementary action of tRNA reading
the mRNA sequence and supplying the appropriate amino acid.

When used as a diagnostic, or a therapeuticc PNA acts by binding to
complementary nucleic acids such as DNA or RNA. It is the superior binding ability
of PNA over DNA, due to the neutral backbone of PNA, which makes it the
preferred nucleic acid for diagnostic purposes.28

In the context of the present project, it is important that conjugated PNA
sequences are able to bind complementary nucleic acids, without a decrease in

binding strength. It is expected that the glycosylated building blocks, as they have
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been added to the PNA sequences at the terminals only, should not negatively

interfere with the binding ability of the PNA sequence.
4.4.2. Thermodynamic Analysis to Determine Binding Ability

4.4.2.1. Thermal Melt: UV-vis (Theory)

A PNA/DNA duplex has different absorption properties than dissociated single
DNA and PNA strands. In duplex form, the UV-active nucleobases are stacked in an
ordered manner and consequently, their UV absorbance of nucleic acid is lower
relative to their dissociated, single strand form. However as the temperature
increases and associations between complementary strands decrease, the UV
absorbance approaches that of the sum of the individual nucleotides of the strand
and hence increases. This concept is known as hyperchromicity. Accordingly, the
amount of hypochromicity, or the extent to which the absorbance of an associated
duplex is less than that of the constituent nucleotides, is a measure of the base
pairing and stacking of the duplex.

Complementary DNA and PNA strands will form a duplex at room temperature
and be completely dissociated at approximately 85 °C. Therefore, a temperature
controlled cell in a UV-vis spectrophotometer can be used to measure the thermal
melt curve of a PNA strand and its complementary DNA strand (Figure 4.9). The
more stable, or favourable, an association is between two strands, the higher the
temperature required to dissociate the strands. The melting temperature (Tm) is
defined as the temperature at which 50% of the nucleic acid is associated with its
complementary strand in a duplex. Therefore the more favourable the association
of a particular PNA strand, the higher the Tm will be for that PNA strand. The
resulting melting curve, which plots absorbance against temperature, can be
further analysed to give thermodynamic information about the association such as
enthalpy (4H), entropy (4S) and Gibbs free energy (4G). A detailed guide to

calculations involved in such analyses has been published.2?
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Figure 4.9: A typical UV-melting curve. Atlow temperatures, complementary nucleic acid strands
are hybridised and exhibit low UV-absorbance. At high temperatures, the strands dissociate,
corresponding to high UV-absorbance. The melting temperature, T is the temperature at which

50% of the strands have dissociated, or the mid-point of the sigmoidal curve.3?

The melting curves of a selection of PNA sugar conjugates have been measured
and the Tm for each has been calculated. The effect of the conjugated sugar can be
inferred by comparing the Tm of the PNA sugar conjugates with that of the

unconjugated PNA sequence.

4.4.2.2. Isothermal Titration Calorimetry (Theory and Uses)

The nature of molecular interactions is at the core of modern biological and
pharmaceutical research.31 Isothermal titration calorimetry (ITC) is able to
provide information about molecular interactions such as how tightly molecules
bind to each other, the nature of their interactions and how quickly the
interactions take place.3! It is therefore able to give thermodynamic parameters of
interactions as well as kinetics information of the associations, however ITC is
more often used for the former.3! It is a very versatile technique that can examine
the interactions of a broad range of molecule classes including protein interactions
with other proteins, small molecules, metal ions, lipids, nucleic acids and
carbohydrates, nucleic acid interactions with other nucleic acids and small
molecules.3132

ITC works by measuring the heat released, or absorbed, when two molecules

bind or interact. This heat energy is the enthalpy of the interaction (4H) and
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indicates the strength of the interaction. The basis of the energy measurement is a
comparison of the temperature of the sample cell with the temperature of a
reference cell (Figure 4.10). The amount of energy required to maintain a constant

temperature between the two cells is used to calculate the energy released or

E*_____- Syringe containing ligand

absorbed by the interaction.
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Figure 4.10: Sample and Reference cells of an ITC. The change in temperature in Sample cell
caused by heat produced or absorbed by interaction is compared to temperature of Reference

cell.33

One component (e.g. PNA) of the interaction starts in the sample cell in
relatively low concentration, while the other component (e.g. DNA) of the
interaction is loaded into a burette, in relatively high concentration, and is titrated
into the sample sell over a period of time. Consequently, binding curves, binding
constants and the reaction stoichiometry can be established and thermodynamic
information obtained.

The distinguishing feature of ITC is that it directly measures these parameters,
rather than, for example, requiring the conversion of UV-absorbance

measurements into thermodynamic data, chemical modification of sample
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compounds to attach a probe or physical attachment of sample compounds to a

surface.32.34

4.4.2.3. Our Aim

The aim of these initial thermodynamic investigations is to compare
glycosylated and unglycosylated PNA sequences in terms of their binding ability.
In other words, this section aims to investigate whether or not the addition of
glycosylated building blocks to a PNA sequence affects its binding ability.

As with the QCM analyses, only a selection of SOD1 sequences was
investigated for this section. The two techniques, UV-thermal melt and ITC were
used to obtain the same thermodynamic information of the binding of the selected
PNA conjugates with their complementary DNA sequences. The thermodynamic
parameters calculated for the unconjugated PNA sequence were compared with
those of the selected sugar conjugated PNA sequences. The trend observed for
these comparisons using the UV-thermal melt technique was confirmed by that
observed using the ITC.

The SOD1 PNA sequence used in this project was previously designed3> to act
as the complementary sequence to a section of mRNA corresponding to part of the
SOD1 gene. The PNA sequence was designed to act in an antiparallel fashion: the
N’ terminal of one sequence to bind the C’ terminal of the other sequence. The
current binding studies examine the binding interaction of the conjugated SOD1
PNA sequences with the complementary single stranded DNA sequence. Figure

4.11 shows a schematic representation of the expected PNA/DNA duplex.
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Figure 4.11: SOD1 PNA sequence in N'to C' direction (top) binding in antiparallel fashion to a
model complementary single DNA strand in 3'to 5’ direction (bottom). “~X” represents one or

more glycosylated building blocks, with or without a spacer.
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4.4.3. UV-vis Thermal Melt Method

4.4.3.1. Procedure

The duplex solution prepared in the ITC experiment (PNA and DNA in
phosphate buffer, details discussed in further detail in 4.4.4.1) was used directly in
the UV-vis thermal melt experiments.3¢ To begin the thermal melt procedure, a
pre-treatment of the duplex solution was performed. This involved heating the
duplex solution to 80 °C to ensure the strands were completely dissociated before
returning the temperature slowly to room temperature. The duplex solution was
placed in sample cell 1, and buffer in the reference cell, starting with the
temperature at 20 °C. The temperature was then manually increased by 10 °C
every 5 minutes until it reached 80 °C. The duplex sample and reference buffer
were kept at this maximum temperature for 4 minutes before they were removed
from the cell holder and the air bubbles that had formed in each of the solutions
removed (by lightly taping the cells on the bench). This step is important because
air bubbles have the potential to interfere with subsequent UV absorbance
measurements. The cells were then returned to the cell holder and the
temperature decreased by 10 °C every 5 minutes until it reached 20 °C. At this
temperature, the nucleic acids are assumed to be in duplex form. The sample and
reference cells were left to sit in the cell holders for 25 minutes before the thermal
melt measurements were commenced.

The software used for the thermal melt was Thermal 37 which allowed for the
entire process, from graduated temperature increase and decrease of the sample,
UV-absorbance measurements at specified time points and calculation of
thermodynamic parameters to be programmed and therefore automated. The
wavelength at which the absorbance was measured was 260 nm because nucleic
acids display an absorption peak at this wavelength. The temperature was set to
increase from 20 °C to 80 °C at a rate of 0.5 °C/minute, held for 3 minutes, then
decrease back to 20 °C at a rate of 5°C/minute. Data (UV- absorbance) was
measured every 0.2 °C. Thermal used internal algorithms to calculate Tm for each
PNA-DNA duplex. These were compared with those manually calculated from the
thermal melting curves derived from the absorbance measurements recorded by

Thermal.
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A thermal melting curve was recorded for a selection of the synthesised PNA
conjugates, as well as for the unglycosylated SOD1 sequence. The conjugates
selected were SOD SerGluOH, SOD SerGalOH, SOD SerGlu20H, SOD BBGIuOH, SOD
BBGalOH and SOD BBGIu20H. With this selection, the effect of the type of sugar,
the type of linker as well as the number of sugars on the thermodynamic

properties of the PNA sequence could be examined.

4.4.3.2. Results and Discussion
From the raw UV-absorbance data (sigmoidal curve, Figure 4.12), the thermal
melting temperature (Tm) of each PNA conjugate was determined according to a

known method.?°
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Figure 4.12: Representative sigmoidal curve of raw absorbance data showing Ay and Ap.

The Tmof a nucleic acid interaction is defined as the temperature at which
50% of the strand is melted, or dissociated, and not in a duplex. The fraction of

strands in duplex form («) is calculated by Equation 1
(As — A) Equation 1
(4s —A) + (A—-Ap)

a =

where A is an absorbance, A; is the absorbance of single strands (upper baseline of
sigmoidal curve, see Figure 4.12) and Ap, is the absorbance of the duplex (lower
baseline of the sigmoidal curve, see Figure 4.12). A plot of @ vs temperature could
then be constructed, and was used to determine the Tm of the respective PNA
conjugate by reading the temperature that corresponded to a = 0.5 against the

curve plotted, as demonstrated in Figure 4.13.
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Figure 4.13: Representative alpha curve from which T can be read.

Table 4.5 shows the Tm for the selected PNA conjugates. Experiments were
conducted in triplicate and the average temperatures are shown with the

calculated standard error.

Table 4.5: Average melting temperatures for selected PNA/DNA complexes in 10 mM sodium
phosphate buffer, pH 7; and the relative difference in melting temperature of conjugated PNA

compared to unconjugated SOD1

PNA Tm (°C) ATm (°C)2

SOD1 54.7+ 1.0

SOD SerGlu 56.5+ 1.0 +1.8
SOD SerGal 56.7 + 0.18 +2.0
SOD SerGlu20H 56.6 +0.53 +1.9
SOD BBGIuOH 57.6 +0.87 +2.9
SOD BBGalOH 49.3 + 0.47 -5.4
SOD BBGIu20H 56.3 +0.68 +1.6

aComparison of Tm of SOD1 PNA conjugate with Tm of SOD1

The results in Table 4.5 show that the addition of a glycosylated building block
(or two) does not significantly decrease the binding ability, or the thermal stability
of the SOD1 PNA/complementary DNA duplex. In fact, generally, the melting
temperature of the conjugated PNA sequences was slightly higher (greater than
the error) than that of the unconjugated SOD1 sequence. In these cases, it is
possible that a cooperative effect is being observed between the conjugated sugar
and the complementary DNA strand. The conjugated sugar could be having a

stabilising effect on the duplex, however the differences in melting temperature of
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the conjugated PNA sequences and that of the unconjugated SOD1 sequence are
too small to determine this conclusively. The melting temperatures of SOD SerGlu,
SOD SerGal, SOD SerGlu20H, SOD BBGIuOH and SOD BBGIu20H suggest that the
addition of the relative glycosylated building block(s) does not prevent the SOD1
PNA sequence binding to its complementary DNA sequence.

The one PNA conjugate that consistently displayed a lower melting
temperature was SOD1BBGalOH. The reason for the lower Tm of this particular
PNA conjugate, compared to that of the unconjugated SOD1 sequence and relative
to that of the other forms of glycosylated PNA conjugates, is not known. The most
structurally similar PNA conjugate to SOD BBGalOH is SOD BBGIuOH, in which the
hydroxyl group at the C-4 position of the sugar is axial in SOD BBGalOH but
equatorial in SOD BBGIuOH. It seems unlikely that the difference of the orientation
of one hydroxyl group could result in an average of 8.3 °C difference in Tm between
these otherwise identical conjugated PNA sequences, despite triplicate treatment.

The other conjugated PNA sequence that contains an axial C-4 hydroxyl group
is SOD1SerGal. While the glycosylated building block of this conjugated PNA
sequence is significantly smaller (9 atoms) compared to the backbone (BB)
building block (26 atoms), a comparatively similar Tm was consistently displayed
between SOD1SerGal and SOD1SerGlu, further suggesting that the different sugar
is not solely responsible for the lower Tm of SOD BBGalOH.

Apart from structural features of the glycosylated building block, other
possible factors that could be responsible for the unexpected lower Tm of SOD
BBGalOH are sample and experimental quality. However, the BBGalOH building
block as well as the SOD BBGalOH PNA sequence underwent rigorous purification
with analytical HPLC confirming the purity of the SOD BBGalOH final product. All
final conjugated PNA sequences were lyophilised overnight and the triplicate
absorbance measurements were performed on three different batches of the same
product, therefore, the reason for the consistently lower Tm of SOD BBGalOH
relative to that of SOD1 is unknown.

[t should be noted that despite the Tm of SOD BBGalOH being found to be lower
than that of SOD1, it is still considered a “decent” Tm suggesting the PNA is binding
to the complementary DNA strand and hence the conjugated glycosylated building

block is not significantly preventing the duplex forming. There have been reports,
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for example, of as much as a 12 °C decrease in Tm of a PNA/DNA duplex as a result
of fluorescein conjugation to the PNA strand,38 15-20 °C decrease in Tm as a result
of mismatched sequences,3? 7.6 °C decrease in Tm as a result of glutamic acid
conjugation to the PNA sequence*? and 23 °C decrease in Tm as a result of insertion
of alkyne- or ferrocene-containing monomers in the middle of a PNA sequence,*!
suggesting that an average decrease of only 5.4 °C in Tm for SOD BBGalOH relative
to that of SOD1, is not significant in our overall goals.

Furthermore, similar work in the area of glycosylated PNA monomers found
that insertion of a glycosylated thymine monomer in the middle of a PNA sequence
caused only a slight (3 °C and 4 °C respectively) decrease in Tm.242  While this
result was considered a positive outcome in the context of the cited studies (as is a
decrease of only 5.4 °C in Tm for SOD BBGalOH in the present project), it highlights
the excellent results achieved in the present project: the general trend of a slight
increase of Tm, as evidenced by the Tm of SOD SerGlu, SOD SerGalOH, SOD
SerGlu20OH, SOD BBGIuOH and SOD BBGIlu20H. Compared to the outcome
achieved by insertion of a glycosylated thymine monomer in the middle of a PNA
sequence,242 the general trend observed in the present project illustrates the
advantage of conjugating glycosylated building blocks (one or two) at the terminal
position in a PNA sequence.

The thermodynamic parameters A4S, AH and AG were also calculated from the
absorbance data of the thermal melting curves of the selected PNA sequences
following known methods.2943  Specifically, the equilibrium constant K was

calculated by Equation 2:2°
a

_ Equation 2
~ (Cr/m)" (1 — a)” !

K

where Cr is the total strand concentration and nis the number of strands that
associate to form the complex, which in the case of a duplex, is 2. Total strand
concentration can be calculated according to Equation 3:

_ A Equation 3
el

where A is the absorbance of the strands in single, or dissociated form, L is the

Cr

path length (1 dm) and ¢ is the average extinction coefficient of the PNA strand and

218



CHAPTER 4 - CONJUGATED PEPTIDE NUCLEIC ACIDS

the DNA strand.3¢44 These were calculated based on the sum of the extinction

coefficients for each monomer, as listed in Table 4.6.

Table 4.6: Extinction coefficients of DNA and PNA nucleoside bases#145

Epna (M~'em™) Epna (M~'em™)
A 15,300 13,700
C 7,600 6,600
G 12,220 11,700
T 8,700 8,600

A van’t Hoff plot (InK vs 1/T, where T is calculated in Kelvin) was then
constructed, usually for 0.59< a<0.85, as K values are most precise in this region.43
The entropy (45°) and enthalpy (4H°) were estimated from the van’t Hoff plot
according to Equation 4 and Equation 54346 respectively (where R =
8.314 Jmol 'K™1) and the averages are shown in Table 4.7 with the calculated
standard error. Correlation coefficients were generally R = 0.99. The standard
change in Gibbs free energy (4G°) was then calculated according to Equation 62946
at 298 K and the averages and calculated standard error are also shown in Table

4.7.

AS° = intercept(Ink vs l/T) X R Equation 4
AH® = slope(InK vs 1/T) X R Equation 5
AG° = AH° —TAS Equation 6

Table 4.7 shows that when error is taken into account, there is no significant
difference in thermodynamic parameters of the different conjugated PNA
sequences compared with that of the unconjugated SOD1 sequence. The change in
Gibb’s free energy (4G°) was found to be negative in all cases, indicating that

binding is favourable.
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Table 4.7: Thermodynamic data (van’t Hoff Analysis) for selected PNA/DNA complexes calculated

from thermal melt data

PNA AS° (Jmol-1K1) AH° (Kjmol1) AG° (kJmol1)a
SOD1 -671 47 -219+15 -19.0+ 1.6
SOD SerGlu -539 + 58 176 +19 -15.6 + 2.1
SOD SerGal -519 + 42 -170 + 14 -153+1.2
SOD SerGlu20H -714 + 33 -233+11 213+1.1
SOD BBGIuOH -572 + 85 -189 + 28 -18.4+2.9
SOD BBGalOH -666 + 102 -213 +33 141 +2.1
SOD BBGlu20H -405 + 56 133 %19 124 +1.8

aCalculated at 298 K

According to Equation 6, Gibb’s free energy is negative when enthalpy is more
negative than entropy. Enthalpy (4H°) is a measure of the heat released upon
binding and hence strength of binding (more negative means more heat released
upon binding, which is favourable). Entropy (4S°) on the other hand, is the
measure of disorder of a system and is connected with solvation (more negative
means less disorder upon binding, which is not favourable). Therefore enthalpy
and entropy must be read together as they are competing factors in the overall
likelihood of a reaction (in this case, duplex formation) being favourable. Table 4.7
consistently shows that the favourable release of heat upon binding of the PNA to
DNA, outweighs the unfavourable reduction in disorder upon binding.

This therefore supports the finding that binding of a glycosylated PNA
sequence with its complementary DNA sequence is still favourable and hence, one
or two glycosylated building blocks attached to the terminus of the SOD1 PNA

sequence do not interfere with duplex formation.
4.4.4. Isothermal Titration Calorimetry (ITC) Method

4.4.4.1. Procedure

The concentrations of the PNA and the DNA solutions to be used in the ITC
experiments were determined accurately before use. The complementary DNA
sequence was purchased from Sigma-Aldrich, buffer added to form a ~0.3 mM

stock solution, then further diluted to a final concentration of ~0.05 mM.
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For each selected PNA conjugate, the concentration of a stock solution which
determined by the average absorbance measurement at 260 nm and assuming an
extinction coefficient of the PNA strand of 87,800 M~! cm™!. As a concentration of
approximately 4 uM was required for the ITC experiments, an appropriate dilution
of the stock solution was made, and the new concentration determined accurately,
as above. Prior to each set of absorbance readings, the solution was sonicated for
20 minutes to ensure complete dissolution of the PNA in the buffer, the solution
was then heated to 80°C for 5 minutes (bases unstacked) in the UV
spectrophotometer, and immediately prior to measuring, the air bubbles that had
formed in the solution were removed.

The ITC instrument contains a reference cell and a sample cell (1 mL volume.
The PNA solution was added to the sample cell and distilled water was added to
the reference cell. While the ITC experiments could have been performed with the
PNA or DNA solution in the sample cell and either solution in the syringe, the PNA
solution was always placed in the sample cell and the DNA always in the syringe.
This was because the solution in the syringe was required to be at a much higher
concentration than that in the sample cell and the DNA had a higher solubility than
the PNA.

A mimic syringe was also inserted into the reference cell to mimic the
environment of the sample cell. Care was taken to ensure no air bubbles were
present in either cell. The syringe (100 pL, paddle stirrer tip) was filled with the
DNA solution and inserted into the burette (burette in ‘up’ position). The tip of the
syringe was wiped with a lint-free tissue to absorb the first drop of solution. This
created an air bubble at the tip of the syringe that acts as a barrier between the
DNA solution and the PNA solution to prevent mixing before the first injection.
The burette was loaded into the instrument (paddle stirrer syringe in sample cell)
and the stirrer turned on at a rate of 250 RPM and the instrument was allowed to
equilibrate before the experiment was commenced.

A typical experiment involved 4 uL injections of the DNA solution into the PNA
solution every 5 minutes. At the conclusion of each experiment the solution
containing the newly formed PNA/DNA duplex was removed from the sample cell
and transferred to a sealed vial and used directly in the UV-vis thermal melt

experiments discussed in 4.4.3.
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4.4.4.2. Results and Discussion

The raw data obtained from each ITC experiment was viewed and manipulated
in NanoAnalyze.*” Figure 4.14 shows the raw ITC data as the heat energy released
over time. This corresponds to each injection of DNA solution into PNA solution at
300 second time intervals. As each injection corresponds to an increase in heat
energy, it can be concluded that the interaction of the PNA with DNA is favourable.
The first peak is very small as the first injection volume was less than the usual 4
uL due to the air bubble at the tip of the syringe. As the ratio of PNA and DNA in
the sample cell reach 1:1, the heat released upon subsequent injections becomes

less and less as there is no PNA available for binding with DNA.
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Figure 4.14: Typical raw titration data from an ITC experiment. 4 uL injections of 0.05411 mM
DNA solution made at 5 minute intervals into 3.22 pM PNA solution, both in 10 mM sodium
phosphate buffer, pH 7 at 25 °C.

The raw heat data for SOD1 and SOD SerGluOH appeared, as would be
expected, like that of Figure 4.14. The raw heat data for the other PNA sequences
that were tested did not appear like this. Due to time restraints, these unexpected
results were not investigated further. As mentioned previously, each sample of
PNA/DNA duplex was taken directly from the ITC sample cell to the UV-vis
spectrophotometer and their melting temperature recorded. The results obtained
from the thermal melt experiments were all consistent and within expected
ranges. Therefore, the unexpected results obtained from the ITC experiments
were unlikely to be caused by unusual binding behaviour of the molecules, but

rather a malfunction of the instrument (e.g. the syringe did not inject 4 uL each at
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each time interval). In light of this, the ITC results of SOD1 and SOD SerGluOH will
be the focus of this section.

NanoAnalyze integrated the raw heat data obtained from the ITC instrument
(Figure 4.15) with additional parameters such as sample cell concentration,
syringe concentration, injection volume, temperature and baseline constant to

subtract (due to heat of dilution48).

ndependert K 325162

Areg data (wJ)
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Figure 4.15: Typical integrated heat of reaction plot against injection number (blue diamonds)

with sigmoidal line of best fit (red line), as determined by NanoAnalyze.

An “independent” model was used by NanoAnalyze to fit a sigmoidal line of
best fit to the data points. Particular data points were manually deselected from
inclusion, particularly from the initial injections, as they were not considered
appropriate. Reaction parameters such as 4H®, K, the equilibrium constant and n,
the number of binding sites (expected to be 1 for all complex-forming reactions),
were calculated by NanoAnalyze. Table 4.8 shows AH® and K for the selected
PNA/DNA complexes. Experiments were conducted in triplicate and the average

enthalpies are shown with the calculated standard error.

Table 4.8: Average enthalpy and binding constants for selected PNA/DNA complexes calculated

from ITC data using NanoAnalyze

PNA AH° (Kjmoll) K (x107 M1)
SoD1 247+11  2.6%057
SOD SerGluOH -291+3 4.5+0.38

The enthalpy values determined from the ITC data, like those determined from
the thermal melt data (Table 4.7), suggest that the addition of a glycosylated
building block to the end of the SOD1 PNA sequence does not interfere with duplex
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formation. While the enthalpy values obtained from the ITC data are different
from those obtained from the thermal melt data, the values are similar. In other
words, the enthalpy values derived from the ITC experiments indicate that binding
of a glycosylated PNA sequence with its complementary DNA sequence releases
heat and is therefore a favourable process.

Differences in enthalpy values obtained from ITC data and thermal melt data
have been observed previously*448 for PNA/DNA duplexes. Chakrabarti and
Schwarz3¢ similarly found that enthalpy values determined from ITC and DSC
measurements were not consistent for all PNA/DNA and DNA/DNA duplexes that
were analysed. It has been widely acknowledged that these differences are as a
result of the temperatures at which the different experiments are conducted. ITC
data is recorded at ambient temperature while the thermal melt data is recorded
at temperatures up to 80 °C and the state of the PNA and DNA sequences are
different at these different temperatures.3644 Specifically, single strands are
thermodynamically different at the duplex melting temperature and at ambient
temperature: at ambient temperature, single-stranded structure or order exists
that needs to be broken before hybridisation with an external strand can
occur.36:38444849  Therefore the heat of reaction measured in an ITC experiment
may include contributions from, for example, the denaturation/renaturation of the
single strands,*8 destacking of bases in the single strands or dissociation of self-
associated strands3® or other intramolecular interaction that prepares the strands
for duplex formation enthalpically.#® Conversely, the data obtained from thermal
melt experiments of the single strand is measured at the duplex melting
temperature. Therefore when thermodynamic parameters are determined by
extrapolating this data to ambient temperature, the potential single-stranded
order should be accounted for.#* However as the purpose of the present study was
to compare the binding of the SOD1 PNA sequence and that of various glycosylated
SOD1 PNA sequences, the general trend of the data presented in Table 4.7, Table
4.8 and Table 4.9 (below) is of importance, and not the absolute values.

The K values, or binding constants, listed in Table 4.8 suggest that duplex
formation is a favourable reaction for both the SOD1 and SOD SerGluOH PNA
sequences with their complementary DNA sequences: a large binding constant

equates to a high binding affinity. The binding constant of a reaction is a
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parameter that the ITC instrument is able to measure directly, but cannot be
calculated from the UV thermal melt data. The overall stability of the duplex is
reflected in the binding constant associated with its formation, and this is made up
of competing changes in enthalpy and entropy upon duplex formation.>® Table 4.9
lists the change in entropy (45°) and change in Gibb’s free energy (4G°) based on
the ITC data (4H°and K values obtained from NanoAnalyze), and calculated
according to Equation 7 and Equation 8 respectively.*4

AS° = (AH®° — AG®°)/T Equation 7

AG° = —RTIn(K) Equation 8

Table 4.9: Thermodynamic data for selected PNA/DNA complexes calculated from ITC
NanoAnalyze data at 298 °K

PNA AS° (Jmol-1K1) AG° (kjmol-)
soD1 -650 £48  -42.2 +0.47
SOD SerGluOH -832+11  -43.7+0.20

Once again, while the absolute values for AG®° are different when calculated
from the thermal melt data (Table 4.7) compared to when calculated from the ITC
data (Table 4.9), the AG®° values presented in Table 4.9 are negative, indicating
once again that binding is favourable for the SOD1 PNA sequence as well as the
glycosylated sequence. These values further support the finding that the
attachment of a glycosylated building block to the end of a PNA sequence does not
interfere with duplex formation.

It appears that the more favourable change in enthalpy (Table 4.8) calculated
for the SOD SerGluOH sequence, compared with the SOD1 sequence was
compensated for by a less favourable change in entropy, resulting in very similar K

and AG° values and hence overall stability.

4.5. Conclusions and Future Directions
A library of glycosylated PNA sequences was synthesised on the solid phase,
purified by preparative reverse phase HPLC and characterised by ESI mass

spectrometry. The completed conjugated sequences contained one or two

glycosylated building blocks BBGIuOH, BBGalOH, SerGluOH, SerGalOH, BBGluAc,
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BBGalAc, SerGluAc or SerGalAc at either the N’ and C' terminal. The successful
synthesis of the library of glycosylated PNA sequences, as presented in Table 4.2,
confirms that both forms of glycosylated building blocks (glycosylated serine and
glycosylated backbone monomer) can be incorporated into PNA automated solid
phase synthesis. Carbohydrate acetate protecting groups were successfully
removed on the solid phase. Each of the glycosylated building blocks can be
multiply attached, either with or without a spacer molecule, potentially leading to
multi-carbohydrate sequences.

A selection of SOD1 glycosylated PNA sequences was analysed on a QCM to
determine the effect of the various glycosylated building blocks on the ability of
the PNA sequence to interact with a SLB. It was generally found that all PNA
sequences displayed transmembrane insertion (decrease in frequency observed
for all harmonics) with minimal change to membrane integrity (minimal
dissipation change). It therefore appears that the type of glycosylated building
block (including the type of linker, type of sugar, acetate protected or not) and
number of glycosylated building blocks, do not affect the interaction of the PNA
sequence with the synthetic lipid bilayer.

The T, calculated for each selected glycosylated PNA/DNA duplex from the UV
thermal melt data indicates that the duplex formed is slightly more thermally
stable than that of the unconjugated SOD1 sequence in most cases. The AG° values
calculated from the thermal melt data indicated in all cases that duplex formation
was favourable and hence the presence of glycosylated building blocks in the PNA
sequence does not interfere with duplex formation.

ITC experiments were also conducted to provide supporting thermodynamic
data to that obtained in the UV-vis thermal melt experiments. This technique
directly measured the binding constant and change in enthalpy associated with
duplex formation. The binding constants and negative AH° values obtained from
the ITC experiments support the findings of the UV-vis thermal melt experiments
that the attachment of a glycosylated building block does not interfere with duplex
formation. Further work to be done in this analysis includes repeating the ITC
experiments for SOD SerGalOH, SOD SerGlu20H, SOD BBGIuOH, SOD BBGalOH and
SOD BBGIu20H to investigate the unusual raw heat titration data obtained.
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While these preliminary results indicate that the various glycosylated building
blocks on the terminals of the SOD1 PNA sequence do not interfere with DNA
binding or membrane interaction, and hence the therapeutic PNA sequence is not
inhibited from acting as an antisense agent, the ability of the attached sugar
moieties to enhance BBB penetration is still unknown. During the course of this
project, investigations were made into testing the BBB penetration abilities of the
various glycosylated PNA sequences in sheep. The proposed experimental design
involved injecting the sample PNA into the neck of a sheep and then extracting
blood samples through the top of the head at regular time intervals. The sheep are
not harmed during this process. The blood samples would then be analysed by
mass spectrometry and/or HPLC to determine if the PNA sample was present in
the blood and hence had crossed the BBB. The amount of each PNA sample
detected in the blood would be compared to determine the efficiency of each type
of glycosylated building block in BBB penetration.

Unfortunately this experimental design required at least 5 mg of each PNA
sample. The scope of this project did not allow for those quantities of PNA samples
in addition to the quantities required for the QCM and thermodynamic studies.
However despite this testing method not being viable for the present project, it is a
relatively simple and straightforward method to determine the efficiency of the
attached glycosylated building block in enhancing the transport of the PNA
sequence through the BBB.

Therefore future work that is required for this project includes the in vivo
determination of the ability of attached glycosylated building blocks to enhance
the ability of the therapeutic PNA sequence to cross the BBB.
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Appendix

Table A1. Crystal data and structure refinement for 1a

Identification code ck2pl
Empirical formula C21 H24 011
Formula weight 452.4
Temperature 123(2) K
Wavelength 0.71073 A
Crystal system, space group Triclinic, P 1

Unit cell dimensions

a=5.6245(5) A alpha =81.106(3) deg.
b =8.9511(7) A beta =86.542(3) deg.
c=11.2955(9) A gamma = 87.757(3) deg.

Volume

560.56(8) A3

Z, Calculated density

1, 1.340 Mg/m3

Absorption coefficient 0.110 mm!
F(000) 238
Crystal size 0.20x0.20x0.20 mm

Theta range for data collection

2.30to0 26.00 deg.

Limiting indices

-6<=h<=6, -11<=k<=10, -13<=I<=13

Reflections collected / unique

5978 / 2115 [R(int) = 0.0197]

Completeness to theta = 26.00

96.70%

Absorption correction

Semi-empirical from equivalents

Max. and min. transmission

1.00 and 0.91

Refinement method

Full-matrix least-squares on F?

Data / restraints / parameters

2115/3 /293

Goodness-of-fit on FA2

1.053

Final R indices [I>2sigma(l)]

R1=0.0270, wR2 = 0.0699

R indices (all data)

R1=0.0271, wR2 = 0.0700

Largest diff. peak and hole

0.264 and -0.166 e.A3
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Table A2. Crystal data and structure refinement for 79.

Identification code

ck267

Empirical formula

Cl6 H23 Cl 010

Formula weight 410.79
Temperature 123(2) K
Wavelength 0.71073 A

Crystal system, space group

Monoclinic, P 21

Unit cell dimensions

a=9.3686(5) A alpha =90 deg.
b =9.6296(4) A beta =96.331(3) deg.
c=10.9849(6) A gamma = 90 deg.

Volume

984.97(9) A3

Z, Calculated density

2, 1.385 Mg/m?

Absorption coefficient 0.244 mm™
F(000) 432
Crystal size 0.20x0.18 x 0.10 mm

Theta range for data collection

2.71to 27.50 deg.

Limiting indices

-11<=h<=12, -12<=k<=12, -14<=I<=14

Reflections collected / unique

7349 / 3797 [R(int) = 0.0340]

Completeness to theta = 25.00

99.60%

Absorption correction

Semi-empirical from equivalents

Max. and min. transmission

1.00 and 0.89

Refinement method

Full-matrix least-squares on F?

Data / restraints / parameters

3797/1/248

Goodness-of-fit on FA2

1.041

Final R indices [I>2sigma(l)]

R1=0.0463, wR2 = 0.1000

R indices (all data)

R1=0.0547, wR2 = 0.1084

Absolute structure parameter

0.01(9)

Largest diff. peak and hole

0.256 and -0.368 e.A3
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