ERRATUM

p118 para 2, 1stline: “61" for “37"

ADDENDA

pl109, 8% line: delete "unprotected phenol is required to assist in the
electrophilic aromatic substitution” and read “ortho acetate group deactivates
electrophilic aromatic substitution, while the combined steric bulk of the

acetate and methyl groups may hinder reaction with bromine”

p131 para 1, last line: after “(20.5 g, 36%); recovered yield: 60%)" insert "as a

brown solid”




MOLECULAR APPROACHES
TO THE TREATMENT OF
MOTOR NEURON DEGENERATION

Laura K. Wood

BSc (Hons), Monash University

A thesis submitted for the degree of Doctor of Philosophy

School of Chemistry, Monash University
July 2012




Failure is the condiment that gives success its flavour

- Truman Capote



GENERAL DECLARATION

I hereby declare that this thesis contains no material that has been accepted for the award of any
other degree or diploma at any university or equivalent institution and that, to the best of my
knowledge, this thesis contains no material previously published or written by another person,

except where due reference is made in the text of this thesis.

Signed: Date:
Laura K. Wood




Notice 1

Under the Copyright Act 1968, this thesis must be used only under the normal conditions of
scholarly fair dealing. In particular no results or conclusions should be extracted from it, nor
should it be copied or closely paraphrased in whole or in part without the written consent of the
author. Proper written acknowledgement should be made for any assistance obtained from this

thesis.

Notice 2

[ certify that | have made all reasonable efforts to secure copyright permissions for third-party

content included in this thesis and have not knowingly added copyright content to my work

without the owner's permission.



TABLE OF CONTENTS

Abstract

Acknowledgements

Abbreviations and Acronyms

Chapter One - Introduction

1.1  Anintroduction to neurodegenerative disease

1.11

Amyotrophic lateral sclerosis

1.2 Genetics and ALS

1.2.1
1.2.2
1.2.3
1.2.4
1.2.5
1.2.6
1.2.7
1.2.8

Mutant SOD1 and fALS

SOD1 mouse models

The gain-of-function model of SOD1

Mitochondrial dysfunction, apoptosis and neurodegenerative disease
The localisation of mutant SOD1 in mitochondria

Non-SOD1 fALS

Genetics and sALS

Proposed modes of action of neurodegeneration

1.3 Oxidative stress and the human body

1.3.1
1.3.2
1.3.3
1.3.4

Reactive oxygen species
The cellular impact of ROS
ROS production

Natural defences against oxidative damage

1.4  Calcium influx and excitotoxicity

1.4.1
1.4.2
1.4.3
1.4.4

Excitotoxic mechanisms and neurodegeneration
Glutamate transporters and excitotoxicity
Glutamate receptors and excitotoxicity

Beta-amyloid

1.5 Small molecule approaches to treating ALS

1.51
1.5.2
1.5.3
1.54

Riluzole
Antioxidants
Calcium chelators

Other therapeutic approaches

iii

iv

O© N 1 A~ B NN

10
10
11
11
12
12
13
15
18
18
18
20
21
23
23
23
24
27
28



1.6

1.7

Chapter Two - Modification of the BAPTA Core for Bio- and Chelating-Ability

2.1
2.2

2.3
2.4
2.5
2.6
2.7
2.8

2.9

1.5.5

A multi-functional approach to treating neurodegeneration

Project aims and experimental plan

1.6.1
1.6.2

Soluble BAPTA derivatives
Vitamin E/BAPTA hybrids

References

Introduction

29
30
31
32
33

48

Synthesis of the calcium chelator 1,2-bis(o-aminophenoxy)ethane-N,N,N’,N’-
tetraacetic acid (BAPTA)

Synthesis of nitrated derivatives of BAPTA
Synthesis of the BAPTA/EGTA hybrid AATA
Synthesis of hydrophilic BAPTA derivatives

Aqueous antioxidant testing of candidates

Conclusion

Experimental details

2.8.1
2.8.2
2.8.3
2.84

General experimental methods for all chapters
Reagents and solvents
Aqueous linoleic acid antioxidant testing

Synthesis of BAPTA and soluble BAPTA derivatives

References

Chapter Three - Chromanol Synthetic Methods

3.1
3.2
3.3
3.4
35
3.6
3.7
3.8
3.9

Introduction

Chromanol synthesis using methallyl reagents and paraformaldehyde

Chromanol synthesis via a butoxymethyl intermediate

Chromanol synthesis via a bromination pathway

Methods towards the synthesis of target A

Methods towards the synthesis of target B

Conclusion

Experimental details

References

Chapter Four - Synthesis of a Vitamin E/BAPTA Hybrid

4.1
4.2

Introduction

Synthetic route to a vitamin E/BAPTA hybrid

51
52
54
55
63
66
67
67
68
68
69
82

87
90
97
108
114
121
127
128
164

168
169



4.3  An alternate pathway towards the synthesis of the target
44  Aqueous antioxidant testing of candidates

4.5 Conclusion

4.6 Project summary

4.7 Experimental details

4.8 References

Appendix - Crystal Data Tables

177
180
181
182
182
192



ABSTRACT

This thesis describes methods towards the synthesis and evaluation of potential small molecule
agents for the treatment of motor neuron degeneration. Several factors are known to contribute
to the mechanisms of neurodegeneration, including cellular degradation caused by the
production of radical oxygen species and dysfunction of glutamate transporters and receptors
leading to the disruption of Ca?* homeostasis in neurons. The work undertaken in this thesis
attempted to target these factors by incorporating antioxidant and Ca2*-chelating function
within the same structure, thus simultaneously combating known pathways towards apoptosis.

Chapter One provides a background to the pathogenesis of neurodegenerative disease
and specifically amyotrophic lateral sclerosis (ALS). This chapter gives an overview of the many
pathways, both genetically inheritable and sporadic, that may lead to the premature activation of
apoptotic pathways in neurons, as well as current and proposed approaches towards
interrupting these pathways.

Chapter Two describes the synthesis of compounds based on the structure of
1,2-bis(0-aminophenoxy)ethane-N,N,N’,N’-tetraacetic acid (BAPTA), an effective Ca?* chelator.
As studies have indicated that BAPTA acts as an effective treatment against neurodegeneration
but has difficulty crossing the blood brain barrier, modification of BAPTA by the introduction of
hydrophilic groups was pursued in this chapter. A number of tetraethyl ester derivatives of
BAPTA were synthesised, including bis-phenol acid 20 and tetraethyl ester 19, which
underwent reaction with 2-(2-chloroethoxy)ethanol to produce the polyethylene glycol
derivative 21 and glycosylation to give the protected glucose derivative 23. The target
compounds were evaluated for antioxidant potency using a linoleic acid protocol, with results
indicating that a number of hydrophilic BAPTA derivatives had moderate to high antioxidant
efficiency, particularly phenolic analogues 19 and 20, which exhibited efficiencies comparable to
vitamin E.

A number of methods towards the formation and functionalisation of chroman cores
are investigated in Chapter Three. For the purposes of this project, installation of functionalised
chains was required at chroman positions C2 and C8, in order to incorporate Ca2?*-chelating arms
similar to BAPTA. From mono-protected tri- and dimethylhydroquinone (34 and 39,
respectively), reaction with paraformaldehyde and selected alkenes formed C2-functionalised
chromans in one step, however it was discovered that a slight increase in the overall yield of
2,5,7-trimethyl chromans was achieved when two-step syntheses via a butoxymethyl

intermediate was performed. In an effort to further increase the yields of functionalised



2,5,7-trimethyl chromans, synthesis using mono-acetylated bromo dimethylhydroquinone 61
produced C8-bromo chromans 65 and 66 in high yield, which could be successfully
debrominated under reductive conditions to give C8-unsubstituted chromans. Phthalimide 72
was formed from the derivatisation of bromo chroman 66, as means of installing a nitrogen on
the C2 chain in a effort towards the synthesis of target compound A. As part of an alternative
pathway, several failed attempts were made to form phthalamidyl-functionalised C2 chains via
etherification with chromans, thus instead installation of the desired functionality was achieved
by reacting acetamide alkene 89 with bromo intermediate 61 to form chroman 90, which
contained the desired backbone for future formation of target B (91).

Synthetic pathways towards an alternative dual-action target 112 are detailed in
Chapter Four. Two different synthetic routes were pursued, the first of which involved chroman
core formation by reaction of 2,6-dimethylhydroquinone with methyl vinyl ketone and trimethyl
orthoformate, followed by a series of transformations of the C2 chain to give the
benzyl-protected alcohol 101. Further C2 chain derivatisation and C8 functionalisation yielded
the protected target 107 with a total yield of 4% after eleven steps. Alternatively, as a more
efficient approach towards the final target, a similar sequence of functionalisation reactions
were undertaken with previously synthesised acetate-protected alcohol 41, yielding the
deprotected target compound 112, which exhibited antioxidant efficiency higher than vitamin E

and significantly higher than BAPTA.
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NO nitric oxide
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SOD1 copper/zinc superoxide dismutase
SOD1 gene that encodes for the SOD1 enzyme
SOD16934 SOD1 mutation that exhibits a 93rd codon substitution from glycine to alanine
TFA trifluoroacetic acid

THF tetrahydrofuran

TLC thin layer chromatography

TsCl p-toluenesulfonyl chloride
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CHAPTER ONE - Introduction

1.1  Anintroduction to neurodegenerative disease

Neurodegeneration is a condition that involves the progressive loss of neurological
function, caused by the degeneration of neurons. Many different types of diseases are
neurodegenerative, for example amyotrophic lateral sclerosis, Alzheimer’s disease, Huntington’s
disease and Parkinson’s disease.l2 Both the production of reactive oxygen species (ROS) from
the electron transport chain in mitochondria and glutamate-induced calcium ion (Ca2*)
excitotoxicity have been implicated in the onset and progression of neurodegenerative diseases,
among other hypotheses, such as the accumulation of -amyloid plaques and dysfunction of

glutamate transporters and receptors.18

1.1.1 Amyotrophic lateral sclerosis

The most common form of motor neuron disease in humans is amyotrophic lateral
sclerosis (ALS), also known generically as motor neuron disease (MND), or Lou Gehrig’s disease
in the United States. MND is a neurodegenerative disorder that leads to the death of both the
upper and lower motor neurons found in the brain and spinal cord.}68 Discovered by French
neurologist Jean-Martin Charcot in 1869,3 incidence of the disease occurs at roughly 1-3 per
100,000 people, with a prevalence of about 4-6 per 100,000.67 It is estimated that currently
about 1200 Australians are living with the disease, with roughly 370 new patients diagnosed
every year.® ALS is typically an age-dependent condition, and most sufferers are afflicted in
middle-adult life, leading to motor weakness in the extremities, spasticity, paralysis and
eventually death, typically within 3 to 5 years of the onset of symptoms with current
therapies.136-810, The disease has claimed the life of a number of famous people, including
baseballer Lou Gehrig, former Chinese leader Mao Zedong and Australian artist Pro Hart.
Renowned physicist Stephen Hawking suffers from an extremely rare, slowly progressing form
of ALS, having been diagnosed nearly five decades ago.

Characteristic of ALS is the selective targeting of motor neurons, particularly in the
brain stem, cerebral cortex and spinal cord, leaving cognitive function intact in a majority of
cases, while muscle function associated with limb movement and breathing are greatly
debilitated.16-8 Progression of the disease is usually accompanied with trouble swallowing
(dysphagia), talking and difficulty breathing, and death is usually associated with respiratory
failure.8

Cases of spontaneous recovery or improvement have been reported,1112 however they

are exceptionally rare. Currently there is no cure or effective preventative treatment for ALS.
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Riluzole, a glutamate antagonist (Figure 1.1), is the only currently approved treatment for ALS
and only extends survival by 2 to 3 months,!3-15 usually with side effects.%13-18 Thus, there is a

need to examine alternative potential treatments for this debilitating and terminal condition.

F 0] S
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Figure 1.1 Structure of riluzole, a substituted benzothiazole.

One of the problems with developing a treatment for ALS is that the exact cause of the condition
is often varied and difficult to determine. Several hypotheses concerning the mechanisms that
contribute to the disease have been developed. ALS can be classified into two major types:
familial ALS (fALS), which is an inheritable form of ALS, and sporadic ALS (sALS), which appears
to occur spontaneously, without familial history of ALS. Whilst most cases of ALS are sporadic,
fALS accounts for 5-10% of all ALS cases,136-810 the vast majority of which occur by autosomal
dominant transmission,3619 and is pathologically and clinically indistinguishable from sALS.”
Studies have shown links between about 20% of cases of the fALS form of neurodegeneration
and the mutation of SOD1,37.20 the gene that encodes the cytoplasmic human antioxidant enzyme
copper/zinc superoxide dismutase (SOD1). It has been found that mutant SOD1 enzymes exhibit
a toxic gain-of-function, which catalyse the oxidation of cellular substrates present in motor
neurons, leading to neuron death.37.810

Various studies of ALS patients throughout the years have exposed a few notable
differences between sALS and fALS, in particular the gender ratio of sufferers, age of symptom
onset and expected survival of patients after onset of the disease. While the onset of ALS may
occur anywhere from childhood to late 80s, the disease is considerably more common later in
life. sALS is largely an age-dependent condition, with an average age of onset of 58-63 years,8
while the onset of fALS generally occurs a lower age, with mean onset at 47-52 years,® although
juvenile cases are known.610 Mean age of onset is generally earlier in ALS arising from SOD1
mutations compared to non-SOD fALS cases?! and onset age is generally a predictor of survival,
with younger patients of both sALS and fALS surviving significantly longer than those who
develop the disease at a later age.192223 [t has been suggested that the reason for longer survival
in younger patients is due to greater neuronal reserves.22 In rare cases, patients have been
known to live longer than 20 years with the disease,?* although the reasons for why some
patients live much longer than others are largely unknown, likely to be due to the multifactorial

nature of the disease. Overall, ALS is more common in men than in women, with an average
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male to female ratio between 2:1 and 1.5:1,2223 which has been reported to be over 3:1 under the

age of 40 and decreases with increasing age of onset, approaching 1:1 over the age of 70.2223

1.2  Genetics and ALS

While little is known about the mechanisms of sporadic ALS, population studies of fALS
patients have provided some insight into the inheritance of the familial form of the disease.1%-
21,2526 Familial ALS can be inherited as an autosomal recessive or autosomal dominant trait,
although transmission of fALS is nearly always autosomal dominant,1® while it is clinically and
pathologically indistinguishable from sALS.” Recessive forms of ALS, however, usually have
juvenile onset.6 While roughly 10% of all ALS patients are referred to as fALS cases, this figure
generally refers to only a dominant mode of inheritance with high penetrance, where a high
proportion of individuals who carry the mutant gene express the disease phenotype.?’ In reality,
cases with dominant inheritance and low penetrance, recessive inheritance, or oligogenic
inheritance may be misdiagnosed as sALS, as the complicated familial pattern of inheritance is

not always understood.2’

1.2.1 Mutant SOD1 and fALS

In roughly 15-20% of cases of fALS, studies originating with Rosen et al.20 in 1993 have
shown a relation between a mutation of the gene that encodes the human antioxidant enzyme
copper/zinc superoxide dismutase (SOD1), and the onset of the disease, caused by the
production of R0S.37.202829 Normally, SOD1 in humans converts superoxide anions (*0z),
formed as an undesirable byproduct of phosphorylation in mitochondria,30-32 to oxygen and
hydrogen peroxide (H202) (Scheme 1.1),2933 which is further converted to water by enzymes
such as catalase and glutathione peroxidase.2 Thus, SOD1 converts harmful free radicals into

innocuous molecules in the process.

o~ - + catalase/
O +2H"  Hy0p iiicsidases ™ H20
Cu*= = Cu?*

vas

O, ‘O,

Scheme 1.1 Mechanism for normal SOD1 conversion of superoxide (02) to hydrogen
peroxide (H202) and molecular oxygen (02).
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SOD1 exists as a homodimeric enzyme, present in virtually every cell type, though it is
particularly abundant in motor neurons, particularly in the spinal cord.z92033 Within cells, the
SOD1 enzyme is found largely in the cytoplasm, although it may localise in mitochondria or the
nucleus.29343¢  Each monomer within the homodimeric structure binds one zinc ion, generally
accepted to have a structural function, and one copper ion, which provides catalytic activity for
the dismutation of superoxide.3”

The gene SOD1, which encodes for the enzyme SOD1, was the first gene conclusively
associated with fALS, and this form of the disease is often specifically referred to as ALS1.338
Several other loci have been linked to fALS in recent years, but few have been attributed to
specific genes, which code for a variety of difference cellular processes, including oxidation, DNA
repair, axonal transport and RNA processing; examples of ALS-linked genes include ALSZ2,
TARDBP, VAPB, SETX and ANG.1368103839 Qver 160 different mutations of SOD1 are currently
known,38 a vast majority of which are dominantly inheritable.3619 Located on chromosome 21,20
the majority of SOD1 mutations are point mutations, although mutations due to deletions,
insertions and truncations are also known.3® Some SODI mutations have specific geographic
distribution; for instance, the A4V mutation (which codes for a 4t codon substitution from
alanine to valine, also referred to as SOD14%V) is the most common mutation in the United
States,?126.28 while D90A is a common adult-onset recessively inherited mutation in Europe.?>
Mutations may present a wide variety of phenotypes, including varied onset age, duration and
clinical severity;192140 for example, fALS patients with the A4V mutation, one of the most
clinically severe SOD1 mutations,26 have a mean disease duration of around 1.2 to 1.4 years,21.26
compared to 2.5 years in other fALS patients,26 and much shorter than the average duration of
10.1 years in patients with the G93C mutation.2! It is important to note that some SODI
mutations may have diminished penetrance and therefore may be recorded as apparent cases of
sALS.27” The study of SOD1 mutants has uncovered interesting insights into the pathogenic
pathways of neurodegeneration. As sALS and fALS patients are clinically indistinguishable,”
studies on the SOD1-linked form of the disease may have the potential for revealing common

mechanisms of the disease.

1.2.2 SOD1 mouse models

Knowledge of the link between SOD1 and ALS has led to the development of novel
experimental methods involving transgenic species,310 in particular transgenic mice expressing
the mutant gene SOD16934 41 the most widely used mouse model for ALS.710 These mice develop
symptoms and pathology that mimic human ALS patients,*! and have led to the generation of a

series of other transgenic rodents that express a wide variety of SOD1 enzyme mutants and
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develop neurodegenerative pathophysiology similar to human ALS,%1-4* used to extensively
study the pathogenic mechanisms of neurodegeneration.

Figure 1.2 shows some fALS physical symptoms in a transgenic SODI mouse model.
Mutant SOD1 transgenic mice have proven to be a useful tool in the study of motor neuron
degeneration, as shown with the discovery of riluzole as a treatment for ALS, as it is effective in
improving the survival of both SOD1 transgenic mice and sALS patients.1545 Efforts towards
finding an effective treatment for ALS have resulted in the study of numerous other different

therapies in transgenic mice.*6

a)

b)

Figure 1.2 A SOD16934 transgenic mouse, displaying hind-limb muscle atrophy and
paralysis: a) at rest; and b) under dorsal flex testing conditions.

While transgenic mice have proven useful in the study of future treatments of motor neuron
degeneration, some success in transgenic mouse models has not always correlated with success
in human trials.#6 For example, creatine has been shown to have neuroprotective properties in
SOD1693A mice, with a significant extension in survival and improvement of motor function,
protecting the neurons from oxidative damage.*” The neuroprotective effect of creatine has
shown promise in human clinical trials for Parkinson’s disease and Huntington’s disease,*8
however human ALS clinical trials have shown limited beneficial effect.#® There are obvious
advantages in studying disease mechanisms in rodents, given their short life span and high
breeding rates, however despite the wealth of information provided about ALS mechanisms by
transgenic rodent models, there are a number of problems that may arise in the comparison of
such models with human ALS patients. Rodents and humans metabolise drugs differently and

have different genetic and physiological backgrounds, and not all features of human ALS are
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reproduced in mutant SODI1 rodents, while mouse/rat models and human ALS patients often
practicably experience different modes of delivery in drug administration, which may
exacerbate special metabolism differences.374650 Moreover, differences in the apparent efficacy
in rodent models and human clinical trials may arise due to the timing of drug administration -
as drug candidates tend to be administered to transgenic rodents prior to clinical onset, efficacy
results may appear to be different across species as human ALS patients are only treated well
into disease progression.#650 This is highlighted by the fact that the efficacy of riluzole is
greatest when administered to SOD1 transgenic mice early in disease progression, compared to
human ALS patients, where a “probable” or “definite” ALS diagnosis is required before
administration.#> Also, in transgenic rodent models, a higher level of gene expression (~10-30
fold increase) is necessary to induce pathogenic phenotype compared to ALS patients, where
only a single copy of the mutant gene is required to develop fALS.50 Furthermore, SOD1
transgenic models may not fully represent the entire ALS population, given that only 1-2% of
ALS patients experience motor neuron death due to mutant SOD1 enzymes, and even less due to
the popular G93A mutation.*650 While it is possible that some therapies may target possible
downstream pathways common to sALS, SOD1-fALS and non-SOD1-fALS patients, it is also
possible that limited understanding of sporadic cases of ALS may be gained from fALS models,
since the pathophysiology of both forms of the disease is largely unknown.*¢ Despite the
aforementioned differences, SOD1 transgenic mouse and rat models have been highly valuable in
conducting pharmacokinetic studies and testing efficacy of therapeutics, which is possibly due to

the likely common pathways between the various forms of motor neuron degeneration.37.50

1.2.3 The gain-of-function model of SOD1

Studies have suggested that the pathogenic mechanism of ALS develops via SOD1
enzyme mutations through a gain-of-function mechanism independent of SOD1 activity, not a
loss of function as originally proposed - meaning that the absence of the SOD1 gene does not
lead to development of ALS, and that progression of the disease does not correlate to the
enzyme’s activity, rather the novel toxic properties acquired by mutation.37810 This is
supported by the autosomal dominant mode of transmission and the lack of correlation between
clinical severity in ALS patients and enzyme activity levels,%0 as well as evidence that mutant
SOD1 transgenic mice develop severe and progressive motor neuron degeneration,4! while mice
overexpressing or lacking wild type SOD1 do not.5152 There are currently two hypothesised
SOD1 gain-of-function mechanisms by which neurodegeneration may progress: by the

aggregation or oligomerisation of misfolded SOD1 proteins; or by oxidative damage caused by



CHAPTER ONE - Introduction

aberrant oxidative reactions37810, [t is likely that the true pathological mode of action of
mutant SOD1 is a mixture of both oxidative damage and protein aggregation.

The SOD1 oxidative damage theory suggests that mutant SOD1 enzymes catalyse
aberrant oxidative reactions that damage substrates essential for cell function and viability or
may promote the oxidative damage of the enzyme itself. This is supported by evidence that
mutant SOD1 genes increase cellular markers of oxidative damage compared to wild type SOD1,
resulting in mitochondrial dysfunction and motor neuron death in cell cultures and transgenic
mice.53-57 The gain-of-function hypothesis is supported by evidence that a normal level of SOD1
activity is observed in SOD1 transgenic mice that display neurodegeneration.4344 Furthermore,
it has been observed that *O, levels are significantly lower in mutant SOD1 transgenic mice
compared to controls, while H202 and *OH levels are increased, indicating that increased reactive
oxygen species (ROS) levels in transgenic mice are not due to decreased dismutase activity.>¢
Evidence suggests that an increased rate of the oxidation of substrates by hydrogen peroxide
associated with A4V- and G93A-encoded mutant SOD1 enzymes may account for
gain-of-function toxic property, and the effect is reduced in vitro by treatment with copper
chelators.>8 Further studies have suggested that the same mutant SOD1 enzymes exhibit
enhanced free radical-generating function relative to the wild type enzyme, due to a small
decrease in the Ky for H;0,, as mutant and wild type SOD1 enzymes have the same H;0:
dismutation activity.5960 It should be noted that some SOD1 mutations affect the metal-binding
capacity of the enzyme,6! putting the copper-mediated oxidative stress hypothesis into question.
Further evidence that other mechanisms must play a part in the gain-of-function action of
mutant SOD1 is that copper knockout in SOD1 transgenic mice does not change the onset or
progression of neurodegeneration.62

Intracellular protein aggregates are frequently associated with neurodegenerative
disorders and are present in all forms of ALS, particularly in spinal cord motor neurons.1367.10
While the association between these aggregates and onset of the disease is unclear, several
hypotheses have been put forward to explain their formation and function. Protein misfolding
may occur as a consequence of products of oxidative stress, namely from the carbonylation,
nitration and other forms of modification of common proteins.3” Aggregate formation is a
common, and possibly toxic, property of several investigated mutant SOD1 enzymes; insoluble
SOD1 aggregates have been shown to form from mutant SOD1 enzymes in vitro, in vivo and in
human ALS patients, arising from abnormal folding.51.61.63.6¢ [n addition to the misfolding of
mutant SOD1 species, evidence suggests that even wild type SOD1 (as well as mutant SOD1) can
misfold and form aggregates,? thereby providing a possible cell death pathway between sALS
and fALS. The link between cell death pathways and formation of these intracellular aggregates

is not yet fully understood, however various theories involve the mechanical interference of
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such aggregates with intercellular and axonal transport, and the sequestration of proteins

critical for cell viability - for example the anti-apoptotic protein Bcl-2.3437

1.2.4 Mitochondrial dysfunction, apoptosis and neurodegenerative disease

A common feature of a number of neurodegenerative diseases is mitochondrial
dysfunction that can inevitably lead to cell death.30.3165-67 Mitochondria are eukaryote organelles
responsible for cell metabolism, with vital cellular functions including ATP production,
regulating apoptosis, participating in calcium signalling and maintaining calcium homeostasis in
cells.306667 Because of the potential for disruption of the electron transport chain, mitochondria
are a major source of ROS.3067 While it is established that mitochondrial dysfunction leads to a
flux of cytoplasmic ROS by disruption of the mitochondrial respiratory chain,30.3167 there is also
considerable evidence to suggest that mitochondrial damage can be attributed to oxidative
stress in both sALS and fALS cases, as mitochondria themselves are targets of R0OS.30.54656869
This suggests a possible common oxidative mechanism of neuronal death between sALS and
fALS. Furthermore, markers of oxidative damage to mitochondrial DNA (mtDNA) have been
demonstrated in SOD1 transgenic mice,”? while significantly higher levels of mutant mtDNA have
been observed in the spinal cord of ALS patients compared to controls,’! supporting an
established correlation between mtDNA mutation and neurodegeneration.¢?

Because mitochondria can be a large source of ROS and regulate apoptotic processes,
mitochondrial dysfunction can lead to cell death either by energy failure or apoptosis.303165-67
Apoptosis is a process by which a cell undergoes programmed cell death, either as a means of
shaping tissues and organs within a developing organism, or to kill unfavourable cells for the
sake of the organism.7273 [t involves a cascade of the activation of proteins that destroy
molecules necessary for cell viability,”3 plays an important role in a number of diseases -
including cancer, where proliferation of unwanted cells occurs - and is a common cause of
neuronal death in neurodegenerative disorders such as Alzheimer’s disease, Parkinson’s disease,
and stroke, often involving an increased susceptibility of neurons to apoptosis.¢672-7¢ Although
the mechanisms of motor neurodegeneration are mostly unclear, evidence suggests that
mitochondrial-dependent apoptosis may play a part in motor neuron death in ALS.66.72.73.75

Apoptosis is initiated by a number of apoptogenic factors. Members of the Bcl-2 family
may be either pro- or anti-apoptotic, and may initiate the release of cytochrome c¢ from
mitochondria, which plays a key part in the activation of cell-death pathways.”277 Cytochrome ¢
is an important part of the mitochondrial electron-transport chain, which is required for the
generation of ATP, and it has been shown to display an antioxidant effect on ROS produced in the

cell.’3  When released from the mitochondria into the cytoplasm, it forms a cytoplasmic
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molecular complex called an apoptosome, which in turn activates members of the caspase
family, a set of intracellular cysteine proteases capable of degrading vital cell proteins and
activating the enzymatic degradation of other cellular constituents such as lipids and DNA.72-79
Caspases have been shown to play a role in the pathogenesis of neurodegenerative disease, as

supported by mutant SOD1 transgenic mouse models and cell culture studies.”9-81

1.2.5 The localisation of mutant SOD1 in mitochondria

The SOD1 protein is mainly localised in the cytosol, however it also found in a number
of organelles, including the mitochondria.206667 Both the wild type and fALS-related human
mutant SOD1 enzymes are found in brain and spinal cord mitochondria, localised in the matrix,
inner/outer membranes and particularly in the intermembrane space (IMS) of
mitochondria.31.6667 Mutant SOD1 enzymes appear to have a much greater association with
motor neuron mitochondria than wild type SOD1 enzymes do,3582 and it has been shown that
their presence has a tendency to shift the redox potential of mitochondria and disrupt
respiration, due to mitochondrial membrane damage.*26682 This can lead to downstream
consequences such as disrupted redox processes,82 impaired respiration and ATP production,82
as well as the disruption of calcium homeostasis5+66 and the activation of the apoptotic cascade,
as observed in numerous SOD1 transgenic in vitro and in vivo models.34557579.8083 Evidence of
SOD1-induced damage to mitochondria has been found in transgenic mouse models of
fALS,3142656675 and death due to SOD1-induced mitochondrial dysfunction can be prevented by
antioxidant administration in vitro and in vivo,5557 as well as apoptosis inhibitors.5580 Cell death
is not observed when mutant SOD1 accumulates in the cytoplasm or other organelles,83
indicating that localisation of mutant SOD1 within mitochondria is important in the

pathogenesis of SOD1-related fALS.

1.2.6 Non-SODI fALS

Although the SOD1 gene has provided the strongest link with motor neuron
degeneration, due to the low prevalence of ALS it has been difficult to determine other genes
linked to the disease. To date, roughly 20 genes linked to ALS have been identified.16.8103839
One such gene is ALSZ, located on chromosome 2, which codes for the protein alsin, mutants of
which have been linked with ALS2, an autosomal recessive form of juvenile ALS.8485 Other genes
include SETX, which codes for the protein senataxin, associated with ALS4, a rare dominant
juvenile onset disease with slow progression,86 and VAPB, which codes for the vesicle associated

membrane protein, linked with ALS8, a dominantly inherited adult onset form of the disease.8”
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Additionally, recent research has found a link between ALS and the gene TARDBP, which codes
for the TAR DNA-binding protein (TDP-43).136103988 Under normal conditions, TDP-43
regulates gene expression process including transcription and splicing, however the protein has
been identified as a major component of ubiquitinated protein aggregates (intraneuronal
inclusions) in ALS and dominant mutations of the gene have been linked to 3-4% of fALS cases

and 1-2% of sALS cases.1,3.610,39,88-91

1.2.7 Genetics and sALS

While a vast majority of ALS patients acquire the disease sporadically, still very little is
understood about the causes of this form of the disease. Despite evidence to suggest the
involvement of genetics with an increased risk of developing sALS, including data from twin
studies of apparently sporadic forms of the disease,2 no gene has been conclusively linked to the
disease.6 Candidate gene analysis of sALS patients have identified a number of polymorphisms
in genes as potential risk factors for sALS,3993 however these findings have not been conclusively
replicable.6 Additionally, several studies have shown a link between sALS and polymorphisms
on chromosome 9p21, which has also been linked with fALS.. It must be noted that mutant
alleles with low penetrance may be misdiagnosed as sALS cases.27.9¢ In particular, the common
SOD1 mutation 1113T has frequently been found in patients diagnosed with sALS,%* although

cases of families with high penetrance of the mutation have also been reported.2!

1.2.8 Proposed modes of action of neurodegeneration

Studies have also shown that the production of radical species through excitotoxicity is
a major factor in the degeneration of neurons, not only in the case of ALS, but also for a number
of other neurodegenerative disorders.168959 Glutamate receptor stimulation and an influx of
intracellular Ca2+ increases the production of free radicals, by activating enzymes that produce
free radical molecules, leading to cytotoxicity and oxidative stress, a condition that describes
exposure to oxygen radicals beyond the threshold of natural antioxidant defence mechanisms

(Figure 1.3).1689596
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Figure 1.3 Glutamate-induced Ca2* excitotoxicity. Excess glutamate leads to an influx of
intracellular Ca?*, which can result in an over-production of toxic species (e.g. free radicals)
and the initiation of cellular death pathways.

1.3  Oxidative stress and the human body

In aerobic organisms, there is a fine balance between the production of reactive oxygen
species during processes of oxidative metabolism in mitochondria and the ability of a biological
system to protect itself by antioxidative processes from oxidative damage by reactive species.
The disruption of this balance favouring the production of reactive oxygen species leads to a
condition of oxidative stress and can result in cellular injury.12699  Several common
neurological disorders are associated with oxidative stress, although it is not always established

whether oxidative damage is a cause or consequence of neurodegeneration.1.26.95.96

1.3.1 Reactive oxygen species

Reactive oxygen species (ROS) refer to a group of reactive, oxygen-containing
molecules and ions that can have a large impact on cellular processes. These can include oxygen
ions, peroxides and free radicals. Examples of ROS include hydroxyl (*OH), superoxide (*O2’) and
nitric oxide (NO*) free radicals, as well as hydrogen peroxide (H:0:), singlet oxygen (102),

hypochlorous acid (HOCI) and ozone (03).95% They can be formed in the human body by both
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deliberate pathways and by chemical side reactions, and can be removed by naturally occurring
enzymatic and non-enzymatic antioxidants.129 Molecular oxygen itself is a notable ROS, and in
its ground (triplet) state is a diradical with parallel spins of two lone electrons.®> Spin restriction
does not allow acceptance of a pair of electrons of opposite spin, so O reacts slowly with non-

radicals, however it can react quickly with radical species.%

1.3.2 The cellular impact of ROS

ROS can have a disastrous effect on biological tissue, causing a free radical chain
reaction (Scheme 1.2, Scheme 1.3), which leads to autoxidation, or “lipid peroxidation”, when the
reactant is a lipid, resulting in a decrease in the integrity of the cell.9596 The first step of the
reaction involves the production of lipid radicals from radical species, represented as R* in
Scheme 1.2 and Scheme 1.3. Radical species may arise from the homolytic cleavage of molecular
precursors, for example the cleavage of hydrogen peroxide to form hydroxyl radicals (*OH),
which are extremely reactive towards biological molecules and prone to initiating free radical
chain reactions.?59 Initiation of lipid peroxidation may occur by addition of the radical species
R* to a double bond, or more likely hydrogen abstraction, to form the lipid radical (L*), which
may react very rapidly with oxygen in an aerobic environment to form a peroxyl radical (LOO"),
which may then abstract hydrogen from other cellular components (LH) to form a lipid
hydroperoxide (LOOH) and further carbon-centred radicals (L*).95 Thus, the free radical chain
reaction propagates until termination to give molecular products occurs. Due to the nature of
the propagation step, many lipid molecules can be autoxidated from the product of a single free

radical.’%

Initiation IH+ R === L + RH
. k .
: kg
Propagation P

LO, + LH —2» LOOH + L
Termination L' + R —— molecular products

Scheme 1.2 The Free Radical Chain Reaction.?> “LH” represents a general lipid molecule,
typical of those found in cell membranes. NB: not exhaustive with respect to reactions
possible at each step.
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Scheme 1.3 A molecular representation of typical lipid peroxidation pathways.?>

Allylic hydrogens are susceptible to hydrogen abstraction by a radical species due to the
weakened C-H bond energy arising from the adjacent carbon-carbon double bond.%> Bis-allylic
hydrogens, where there is a double bond located on either side of the C-H bond, are particularly
susceptible to hydrogen abstraction, and are therefore a likely site of lipid radical formation.
Carbon-centred radicals formed from the abstraction of a bis-allylic hydrogen often undergo
molecular rearrangement to form stable conjugated dienes, as shown in Scheme 1.3.95

Principal targets of chain-carrying peroxyl radicals are polyunsaturated fatty acids and
esters located within the cellular membranes, and thus as the purpose of these biomembranes is
to separate the various biochemical environments into specific regions of the cell, degradation of
these membranes has a drastic effect on the protection and function of biological cells.% Lipid
peroxidation has been observed in fALS mouse models, supporting the hypothesis of the role of
oxidative stress in fALS.97 The central nervous system (CNS) is more susceptible to oxidative
stress than other tissues, as neurons contain a high proportion of easily oxidised substituents,
including polyunsaturated lipids in the membrane, have a high oxygen consumption rate and
flux of ROS from respiratory processes, and are lacking in efficient endogenous antioxidant
defences.169% As motor neurons rely heavily on membrane integrity and energy supply,
disruption of the mitochondrial function and damage to cell membranes can have dire
consequences on the survival of the cell. This is believed to be the cause of numerous
debilitating disorders, including many neurodegenerative diseases.16.95.96

Evidence of ROS and oxidative damage has been reported for years in both sALS and
fALS patients, indicating oxidative stress plays a role in the pathogenesis of ALS.9598-102 Cellular
markers of oxidative stress that have been observed in human ALS patients and mouse models
include: nitrotyrosine, a stable oxidation product of peroxynitrite,99.100.102 [ipid peroxidation
byproducts malondialdehyde?®7.98.100 and 4-hydroxynonenall®! (found also in Alzheimer’s disease

cases103), as well as protein carbonyls and oxidised DNA.%8
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1.3.3  ROS production

During the normal process of the reduction of oxygen in mitochondria, low levels of
potentially toxic ROS are produced. Respiratory complexes can leak electrons, which lead to the
generation of superoxide (*Oz’), an anionic radical, from the one-electron reduction of molecular
oxygen (Scheme 1.4).273959 [t has been suggested that around 2-3% of O, reduced in
mitochondria via the electron transport chain forms 0,95 Superoxide itself is not a very
reactive radical, however it does react rapidly with other radical species, such as nitric oxide
(NO-).7295  Superoxide is converted to H;0, and O; by superoxide dismutases SOD1 (in

cytoplasm) and SOD2 (in mitochondria).237

O, + & — 'Oy
Oy + 2H* + & —> H,0,
H,O, + € —= OH + "OH
'OH + H* + & — H,0

Scheme 1.4 The reduction of O to H20 occurs via sequential one-electron reductions,
forming several ROS in the process.”3

In addition to superoxide, other ROS such as hydrogen peroxide and hydroxyl radicals can be
formed during normal respiratory processes (Scheme 1.4), as well as from the abnormal leakage
of electrons from mitochondria.”? Like superoxide, H20, has limited chemical reactivity,
although they both have the ability to generate more reactive species in vivo.”9> Hydrogen
peroxide may cross cell membranes and react with iron or even copper ions to form more
damaging ROS such as *OH.”.95 The hydroxyl radical itself may be produced by a number of
processes, such as the homolytic fission of H20, by UV light or reaction of H,0, with metal
ions.795 It reacts very rapidly with many biological substrates, including DNA, proteins and
lipids, and can initiate lipid peroxidation, leading to a loss of membrane integrity, which can lead
to other subsequent deleterious pathways.?5

Redox-active transition metals, in particular copper and iron, can play a significant role
in the production of ROS.795 Transition metals can undergo “redox cycling”, a process by which
metals are alternately oxidised and reduced, which may lead to the generation of toxic ROS.137
Metals are usually stringently managed in living organisms, sequestered within complexes or
bound to enzymes or metal carriers.3? Unbound transition metal ions have the ability to reduce
H:0; to generate highly reactive hydroxyl radicals,® as shown in Scheme 1.5. In the case where
a ferrous ion (Fe?*) acts as the reductant, the reaction is commonly known as the Fenton

reaction.104-106

15



CHAPTER ONE - Introduction

M™ + H,0, —= M™D* + OH + OH

Scheme 1.537.95

Iron, whilst playing an important role in many biochemical processes, also has the potential for
toxicity in most organisms. The disproportionation of hydrogen peroxide by iron, as shown in
Scheme 1.6, is often loosely referred to as “Fenton chemistry”, named after Henry Fenton’s work
on the oxidative action of iron in the 1890s,194 or “Haber-Weiss chemistry”, based on findings of
Fritz Haber and Joseph Weiss in the 1930s.105106 [t involves a catalytic process by which ferrous
and ferric ions are alternately oxidised and reduced respectively by hydrogen peroxide, forming

hydroxyl radicals, hydroxyl anions, peroxyl radicals and protons in the process.%

Fenton reaction
H,0, ‘OH + OH"

2+ _ - 3+
Fe<" = Fe
¥
‘OOH +H*  H,0,

Scheme 1.6 The disproportionation of hydrogen peroxide by iron.%

A similar iron-mediated redox process known as the Haber-Weiss reaction generates hydroxyl
radicals (and hydroxide ions) from the reaction of superoxide and hydrogen peroxide, as shown

in Scheme 1.7.105,106

Fenton reaction
H,0, ‘OH + OH-

< . Fed*

0O, Oy

Fe?* =

Scheme 1.7 The Haber-Weiss reaction.105.106

Evidence suggests that iron may play a part in the pathogenesis of SALS;107.108 an increase in iron
levels in the spinal cord has been observed in sALS patients.108 Studies have also shown an
increased incidence of mutations in the Hfe gene (associated with the iron-overload disease

haemochromatosis) in patients with sALS, indicating some involvement of iron handling in the
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pathogenesis of the disease.109110 Furthermore, an upregulation of ferritin in end-stage SOD1
transgenic mice indicates an excessive accumulation of iron.!11

The involvement of copper in the mechanisms of SOD1-fALS motor neuron degeneration
has been supported by various studies, both in vitro and in vivo.>5112 Copper chelators have been
shown to delay disease onset and increase survival in SOD1 transgenic mice!12 and prevent cell
death in SOD1-fALS cell models,55113 supporting the toxic gain-of-function hypothesis of SOD1
mutations. Furthermore, SOD1 transgenic mice genetically bred for a spinal cord copper
deficiency had a significant delay in motor neuron degeneration and prolonged survival.11* It is
known that many mutant SOD1 proteins do not bind copper effectively,!!5 and the inadequate
buffering of Cu can lead to aberrant oxidative chemistry, inducing oxidative stress and
subsequent cell death.116117

Free iron and copper ions in cells can also react with lipid peroxides, in a similar manner
to the Fenton reaction, to form alkoxyl radicals (Scheme 1.8), which may then propagate lipid

peroxidation.os

ROCH RO+ OH"

ROO + H* ROCH

Scheme 1.8

While ROS make up the majority of oxidising species in aerobic organisms, oxidative stress may
also arise from the presence of reactive nitrogen species (RNS), as well as reactive chlorine and
bromine species.?> Stress conditions can lead to nitric oxide synthase upregulation,118119 which
can elevate levels of nitric oxide (NO¢), a secondary messenger in signalling and
neurotransmission. Nitric oxide can react with superoxide to give peroxynitrite (ONOO-), which
is classified as both an ROS and an RNS.9596 Peroxynitrite and other RNS can oxidise and nitrate
amino acid aromatic side chains and other substrates, leading to a condition called “nitrosative
stress”.37120  Oxidation and nitration of lipids and nitration of amino acids (for example the
nitration of tyrosine to from 3-nitrotyrosine) can lead to enzyme inactivation.%> Peroxynitrite
has been shown to participate in lipid peroxidation and inhibit mitochondrial respiration, thus
contributing to neurodegenerative disorders that occur via oxidative and nitrosative

processes.121
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1.3.4 Natural defences against oxidative damage

It is well established that free radicals and ROS are continuously formed in aerobic
organisms during normal respiratory processes.129596 As a result, aerobic organisms have
evolved to develop elaborate antioxidant protection in order to deal with oxygen management
and the potential for oxidative stress.%> Intracellular antioxidant defence in the CNS can be
attributed to antioxidant proteins and enzymes and low molecular weight antioxidant (LMWA)
species.l22 A number of enzymes act as antioxidants by reducing or dismutating ROS to
innocuous molecules. In human cells, superoxide dismutases protect cellular substrates from
oxidative stress by converting superoxide to hydrogen peroxide and water, while superoxide
reductases reduce O, to H,0,.27395122 Hydrogen peroxide formed by these and other processes
can be converted to harmless species by catalase and peroxidases.27395122 [n particular,
glutathione peroxidases are a family of enzymes that use the thiol-containing tripeptide
glutathione (GSH) to reduce hydrogen peroxide and organic hydroperoxides to water and
alcohols, respectively, subsequently forming glutathione disulfide (GSSG), which is reduced back
to GSH by glutathione reductase.®> While enzyme activity plays a large part in the human body’s
defence against oxidative stress, a number of non-enzymatic proteins may also act as
endogenous antioxidants. The proteins transferrin and ferritin, which transport and store iron,
respectively, can be considered as endogenous antioxidants as they sequester iron, a metal
responsible for many oxidative processes in organisms.?5 Of the LWMA species, a majority of the
small molecule antioxidants are obtained from dietary sources, while only a few are synthesised
endogenously. Reduced GSH is a major intracellular antioxidant,7495122 while other LWMA
species include plant phenols and polyphenols, retinoic acid (vitamin A), tocopherols (vitamin

E), ascorbic acid (vitamin C), uric acid, lipoic acid, melatonin and coenzyme Q10.95.122-126

1.4  Calcium influx and excitotoxicity

1.4.1 Excitotoxic mechanisms and neurodegeneration

Glutamate (Figure 1.4) is the primary excitatory neurotransmitter in the central
nervous system,8127.128 responsible for a number of neurologic functions such as learning,
memory and movement.128 Excitotoxicity, a pathological process by which neurons die from
over-activation of glutamate receptors at the synaptic cleft caused by an excess of glutamate, is
strongly implicated as a major contributing factor in the pathogenesis of neuronal death.?8127-129

The link between glutamate-mediated excitotoxicity and ALS is well established, with early
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studies indicating that many ALS patients exhibit a significant increase in glutamate in

cerebrospinal fluid (CSF).130

O O

HO O
+ NH3

Figure 1.4 Glutamate, the major neurotransmitter in the CNS.

One of the causes of neuronal death appears to be the disruption of calcium homeostasis via
activation of Ca?* channels, release of Ca?* from intracellular stores and production of free
radicals by Ca?+-dependent enzymes.127-129 Excess Ca?* influx in neurons can result from an
overstimulation of glutamate receptors, such as the N-methyl-D-aspartate (NMDA) receptor and
a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA) receptor, leading to cytotoxic
effects, especially in mitochondria (Figure 1.3).54127-129,131-134

Calcium is an important secondary messenger in the CNS, important in signalling
pathways vital for cell survival,66128 however an excess of intracellular Ca2+ can have disastrous
effects, as studies have demonstrated a correlation between the disruption of Ca2* homeostasis
and neurodegeneration.66127-129 Evidence has shown that high levels of cytosolic free CaZ+ are
not necessarily toxic to neurons,!3* however potential-driven uptake of Ca2* into mitochondria
triggers glutamate-induced neuronal death.134135

Numerous toxic pathways may be activated by glutamate-induced Ca2+ influx. In a
number of neurodegenerative disorders, the increase in Ca2* levels in the neuron results in
activation of Ca2*-dependent proteins and enzymes (Figure 1.3),128 which can lead to nuclear and
membrane damage, and as well as an increase of ROS.54131-133,136 [n particular, Ca2+ uptake from
glutamate receptor stimulation results in increased ROS production from mitochondrial electron
transport chain processes.132133136 |t is though that the process of neuronal death due to
oxidative stress may be self-sustaining, since hydroxyl radicals may be released from
mitochondria as the organelle wall integrity is compromised, electron transport chain may be
altered, mtDNA may be oxidised and membrane degradation may lead to the disruption of Caz+
homeostasis.230.37.67

There may be a number of mechanisms by which the over-stimulation of glutamate
receptors is initiated: increased synaptic glutamate due to uncontrolled release of glutamate
from presynaptic neurons; increased synaptic glutamate due to deficient glutamate transport
function; or altered expression or sensitivity of glutamate receptors, leading to increased Caz+

influx in neurons at normal glutamate levels.127-129.137 [n the case of motor neuron disease, there
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is significant evidence to suggest that the dysfunction of both glutamate transporters and

Caz+-permeable receptors influence the pathogenic pathways of neuronal death.127-129.137

1.4.2 Glutamate transporters and excitotoxicity

Glutamate exists almost entirely intracellularly due to the activity of high-affinity
glutamate transporters. It is usually found at low concentrations (<1 pM) in extracellular
fluid,138 significantly lower than in cells, where glutamate concentration is approximately
10 mM.139 Extracellular glutamate levels are regulated by the rapid uptake of the amino acid by
glutamate transporters,5128 preventing overstimulation of excitatory amino acid receptors and
resulting excitotoxic neuronal damage that readily occurs at concentrations of above 10 pM.140
Five different subtypes of high-affinity glutamate or excitatory amino acid transporters (EAATS),
located in the plasma membranes of both neurons and astrocytes, have been identified.5128141,142
Immunocytochemistry has shown that glutamate transporter subtypes are distributed
differently within cell types and across regions of the brain and the CNS; EAAT1 (GLAST in
rodents) and EAAT2 (GLT-1 in rodents) are located primarily in astrocytes, while EAAT3
(EAAC1 in rodents), EAAT4 and EAATS are expressed by neurons in the brain.5128141,142

Antisense knockdown experiments and biochemical studies have indicated that
astrocyte transporter EAAT2/GLT-1, located within the brain and spinal cord,5141142 is the
predominant glutamate transporter subtype in buffering extracellular glutamate at an
appropriate level in the CNS and protecting neurons from excitotoxicity.143-147 [n 1992,
Rothstein et al1%8 first demonstrated that ALS patients present reduced glutamate transport
function in the spinal cord and regions of the brain, compared to healthy subjects and patients
with Alzheimer’s disease and Huntington'’s disease. Studies have since shown that the decreased
transport function is primarily due to a significant decrease of EAAT2 levels in ALS patients.14%-
152 The loss of functional glutamate transport could account for significantly increased levels of
glutamate in the CSF of some ALS patients compared to controls.130.140

Several in vitro and in vivo studies have supported the involvement of impaired
glutamate transport function in motor neuron degeneration, however the extent to which
transporter dysfunction contributes to neurodegeneration has been difficult to assess.5128 A
decrease of EAAT2/GLT-1 has been observed in the spinal cord of SOD1 transgenic rats at the
onset of neuron degeneration!#4 and in SOD1693A mice at advanced stages of the disease.!53 It has
been demonstrated that decreases in transporter levels are specifically localised to regions of
neuron loss in the CNS, such as the motor cortex and spinal cord, and do not occur in areas of no
neuronal degeneration.151.153 [n vitro inhibition of glutamate transporters has been shown to

lead to an increase in extracellular glutamate and the slow degeneration of motor neurons;
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toxicity was prevented by non-NMDA receptor antagonists (although not NMDA receptor
antagonists), supporting the hypothesis that progressive motor neuron degeneration in ALS may
be due in part to defective glutamate transport.15¢ In SOD1693A mice, a lack of change in GLT-1
levels at the pre-symptomatic stage of the disease indicates that the loss of transport function is
not a primary event in the neurodegenerative cascade; rather changes in transporter and
glutamate levels merely contribute to the disease progression.153 This hypothesis is supported
by observations in SOD1693A mice bred to overexpress GLT-1, where increase in the transporter
did not delay disease onset or increase survival, but did delay motor neuron loss and
grip-strength decline.’>> While a lot of data suggests at least some involvement of glutamate
transport deficiency in motor neuron degeneration, one study demonstrated that in vivo
administration of glutamate transport blockers significantly elevated extracellular glutamate in
rats, however despite this no motor neuron degeneration, gliosis or motor activity deficits were
observed.156

Evidence has shown that glutamate transporters can be rendered inactive due to
oxidative stress.120157-160  Qf the glutamate transporters found in humans and rodents,
GLT-1/EAAT2 is particularly susceptible to oxidative damage.101.145161 GLT-1/EAAT2 function
has been demonstrated to be reduced by mutant (but not wild type) SOD1 in vitrol6! and in
mice#+153 and rats.1#* A mechanism of inhibition by oxidation is supported by a similar pattern
of GLT-1 inactivation observed when the transporter was exposed to peroxidation by H,0:
under Fenton conditions,6! and the restoration of transport function after treatment with the
antioxidant Mn!"TBAP.161 This supports the hypothesis that SOD1-linked fALS occurs via an

excitotoxic mechanism caused by the toxic properties of SOD1 mutants.

1.4.3 Glutamate receptors and excitotoxicity

Glutamate secreted from glutamatergic vesicles stimulates ionotropic (ligand-gated)
glutamate receptors such as the NMDA receptor, AMPA receptor and kainite (KA) receptor, and
metabotropic receptors (Figure 1.3), all of which regulate the influx of ions such as K*, Na* and
Ca?+ into the neuron.127.128162-166 (Qverstimulation of these receptors can lead to an increase in
cytosolic free Ca?* levels.127.128162163  [n vijtro studies have shown that motor neurons are
particularly sensitive to glutamate excitotoxicity resulting from AMPA receptor
activation.128154,164,166

AMPA receptors are predominantly heteromeric, tetrameric, ligand-gated channels,
consisting of four subunits, GluA1-4 (previously referred to as GluR1-4), of which the subunit
GluA2 is functionally dominant in determining Ca2* permeability.128163.165-167  Calcium

permeability of AMPA receptors depends on their GluA subunit composition; AMPA receptors
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lacking the GluA2 subunit are permeable to Ca2?+ (Figure 1.5), an influx of which can lead to
excitotoxicity.166 The functional dominance of the GluA2 subunit results from
post-transcriptional messenger RNA (mRNA) editing, which involves the replacement of a
neutral glutamine (Q) residue - found in GluA1, 3 and 4 - with a positively charged arginine (R)
residue at what is known as the “Q/R site” in the second transmembrane region of
GluA2.128165168 [n the non-diseased state, virtually all GluA2 subunits are impermeable to Ca2+
due to editing of effectively 100% of GRIAZ, the gene that encodes GluA2.168169 Evidence has
suggested that the increased Ca?+ permeability of AMPA receptors in ALS patients may be due to
either a significant decrease in post-transcriptional editing of GRIAZ,168170 reduced GRIAZ

expression,17! or combination of both factors.169

A B
GluR1 GluR2 GluR1 GluR3
Na' Cca®* Na' ca®

Uyy

Ca?*-impermeable Ca?-permeable

Figure 1.5171 The presence or absence of an edited GluA2 (GluR2) subunit determines the
Ca?* permeability of AMPA receptors.

Various in vivo studies support the theory that a high proportion of Ca2+-permeable AMPA
receptors in motor neurons may cause the cells to be highly susceptible to excitotoxicity from
Ca?* influx.163 In SOD1 transgenic mice, deficiency or overexpression of GluA2 can either
accelerate or ameliorate motor neuron degeneration, respectively,172173 which supports
evidence that the SOD1693A mutation causes changes in the expression and function of AMPA
receptors, increasing vulnerability of motor neurons to excitotoxicity.17+ Treatment with AMPA
receptor antagonists has also been shown to slow disease progression and extend survival of
SOD1 transgenic mice.175-177

While a decrease in permeability-regulating GluA2 has been observed in spinal cords of
fALS SOD16934 mice before the onset of neurodegenerative symptoms, a modest upregulation of
Caz*-permeable GluA3 has been shown to occur concomitantly,’> indicating a possible

deleterious involvement of GluA3 in the excitotoxic mechanisms of ALS. Supporting these
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observations, treatment of SOD16934 mice with peptide nucleic acids antisense to GluA3 mRNA
has been shown to significantly extend disease onset and mouse survival.178179 This evidence
suggests that GluA3 may act as ideal candidate as a therapeutic target for the treatment of
neurodegeneration. There is also promise in the development of specific AMPA receptor

antagonists for treatment of glutamate-induced neurodegenerative disorders.

1.4.4 Beta-amyloid

Numerous studies on the causes of Alzheimer’s disease have suggested that fragments
of the protein B-amyloid (Af) may accumulate in cell membranes, producing ROS by catalytic
processes,+96.180-182 which in turn may impair the function of glial glutamate transporters,183184
subsequently disrupting Ca2?* homeostasis and contributing to neuronal degeneration from
excitotoxicity.182 Oxidative stress caused by A3 has been shown to be ameliorated by number of
antioxidants, including catalase, vitamin E and Trolox™.181182184 [n addition to the oxidative
processes that arise from the presence of AB, studies have shown that the oligomer has the
ability form Ca?*-conducting pores in neuronal membranes, leading to influx of Ca2* and

subsequent neurotoxic cascades.185186

1.5 Small molecule approaches to treating ALS

1.5.1 Riluzole

The only currently approved treatment for ALS is the glutamate antagonist riluzole
(Figure 1.1). Marketed as Rilutek®, it has been available in Australia since 2002, and has been
covered under the Pharmaceutical Benefits Scheme (PBS) since June 2003.916 The drug is often
administered in 50 mg doses, usually twice a day,2”187 and although it can increase life
expectancy by an average of 2 to 3 months,!3-15 there are a number of common side-effects of
the drug, include nausea, vomiting, asthenia, anorexia, diarrhoea, dizziness, gastrointestinal
disorders, and liver dysfunction.?13-18

The action of riluzole has not yet been extensively determined; however it is proposed
that riluzole interrupts glutamatergic neurotransmission, both though the blockage of
voltage-gated sodium channels, which inhibits glutamate release, and the indirect antagonism of
glutamate receptors.128129.188-190  Trials in the 1990s indicated the efficacy of riluzole as a
treatment for ALS, with increased tracheotomy-free survival by a matter of 2 to 3 months,13-15

however there is limited evidence of a beneficial effect of riluzole in patients over 75 years.18 A
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survival benefit of greater than 6 months has been suggested, however an increase in the quality
of care of ALS patients may affect this figure.19!

The recommended orally administered dosage of riluzole is 100 mg a day,!427.187 which
has been determined by clinical trials and efficacy studies to have the optimum benefit-to-risk
ratio,1*15 and the drug has been found to be well tolerated by patients for up to 7 years.192 While
riluzole is by no means a cure for ALS, if the drug is administered as early as possible it can slow
disease progression, thus possibly allowing ALS sufferers a higher quality of life for a longer
period of time. The benefit of riluzole has been shown to be more significant in patients with
bulbar onset, compared to limb onset.13193 Despite the benefit of increased lifespan, and the
increase survival and preservation of motor function in SOD1693A mice early in disease
progression,*519¢ riluzole does not appear to improve quality of life or motor function of ALS
patients.1415  Due to riluzole’s limited efficacy, concern over adverse side-effects and the
prohibitive cost of the drug, there is a requirement for alternative treatments of ALS on the

market.

1.5.2 Antioxidants

Antioxidants are molecules that prevent oxidative degradation, either by reducing the
rate of initiation of radicals (preventative antioxidants) or interfering with one or more of the
oxidative steps (chain-breaking antioxidants).195 Chain-breaking antioxidants such as vitamin E,
vitamin C, and food additive butylated hydroxytoluene (BHT) quench the propagating chain by
“trapping” peroxyl radicals, typically forming radicals themselves (Scheme 1.9), which can be

stabilised via resonance.195.19

LOO + ArOH L LOOH + ArO

Scheme 1.9 An example of the action of chain-breaking antioxidants.

In order for an antioxidant to be an effective free radical scavenger, the rate of inhibition (Kkinn)
must be larger than the rate of propagation of lipid peroxidation (k,, Scheme 1.2). Vitamin E is
an efficient antioxidant, as it scavenges peroxyl radicals around 10+ times faster than the rate of
lipid peroxidation.195.197

Vitamin E is a commonly known chain-breaking antioxidant, and the term “vitamin E”
can generally refer to any of four structurally related compounds called tocopherols (Figure 1.6),
of which a-tocopherol is most potent and most commonly found in nature,?195198 while the

natural (2R,4’R,8’'R) diastereoisomer offers the best antioxidative protection.?5.199 Studies have
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shown that vitamin E is the major - and possibly only - lipid soluble, chain-breaking antioxidant
in human blood.200201 As labelled in Figure 1.6, the general structure of vitamin E consists of a
reactive chromanol “head” group and a hydrophobic phytyl “tail” side chain.195202 It is generally
accepted that the tocopherols orientate within biomembranes with the chromanol head towards
the surface and the hydrophobic phytyl side chain incorporated within the hydrophobic

bilayer.195,202

R' R2?
a-tocopherol CH; CH,4
B-tocopherol CH; H
y-tocopherol H CHj4
d-tocopherol H H

chromanol head phyty! tail

Figure 1.6 The general structure of vitamin E. “Natural” vitamin E, 2R,4’R,8’R-a-tocopherol,
is the most common and most biologically potent form of vitamin E.

The chromanol core is effective as a free radical scavenger, due to its ability to react with radical

species to form a phenoxyl radical stabilised via resonance structures as shown in Figure 1.7.

A
y

Figure 1.7 Radical capture is stabilised through resonance structures of a-tocopherol.

Effective hydrogen donation of vitamin E is also due to low bond dissociation enthalpy of the

phenolic hydroxyl bond, resulting from the electron-donating oxygen situated para to the
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phenolic hydroxyl group.203 Vitamin E may transfer its phenolic hydrogen atom to an incoming
lipid peroxyl radical, forming a phenoxyl radical itself, in the process converting the peroxyl
radical to a hydroperoxide, which is consumed by other pathways.195:202

In certain cases, vitamin E may be regenerated from the phenoxyl radical by vitamin C,
a water soluble reducing agent. Vitamin E and vitamin C have been shown to act synergistically
in vitro, with vitamin E acting as the primary antioxidant, of which the resulting phenoxyl radical
is regenerated to vitamin E on reaction with vitamin C.195204205 This interaction is believed to
occur at the membrane interface, thus effectively transporting the potentially damaging radical
from the membrane to the aqueous phase,195205 as vitamin E acts as the better antioxidant in the
lipid phase, whereas vitamin C is an excellent inhibitor of peroxidation in the aqueous
phase.195205206  The resulting vitamin C radical may then be enzymatically reduced back to

vitamin C by endogenous antioxidants, for example NADH (Figure 1.8).204

-
potential Vit E Vit C NADH
damage

RH .
repaired Vit E Vit C NAD*
molecule

Figure 1.8204 The antioxidant action of vitamin E and subsequent regeneration by vitamin C
and NADH.

While treatment with vitamin E has been shown to have a beneficial effect in SOD1 transgenic
mice,9* to date there has been limited success in human ALS patients,”.207.208 however long-term
regular users of vitamin E supplements have less than half the risk of dying of ALS than non-
users.209

Many antioxidants have been synthesised based on the structure of vitamin E.210-218
Extensive efforts have been made to synthesise an antioxidant even more potent than
a-tocopherol, and some success has been found with the development of benzofuran derivatives
of vitamin E,210-213 due to the favourable dihedral orbital angle of the furanyl oxygen to the
aromatic plane.195219 Another consideration when designing a vitamin E derivative is solubility.
Vitamin E is a highly lipophilic molecule and although it intercalates easily within lipid
membranes, it is not water soluble due to its long hydrophobic side chain, which can cause
problems biologically. Studies on vitamin E analogues with hydrophilic side chains have shown
increased bioavailability, and the ability to target specific organs,213214 or organelles such as
mitochondria,?!5 with retention of antioxidant activity. In particular, Trolox™ (Figure 1.9), a

water soluble derivative of vitamin E, has been demonstrated to display potent antioxidant
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activity.217.218 Structure-activity relationship studies have indicated that the potent antioxidant
activity is due not only to the phenolic group of the necessary chromanol core, but also the

carboxylic acid, in any of the 2R, 25, or racemic compounds.218

HO
OH
0]

Figure 1.9 Trolox™, a water soluble vitamin E (a-tocopherol) derivative.

Treatment of ALS patients with other antioxidants has been met with limited success. Despite
evidence that antioxidants such as Gingko biloba extract,?20 spin-trapping molecule DMPO57 and
antioxidant porphyrins AEOL10150221 and FeTCPP222 protect against oxidative damage, delay
paralysis and extend survival in SOD1 transgenic mice, there is little evidence of their efficacy in
human ALS patients. Overall, clinical trials of antioxidant therapies have shown little

therapeutic effect on patients to date.17.207.223

1.5.3 Calcium chelators

Since intracellular free Ca2?+ is an important secondary messenger in biological systems,
and an excess of intracellular Ca2?+ can have a large effect on the function of neurons,66128 it is
important to examine various means of measuring and regulating the amount of intracellular
Ca?+, especially since neurons have low levels of natural Ca2* buffers.128 One example of an
effective Ca2*-chelating agent is 1,2-bis(o-aminophenoxy)ethane-N,N,N’,N’-tetraacetic acid
(BAPTA), shown in Figure 1.10. First synthesised by Tsien,?24 the compound was designed with
two features in mind: aromatic chromophores to allow for monitoring of Ca2* chelation by
spectroscopy; and low nitrogen pK, values for pH insensitivity and Ca2*-chelating speed. At
physiological pH, BAPTA exists in its deprotonated form (BAPTA*), and exhibits high selectivity
(>105) for Ca?+ over Mg?+, but with low anilinium nitrogen pK. values of 6.36 and 5.47, which
result in pH insensitivity and a high rate of uptake and release of Ca?+, due to the low probability
of protonation.22* The reason for the selectivity for Ca2* over Mg?* is believed to be due to the
binding cavity, which is an appropriate size to be able to encapsulate Ca?*, however the
carboxylic acid groups of the molecule prevent encapsulation of the smaller ion Mg2+, due to

steric considerations.224
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Figure 1.10 Ca?*-binding agent 1,2-bis(0o-aminophenoxy)ethane-N,N,N’,N’-tetraacetic acid
(BAPTA, R=H) and its tetraethyl ester (R=Et).

Work in collaboration with our research group has found that BAPTA also exhibits antioxidant
properties, which are possible due to the captodative nature of the chelating side chains.225226
These studies have determined that BAPTA exhibits antioxidant function, regardless of whether
or not it is bound to Ca?+. Thus, it appears that BAPTA and BAPTA derivatives may be useful
when devising a treatment against both an influx of Ca?* and oxidative stress. The efficacy of
BAPTA has led to the synthesis of a number of BAPTA derivatives as possible candidates to
reduce the effect of oxidative stress on neurons due to Ca?+* influx.226-231 Deprotonated BAPTA is
negatively charged, with four carboxylate groups, and is unable to cross biomembranes and
therefore unable to permeate into cells. Esters of BAPTA, however, may provide lipophilicity
required for crossing cell membranes, as well as the potential to be hydrolysed to the
tetracarboxylate parent species within cells. One such compound, the acetoxymethyl ester of
BAPTA (BAPTA-AM), has been shown to exhibit cell permeability and undergo hydrolysis in
vitro,231 and protect against excitotoxic cell injury in vitro and in vivo.232233 Studies conducted in
our research group have shown that intraperitoneal injections of the tetraethyl ester derivative
of BAPTA (Figure 1.10) can significantly increase survival in transgenic ALS mice. Importantly,
survival is increased further in transgenic rats when BAPTA tetraethyl ester is infused
intrathecally.234235 This indicates issues with the prodrug crossing the blood brain barrier to

reach the desired region of action, likely due to the largely hydrophobic structure.

1.5.4 Other therapeutic approaches

A number of other pharmacological treatments for motor neuron degeneration have
been examined.”374650.236  Administration of minocycline, an antibiotic agent, delays disease
onset and extends survival in SODI1G9%A mice by inhibiting cytochrome c release from
mitochondria,?37.238 however phase III clinical trials of minocycline failed in human patients.239
Various therapeutic agents targeting excitotoxic pathways have also been studied. Ceftriaxone, a

[-lactam antibiotic that stimulates the transcription of glutamate transporter GLT-1/EAAT?2, has
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been shown to delay neurodegeneration and increase survival in SOD1 transgenic mice,5240
although early clinical trials have shown limited evidence of clinical efficacy.24t Despite this,
phase III clinical studies are ongoing in the United States and Canada.242-24¢¢ AMPA receptor
antagonists have also shown to have a beneficial effect in transgenic mice,175176 while a phase II
clinical trial of Talampanel?4> has been terminated due to conclusively negative results in
humans.242
As well as pharmacological approaches, therapies that target gene translation and
transcription are possible candidates in the treatment of motor neuron degeneration. RNA
silencing may be achieved using small interfering RNAs (siRNAs), double-stranded RNA
duplexes of 21 to 23 nucleotides, which promote degradation of selected target mRNAs, thus
decreasing protein expression levels of a single gene.24#¢ While siRNA designed to selectively
target mutant alleles have been shown to be effective in the treatment of SOD1-linked fALS
models in vitro and in vivo,247 targeting individual point mutations would not be a feasible
strategy in the treatment of such a multifactorial disease such as ALS, where a number of point
mutations have been linked to the disease. Interfering RNA broadly targeting all alleles of the
SOD1 gene has been shown to reduce gene expression in SOD1%934 transgenic mice, resulting in
improved motor performance, significant delay in disease onset and increase of survival.248.249
Administration of antisense oligonucleotides to SOD1 mRNA has been shown to reduce
both SOD1 protein and mRNA levels in the brain and spinal cord of transgenic rats, slowing
disease progression significantly.250 Similarly, treatment with antisense peptide nucleic acid
(PNA) oligomers directed against GluA3 showed neuroprotection against an AMPA agonist in
vitro and extended survival in a SOD16934 transgenic mouse model.17? Likewise, treatment of
SOD1693A mice with antisense PNA oligomers targeting p75NTR, a neurotrophin receptor
implicated in the pathogenesis of mutant SOD1-mediated neuronal death, has been

demonstrated to delay motor impairment and increase mouse survival.251

1.5.5 A multi-functional approach to treating neurodegeneration

Therapeutic trials of antioxidants such as vitamin E and vitamin C on patients with ALS
and other diseases such as Alzheimer’s disease and Parkinson’s disease have shown no
significant benefit.1.7.207.208223 The reason for this appears to be that antioxidants alone are not
enough to combat the large amount of oxidative stress that motor neurons must endure. Thus, a
multi-factorial approach to the prevention and treatment of neurodegenerative disorders may
prove to be advantageous. Ideally, a candidate for the treatment of neurodegeneration would
perform multiple specific functions. Studies have indicated that if a drug candidate could

simultaneously target multiple specific factors that lead to neuron death, the efficacy of the drug
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in combating neurodegeneration could be increased.”37.50.128 Combinatorial therapies that
incorporate drugs that target multiple pathways or cell types may play a role in
neurodegeneration and have been of recent interest.”37.50128 However, the large expense of such
trials means that they are not readily approved by regulatory agencies and thus are rarely
attempted.252

A number of combinatorial therapies have shown promising results in transgenic
models, and even exhibited synergistic effects.”37.50.128 Of particular interest is the combination
of creatine, an endogenous amino acid (shown to exhibit antioxidant properties?53), and
minocycline, an apoptosis inhibitor.2¢ When administered separately, both agents have been
shown to improve motor performance and extend survival in transgenic mice, although when
administered together they exhibit an additive neuroprotective effect in delaying disease onset
and increasing survival in the ALS model.25* Other combinatorial treatments shown to exhibit
an additive effect on motor function and survival in ALS mouse models include the combination
of minocycline, riluzole and nimodipine, a voltage-gated calcium channel antagonist,255 as well as
the concurrent administration of Neu2000, a potent antioxidant, and lithium carbonate, a mood

stabiliser that prevent apoptosis.256

1.6  Project aims and experimental plan

One well known problem of combinatorial therapies is the possibility of unfavourable
interactions between therapeutic agents or mode of action at different places.3” It is anticipated
that this effect can be overcome with the design of multifunctional drug candidates that
incorporate two or more desired modes of action. In the case of treating motor neuron
degeneration, it is envisaged that incorporating both antioxidant function and Ca?*-buffering

capability in the one molecule by prove favourable in targeting known cell death pathways.
The aims of the project are as follows:

o To synthesise a series of potential drug candidates that incorporate both a free radical
scavenger and a Ca?* chelator (Figure 1.11). The target molecule has a multi-functional
approach: the free radical scavenger part of the molecule may reduce oxidative stress
on neurons by converting free radicals into innocuous molecules, while the
Ca2+-buffering component could regulate the amount of free Ca2* in the neuron, thus

preventing activation of enzymes that initiate cell death pathways (Figure 1.3). Thus, a
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synergistic approach to the treatment and prevention of neurodegeneration can be

applied.

Ca?* buffering

component
"
free radicals
‘OH,'NO, Oy @
Harmful Ca®*-activated
FRS =~ FRS systems

buffer /
ngeccuu?gz Deactivated

Figure 1.11 Proposed structure and function of the potential drug candidate, incorporating

both a free radical scavenger (FRS) and Ca2+-buffering component.

o To conduct antioxidant efficiency testing and binding studies on the dual-action

compounds.

With the general function of the dual-action candidates (Figure 1.11) in mind, two series of
targets were designed for synthesis throughout this project. For both series, it is envisaged that
the tetraethyl ester targets will be able to cross cell membranes and be hydrolysed to form free
acetates in situ, thus allowing for binding to Ca?* ions in cells. Synthesis of the free carboxylic
acids, however, may also allow for eventual testing of CaZ+-binding capability and antioxidant

activity while complexed with Caz+.

1.6.1 Soluble BAPTA derivatives

Previous work on both BAPTA and its tetraethyl ester have indicated that BAPTA itself
acts as an effective treatment in ALS transgenic mice and rats, however it appeared that there
were problems both with the water solubility of the prodrug for administration and the ability of
the compound to cross the blood brain barrier to reach the desired area of action. A series of
slightly hydrophilic BAPTA derivatives, depicted generally in Figure 1.12, will be synthesised. It
has been hypothesised that variation of the R-group may allow for greater water solubility, thus

the target should act as a more effective treatment than BAPTA against neurodegeneration.
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Figure 1.12 Soluble BAPTA derivative targets. R-groups may include, but are not limited to,
amines, polyethers, alcohols and protons.

1.6.2 Vitamin E/BAPTA hybrids

The second series of targets, shown generally in Figure 1.13, combine the antioxidant
chromanol of vitamin E and the Ca2*-binding cavity of BAPTA in one compound, hopefully
leading to dual-action properties. Since the antioxidant function of the chromanol lies in the
placement of the pyran oxygen para to the phenolic O-H, it will be interesting to determine how
placement of an anilinic nitrogen atom or phenolic oxygen at the meta position may affect the
ability of the compound to donate a hydrogen atom, and thus how the antioxidant properties are
affected. It is, however, expected that the installation of the chromanol will increase water
solubility compared to BAPTA itself. It is anticipated that throughout the project, various
techniques for the synthesis of chroman cores will be explored, allowing for installation of

varied functional groups on chroman formation.

HO
0]

: 8§) e
R3O)K/Rl OR3

R30S0
R', R? = 3° alkyl amine
R3 = alkyl, H

Figure 1.13 Vitamin E/BAPTA hybrid targets. R! and R2 represent tertiary alkyl amines,
while R3 groups may include, but are not limited to, amines, polyethers, alcohols and protons.
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2.1 Introduction

Calcium is an important secondary messenger in the central nervous system, crucial in
regulating pathways vital for normal cell function; however disruption of calcium homeostasis
may activate apoptotic cascades, leading to potentially premature cell death.12
Glutamate-induced Ca2* excitotoxicity may activate numerous cytotoxic pathways. Excess
cytosolic free Ca?* in neurons can result from an overstimulation of ionotropic glutamate
receptors, as summarised in Figure 1.3, leading to cytotoxic effects, especially in mitochondria,
or resulting in activation of Ca2*-dependent enzymes and proteins, which can lead to nuclear and
membrane damage as well as an increase in production of ROS from mitochondrial electron
transport chain processes.1-19

One well-known Ca?* chelator is ethylene glycol bis(f-aminoethyl ether)-N,N,N’',N’-
tetraacetic acid (EGTA) (Figure 2.1a) which selectively binds Ca?* over magnesium ions (Mg?+*) in
its fully deprotonated form, and thus may have many useful biological applications.20 The
reason for this selectivity is due to the flexible binding cavity of EGTA, which is an appropriate
size to be able to encapsulate Ca2* optimally, however in an induced-fit state, encapsulation of
the smaller ion Mg?+* is sub-optimal, due to steric considerations.?! At physiological pH, the Ca2*-
buffering ability of EGTA is strongly dependent on slight variations in pH.22 This is due to the
relatively high nitrogen pK, values of the molecule (pK. = 8.96, 9.58), as the speed of uptake of

Ca?+ is significantly decreased when the nitrogens are protonated.22

a) b)
OR RO

j/OH Hof \E

\_/

Figure 2.1 a) Ethylene glycol bis(f-aminoethyl ether)-N,N,N’,N’-tetraacetic acid (EGTA).
b) Ca%+-binding agent BAPTA (R=H) and its tetraethyl ester (R=Et).

While EGTA is effective in selectively binding Ca2* over Mg?+, it is not readily detected within
cells using spectroscopic methods and the rate of chelation is highly dependent on pH.
Recognising this, Tsien?! developed 1,2-bis(o-aminophenoxy)ethane-N,N,N’,N’-tetraacetic acid
(BAPTA, Figure 2.1b), an effective UV-detectable Ca2+-specific molecular probe. Developed in
the 1980s, BAPTA effectively buffers Caz+ at physiological pH, with a dissociation constant of
107 M.21 Compared to EGTA, BAPTA benefits from faster buffering times and pH insensitivity?23
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due to very low anilinic pK, values (pK. = 6.36, 5.47).21 BAPTA still exhibits high selectivity
(>105) for binding Ca%* over Mg?+,21 is shown to be non-toxic to cells in vitro and in vivo,212432
and may be administered as the cell-permeant acetoxymethyl ester (BAPTA-AM), which can
undergo intracellular hydrolysis to form the active tetraacetate protecting against excitotoxic
cell injury in vitro and in vivo.27-33

In addition to Ca?* binding, previous work within our research group has shown that
BAPTA can exhibit antioxidant properties, in both the presence and absence of Ca2+.3435 This is
likely to be due to the captodative radical stabilisation effect, where a carbon-centred radical
may be stabilised by the combined effect of captor (electron-withdrawing) and dative

(electron-donating) substituents attached to the radical carbon (Scheme 2.1).3637

RZ2 O
EDG._EWG EDG_EWG = | 5
~" ; N R
\"% RH R’ \-)ko

J
R

Scheme 2.1 The captodative effect - radical stabilisation is aided by the positioning of
electron-withdrawing groups (EWG) and electron-donating groups (EDG).

In the case of BAPTA and its derivatives, the presence of both an electron-donating tertiary
amine and an electron-withdrawing carboxylate group allow for radical stabilisation due to
multiple possible resonance forms of the radical (Scheme 2.2). This donor-acceptor
combination of carboxyl and amino substituents is known to be effective in stabilising

carbon-centred radicals in this fashion.38

$2 9] $2 @) 32 o_
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Scheme 2.2 Radical stabilisation via multiple resonance structures.

The combination of antioxidant function and Ca2+-chelating efficiency makes BAPTA and its
derivatives promising candidates for treatment against both an influx of intracellular Ca2* and

oxidative stress. Unpublished studies conducted in our research group on the tetraethyl ester
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derivative of BAPTA (Figure 2.1b) have shown that 5 mg/kg thrice-weekly intraperitoneal

injections in female mice can significantly increase survival in transgenic ALS mice (Figure

2.2).39

100 #—
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Figure 2.239 Kaplan-Meier plot showing survival of female transgenic ALS mice, treated
with intraperitoneal injections of the tetraethyl ester derivative of BAPTA (TVB-3). (Average
endpoint of vehicle: 135.0 £ 2.9 days; treated: 150.6 £ 7.7 days.)

Intrathecal infusion of the tetraethyl ester BAPTA derivative has shown an even greater increase
in the survival of transgenic ALS rats (Figure 2.3),2439 indicating that although the BAPTA
derivative is effective in increasing the survival of ALS-affected mice and rats on hydrolysis to
form BAPTA in the body, problems with solubility may prevent the prodrug from reaching the

desired area of action, most likely due to problems crossing the blood brain barrier.
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Figure 2.32439 Kaplan-Meier plot showing survival of female transgenic ALS rats, treated
with intrathecal infusion of the tetraethyl ester derivative of BAPTA (TVB-3). (Average
endpoint of vehicle: 125.9 + 4.0 days; treated: 154.4 + 12.0 days.)
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Additionally, the tetraester is not very soluble in HEPES buffer or sodium chloride solution &
requires 10% dimethyl sulfoxide solution to invoke solubility. This suggests that a more water
soluble derivative of BAPTA may be a more effective candidate for treatment of ALS. This may
also enable greater solubility of the prodrug for administration.

Given the solubility problems associated with BAPTA and its tetraethyl ester, it is
proposed that a series of derivatives, depicted generally in Figure 2.4, may offer the benefits of
Ca?+-chelating ability and antioxidant action, with increased hydrophilicity to allow improved
bioavailability. It is anticipated that while tetraethyl ester derivatives of each analogue would
act as appropriate targets for medicinal administration, hydrolysed carboxylic acid and
carboxylate salt derivatives may provide suitable models for in vitro antioxidant and Ca2*

binding studies, as the administered targets are expected to be hydrolysed in vitro.

R20_ _O O.__OR?
R20 T T OR?
\H/\N NW
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ﬁj — @
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Figure 2.4 Soluble BAPTA derivative targets. R-groups may include, but are not limited to:

amines, polyethers, alcohols and protons.

2.2 Synthesis of the calcium  chelator 1,2-bis(o-
aminophenoxy)ethane-N,N,N’,N’-tetraacetic acid (BAPTA)

The tetraethyl ester of BAPTA (3) was synthesised in two steps, based on the work of
Tsien and minor modifications made within our group, with an additional step performed to
hydrolyse the ester to BAPTA acid 4 (Scheme 2.3).21243¢  Commercially available
1,2-bis(2-nitrophenoxy)ethane 1 was reduced by the slow addition of hydrazine hydrate in the
presence of palladium on charcoal, yielding two crops of the bis-anilino compound 2, at a total
yield of 93%.

With compound 2 in hand, alkylation via Finkelstein conditions with ethyl
bromoacetate in the presence of sodium iodide and N,N-diisopropylethylamine (DIPEA)
produced tetraethyl ester 3, in 87% yield (Scheme 2.3).2t Proton NMR spectroscopy indicated
product formation, with resonances attributable to ethyl ester protons at 4.05 and 1.14 ppm,

integrating to eight and twelve protons, respectively, as well an eight-proton signal at 4.15 ppm
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corresponding to the methylene protons adjacent to the aniline nitrogens. Tetra-alkylation was
also indicated by electrospray ionisation (ESI) mass spectrometry peaks at m/z 589.3 and 611.3,
representative of [M+H]*+ and [M+Na]* ions, respectively. In this step,
N,N-diisopropylethylamine (also known as Hiinig’s base) was used as the strong base to
deprotonate the anilinic nitrogens, compared to 1,8-bis(dimethylamino)naphthalene, used
commonly in the literature.2! Both agents are strongly basic and act as weak nucleophiles due to
their steric bulk, however N,N-diisopropylethylamine is inexpensive, making it an appropriate
reagent for large-scale synthesis. The base can also be regenerated from the resulting
ammonium salt by alkalinisation with concentrated sodium hydroxide solution, making it
readily reusable. Saponification of tetraethyl ester 3, followed by an acidic workup afforded

BAPTA (4) in high yield.34

NO, NO, N2H,4.xH,0, NH, NH,
O O 5% Pd/C, EtOH, A o o
__/ g __/
1 2 93%
O DIPEA, Nal,
BFQJ\O/\ PhMe, A
0 b

OH HO o & L 4
j/ _ 1. KOHag), EtOH, A o( T \E \o
210" Ty "

4 94% 3 87%

Scheme 2.3

2.3 Synthesis of nitrated derivatives of BAPTA

Various methods for the functionalisation of BAPTA have been employed in the
literature, which have the ability to modulate Ca2+ binding constants and alter properties such as
fluorescence or absorption wavelength.2140-47  QOne such method involves the electrophilic
aromatic substitution of the parent compound to form 5,5-dinitro BAPTA (6), a compound with

a Ca?* dissociation constant of approximately 10-2 M,% which is at least five orders of magnitude
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higher than BAPTA. This is due to the electron-withdrawing para substituted nitro groups,
which weaken binding, increasing the dissociation constant.

Dinitro BAPTA tetraethyl ester 5 was synthesised by addition of nitric acid to a
suspension of BAPTA ester 3 in glacial acetic acid (Scheme 2.4), in excellent yield.4® High
resolution ESI mass spectrometry indicated product formation, with a [M+Na]* signal at
m/z 701.2269. Proton NMR spectroscopy also supported full conversion of starting material to
5, with three resonances attributable to two aromatic protons each at 7.84, 7.72, and 6.71 ppm,
with an ABX splitting pattern, in stark contrast to the multiplet at 6.86 ppm, representative of
eight aromatic protons of the starting material.

Base-catalysed hydrolysis of 5 and subsequent acidic workup yielded the tetraacetic
acid 6 (Scheme 2.4). It is anticipated that nitro compounds 5 and 6 may be further
functionalised to form a variety of derivatives, potentially via the reduction and alkylation of the

nitro groups.

b 0
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Ofwj/ ng R S Y

0 O
A

NO, NO,
3 5 97%
1. KOH
(aqg)s +
EtOH, A 2.H0

O, _OH HO___O

HO j/ \f OH
YOON N
o) i o o i o)

NO, NO,
6 72%

Scheme 2.4
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2.4  Synthesis of the BAPTA/EGTA hybrid AATA

In an effort to design a spectroscopically active intracellular Ca2+ probe, Robitaille and
Jiang* synthesised 13C-enriched 1-(2-aminophenoxy)-2-(2-aminoethoxy)ethane-N,N,N’,N’-
tetraacetic acid (AATA) (Figure 2.5). A hybrid of BAPTA and EGTA, AATA exhibits Ca2* binding
constants and exchange rates intermediate between those of EGTA and BAPTA, as well as amine
pKa values of 5.94 and 9.03.48 Importantly, AATA still exhibits the high selectivity for Ca2+ over
Mg?+ found with both EGTA and BAPTA. However, since the rates at which AATA binds and
releases Ca?+* is less than those observed for BAPTA, this may have an effect on the buffering
capability of AATA in a physiological environment.8 One advantage of use of AATA in biological
studies, however, is that it is expected that the molecule will exhibit water solubility greater than
BAPTA, due to its more aliphilic nature and hence solve a problem encountered with in vitro

studies.

O« _OH HO_O
Hoj(\Nj/ \EN/\[(OH
0 o o J o
/

Figure 2.5 BAPTA/EGTA hybrid, 1-(2-aminophenoxy)-2-(2-aminoethoxy)ethane-N,N,N',N'-
tetraacetic acid (AATA).

The tetraethyl ester of AATA (12) was synthesised in six steps, based on the work of Robitaille
and Jiang (Scheme 2.5).48 Firstly, etherification between 2-nitrophenol and
2-(2-chloroethoxy)ethanol was performed in dimethylformamide in the presence of potassium
carbonate. As the reaction progressed, a colour change of the mixture from red to yellow could
be observed, indicating consumption of the potassium nitrophenolate that had been formed in
situ. Subsequent workup gave the product 7 in excellent yield.

From the alcohol 7, esterification using p-toluenesulfonyl chloride in the presence of
triethylamine and 4-dimethylaminopyridine (DMAP) gave the ester 8, with product formation
indicated by low resolution mass spectrometry, with a peak at m/z 404.2, attributable to the
[M+Na]* ion. From the ester, a substitution reaction with potassium phthalimide produced the
corresponding phthalimide product 9 in good yield, indicated by the absence of the methyl peak
at 2.43 ppm in the H NMR spectrum, as well as new aromatic proton resonances attributable to

the phthalimide group.
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NO, Nz /=
OH /S \/\ K,CO3, DMF, A . 0 o) R
Cl O OH

— 7 R=0OH 95%

TsCl, DMAP, Et3N,
CH,Cl,, 0°C
—~ 8 R=0Ts 90%
KPhth, DMF, A
—= 9 R=Phth 91%
N2H4.XH20,
EtOH, THF

—= 10 R=NH, 76%

N2H4.XH20,
10% Pd/C, EtOH

N

( 0.__O o( o) \ O NH,
o) Nj/ \EN O - Br\)kO/\ O/_\O/_\N
E/\ o o /\g DIPEA, Nal,

H,

_/ MeCN, A 1 quant.

12 79%

Scheme 2.5

From phthalimide 9, reaction with hydrazine hydrate in an ethanol/tetrahydrofuran
mixture gave the nitro amine compound 10 in good yield, which was subsequently reduced to
the bis-amino compound 11 on further reaction with hydrazine hydrate, this time in the
presence of palladium on charcoal (Scheme 2.5). Alkylation of 11 under Finkelstein conditions
using ethyl bromoacetate and N,N-diisopropylethylamine as base gave the AATA tetraethyl ester
12 in good yield after purification by column chromatography.® With 12 in hand, antioxidant
testing and Ca?* binding studies may be undertaken for comparison with BAPTA and other

derivatives.

2.5  Synthesis of hydrophilic BAPTA derivatives

Given the solubility problems associated with in vivo administration BAPTA and its
tetraethyl ester, it was proposed that a series of derivatives, depicted generally in Figure 2.4,
would increase hydrophilicity for improved bioavailability, while retaining the benefits of

Ca?*-chelating ability and antioxidant action.
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1,4-Bis(benzyloxy)benzene 13 was synthesised from hydroquinone by the addition of
benzyl chloride, as shown in Scheme 2.6.45 The product 13 was formed with a yield of 84% after
recrystallisation. The bis-protected hydroquinone was then nitrated by the addition of a dilute
mixture of nitric acid in glacial acetic acid, with heating (Scheme 2.6).45 The resulting brilliant
yellow solid 14 was obtained in 93% after precipitation with water. Proton NMR spectroscopy
supported mono-nitration with the presence of two distinct signals at 5.18 and 5.05 ppm,
integrating to two protons each and attributed to the two benzyl CH: groups, as well as an ABX
splitting pattern attributed to the three inequivalent protons on the nitrated benzene ring, at
7.48, 7.12 and 7.04 ppm. Nitration was also supported by low resolution mass spectrometry
(ESI), with a peak at m/z 358.0, representing the [M+Na]+ ion, with no peaks corresponding to

either the starting material or products of further nitration.

OH
NO,
(@) (@)
BnCl, KOH, HNO;, NO
EtOH AcOH, A 2 TFA, CHCly
(@)
OH @) (@)
gj 15 77%
13 84% 14 93%

Scheme 2.6

The nitrated compound 14 was regioselectively deprotected by the addition of trifluoroacetic
acid in ethanol-free chloroform (Scheme 2.6).45 After the reaction mixture was neutralised, the
product was isolated by extraction with chloroform, followed by basification, filtration of the
resulting red phenolate salt, acidification of the precipitate and further extraction with diethyl
ether. Following recrystallisation from methanol, the mono-protected compound 15 was
obtained in 77% yield. Selective deprotection was supported by the absence of one benzyl -CH,-
peak at 5.18 ppm in the 'H NMR spectrum, and electron impact mass spectrometry, which gave a
peak at m/z 245, corresponding to the molecular ion.

With the mono-protected nitro compound 15 in hand, reaction with 1,2-dichloroethane
in a heated pressure vessel gave the beige coloured 1,2-bis(4-benzyloxy-2-nitrophenoxy)ethane

16 in quantitative yield (Scheme 2.7).4¢ The two-to-one stoichiometry of the starting materials
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was found to be optimal for product formation, as a higher proportion of 1,2-dichloroethane
resulted in some of the mono-reacted product. Formation of the bis compound was supported
by low resolution mass spectrometry (ESI), with a peak at m/z 538.9, corresponding to [M+Na]*,
and 'H NMR spectroscopy, with a resonance at 4.44 ppm, attributed to the newly installed
ethylene protons, integrating to four protons. Carbon NMR spectroscopy also supported
formation of 16 with a new resonance at 70.2 ppm, due to the ethylene carbons, as well as slight
shifts of both tertiary and quaternary aromatic carbon resonances, supporting the ether

formation.

NO, NO,
cl
i ﬁj Ogoﬁ
o K,CO3, DMF, A ©/\o o/\©

16 quant.

15
l Zn, AcOH

NH, NH,
jor=an!
\__/
o/\©

17 99%

©/\ o
Scheme 2.7

From this point, it was necessary to employ a method that would enable reduction of the
aromatic nitro groups to anilines. Similar work by Tsien?! towards the synthesis of BAPTA used
a palladium-catalysed hydrogenation to achieve the reduction, however this would be
inadequate due to the need to preserve the benzyl protect groups. Thus, a widely used
zinc-based reduction of the nitro groups was utilised. Since the bis-nitro compound 16 was
insoluble in methanol, a common solvent for such a reaction - to which an acid is added and
vigorously stirred - the starting material was dissolved in glacial acetic acid, thus ensuring both
that the material was in solution and that the necessary proton source was in situ. Once 16 was
dissolved, reduction with zinc powder and subsequent workup gave the bis-aniline compound

17 in excellent yield (Scheme 2.7).
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At this point, the next proposed step was to alkylate the free aniline groups of 17 in
order to form the Ca?+-chelating BAPTA arms of the compound, with a view to removing the
protecting groups and functionalising the resulting phenols at a later time. Examples in the
literature of similar reactions with electrophiles indicated that inadvertent further alkylation of
the tertiary amines may not be a problem during phenol functionalisation,*14546 most likely due
to the reduced nucleophilic character of the anilinic nitrogens, compared to aliphatic amines.

The bis-aniline compound 17 was dissolved in toluene and alkylated by the addition of
an excess of ethyl bromoacetate in the presence of sodium iodide and
N,N-diisopropylethylamine and the resulting crude mixture was purified by passing through a
silica plug, using 40% ethyl acetate/hexane, to give the tetraethyl ester compound 18 in 74%

yield, shown in Scheme 2.8.
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Scheme 2.8

Proton NMR spectroscopy supported tetra-alkylation, with new resonances at 4.14, 4.07 and
1.17 ppm, integrating to 8 protons, 8 protons and 12 protons, respectively. Carbon NMR
spectroscopy also supported alkylation, with new peaks resulting from the addition of the alkyl
arms, in particular the carbonyl signal at 171.4 ppm. High resolution mass spectrometry (ESI)
supported product formation with peaks at m/z 801.3605 and m/z 823.3427, corresponding to
the [M+H]* and [M+Na]* ions. From the tetraethyl ester 18, hydrogenation in tetrahydrofuran in
the presence of palladium on charcoal resulted in the deprotected compound 19, in good yield

(Scheme 2.8), after purification by column chromatography.
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X-ray crystallography of 19(H20)15 (Figure 2.6 and Figure 2.7) shows the polydentate
binding cavity of the structure, which exists in a triclinic crystal system with space group P-1.
One of the N(2) substituent arms is disordered over two positions, one of which is associated
with a water molecule. Single crystals of 19(H;0)15 suitable for analysis were grown by vapor

diffusion from methanol and hexane.

Figure 2.6 Molecular diagram of 19 as shown with 50% thermal ellipsoids and hydrogen
atoms as spheres of arbitrary size. Only one component of the disordered acetate ester arm
is shown. Lattice water molecules have been omitted for clarity.

Figure 2.7 Side view of 19, showing how the ester arms and backbone might encapsulate
the Ca?+ion, due to the available coordination sites.
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It is envisaged that phenolic compound 19 could act as a suitable dual-action target, due to
possible increased solubility in water and resulting bioavailability compared to BAPTA. Itis also
envisaged that the target could display antioxidant effects due to the phenolic groups and the
methylenic hydrogens that were believed to exhibit antioxidant activity in BAPTA.

From 19, saponification and subsequent treatment with acid afforded the tetraacetic
acid 20 in 55% yield (Scheme 2.9). It was important that the acid workup was used to form the
acid instead of halting at the potassium salt, as the protonated phenols may be important for

improved antioxidant activity.
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Scheme 2.9

Further functionalisation of 19 by etherification of the phenols with sugar or polyethylene glycol
derivatives could be expected to vary water solubility, provide targeting to specific regions, and
could provide a method for the formation of a wide range of targets. One such target that was
synthesised was 21, a polyethylene glycol obtained from a Williamson etherification of the
precursor 19 and 2-(2-chloroethoxy)ethanol (Scheme 2.10), with an unoptimised yield of 30%
after purification. Issues with the yield appeared to be largely due to difficulty isolating the

product from the starting material and mono-alkylated intermediate.
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Scheme 2.10
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Product formation was supported by high resolution mass spectrometry, with [M+H]* and
[M+Na]* peaks at m/z 621.2652 and m/z 643.2474, respectively. Also indicative were four new
resonances in the 'H NMR spectrum at 4.06, 3.82, 3.76 and 3.65 ppm, integrating to four protons
each, attributable to the newly installed methylene protons, as well as four new secondary

carbons signals in the 13C NMR spectrum. Figure 2.8 shows the proton NMR spectrum of 21.
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Figure 2.8 400 MHz 'H NMR spectrum of 21 in CDClz at 303K. * Denotes residual solvent
peaks.

As an alternative to PEGylated target 21, glycosylation is another pathway that has the potential
to increase water solubility. Due to increased polarity as well as preserved solubility in organic
solvents, it is anticipated that a glycosylated target would have the desired amphiphilic nature
for crossing the blood brain barrier, potentially using the glucose transporter GLUT-1.49-52
Firstly, acetylation of a-p-glucose was achieved by reaction with acetic anhydride in the
presence of sodium acetate under reflux, forming 1,2,3,4,6-penta-0-acetyl-B-p-glucose (22) in
51% yield after recrystallisation from methanol (Scheme 2.11).533  The inversion of
stereochemistry at the anomeric carbon is supported in the 'H NMR spectrum by the coupling

constant of 8.3 Hz for the H1 proton resonance at 5.71 ppm, indicating axial-axial coupling.
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From protected sugar 22, reaction with 19 in the presence of boron trifluoride diethyl etherate
produced glycoside 23 in moderate yield (Scheme 2.11).5¢ The Lewis acid-promoted reaction
conserved the sugar stereochemistry, as described in the literature,5455 supported by the

coupling constant of 7.6 Hz for the H1 proton resonance in the 'H NMR spectrum.
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Scheme 2.11

From this point, 23 itself may be considered as a dual-action target for motor neuron
degeneration, particularly as a pro-drug. Alternatively, it is envisaged that 23 may be selectively

cleaved with dibutyltin oxideS¢ to produce the deacetylated compound 24 (Scheme 2.12), which
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is expected to be considerably more hydrophilic than targets 19, 21 and 23, as well as BAPTA
tetraethyl ester 3, due to the numerous alcohol groups. Unfortunately, this reaction was not

attempted in the course of this study.

Scheme 2.12

2.6  Aqueous antioxidant testing of candidates

In order to evaluate the antioxidant activity of our target compounds against lipid
peroxidation, a test involving the radical-initiated oxidation of linoleic acid was employed.5”
Thermal decomposition of the water soluble radical generator 2,2'-azobis(2-amidinopropane)

dihydrochloride (AAPH) at a temperature-controlled rate initiates radical formation, producing

63



CHAPTER TWO - Modification of the BAPTA Core

a peroxyl radical species that propagates the free radical chain reaction, leading to the oxidation
of linoleic acid (Scheme 2.13). The resulting linoleic acid radical undergoes molecular
rearrangement and reaction with dissolved oxygen to ultimately form a conjugated diene

hydroperoxide species that is observable by UV-visible spectroscopy at 234 nm.>8
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Scheme 2.13 Production of conjugated diene hydroperoxide (blue) from the AAPH-initiated
oxidation of linoleic acid.

This process mimics the biological mechanisms involved in lipid peroxidation arising from
cellular oxidative stress, and so antioxidants may be evaluated by their ability to inhibit such
oxidative processes. Antioxidant efficiency was measured by ability of the tested molecules to
quench free radicals, thus slowing the rate of oxidation of linoleic acid, as demonstrated by a
reduction in absorbance by UV-visible spectroscopy at 234 nm that results from the diminished

production of conjugated diene linoleic acid moieties.
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Antioxidant efficiency was calculated using the following equation:

Efficiency (%) = [1-(K2/K1)] x 100

where: Ki =rate of oxidation of standard (no antioxidant)
= [difference in absorbance] /[time (s)]
K, =rate of oxidation in presence of antioxidant

= [difference in absorbance] /[time (s)]
The well-known potent antioxidant vitamin E was tested prior to the target compounds to

provide a benchmark for antioxidant efficiency (Table 2.1); the result obtained was comparable

to efficiency described in the literature.5?

Table 2.1 Antioxidant efficiencies calculated from the oxidation of linoleic acid.

Compound? Efficiency (+5%)
Vitamin Eb 91
3 (BAPTA ester)c 35
4 (BAPTA)¢ 79
5¢ 33
64 96
12¢ 16
18¢ 88
19b 92
204 93
21b 56
23b 24

a Final concentration of compounds was 33 uM
b Solubilised in methanol 33% (v/v)
¢ Solubilised in methanol 100% (v/v)
d Solubilised in dimethyl sulfoxide 33% (v/v)
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Antioxidant testing of BAPTA tetraethyl ester 3, acid 4, and dinitro compounds 5 and 6 indicated
that all these compounds act well as antioxidants, however the free carboxylic acid exhibited
higher efficiency in each case, likely to be due to enhanced radical stabilisation from the
carboxylate group. This result is acceptable as we anticipate that target esters will hydrolyse in
vivo to form the more active acid/carboxylate, as described in Chapter One. Interestingly, 5,5'-
dinitro BAPTA (6) exhibited a very high antioxidant efficiency compared to BAPTA, apparently
due to the electron-withdrawing properties that would lead to decreased electron density
around the anilinic nitrogens, which may further enhance radical stabilisation. This hypothesis
is further supported by a contrasting result, the very low antioxidant efficiency demonstrated by
AATA tetraethyl ester 12, which indicates that the aliphatic derivative does not stabilise radicals
as effectively as its aromatic counterparts, possibly due to increased electron density around the
aliphatic nitrogen. It must be noted, however, that the aromatic derivatives exhibited lower
solubility in the aqueous buffer solution, an issue that we have sought to overcome in designing
a series of soluble BAPTA derivatives.

All of our novel targets exhibited some antioxidant activity, however 19 and 20
provided the most promising results, with efficiency comparable to vitamin E. This is likely to be
due to the combination of the presence of Ca2+-chelating groups and the phenols, which may also
display antioxidant function. Polyphenols such as flavonoids are known to be efficient
antioxidants;59-62 devising a series of polyphenol BAPTA derivatives may prove useful in further
improving antioxidant efficiency and water solubility in the future. While our preliminary
results are promising, further derivatisation, ester hydrolysis, in vitro and in vivo testing of
compounds would be required in order to determine the suitability of this series of compounds

in the prevention and treatment of neurodegeneration.

2.7  Conclusion

In review, we have synthesised a number of BAPTA derivative targets and precursors, in
an effort towards finding suitable candidates for the prevention of motor neuron degeneration.
The  tetraethyl ester of BAPTA was synthesised in two steps from
1,2-bis(2-nitrophenoxy)ethane, with a further step to produce the acid BAPTA. 5,5’-Dinitro
BAPTA compounds were synthesised from BAPTA tetraethyl ester, while aliphatic derivative
AATA  tetraethyl ester was formed in six steps from 2-nitrophenol and
2-(2-chloroethoxy)ethanol via esterification and Gabriel synthesis steps.

The pathway towards the synthesis of hydrophilic BAPTA derivatives yielded the
bis-phenol target 19, which was hydrolysed to give the acid 20. Reaction of the target 19 with
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2-(2-chloroethoxy)ethanol produced the polyethylene glycol tetraethyl ester 21, expected to
have considerably greater water solubility than BAPTA. Protected glucose derivative 23 was
also prepared by the glycosylation of 19. It is expected that these targets and precursors may be
further functionalised and hydrolysed to form additional targets that may be tested for
antioxidant efficiency and Ca2+*-binding capacity.

Aqueous antioxidant testing achieved promising results for number of hydrophilic
BAPTA derivative targets, particularly the phenolic analogues 19 and 20, which exhibited
efficiencies comparable to vitamin E. It is hypothesised that the high antioxidant potency may
potentially be due to combined antioxidant activity of the phenols and the Ca2+-chelating groups.
While initial results are promising, additional in vitro and in vivo testing of compounds will be
required in order to determine the suitability of this series of compounds in the prevention and

treatment of neurodegenerative disease.

2.8 Experimental details

2.8.1 General experimental methods for all chapters

Analytical thin layer chromatography (TLC) was performed on plastic 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.

Proton (H) and carbon (!3C) nuclear magnetic resonance (NMR) spectra were recorded
using a Bruker AV 200 MHz spectrometer (at 50 MHz for 13C spectra), a Bruker DPX 300 MHz
spectrometer (at 75 MHz for 13C spectra), a Bruker DRX 400 MHz spectrometer (at 100 MHz for
13C spectra) or a Bruker Avance 400 MHz spectrometer (at 100 MHz for 13C spectra). All NMR
spectra were obtained as solutions in deuterated chloroform (CDCl;3) stored over Na,COs3 or in
deuterated dimethyl sulfoxide (ds-DMSO). Unless otherwise stated, all NMR spectra were
obtained at 303 K. Chemical shifts (6) were calibrated against the residual solvent resonance.
Each proton resonance is assigned according to the following format: (operating frequency of
spectrometer, solvent): chemical shift measured in parts per million (ppm), multiplicity
(denoted as s (singlet), d (doublet), t (triplet), q (quartet), or m (multiplet)), observed coupling
constants (J, Hz), number of protons and assignment. Broad resonances are denoted as br.
13C NMR spectra were recorded using the proton decoupled pulse sequence or J]MOD and are
assigned as follows: (operating frequency of spectrometer, solvent): chemical shift (ppm).

Mass spectrometry (MS) results were obtained by Sally Duck, Finlay Shanks and Phillip

Holt, School of Chemistry, Monash University. Low resolution ESI spectra were recorded on a
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Micromass Platform (QMS - quadrupole mass electrospray) or a Micromass ZMD mass
spectrometer. Electron impact (EI) mass spectrometry was recorded on a Shimadzu QP505A
GCMS system with a solids probe. High resolution ESI mass spectrometry (HRMS)
measurements were obtained using a Bruker BioApex 4.7T ultrahigh resolution FT-ICR mass
spectrometer or Agilent Technologies 6220 Accurate-Mass TOF LC/MS spectrometer. The
predominant ion peaks (m/z) were recorded. [M]* denotes the molecular ion. Spectra were
recorded using ESI mode unless otherwise stated.

UV-visible spectra were recorded using a Varian Cary 100 Bio UV-Visible
Spectrophotometer.

Melting points (MP) were determined using a Stuart Scientific melting point apparatus
(SMP3).

X-ray crystal diffraction patterns were determined using a Bruker X8 Apex CCD
diffractometer or a Bruker Apex Il KAPPA CCD diffractometer using graphite monochromated
MoKa X-ray radiation A = 0.71073 A at 123(2) K. The crystal data was solved and refined using
SHELXS-97¢3 and SHLEXL-976* suite of programs with the graphical interface X-Seed.65 Crystal
structure determinations were performed by Dr Craig Forsyth and Dr Kristina Konstas, School of

Chemistry, Monash University, Clayton.

2.8.2 Reagents and solvents

All solvents used were AR grade or HPLC grade. All experiments were conducted under
nitrogen or argon unless otherwise stated. Acetonitrile was dried by storage over 4A molecular
sieves before use. Dry tetrahydrofuran and diethyl ether were obtained by distillation from
sodium and benzophenone, under nitrogen. Dry methanol was obtained by distillation over
calcium sulfate under nitrogen. Dry dichloromethane was obtained from distillation over
calcium hydride. Ethanol-free chloroform was obtained by washing with water, drying over

CaH; and passing through a column of activated alumina.

2.8.3 Aqueous linoleic acid antioxidant testing

Antioxidant testing was used to determine the efficiency of antioxidants in aqueous
systems. Adapting a method described in the literature,5? and within our research group,2+3435
2,2'-azobis(2-amidinopropane)dihydrochloride (AAPH) was employed as a free radical initiator.
Formation of the conjugated diene linoleic acid hydroperoxide through the oxidation of linoleic
acid at 37°C was monitored at 234 nm for 15 min using UV-visible absorption spectroscopy.

Optimal reagent quantities employed for testing were:
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2.78 mL of 0.05 M phosphate buffer (pH 7.4)
60 uL of linoleic acid dispersion stock

10 pL of 0.01 M antioxidant stock

150 pL of 40 mM AAPH stock

The linoleic acid dispersion was prepared as follows: To 5 mL of 0.05 M borate buffer (pH 9),
containing 250 pL of Tween 20, 250 pL of linoleic acid was added dropwise with continuous
stirring. The resulting dispersion was clarified by the addition of 1 mL of 1 M NaOH solution.
The solution was diluted to 50 mL with additional borate buffer. The solution was stored under

argon in the dark below 0°C until required.

2.8.4 Synthesis of BAPTA and soluble BAPTA derivatives

Synthesis of 1,2-bis(2-aminophenoxy)ethane - 2:

NH, NH, 1,2-Bis(2-nitrophenoxy)ethane 1 (55.0 g, 181 mmol), EtOH (275 mL)
©/O\_/O\© and 5% Pd/C (5.50 g) were stirred together in a round bottom flask.
The reaction mixture was cooled in an ice bath, and a condenser and

thermometer were attached before dropwise addition of hydrazine hydrate (44 mL, 0.905 mol)
(approx. 0.5 mL/min) by dropping funnel, taking care to not let the reaction heat above 30°C.
After the addition, the reaction was allowed to warm slowly to room temperature. After stirring
overnight, the reaction mixture was heated at reflux for a further 24 h, then underwent a hot
filtration through celite and was washed with hot EtOH. Product precipitated out of the filtrate,
which was cooled on ice. The precipitate was filtered and washed with a minimal amount of
cold EtOH to give a 1st crop of product 2 (18.0 g, 41%), as a fluffy white solid. Further product
was washed from the celite with hot CHCl3;, which was then removed in vacuo to give a 2nd crop

of product 2 (22.9 g, 52%), obtaining a total product yield of 40.9 g (93%), as white fluffy

crystals.
1H NMR (300 MHz, CDCl3) &: 6.86, m, 4H, Ar-H; 6.75, m, 4H, Ar-H; 4.37, s, 4H, -O-CH,CH2-0-;

3.85, brs, 4H, -NH,. 13C NMR (75 MHz, CDCls) &: 146.3, 137.0, 122.0, 118.4, 115.4, 112.7, 67.6.
MS (ESI, +ve): m/z 245.1 [M+H]*. MP: 130.6-132.0°C (Literaturess: 132°C).
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Synthesis of tetraethyl 1,2-bis(o-aminophenoxy)ethane-N,N,N',N'-tetraacetate (BAPTA
tetraethyl ester) - 3:

Adapted from Tsien.2! Bis-anilino compound 2 (65.2 g,
267 mmol), ethyl bromoacetate (134 mL, 1.21 mol), DIPEA
(223 mL, 1.28 mol), Nal (8.01 g, 53.4 mmol) and toluene

(
0.0 0.__0O

g T
W/\N NW (220 mL) were all combined in a round bottom flask, and
° ©/ O\_/O\(j © were stirred at reflux overnight. On completion, the
reaction mixture was allowed to cool slightly, then filtered
to remove the diisopropylethylammonium salt, which could be converted back to the free amine
on treatment with concentrated NaOH solution. The salt precipitate was washed further with
hot toluene to extract the desired product, and the filtrate was removed by rotary evaporation to
give a pale brown solid. The precipitate was stirred in EtOH overnight to remove impurities,

then filtered, and washed with EtOH, and dried over a water aspirator, to give pure tetraethyl

ester product 3 (136.6 g, 87%), as a cream powder.

1HNMR (400 MHz, CDCl3) &: 6.86, m, 8H, Ar-H; 4.28, s, 4H, -0-CH.CH:-O-; 4.15, s, 8H,
-N-CH>-CO:-; 4.05, q, 3/ 7.1 Hz, 8H, -CH:CH3; 1.14, t, 3/ 7.1 Hz, 12H, -CH.CH3. 13C NMR (100 MHz,
CDCls) &: 171.7 (€=0), 150.5, 139.6, 122.3, 121.7, 119.2, 113.5, 67.3, 60.8, 53.7, 14.2. MS
(ESI, +ve): m/z 589.3 [M+H]*; 611.3 [M+Na]*. MP: 95.5-96.8°C (Literature2!: 95-97°C).

Synthesis of 1,2-bis(0-aminophenoxy)ethane-N,N,N’,N'-tetraacetic acid (BAPTA) - 4:

O. OH HO. _O Adapted from Tsien.2l  BAPTA ester 3 (507 mg,

Hom/\ Nj/ \EN AH/OH 0.861 mmol) was dissolved in a. minimal amoun-t of

S o o S warm EtOH (18 mL) and the solution was treated with a

©/ / \© concentrated solution of KOH (253 mg, 4.51 mmol) in

H,O (1.5mL). The reaction was heated at 60°C for

15 min, after which time the solvent was removed by rotary evaporation to give a cream solid.

The residue was dissolved in a minimal amount of H;0, cooled in an ice bath, and concentrated

HCl was added to pH 2, forming a white precipitate. The product was extracted with EtOAc

(100 mL) and dried over NaSOy, filtered and the solvent removed in vacuo to give BAPTA acid 4
(387 mg, 94%), as a white solid.
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1H NMR (400 MHz, ds-DMSO) &: 6.97, m, 2H, Ar-H; 6.85, m, 4H, Ar-H; 6.75, m, 2H, Ar-H; 4.24, s,
4H, -0-CH,CH,-0-; 4.04, s, 8H, -N-CH»-CO,-. 13CNMR (100 MHz, ds-DMSO0) &: 172.5 (C=0),
149.5, 139.3, 121.4, 121.1, 118.2, 114.7, 67.2, 53.5. MS (ESI, +ve): m/z499.2 [M+Na]*. MS
(ESI, -ve): m/z 475.0 [M-H]. MP: 178.4-178.9°C.

Synthesis of tetraethyl 5,5'-dinitro-1,2-bis(o-aminophenoxy)ethane-N,N,N',N'-tetraacetate
(dinitro BAPTA tetraethyl ester) - 5:

Adapted from Pethig et al#® BAPTA ester 3 (501 mg,
0.851 mmol) was stirred as a suspension in glacial AcOH

(2.5 mL). Concentrated HNOz (114 pL) was added

o o.__0O \
! |9
E)(\ o o N/\f.j dropwise, turning the solution from colourless to black,
NO,

C Y
N

and after 15 min of stirring the reaction mixture had

turned into a bright yellow slurry. After 25 min, saturated

NO, NaHCO3 solution (5 mL) was added to the slurry, and the

resulting precipitate was filtered, washed with H,0 and dried to give 5 (560 mg, 97%), a bright

yellow solid.

1H NMR (300 MHz, CDCl3) 8: 7.84/7.72/6.71, ABX system, 3/ax 8.9 Hz, 4/as 2.5 Hz, 6H, Ar-H; 4.34,
s, 4H, -0-CH,CH,-0-; 4.21, s, 8H, -N-CH,-CO2-; 4.10, q, 3/ 7.1 Hz, 8H, -CH,CH3; 1.18, t,3/ 7.1 Hz, 12H,
-CH2CH3. 13CNMR (75 MHz, CDCl3) &: 170.5 (€=0), 148.5, 145.6, 141.1, 118.8, 116.3, 108.5,
67.5, 61.5, 54.0, 14.2. MS (ESI, +ve): m/z701.1 [M+Na]*. HRMS (ESI, +ve): m/z 701.2269
[M+Na]*, C30H38N4014 required m/z 701.2277. MP: 150.5-152.9°C.

Synthesis of 5,5'-dinitro-1,2-bis(o-aminophenoxy)ethane-N,N,N',N'-tetraacetic acid
(dinitro BAPTA acid) - 6:

O. OH HO. .O Adapted from Tsien.2! Ester 5 (100 mg, 0.147 mmol)
was dissolved in hot MeOH (20 mL) and the solution

o) L on
T)(\N o o NT was treated with a concentrated solution of KOH
/ (90 mg, 1.6 mmol) in H,0 (0.5 mL). The reaction was
heated at 60°C for 45 min, after which time the solvent
NO, NO,

was removed by rotary evaporation, to give a dark
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orange oil. The residue was dissolved in a minimal amount of H,0 (15 mL) and the solution was
acidified to pH 2 with concentrated HCl, forming a brown precipitate. The product was
extracted with EtOAc (100 mL), dried (MgSO0,), filtered and the solvent removed in vacuo to give
acid 6 (60 mg, 72%), as a dark yellow powder.

1H NMR (400 MHz, CDCl3) &: 7.81/7.67/6.66, ABX system, 3/ax 9.1 Hz, 4/as 2.4 Hz, 6H, Ar-H; 4.32,
s, 4H, -0-CH,CH»-0-; 4.18, s, 8H, -N-CH;-CO-. 133C NMR (100 MHz, CDCl3) &6: 171.6, 147.3, 145.6,
138.8,118.4,114.6,108.1, 67.3, 54.0. MP: 125.8-126.9°C (decomp.).

Synthesis of 2-(2-(2-nitrophenoxy)ethoxy)ethanol - 7:

NO, Ve To a solution of 2-nitrophenol (1.00 g, 7.19 mmol) in 2 mL of DMF,
©/O 0 OH 2-(2-chloroethoxy)ethanol (1.14 mL, 10.8 mmol) and KCO3 (2.00 g,
14.5 mmol) were added. The reagents were stirred in a sealed

pressure tube at 100°C for 5 d. Reaction progress was monitored by a gradual colour change
from red to yellow. On completion, water (10 mL) was added, to yield a yellow precipitate. The
product was extracted with EtOAc (2 x 20 mL) washed with H,0 (50 mL), dried over MgSQOs,,
filtered and the solvent concentrated in vacuo to give pure 7 (1.55 g, 95%), as a clear pale yellow

oil.

1H NMR (300 MHz, CDCls) &: 7.65, dd, 3/8.1 Hz, 4/ 1.7 Hz, 1H, Ar-H; 7.39, ddd, 3/ 8.5, 7.4 Hz,
47 1.7 Hz, 1H, Ar-H; 7.00, dd, 3/ 8.5 Hz, 4 1.0 Hz, 1H, Ar-H; 6.89, ddd, 3/ 8.2, 7.3 Hz, 4 1.0 Hz, 1H,
Ar-H; 4.13, t, 3] 4.7 Hz, 2H, -0-CHoCH,-0-; 3.75, t, 3/ 4.7 Hz, 2H, -0-CH,CH,-0-; 3.57, m, 2H,
-CH,CH20H; 3.53, m, 2H, -CH,CH.OH; 2.96, brs, 1H, -OH. 13C NMR (75 MHz, CDCls) &: 151.9,
139.7,134.0, 125.1, 120.4, 114.8, 72.5, 69.1, 68.8, 61.3. MS (ESI, +ve): m/z 250.1 [M+Na]*.

Synthesis of 2-(2-(2-nitrophenoxy)ethoxy)ethyl 4-methylbenzenesulfonate - 8:

Alcohol 7 (1.15 g, 5.06 mmol), DMAP (130 mg, 1.06 mmol)

/ \_/ \ I
©/O O O_ﬁ and Etz3N (1.41 mL, 10.1 mmol) were dissolved in CHCl;

(10 mL) before the solution was stirred and cooled to 0°C.
p-Toluenesulfonyl chloride (1.93 g, 10.1 mmol) was added slowly in portions and the reaction

was allowed to warm to room temperature and stirred overnight. The reaction was monitored
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by TLC. On completion, the solvent was removed under reduced pressure and the product
extracted into EtOAc, washed with NH4Cl, brine and water, dried over MgSQy,, filtered and the

solvent removed in vacuo to give 8 (1.73 g, 90%) as a yellow oil.

1H NMR (300 MHz, CDCls) &: 7.81, dd, 3/ 8.1 Hz, 4/ 1.7 Hz, 1H, Ar-H; 7.79/7.34, AN'XX’ system,
3axax 8.2 Hz, 4H, Ts-H; 7.54, ddd, 3/ 8.5, 7.4 Hz, 4 1.6 Hz, 1H, Ar-H; 7.12, dd, 3/ 8.5 Hz, 4/ 0.9 Hz,
1H, Ar-H; 7.05, ddd, 3/ 8.1, 7.3 Hz, 4/ 1.1 Hz, 1H, Ar-H; 4.20, t, 3] 4.6 Hz, 2H, -CHz-; 4.20, t, 3] 4.6 Hz,
2H, -CHy-; 3.84, t, 3 4.6 Hz, 2H, -CHy-; 3.80, t, 3] 4.6 Hz, 2H, -CHx-; 2.43, s, 3H, -CHs. 13C NMR
(75 MHz, CDCls) &: 152.0, 144.8, 139.9, 134.1, 132.9, 129.8, 127.8, 125.3, 120.6, 115.0, 69.6,
69.4,69.3,69.0, 21.4. MS (ESI, +ve): m/z 404.2 [M+Na]*.

Synthesis of N-(2-(2-(2-nitrophenoxy)ethoxy)ethyl)phthalimide - 9:

NO, S\ o KEster8 (1.71 g, 4.49 mmol) was dissolved in DMF (12 mL), and
o) ) N

@)

potassium phthalimide (4.16 g, 22.5 mmol) was added slowly. The
reaction was stirred and heated at 100°C overnight, after which
time the reaction mixture underwent hot filtration. On cooling,
CH2Cl; (20 mL) was added to the filtrate, and the organic solution was washed with saturated
aqueous NaHCO3 (2 x 30 mL) and H20 (30 mL). The organic phase was dried (MgSO0,), filtered
and the solvent removed under reduced pressure. Water (2 mL) was added to precipitate the
product from residual DMF, and the solid was filtered, washed with H;0 and dried over an

aspirator to give the phthalimide 9 (1.46 g, 91%), as a cream powder.

1H NMR (400 MHz, CDCls) &: 7.82, m, 2H, Phth-H; 7.77, dd, 3/ 8.3 Hz, 4/ 1.7 Hz, 1H, Ar-H; 7.69, m,
2H, Phth-H; 7.47, ddd, 3/ 8.6, 7.3 Hz, 4/ 1.7 Hz, 1H, Ar-H; 7.08, dd, 3/ 8.4 Hz, 4/ 0.8 Hz, 1H, Ar-H;
6.99, ddd, 3/ 8.3, 7.2 Hz, 4 1.1 Hz, 1H, Ar-H; 4.22, t, 3] 4.7 Hz, 2H, -CHz-; 3.93-3.82, m, 6H, -CH.-.
13C NMR (100 MHz, CDCls) §: 168.4 (C=0), 152.4, 140.2, 134.2, 134.0, 132.2, 125.7, 123.4, 120.7,
115.4, 69.8, 69.0, 68.6, 37.5. MS (ESL +ve): m/z357.1 [M+H]*, 379.1 [M+Na]*. HRMS
(ESI, +ve): m/z 379.0903 [M+Na]*; C1sH16N206 required m/z 379.0901. MP: 147.5-149.9°C.
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Synthesis of 2-(2-(2-nitrophenoxy)ethoxy)ethanamine - 10:

NO, e Phthalimide 9 (7.14 g, 20.0 mmol) was dissolved in a mixture of THF
@/O O NH, (55 mL) and EtOH (35 mL). Hydrazine hydrate (9.75 mL, 200 mmol)
was added dropwise and the reaction mixture was stirred at room

temperature overnight, after which time the mixture thickened. The slurry was filtered and
washed with EtOH to remove the byproduct precipitate. The filtrate was concentrated in vacuo
to give a yellow oil and white solid. The crude product was dissolved in CHCl3 and filtered to
remove further impurities. The filtrate was concentrated by rotary evaporation to give pure 10

(3.43 g, 76%), as a yellow oil.

1H NMR (300 MHz, CDCls) &: 7.79, dd, 3/ 8.1 Hz, 4/ 1.6 Hz, 1H, Ar-H; 7.49, ddd, 3/ 8.8, 7.1 Hz,
47 1.6 Hz, 1H, Ar-H; 7.09, d, 3/ 8.5 Hz, 1H, Ar-H; 7.01, ddd, 3/ 8.2, 7.3 Hz, 4] 0.9 Hz, 1H, Ar-H; 4.24, t,
3] 4.7 Hz, 2H, -CH,-; 3.84, t, 3] 4.7 Hz, 2H, -CH,-; 3.57, t, 3] 5.2 Hz, 2H, -CHa-; 2.84, t, 3] 5.2 Hz, 2H,
-CHy-; 2.27, brs, 2H, -NH.. 13CNMR (100 MHz, CDCls) &: 152.0, 139.8, 134.0, 125.2, 120.5,
114.9,72.8,69.2, 68.7, 41.1. MS (ESI, +ve): m/z 227.1 [M+H]*.

Synthesis of 2-(2-(2-aminoethoxy)ethoxy)aniline - 11:

NH, S\ Nitro amine compound 10 (492 mg, 2.17 mmol) was dissolved in
@/O o NH2  absolute EtOH (10 mL), and 10% Pd/C (49 mg) was added to the
stirred solution. Hydrazine hydrate (900 uL, 18.5 mmol) was added

slowly, with gas evolution, and the reaction was heated at reflux for 21 h. Reaction progress was
monitored by TLC. When all starting material had been consumed, the reaction was filtered
through celite while hot to remove the catalyst, and the solvent was removed in vacuo to give 11
(425 mg, quant.) as a pale brown oil. The product was used in subsequent reactions without

purification.

1H NMR (300 MHz, CDCl3) &: 6.66, m, 2H, Ar-H; 6.55, m, 2H, Ar-H; 3.94, t, 3] 4.7 Hz, 2H, -CH>-;
3.60, t, 3/ 4.7 Hz, 2H, -CH:-; 3.34, t, 3] 5.3 Hz, 2H, -CH:-; 2.67, t, 3] 5.2 Hz, 2H, -CHz-. 13CNMR
(75 MHz, CDCl3) &: 145.6,136.7,121.1,117.2,114.5,112.2,72.7, 68.8, 67.6, 41.1. MS (ESI, +ve):
m/z197.0 [M+H]*. HRMS (ESI, +ve): m/z 197.1285 [M+H]*; C10H16N202 required m/z 197.1285.
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Synthesis of tetraethyl 1-(2-aminophenoxy)-2-(2-aminoethoxy)ethane-N,N,N',N'-
tetraacetate (AATA tetraethyl ester) - 12:

Adapted from Robitaille and Jiang.#®¢ Bis-amino compound
11 (1.69 g, 8.61 mmol) was dissolved in MeCN (45 mL), to

@) 0]
( j/ \E \ which Nal (645mg, 4.30mmol), DIPEA (16.5mlL,

o) o)
\H/\N N 94.7 mmol) and ethyl bromoacetate (9.59 mL, 86.1 mmol)

o) o o J o o
\_/ were added. The reaction mixture was heated at reflux

overnight and then cooled to room temperature, after

O O

which time toluene (100 mL) was added. The reaction mixture was filtered and the filtrate was
washed with 0.1 M HCI solution and H0, and the organic phase was dried (NaS0Q4), filtered and
the solvent removed in vacuo to give a brown oil (8.4g). Purification by column

chromatography (50% EtOAc/hexane) gave the tetraethyl ester 12 (3.70 g, 79%), as a yellow oil.

IHNMR (400 MHz, CDCl3) &: 6.75, m, 4H, Ar-H; 4.1-3.9, m, 14H, -CH,CH3/-CH,CH3
/-OCH,CH,0-/Ar-N-CH»-CO2-; 3.62, t, 3/5.0Hz, 2H, -O-CH:CH,-O-; 3.54, t, 3/5.5Hz, 2H,
-0-CH2CH2-N-; 3.49, s, 4H, -N-CH>-CO.-; 2.87, t, 3] 5.4 Hz, 2H, -0-CH.CH>-N-; 1.21, t, 3/ 7.1 Hz, 6H,
-CH2CH3; 1.11, t, 3/ 7.2 Hz, 6H, -CH2CH3. 133C NMR (100 MHz, CDCl;3) 8: 171.1 (€=0), 171.0 (C=0),
150.3, 139.1, 122.0, 121.2, 119.2, 114.0, 70.1, 69.1, 67.8, 60.2, 60.0, 55.6, 53.5, 53.3, 14.0, 13.9.
MS (ESI, +ve): m/z541.4 [M+H]*, 563.3 [M+Na]*. HRMS (ESI, +ve): m/z 541.2755 [M+H]*,
C26H40N2010 required m/z 541.2756; m/z 563.2577 [M+H]*, C26H40N2010 required m/z 563.2575.

Synthesis of 1,4-bis(benzyloxy)benzene - 13:

From Grynkiewicz et al** To a stirred suspension of hydroquinone (30.0 g,

0.272 mol) and benzyl chloride (69.1 mL, 0.599 mol) in EtOH (55 mL), was added a
solution of KOH (33.65 g, 0.600 mol) in EtOH (150 mL). After 30 min, the reaction

0 mixture was poured into cold water and stirred overnight. The resulting
precipitate was filtered over a water aspirator, and recrystallised from boiling
EtOH to yield 13 as brilliant white fluffy crystals (66.3 g, 84%).

o

1HNMR (300 MHz, CDCls) &: 7.38, m, 10H, Bn-H; 6.91, s, 4H, Ar-H; 5.02, s, 4H,
Ar-CH,-0-. 13CNMR (75 MHz, CDCls) &: 153.4, 137.5, 128.7, 128.0, 127.6, 116.0,
70.9. MS (EI): m/z 290 [M]*. MP: 126.8-127.2°C (Literature4s: 128-130°C).
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Synthesis of 1,4-bis(benzyloxy)-2-nitrobenzene - 14:

From Grynkiewicz et al.#5 Concentrated HNO3 (2.10 mL) was diluted to 8 mL

with glacial AcOH, and the solution was added to 13 (8.90 g, 30.7 mmol) stirred

O in glacial AcOH (40 mL). The reaction mixture was heated to 50°C for 10 min, at
NO2 which point the starting material dissolved and the product started
precipitating out of the bright yellow solution. After 1.5 h, the reaction mixture
o was allowed to cool to room temperature and was left to stir overnight. The

resulting precipitate was filtered, washed with AcOH and H:0, and dried over

vacuum to give 14 (9.53 g, 93%) as a brilliant yellow solid.

1HNMR (300 MHz, CDCls) &: 7.48/7.12/7.04, ABX system, 3as 9.1 Hz, 4Jex 3.0 Hz, 3H, Ar-H;
7.45-7.34, m, 10H, Bn-H; 5.18, s, 2H, Ar-CH,-0-; 5.05, s, 2H, Ar-CH,-0-. 13C NMR (75 MHz, CDCls)
8: 152.5, 146.5, 140.6, 136.2, 136.1, 128.9, 128.8, 128.5, 128.3, 127.7, 127.3, 121.6, 117.5, 111.4,
72.1,71.2. MS (ESI, +ve): m/z 358.0 [M+Na]*. MP: 81.9-82.3°C (Literatures: 81-82.5°C).

Synthesis of 4-benzyloxy-2-nitrophenol - 15:

OH From Grynkiewicz et al#> Compound 14 (25.3 g, 75.4 mmol) was dissolved in
NO, EtOH-free CHCl; (50 mL) and the solution was treated with TFA (7.70 mL,

99.9 mmol). The reaction mixture was stirred at room temperature for 2 d, during

o which time the reaction was monitored by 1H NMR spectroscopy. On completion,
the mixture was neutralised using 5 M aqueous KOH solution. A further 100 mL of

CHCl; was added to the reaction mixture, and the aqueous layer was removed by

separation. The organic layer was washed repeatedly with dilute aqueous K;CO3 solution until
the aqueous phase was a pale orange colour. Diethyl ether (225 mL) was added to the CHCl3
solution, and was basified with 70 mL of 5 M KOH solution. The resulting red precipitate was
collected over vacuum, before acidification with 2 M HCIl, which turned the red precipitate
yellow. The product was extracted from the aqueous mixture with Et;0 (4 x 200 mL). The
organic fractions were combined and the solvent removed by rotary evaporation to yield 15 as a
crude brown solid (16.8 g, 91%). Recrystallisation from boiling MeOH followed by the addition
of cold water gave a cloudy yellow solution, which overnight became a yellow precipitate in an
orange solution. The precipitate was filtered, washed with water and dried over vacuum to yield

15 (14.2 g, 77%), as a bright orange-yellow solid.
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1H NMR (400 MHz, CDClI3) o: 10.32, s, 1H, Ar-OH; 7.61/7.29/7.10, AMX system, 3/am 9.2 Hz,
4Jux 3.1 Hz, 3H, Ar-H; 7.40, m, 5H, Bn-H; 5.07, s, 2H, Ar-CH,-0-. 13CNMR (75 MHz, CDCl;) &:
151.8,150.3,136.0, 133.2, 128.9, 128.5, 128.0, 127.7, 121.0, 107.5, 71.1. MS (EI): m/z 245 [M]*.
MP: 68.4-68.7°C (Literature*s: 67-70°C).

Synthesis of 1,2-bis(4-benzyloxy-2-nitrophenoxy)ethane - 16:

NO, NO, Adapted from Crossley et al.#6 Compound 15
/©/0\_/0\©\ (5.00 g, 20.4 mmol) was dissolved in DMF
o (10 mL), KzCOz (3.39g, 24.5mmol) was

/\© added and the reaction stirred at room

temperature. 1,2-Dichloroethane (803 pL, 10.2 mmol) was added and the reaction mixture was
heated at 120°C for 1 d in a sealed pressure vessel. Once the reaction was allowed to cool, water
(20 mL) was added and the mixture allowed to stir for a further 30 min. The mixture was
acidified with 2 M HCI solution, Et,0 (20 mL) was added to dissolve any starting material, and

the mixture was filtered to collect precipitated product, which was further washed with Et,0 and

dried over a water aspirator to give 16 (5.27 g, quant.), as a yellow-beige powder.

1H NMR (300 MHz, CDCls) &: 7.45, m, 2H, Ar-H; 7.42-7.34, m, 10H, Bn-H; 7.18, m, 4H, Ar-H; 5.07,
s, 4H, Ar-CHy-O-; 4.44, s, 4H, -0-CH,CH,-0-. 13C NMR (75 MHz, CDCls) &: 153.0, 146.6, 140.7,
136.1, 128.9, 128.5, 127.7, 121.8, 118.5, 111.3, 71.1, 70.2. MS (ESI, +ve): m/z 538.9 [M+Na]".
MP: 183.0-184.1°C (Literature: 184-185°C).

Synthesis of 1,2-bis(4-benzyloxy-2-aminophenoxy)ethane - 17:

NH, NH, Dinitro compound 16 (5.00g, 9.68 mmol)
/@/O\_/O\@\ was dissolved in glacial AcOH (200 mL) and
o o stirred for 10 min. Zinc powder (6.33g,
@ 96.8 mmol) was added slowly to the solution

and allowed to stir overnight. The reaction mixture turned from yellow to deep red during this
time. On completion, cold water was added to the solution and the resulting grey precipitate

was collected. The precipitate was dissolved in CHzCly, dried (MgS0.) and filtered to remove the
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drying agent and remaining zinc powder. The solvent was removed under reduced pressure to

give 17 (4.38 g, 99%), as a solid that darkened quickly in light.

1H NMR (300 MHz, CDCl3) ¢: 7.45-7.18, m, 10H, Bn-H; 6.76/6.39/6.30, ABX system, 3/ax 8.7 Hz,
4ag 2.9 Hz, 6H, Ar-H; 4.98, s, 4H, Ar-CH»-0-; 4.70, brs, 4H, -NH3; 4.26, 4H, s, -0-CH,CH>-0-.
13C NMR (75 MHz, CDCl3) o: 154.5, 141.1, 138.2, 137.6, 128.7, 128.0, 127.6, 114.5, 103.8, 103.4,
70.6, 68.9. MS (ESI, +ve): m/z457.1 [M+H]*. MP: 160.4-161.0°C (decomp.) (Literature%é:
160-161°C (decomp.)).

Synthesis of tetraethyl 1,2-bis(o-amino-p-benzyloxyphenoxy)ethane-N,N,N',N'-

tetraacetate - 18:

Bis-aniline 17 (600 mg, 1.31 mmol), DIPEA

Oo. O O( o (2.52mL, 14.5mmol) and Nal (98 mg,

OK j/ \f j) 0.65 mmol) were stirred in toluene (20 mL)
WOK\N o o N/\g/ and ethyl bromoacetate (1.50 mL,
/©/ / \©\ 13.5 mmol) was added slowly. The reaction
©/\O O/\© mixture was refluxed at 120°C for 2 d. After
cooling, toluene (50 mL) was added, and the

organic phase was washed with water (2 x50 mL). The solvent was removed by rotary
evaporation to give crude 18 (1.03 g) as a brown oil. The product was purified by running

through a silica plug (40% EtOAc/hexane) to remove baseline material and give pure tetraethyl

ester 18 (777 mg, 74%) as a light brown solid.

1H NMR (400 MHz, CDCl3) &: 7.34, m, 10H, Bn-H; 6.77/6.50/6.47, ABX system, 3/sx 8.7 Hz,
4Jag 2.9 Hz, 6H, Ar-H; 4.97, s, 4H, Ar-CH»-0-; 4.18, s, 4H, -0-CHCH>-0-; 4.14, s, 8H, -N-CH»-CO2-;
4.07,q,3] 7.2 Hz, 8H, -0-CH,CH3; 1.17, t, 3] 7.2 Hz, 12H, -0-CH,CH3. 13C NMR (100 MHz, CDCl3) &:
171.4 (€=0), 153.8, 144.9, 140.7, 137.4, 128.5, 127.9, 127.5, 115.0, 107.4, 106.7, 70.5, 68.2, 60.8,
53.6, 14.2. MS (ESI, +ve): m/z823.2 [M+Na]*. HRMS (ESI, +ve): m/z 801.3605 [M+H],
C44Hs52N2012  required m/z801.3593; m/z823.3427 [M+Na]*, CssHs2N2012 required
m/z823.3412. MP: 96.0-96.8°C.
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Synthesis of tetraethyl 1,2-bis(o-amino-p-hydroxyphenoxy)ethane-N,N,N',N'-tetraacetate
(dihydroxy-BAPTA tetraethyl ester) - 19:

( Benzyl-protected compound 18 (1.60 g, 2.00 mmol) was
0 dissolved in THF (15 mL) and a suspension of 5% Pd/C
\E E (164 mg) in 3 mL of THF was added. The reaction was
NW purged with nitrogen, and a hydrogen balloon was applied.
The reaction was monitored by TLC. On completion, the

HO OH  reaction mixture was filtered through celite, and the
product washed through with EtOAc. The solvent was removed in vacuo to give a brown oil
(1.81g). The crude oil was purified by column chromatography (50% EtOAc/hexane to
100% EtOAc), yielding pure 19 (932 mg, 75%), as a pale brown powder. Single crystals of
19(H20)15 suitable for X-ray crystallography were grown by vapor diffusion from methanol,

using hexane as the precipitant.

1H NMR (400 MHz, CDCl3) 6: 6.61/6.35/6.27, ABX system, 3/sx 8.6 Hz, 4/as 2.8 Hz, 6H, Ar-H; 5.43,
s, 2H, Ar-OH; 4.13, s, 8H, -N-CH;-CO-; 4.12, s, 4H, -0-CH,CH-0-; 4.09, q, 3/ 7.1 Hz, 8H, -CH,CH3;
1.18, t, 3] 7.1 Hz, 12H, -CH2CH3. 13CNMR (75 MHz, CDCl;) &: 171.8 (C=0), 150.9, 144.2, 140.6,
115.9, 108.1, 106.9, 68.2, 61.0, 53.8, 14.2. MS (ESI, +ve): m/z 621.3 [M+H]+, 643.1 [M+Na]*.
HRMS (ESI, +ve): m/z 621.2652 [M+H]*, C30H40N2012 required m/z 621.2654; m/z 643.2474
[M+Na]*, C3oHsoN2012 required m/z 643.2473. MP: 94.4-95.0°C. X-ray crystal data: For
19(H20)15: C30H43N20135, M = 647.66, colourless prism, 0.25 x 0.10 x 0.10 mmb3, triclinic, space
group P -1, a=10.1025(3), b= 11.8819(4), ¢ = 15.3910(5) &, a=103.639(2)°, B =101.782(2)°,
y=108.034(2)°, V=162857(9)A3, Z=2, D.=1321g/cm3, Foo=690, T=123(2)K,
20max = 50.0°, 20090 reflections collected, 5598 unique (Rin:=0.0304). Final GoF=1.070,
R1=0.0566, wR2 =0.1159, R indices based on 4681 reflections with [>2o(I) (refinement on F2),

487 parameters, 9 restraints. Lp and absorption corrections applied, ¢ = 0.104 mm-1.
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Synthesis of 1,2-bis(o-amino-p-hydroxyphenoxy)ethane-N,N,N',N'-tetraacetic  acid
(dihydroxy-BAPTA acid) - 20:

O. .OH HO. _O Ester 19 (100 mg, 0.161 mmol) was dissolved in hot
HO\[(\Nj/ TNwOH MeOH (2 mL) andi the solution was treated with .a
0 o o 0 concentrated solution of KOH (72 mg, 1.28 mmol) in
N~/ H,0 (0.5 mL). The reaction was heated at 60°C for 1 h,

HO OH then the solvent was removed by rotary evaporation.
The residue was dissolved in H,0 (10 mL) and the solution was acidified with concentrated HCI
to pH 2, forming a brown precipitate. The product was extracted with EtOAc (100 mL), dried
over MgSO0y,, filtered and the solvent removed in vacuo to give 20 (45 mg, 55%), as a pale brown

powder.

1H NMR (400 MHz, CDCl3) 8: 12.39, brs, 4H, -CO:H; 8.84, br's, 2H, Ar-OH; 6.75, d, 3] 8.3 Hz, 2H,
Ar-H; 6.20, m, 4H, Ar-H; 4.06, s, 4H, -0-CH2CH»-0-; 4.02, s, 8H, -N-CH,-CO,-. 13C NMR (100 MHz,
CDCl3) &: 172.4 (€=0), 152.1, 142.3, 140.5, 117.3, 106.8, 105.7, 68.7, 53.4. MS (ESI, -ve):
m/z507.0 [M-H]-. MP: 162.8-164.2°C (decomp.).

Synthesis of diPEG-BAPTA tetraethyl ester - 21:

Compound 19 (201 mg,
e} O. _O 0.324 mmol) was dissolved in

o
o( j/ \i \o DMF (2mL), and K.CO;
YN N (180mg,  1.30 mmol) and
O 0] O 0]
p— 2-(2-chloroethoxy)ethanol

Ho ™SO~ 0™~ 0H (342 uL, 3.24 mmol) were
added. The reaction mixture was heated to 110°C for 7 d and monitored by TLC. When all
starting material had appeared to be consumed, the product was extracted with EtOAc and
washed with H,0 and the solvent was removed to give a brown oil (256 mg). Purification by

column chromatography (2% to 5% MeOH/EtOAc) afforded the polyether 21 (78 mg, 30%), as

an off-white solid.

1H NMR (400 MHz, CDCls) §: 6.77/6.48/6.42, ABX system, 3/ax 8.7 Hz, 4/as 2.9 Hz, 6H, Ar-H; 4.19,
s, 4H, Ar-0-CH2CH,-0-Ar; 4.15, s, 8H, -N-CH,-CO,-; 4.09, q, 3] 7.2 Hz, 8H, -CH,CHs; 4.05, t, 3] 4.9 Hz,
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4H, Ar-O-CH,CH»-0-; 3.81, t, 3/ 4.7 Hz, 4H, -0-CHCH2-0-; 3.75, m, 4H, -0-CH,CH-0-; 3.65, t,
3] 4.5 Hz, 4H, -0-CH,CH;-0-; 2.20, brs, 2H, -OH; 1.18, t, 3/ 7.1 Hz, 12H, -CH,CHs;. 13C NMR
(75 MHz, CDCl3) 6: 171.4 (C=0), 153.7, 145.1, 140.7, 115.3, 107.5, 106.7, 72.7, 69.9, 68.3, 68.1,
61.9, 60.9, 53.7, 14.2. MS (ESI, +ve): m/z819.0 [M+Na]*. HRMS (ESI, +ve): m/z797.3694
[M+H]*, C3gHseN2016 required m/z797.3703; m/z819.3517 [M+Na]*, CssHs¢N2016 required
m/z 819.3522. MP: 56.2-57.6°C.

Synthesis of 1,2,3,4,6-penta-0-acetyl--p-glucose - 22:

From Vogel.53 «-p-Glucose (1.85 g, 10.3 mmol) and anhydrous NaOAc
(1.50 g, 18.3 mmol) were ground together with a mortar and pestle and
placed in a round bottom flask. Acetic anhydride (20 mL) was added
and the reaction mixture was stirred and heated at reflux for 7 h, before
pouring in 100 mL of crushed ice. The product was extracted with

EtOAc (2 x 100 mL), washed with H,O (2 x100mL) and saturated

NaHCO; solution (200 mL), and the organic phase was dried over MgSO,, filtered and
concentrated in vacuo to give a cream precipitate. The solid was filtered over a water aspirator
and washed with H,0. The cream powder (3.18 g) was recrystallised from hot MeOH, filtered
and washed thoroughly with ice-cold MeOH to give 22 (2.04 g, 51%), as a white powder.

1H NMR (400 MHz, CDCls) &: 5.71, d, 3/ 8.3 Hz, 1H, -CH-; 5.25, t, 3/ 9.4 Hz, 1H, -CH-; 5.14, dd,
3/9.4, 2.2 Hz, 1H, -CH-; 5.11, dd, 3/ 9.5, 3.8 Hz, 1H, -CH-; 4.28, dd, 2/ 12.5 Hz, 3] 4.5 Hz, 1H, -CHa-;
411, dd, 2 12.5 Hz, 3/ 2.2 Hz, 1H, -CH,-; 3.83, ddd, 3/10.0, 4.5, 2.2 Hz, 1H, -CH-; 2.11, s, 3H,
-0CO-CHs; 2.08, s, 3H, -OCO-CHs; 2.03, s, 6H, -OCO-CHs; 2.01, s, 3H, -OCO-CHs. 13C NMR
(100 MHz, CDCls) &: 170.7 (€C=0), 170.2 (C=0), 169.5 (C=0), 169.4 (C=0), 169.1 (C=0), 91.8,
73.0, 72.9, 70.4, 67.9, 61.6, 20.9, 20.8, 20.7. MS (ESI, +ve): m/z413.1 [M+Na]*. MP:
130.8-131.3°C (Literatures3: 131-132°C).
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Synthesis of acetate-protected diglucose-BAPTA tetraethyl ester - 23:

\ K Adapted from Salvador et al.5* Compound

( o. O O. .0 \ 19 (194 mg. 0.313mmol) and glucose

o j/ \E o pentaacetate 22 (371 mg, 0.950 mmol)
N N

W(\ were dissolved in dry CH:Cl; (8 mL) and

(0] (0] 0] (0] .
p— 4 A sieves were added. Boron trifluoride

diethyl etherate (240 pL, 0.1.89 mmol) was
added to the reaction mixture and the
reaction was stirred at room temperature

under Ar. When all starting material

appeared by TLC (vanillin stain) to have
been consumed after 6 d, more CH2Cl; (100 mL) was added and the reaction mixture was
filtered. The filtrate was washed with 1 M HCI solution (100 mL), saturated NaHCO3 solution
(100 mL) and H20 (100 mL). The organic phase was dried over MgSQO,, filtered and the solvent
removed in vacuo to give a thick brown oil (476 mg). Purification by column chromatography

(2% MeOH/CH,Cl, to 5% MeOH/CH,Cl,) yielded 23 (197 mg, 49%), as a thick, pale yellow oil.

1H NMR (400 MHz, CDCl3) &: 6.74, m, 2H, Ar-H; 6.52, m, 4H, Ar-H; 5.3-5.0, m, 6H, -CH-; 4.92, d,
3] 7.6 Hz, 2H, -CH-; 4.25, m, 4H, -CH:-; 4.18, s, 4H, -O-CH2CH-0-; 4.10, s, 8H, -N-CH2-CO2-; 4.06, q,
3] 7.1 Hz, 8H, -CH2CH3; 3.79, ddd, 3/ 9.9, 4.7, 2.4 Hz, 2H, -CH-; 2.07, s, 6H, -OCO-CHs; 2.05, s, 6H,
-0CO-CHs3; 2.03, s, 6H, -0CO-CHs; 2.01, s, 6H, -OCO-CH3; 1.16, t, 3] 7.1 Hz, 12H, -CH2CHs. 13C NMR
(100 MHz, CDCl;) &: 171.3 (€=0), 170.8 (€=0), 170.4 (C=0), 169.5 (€=0), 169.4 (€=0), 151.9,
146.5, 140.6, 114.7, 109.8, 109.6, 100.3, 72.9, 72.1, 71.3, 68.3, 68.0, 62.1, 62.0, 60.9, 20.9, 20.8,
20.7, 14.2. MS (ESI, +ve): m/z 1281.2 [M+H]*, 1303.2 [M+Na]*. HRMS (ESI, +ve):
m/z1281.4541 [M+H]*, CssH76N2030 required m/z1281.4556; m/z1303.4371 [M+Na]+,
CsgH76N2030 required m/z 1303.4375.
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3.1 Introduction

While it has been established that BAPTA acts as an antioxidant in both the presence
and absence of Ca?* ions,12 it may be hypothesised that the installation of a chromanol core
based on the structure of vitamin E could further improve antioxidant function and therefore act
as a more promising candidate for targeting factors contributing to oxidative stress and
neurodegeneration. In order to incorporate both the antioxidant chromanol core of vitamin E
and the Ca?*-binding functionality of BAPTA into one compound as planned, a series of
2,5,7-trimethylchromanol compounds incorporating functionalisation at the C2 and C8 positions
was proposed, as shown generally in Figure 3.1. For our purposes, R and R? in the figure below

could be varied to incorporate Ca%*-binding functionality mimicking BAPTA.

Figure 3.1 General structure indicating C2/C8 functionalisation of a chromanol.

If a convergent approach towards the synthesis of compounds of this class could be applied, it
would allow installation of varied functional groups at the time of chroman formation, thereby
allowing a number of targets to be synthesised from a common intermediate and negating yield
problems associated with lengthy synthetic routes and functional group transformations.

There are a large number of chroman synthetic techniques currently utilised in the
literature, particularly for synthesis of vitamin E.3-17 One such method employs the reaction of
hydroquinone with y-methyl-y-vinylbutyrolactone (25) in the presence of boron trifluoride
diethyl etherate or zinc chloride to give a carboxylic acid functionalised chroman (Method A in
Scheme 3.1). This method has been used to synthesise a-CEHC (R! ,R2, R3 = CH3) and LLU-«
(R!=H; R?, R3=CH3), believed to be metabolites of a- and y-tocopherol, respectively.3-6 While
the starting lactone 25 is readily made from ethyl levulinate,3 and the resulting acid can be
further functionalised as esters or amides if desired, this synthesis has limitations due to the
inability to vary the chain off the C2 position to any large extent.

A similar Lewis acid-promoted synthesis for chroman formation involves the reaction
between trimethylhydroquinone and 3,6-dihydro-4-methyl-2H-pyran (26) via Friedel-Crafts
alkylation (Method B).” The alkene used in this reaction can be synthesised in two steps from

tetrahydropyran-4-one.!8 Once again, this synthetic route does not allow for much variability of
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C2 functionalisation, although it could provide an efficient and convergent synthesis of the target

synthesised in Chapter Four.

R! R
HO HO
OH
R2 (o) 0 O é R2 O OH
R3 O w o R3
25 OH 26
A R2 R’ B
O. R3
)H( R5 )k/
o} OH
HO Do R HO
28
o.
R? 0 RS ] R2 (0]
R3 0 o R R3
R’;@foj(w‘
R3

Scheme 3.13-17 Synthetic techniques towards chroman formation, showing methods A to E.

Perhaps a more restrictive method of chroman synthesis involves the alkylation of a
hydroquinone with isoprene (27), often catalysed by Amberlyst 15, to yield a series of
2,2-dimethylchromans (Method C).8-10 While the synthesis itself is straight-forward, it allows
little by way of further functionalisation at the C2 position, and therefore is not a useful
synthesis for the purposes of this thesis.

A more promising process for chroman synthesis involves the condensation reaction of
a hydroquinone with a variety of functionalised allylic alcohol compounds (28), as shown in
Method D in Scheme 3.1.11-1¢ While this method is convergent and allows installation of a
number of R-groups at the C2 position - making it a popular method for the production of
vitamin E and its derivatives - synthesis of the alcohol precursors can be difficult and
lengthy.14.19

Reaction of trimethylhydroquinone (R, R2, R3 = CH3) with a methacrylate ester (29)
and paraformaldehyde in the presence of organic acid and a secondary amine base produces a
chroman with ester functionality at the C2 position (Method E),517 in a protocol first
established in a patent by Tamura in 2003.177 The method appears promising for the

introduction of various substituents at the C2 position, however no literature since that time has
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described successful synthesis using other methallyl reactants. It is possible that the reaction
relies on the electron-withdrawing properties of methyl methacrylate for its success.

Given that the methyl methacrylate reaction appeared promising, further examination
of the literature revealed a patent by Fukumoto et al.,2® which described the reaction of a phenol
with paraformaldehyde and an alkene in the presence of organic acid and a secondary amine is

used to produce a chroman compound, as shown generally in Scheme 3.2.

R? . R’ 5
R3 R RS RS (CH,0)y, 2° amine, R2 R R6
N \/[[ organicacid R
R* R7” "R8 RS 0~ "R®
OH R*
Scheme 3.2

Of particular interest to this project is a reaction involving acetate-protected
trimethylhydroquinone with a methallyl reagent to give a protected chromanol, shown in
Scheme 3.3. This method can be employed to synthesise vitamin E acetate, using
2,6,10,14-tetramethyl-1-pentadecene [R = ((CHz)3:CHCH3)3CHz] as the alkene, however a wide

range of other alkenes would be suitable, in order to create a variety of chroman compounds.

(CH,0),, 2° amine,

O
I 5
. )L organicacid Y
R
H

0]

y

(0]

0] 64-92%

Scheme 3.3

The principle of this method is to use readily available, inexpensive starting materials to
produce chromans in high yield and a simple manner. Variation of the synthetic method may
allow for functionalisation directly off the chroman at the C8 position.

One of the key intermediates to the desired dual action targets is the alcohol 30
(Scheme 3.4). Subsequent alkylation of this alcohol and functionalisation at the C8 position
would allow for the synthesis of new series of targets, shown generally as 31 and 32. The

following chapter describes efforts made towards exploring chroman synthesis.
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HO HO
PGO Multiple
steps o )
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RO,C CO,R
31 32
R =alkyl, H
Scheme 3.4

3.2 Chromanol synthesis using methallyl reagents and

paraformaldehyde

The synthesis of advanced chromans 35 and 36 from commercially available
trimethylhydroquinone is shown in Scheme 3.5. The hydroquinone was first protected as the
acetate to stop possible oxidation to the undesirable benzoquinone derivatives during
alkylation. The monoprotected hydroquinone 34 was formed in high yield over two steps.
Firstly, trimethylhydroquinone was diacetylated using acetic anhydride and Et:N to give
bis-acetate 33 in good (93%) yield. High resolution mass spectrometry (ESI) supported
bis-acetylation of the hydroquinone, with peaks at m/z 237.1124 and m/z 259.0943, attributed
to the [M+H]* and [M+Na]* ions, respectively. Nuclear magnetic resonance spectroscopy
supported product formation, with new peaks at 2.33 and 2.30 ppm in the tH NMR spectrum,
corresponding to the new different acetyl groups, and two distinct carbonyl signals in the
13C NMR spectrum at 169.5 and 168.9 ppm respectively.

The diacetate 33 was regioselectively deprotected using sodium dithionite and
potassium carbonate, adapted from a procedure by Snuparek et al.,?! to give the monoacetate 34
in excellent yield (Scheme 3.5). Deprotection was supported by high resolution ESI mass
spectrometry, with major peaks at m/z195.1020 and m/z 217.0845, corresponding to the
[M+H]+ and [M+Na]* ions, as well as the loss of the one methyl singlet in the H NMR spectrum
and carbonyl and methyl carbon signals in the !3C NMR spectrum. Reaction of 34 with
2-methyl-2-propen-1-ol, paraformaldehyde, dibutylamine and acetic acid in a pressure tube for
two days gave the chroman 35 as a pale brown solid,?? in quantitative yield with no purification

necessary.
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Scheme 3.5

Formation of 35 was supported by the presence of a major peak at m/z 301.1 by low resolution
mass spectrometry (ESI), attributed to [M+Na]*. The absence of a 'H NMR resonance at
6.35ppm as well as new peaks corresponding to newly installed pyran (2.65 and
2.02/1.73 ppm) and methyl protons (1.23 ppm) were also evidence of formation of the chroman
structure, in addition to new distinctive AB system resonances at 3.65 and 3.58 ppm due to the
methylene protons adjacent to the C2 carbon. Literature indicates that both the organic acid and
base are required for formation of the expected product, a reaction hypothesised to progress via
an intermediate.20 The reaction is likely to proceed by ortho-directed electrophilic aromatic
substitution, resulting in a high yield of pure product from the selective substitution of the
aromatic proton ortho to the phenol, due to the presence of the three aromatic methyl groups.
Protected chromanol 36 was similarly formed from 34, by replacing
2-methyl-2-propan-1-ol with 3-methyl-3-buten-1-o0l under similar conditions (Scheme 3.5).20
On completion, purification by column chromatography gave the desired product in 78% yield.
Product formation was similarly supported by the disappearance of a resonance in the tH NMR
spectrum at 6.35 ppm, as well as the presence of peaks attributable to newly installed protons.
High resolution ESI mass spectrometry showed peaks at m/z315.1570 and m/z331.1302,

corresponding to [M+Na]+ and [M+K]*, respectively.
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While syntheses of chromans 35 and 36 were efficient, with yields after three steps of
90% and 70% respectively, in order for the target chromans to be formed (unsubstituted at C8),
the previous syntheses were adapted using a dimethyl derivative of protected hydroquinone 34.
Firstly, hydroquinone 37 was synthesised via three different routes, each with varying degrees
of success. Firstly, from commercially available 2,6-dimethylbenzoquinone, reduction using
zinc powder and acetic acid yielded the hydroquinone in good yield on workup (Scheme 3.6).22
Alternatively, 2,6-dimethylbenzoquinone was converted to the hydroquinone by reduction with
sodium dithionite in 79% yield, after recrystallisation.23 The reaction is easily monitored as it
proceeds with a loss of the yellow colour of the quinone. Thirdly, the least successful attempt to
synthesise 2,6-dimethylhydroquinone 37 was via the oxidation of 3,5-dimethylphenol using
potassium persulfate in alkaline solution.2* Although perhaps the cheapest synthesis, the
reaction was low yielding, albeit with large quantities of starting material recovered, and
required large volumes of solvent for extraction of both the recovered starting material and
desired product. Proton NMR spectroscopy was used to support the formation of 37 in each
case. In particular, a six-proton singlet at 2.06 ppm was seen, attributed to the two equivalent
methyl groups. A two-proton signal at 6.32 ppm corresponded to the two equivalent aromatic

protons, which differed from both the starting quinone and 3,5-dimethylphenol.

Zn, AcOH,

0 OH
Hzo, A, 75% Kzszog, NaOH,
or Hzo, 36%
Na28204, Hzo, OH
o) Et,O, MeOH, 79% OH
37
Scheme 3.6

From 2,6-dimethylhydroquinone 37, the monoprotected dimethylhydroquinone 39 was formed
in two steps (Scheme 3.7). 2,6-Dimethylhydroquinone 37 was acetylated using acetic anhydride
and triethylamine to give bis-protected compound 38 in quantitative yield, then regioselective
deprotection using sodium dithionite and potassium carbonate gave the monoacetate 39 in 98%
yield.2! Similar to the deprotection of 33 to form 34, the deprotection of 38 to form 39 occurred
in excellent yield and high regioselectivity, due to the steric hindrance of the aromatic methyl
groups preventing removal of the second acetate group. Deprotection was supported by the loss
of relevant signals in 'H and 13C NMR spectra, in particular the proton singlet resonance at
2.26 ppm and the carbonyl signal in the carbon spectrum at 168.8 ppm. Cleavage of only one

ester was also supported by low resolution ESI mass spectrometry, with a positive ion peak at
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m/z 202.9 and negative ion peak at m/z178.9, attributable to the [M+Na]* and [M-H]- ions,

respectively.

X i

oH o N2,S,04, K,COs, OJ\
ACzo, Et3N MeOH, Hzo, A
_— > =
OH O\”/ OH
37 o 39 98%
38 quant.
Scheme 3.7

X-ray crystallography of 39 (Figure 3.2) shows the intermolecular hydrogen bonding of the
structure (02 to H2 distance: 1.92 A), which exists in an orthorhombic crystal system with space
group P2:2121. Crystals of 39 suitable for analysis were grown by slow evaporation from ethyl

acetate.

H2) _ o)

<

Figure 3.2 Molecular diagram of 39 as shown with 50% thermal ellipsoids and hydrogen
atoms as spheres of arbitrary size. Only one molecule is unique, the remaining two are
generated by symmetry. Individual molecules are associated by hydrogen bonds into a

linear chain, which has a right handed helical structure. The non-centrosymmetric space

group P212,2; implies only right handed helices are present, in the absence of a heavy atom,
the choice of the direction of rotation was arbitrary. Friedel opposites were merged prior to
the final refinement.
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Following Fukumoto’s synthesis, chromans 40 and 41 were synthesised (Scheme 3.8) from 39
in low yield (27% and 6%, respectively), after purification by column chromatography.20
Repeated attempts and efforts towards optimisation could not improve on these yields, however
TLC analysis and column chromatography indicated numerous byproducts, possibly resulting
from second alkylation of the aromatic ring. This is not possible in compounds 35 and 36 where
the methyl group at C8 acts to block this position from further attack. Formation of chroman 40
was supported by high resolution ESI mass spectrometry, with major peaks at m/z265.1438
and m/z 287.1258, corresponding to the [M+H]* and [M+Na]* ions, respectively. In the 1H NMR
spectrum, pyran, methylene and methyl resonances of the expected product were observed, as
well as a reduction in the integration and a downfield shift of the aromatic resonance from 6.44
to 6.55 ppm. In addition, whereas a single aromatic methyl resonance was observed for the
starting material, representative of six protons, two aromatic methyl peaks were observed in the

spectrum of the product, at 2.05 and 1.99 ppm, each integrating to three protons.

o)k )LMXOH : YO

(CH,0),, Bu,NH, o OH
AcOH, A X

@) 40 x=1 27%
39 41 x=2 6%

Scheme 3.8

Similar characteristic properties were observed as a means of identifying the production of
chroman 41, with an observed [M+Na]* peak at m/z301.3 using positive low resolution ESI
mass spectrometry, and an [M-H]- peak in the high resolution negative spectrum at
m/z 277.1446. Formation of the pyran ring was supported by the presence of a triplet at
2.63 ppm and broad multiplet at around 1.7 to 2.0 ppm, whilst the reduction of integration and
upfield shift of the aromatic proton peak from 6.44 to 6.52 ppm, as well as the presence of two
separate aromatic methyl peaks at 2.07 and 2.00 ppm indicated alkylation of the aromatic ring.
It is likely that the low yields of 40 and 41 were due to the probable second alkylation of the
aromatic ring on addition of paraformaldehyde in each case, although no byproducts could be
isolated and characterised.

Under the appropriate conditions, chromans may also be formed by the alkylation of
unprotected hydroquinones. In a similar method to Fukumoto’s synthesis, Tamura!” described

the synthesis of a series of chromans with ester functionalisation at the C2 position, derived
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from the reaction of unprotected trimethylhydroquinone with paraformaldehyde and small

chain methacrylate esters in the presence of organic acid (Scheme 3.9).

OH
(CHZO)X1 HO
. OR organic acid
OR
o) O
OH @)
41-61%
Scheme 3.9

With this method, the unprotected hydroquinone is used, since the absence of amine in the
reaction prevents the oxidation of the hydroquinone to the corresponding benzoquinone. Some
literature has reported the use of secondary amine bases, however resulting in lower yields of
the chromanol product.!5-17 Conversely, reaction of the unprotected hydroquinone and a
methacrylate ester in the absence of an organic acid significantly lowers the product yield.!” The
ability to use the unprotected hydroquinone may lie in the electron-withdrawing properties of
the methacrylate esters, since no literature has described successful chroman synthesis using
other methallyl reactants.

In an effort towards exploring this technique, reactions under the above conditions
were carried out using both trimethylhydroquinone and 2,6-dimethylhydroquinone (37), with

methyl methacrylate as the alkene and acetic acid as the organic acid catalyst (Scheme 3.10).17

OH
HO
e} (CH,0),, AcOH, A
+ ~ > e}

R 0 © >

OH R o

R =CHjy 42 R =CH; 56%

37 R=H 43 R=H 2%

Scheme 3.10

While the trimethyl chroman 42 was obtained in moderate yield, the dimethyl product 43 was
isolated in an unoptimised yield of 2%. Again, the resultant yield was attributed in part to the
two aromatic positions at which alkylation could occur. Formation of chroman 42 was
supported by the absence of any aromatic proton NMR signal of the starting material at around
6.5 ppm, and the presence of distinctive multiplets at 2.64/2.52 ppm and 2.42/1.87 ppm,

attributed to the C4 and C3 protons, respectively, indicative of chroman formation. Mass
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spectrometry (ESI) also supported chroman formation, with an [M+H]* peak at m/z 265.2.
Chroman 42 is the acetate-protected ester of a well-known water soluble vitamin E derivative
Trolox™ (shown in Figure 3.3).25 Hydrolysis of the methyl ester would allow for an overall

two-step synthesis of the commercially available compound, in moderate yield.

HO
OH
o

Figure 3.3 Trolox™

Characterisation of chroman 43 was similarly discerned, with a high resolution mass spectrum
peak at m/z 251.1277, attributable to the [M+H]* ion, as well as 1H NMR spectrum multiplets at
2.64/2.52 ppm and 2.42/1.87 ppm, characteristic of chroman formation. Also present in the
1H NMR spectrum were two distinguishable inequivalent aromatic methyl peaks at 2.19 and
2.08 ppm, integrating to three protons each, compared to six equivalent protons in the
hydroquinone starting material.

In a further effort towards determining the validity of this method in the
functionalisation of a wide variety of chroman targets, a reaction under the above conditions
(Scheme 3.10) was carried out this time using 3-methyl-3-buten-1-ol as the alkene (Scheme
3.11).17 Although the reaction progressed until the hydroquinone was consumed, none of the
expected product 44 was isolated or indicated by mass spectrometry or NMR spectroscopy.
This supports the theory that a methacrylate ester alkene is required when using the

unprotected hydroquinone.

OH
)]\/\ (CH,0),, AcoH, o HO
+ >
OH o) OH
OH

44

Scheme 3.11

Tamura’s method, while potentially useful in the synthesis of Trolox™, did not present itself as a

suitable pathway for the synthesis of a wider range of chromans with varied functionality.
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3.3  Chromanol synthesis via a butoxymethyl intermediate

Given the low yields of mono-alkylation of protected hydroquinone 39, a need to find a
method of selective electrophilic aromatic alkylation at only one position on the aromatic ring
was required. Further examination of the literature uncovered a simple two-step synthesis by
Monoe et al.,26 whereby reaction of a phenol compound (containing at least one unsubstituted
ortho position), paraformaldehyde and an alcohol in the presence of an acid and a secondary
amine gave an alkoxymethylphenol compound (shown generally as 45 in Scheme 3.12).
Subsequent neat reaction of this compound with a carbon-carbon double bond containing

reagent gave a series of chromans with selected functionality off the C2 position.

R R
R2 (CHO)y, R?2
2° amine, acid ORS®
+ RS-OH -------------- >
R3 OH R3 OH
R* R4
45
Ré__R’
i RSIRQ
HO '
1
R R6
o R2 R’
N o) = R®
<C(;\RCOZR j RS 0~ "R®
2 N R4
RO,C— )
RO,C

Final target - 31

Scheme 3.12

Scheme 3.12 shows a methodology for producing a variety of chromans using the
alkoxymethylphenol method. This method is stated in the literature to be inappropriate for
alkene reagents that contain an unprotected alcohol within the molecule or an
electron-withdrawing group bound to the carbon-carbon double bond.26 It is anticipated that
use of this synthetic method via alkoxymethylphenol 45 would allow for the desired
functionalisation at the C2 position required for the subsequent synthesis of the generalised

target 31.
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In terms of our synthetic scheme, C8 should be unsubstituted, however in order to
explore this chemistry we began by using mono-protected trimethylhydroquinone (34),
paraformaldehyde and n-butanol, in the presence of dibutylamine and acetic acid (Scheme
3.13).26  The protected hydroquinone starting material was preferred given the tendency of
hydroquinones to oxidise to corresponding benzoquinones under some conditions, while n-
butanol was used as the alcohol in this case, since it has been found that butoxymethylphenol
products were formed in higher yields than other alkoxy derivatives attempted.26 The reagents
were combined and heated overnight at 100°C, and produced the butoxy product 46 in
quantitative yield upon workup. Product formation was supported in the H NMR spectrum by
the absence of the aromatic proton resonance at 6.35 ppm and presence of a benzylic peak at
4.73 ppm, integrating to two protons. Also present were triplets at 3.56 and 0.93 ppm and
multiplets at 1.63 and 1.39 ppm, all attributable to the butoxy group. High resolution ESI mass
spectrometry gave a peak at m/z 303.1569, representing the [M+Na]* ion.

o)
O)K (CH,0),, n-BuOH, o
BuNH, AcOH, A 07N
-0
OH
OH 46 quant.
34

Scheme 3.13

The resulting product is valuable, due to the possible ability to form a wide range of
5,7,8-trimethyl chroman-2-ol compounds, depending on the alkene added in the next step. Since
3-methyl-3-buten-1-ol and 2-methyl-2-propen-1-ol contain unprotected alcohols, which were
thought to lead to undesirable side reactions,26 chroman formation using the acetate of
3-methyl-3-buten-1-ol with 46 was attempted. 3-Methylbut-3-enyl acetate 47 was synthesised
by the slow addition of acetic anhydride to 3-methyl-3-buten-1-0l in the presence of
triethylamine, and the product was formed in high yield after workup (Scheme 3.14).

Using the ester 47, solvent-free reaction with butoxymethyl compound 46 and
subsequent purification by column chromatography gave both the expected product 48 in good
yield and the hydrolysed alcohol 36, obtained previously via another method, as the minor
product (Scheme 3.14).26 The 'H NMR spectrum of the diacetate 48 supported product
formation, with the losses of butyl chain resonances and the benzyl resonance at 4.73 ppm

observed, as well as new pyran ring proton resonances at 2.62 ppm and 1.8 to 2.0 ppm. A new
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acetate proton peak at 2.04 ppm, integrated to three protons, was also present in the spectrum.

A high resolution ESI mass spectrum of 48 gave an [M+Na]* peak, at m/z 357.1674.

)k/\ Ao0, B )J\/\ i
OH B ok

47 89%

R \[(O O/\/\
© OH
46

~y° o L yr°
© o oo~ O 0 OH

48 50% 36 12%

Scheme 3.14

Since the unprotected alcohol 36 was formed in the reaction, we hypothesised that chroman
synthesis may be achieved using the unprotected alkenols 2-methyl-2-propen-1-ol and
3-methyl-3-buten-1-ol, despite literature suggesting otherwise,2¢ thus removing two synthetic
steps. Using the same method as in Scheme 3.14, neat reaction of butoxymethyl compound 46
and either 2-methyl-2-propen-1-ol or 3-methyl-3-buten-1-ol produced the expected alcohols 35
and 36 in quantitative and 69% yield, respectively (Scheme 3.15).26

Yﬁom iwﬁwm

35 x=1 quant.
36 x=2 69%

Scheme 3.15

Given the success of chroman formation using alkenol reagents, it was proposed that reaction of
a protected butoxymethyl hydroquinone with a wide range of alkenyl reagents would allow

installation of various functional groups off the C2 position of the chroman, using a simplified,
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general method, shown in Scheme 3.16. For the purposes of determining general viability of this
method, the group R! in the scheme below was first limited to a methyl group, however at a later
stage it was expected that the dimethylbutoxy derivative (where R! = H) would be required, to

allow further functionalisation off the C8 position of the chroman.

WO O/\/\ J\ R2
(e} + 2 3 > O
OH R R 0" °R?
R'l

R1

<,

46 R'=Me 49 R'=R?=Me, R®=CO,Me
97%

Scheme 3.16

Reaction of compound 46 and methyl methacrylate under solvent-free conditions resulted in the
formation of the chroman 49, in excellent yield (Scheme 3.16).26 Product formation was
supported by 1H NMR spectroscopy, with the absence of butyl resonances, as well as new peaks
corresponding to the pyran ring, and a singlet corresponding to the methyl ester at 3.66 ppm,
integrating to three protons. Formation of 49 was also supported by low resolution ESI mass
spectrometry, with major peaks at m/z 307.2 and m/z 329.2, corresponding to the [M+H]* and
[M+Na]* ions, respectively. Chroman 49 is also the acetate-protected methyl ester of Trolox™
(Figure 3.3). Simple hydrolysis of both esters would allow for an overall four-to-five step
synthesis of the commercially available compound, in good yield, compared to the original
literature 5-step synthesis with 66% overall yield.2s

Having shown that reaction with methyl methacrylate, an alkene containing an
electron-withdrawing group adjacent to the carbon-carbon double bond, was successful for
chroman formation, it was proposed that the deactivated phthalimide derivative of
3-methyl-3-buten-1-ol (51 in Scheme 3.17) may also be a worthwhile candidate for this method
of chroman formation, installing nitrogen functionality for subsequent Ca?+-chelating capability
as a derivative of BAPTA. Esterification of 3-methyl-3-buten-1-ol with p-toluenesulfonyl
chloride proceeded in the presence of 4-dimethylaminopyridine (DMAP) and triethylamine, and
the reaction, forming tosyl ester 50, was achieved in good yield (Scheme 3.17).

From ester 50, a substitution reaction using potassium phthalimide yielded the
phthalimide product 51 in high yield. Formation of the new product was supported by 'H NMR
spectroscopy, with the absence of the distinctive tosyl signals, as well as new resonances at 7.82

and 7.69 ppm attributable to the phthalimide aromatic protons.
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Scheme 3.17

While decomposition of the phthalimide 51 to form the resulting amine may be possible using
hydrazine hydrate in the second step of a Gabriel synthesis, it was decided that retaining the
deactivating phthalimide functionality would be advantageous, due to the decreased chance of
possible side reactions involving an amino group occurring. From 51, reaction with
butoxymethyl compound 46 in toluene was conducted in a sealed pressure tube (Scheme 3.17),
to give the phthalimide derivative 52 in 49% yield after purification by column
chromatography.26 Formation of compound 52 was supported by the absence of butyl chain
resonances in the proton NMR spectrum, as well as the presence of C3 and C4 proton resonances
of the newly formed chroman at 1.90 and 2.64 ppm, respectively. High resolution ESI mass
spectrometry also evinced formation of 52, with a major peak at m/z 444.1784, attributable to
the [M+Na]* ion expected for the molecular formula of C25H27NOs,

The validity of the butoxymethyl pathway for chroman synthesis relies on the ability of
butoxymethyl compounds such as 46 to react with various alkenes, and therefore install
numerous R-groups off the C2 position, thus allowing for easy functionalisation using readily
available and easily synthesisable starting materials (Scheme 3.16). It was noted that full
examination of this method could not occur without investigation of the reactivity of allyl
compounds such as allyl alcohol, devoid of a methyl group off the carbon-carbon double bond.

One advantage of using this class of compounds, should the synthesis be viable, would be that
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these allyl compounds tend to be more readily available and cheaper than the corresponding
methallyl analogues.

Neat reaction of butoxymethyl compound 46 with allyl alcohol produced notable
results (Scheme 3.18), with both the formation of the expected chroman 53 as a minor product
as well as allyloxy derivative 54 as the major isolable product.26 Chroman 53 was identified by
1H NMR spectroscopy, with multiplets at 2.69 and 1.82 ppm, attributable to the newly formed
pyran ring, while 54 was identified by the presence of peaks at 5.94, 5.32, and 5.26 ppm, with
distinctive splitting indicative of an allyl group. A benzyl resonance at 4.75 ppm was still
present, similar to the starting material, however resonances attributable to the butyl chain
were absent. Low resolution ESI mass spectrometry indicated the two products were isomers,

due to the presence of peaks attributable to a molecular mass of 264 daltons in both cases.

\H/O o/\/\
OH
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53 6% 54 35%
Scheme 3.18

The reason for the production of the allyl derivative 54, instead of the expected chroman, must
lie in the importance of the methyl group. Since the problem is likely to be electronic rather than
steric, as chroman synthesis favours the methyl derivative, it is hypothesised that the reaction
may proceed via a carbocation intermediate. In a proposed mechanism for both the production
of a chroman as well as the allyl isomer (Scheme 3.19), it is suggested that protonation of the
butoxy group and subsequent loss of butanol leads to intermediate 55a and its carbocation
canonical form 55b. Nucleophilic attack of 55a by an alkene can lead to a carbocation
intermediate, which would depend on the stability of the carbocation - in the case of methallyl
derivatives, tertiary carbocations would be formed, stabilising the intermediate, and allowing an

intramolecular reaction to proceed.
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Scheme 3.19

If the vinyl methyl group was not present, however, a much less stable secondary carbocation
would form via this mechanism, and it is likely that such an intermediate would not be stable
enough to ensure chroman formation - instead, if the reactant could act as a nucleophile, it
would attack 55a, leading to the allyl derivative. If the reactant could not act as a nucleophile, it
is possible that either the chroman or perhaps another product will form, even in the absence of
the methyl group. The proposed mechanism is supported by the presence of a peak of
m/z207.1 found in the low resolution mass spectrum of butoxymethyl compound 46,
attributable to either 55a or 55b, suggesting that such a carbocation would be stable under
these reaction conditions.

Given this hypothesis, by acetylating allylamine, the resulting deactivated acetamide
would likely have diminished nucleophilic capability, and may not follow the nucleophilic
reaction pathway in the same way as allyl alcohol. In order to first form the acetamide, reaction
of allylamine and acetic anhydride proceeded at 0°C (Scheme 3.20), and N-allylacetamide 56
was produced in excellent yield after fractional distillation at reduced pressure.2” Subsequent
solvent-free reaction of the acetamide with 46 at 150°C produced the unexpected product 57
with an unoptimised yield of 20%.26 The remainder of the reaction mixture contained one or

more unidentifiable byproducts missing allyl and benzyl protons by NMR spectroscopy.
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Formation of product 57 was supported by high resolution mass spectrometry, with a
peak at m/z 328.1524, attributable to the [M+Na]* ion. Formation was also supported by proton
NMR spectroscopy, with resonances attributable to the acetyl group at 2.04 ppm, as well as
peaks distinctive of the allyl group, at 5.80, 5.31, 5.23 and 3.86 ppm, complete with appropriate
splitting patterns. Interestingly, two broad singlets appeared in the NMR spectrum at 4.64 and

4.52 ppm, attributable to the two benzyl protons.
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Scheme 3.20

Temperature-dependent proton NMR studies have shown that with an increase in temperature
from -20°C to 30°C, the benzyl proton resonances broaden from an AB quartet to two broad
singlets (Figure 3.4 overleaf), indicating some rigidity in the structure of 57 at lower
temperatures.

The formation of the allylacetamide compound 57, despite the reduced nucleophilic
character of the nitrogen atom of acetamide 56, indicates that even slight nucleophilic character
of the reactant renders the allyl product pathway more favourable than chroman formation
(Scheme 3.19). Future studies examining the behaviour of non-heteroatom allyl derivatives may
provide further insight into the behaviour of these alkenes under the above conditions.

While reaction of alkenes with the trimethylbutoxy compound 46 have provided
insight into the mechanism of chroman formation via this route, ultimately the aim of this
synthetic pathway would be to improve yields of chromans with an aromatic proton at the C8
position. Following a similar method as for the synthesis of 46, reaction of mono-protected
dimethylhydroquinone 39 with paraformaldehyde and butanol in the presence of acetic acid and
dibutylamine at 100°C gave both the mono-alkylated and bis-alkylated products 58 and 59, as

well as recovered starting material (Scheme 3.21).26
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Figure 3.4 300 MHz variable temperature 'H NMR spectra of 57 in CDCl3 showing
temperature-dependent behaviour. * Denotes residual solvent peaks.
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During optimisation of this reaction, it became clear that the mono-alkylated product was most
favourably formed when reaction occurred under dilute conditions. Formation of the desired
product 58 was supported by high resolution ESI mass spectrometry, with a majors peaks at
m/z 284.1857 and m/z 305.1149, attributable to the [M+NH4]* and [M+K]* species, respectively.
A peak was also present at m/z265.2 in the negative low resolution mass spectrum,
corresponding to the [M-H]-ion. Proton NMR spectroscopy supported mono-alkylation, with an
aromatic proton resonance at 6.60 ppm, integrating to one proton, as well as a benzyl peak at
4.74 ppm and butyl resonances integrating to the appropriate number of protons. Formation of
the isolated bis-alkylated product 59 was supported by high resolution ESI mass spectrometry,
with a major peak at m/z 375.2144, corresponding to [M+Na]*, and a peak in the low resolution
negative spectrum of m/z 351.3, attributable to [M-H]-.

Since a series of chromans with an aromatic proton at the C8 position were required,
chroman synthesis was attempted using the dimethylbutoxy compound 58 using the same
method as for the trimethyl derivative. Neat reaction of 58 with both 2-methyl-2-propen-1-ol
and 3-methyl-3-buten-1-ol at 150°C gave previously synthesised chromans 40 and 41, with
yields of 67% and 31%, respectively (Scheme 3.22).26 Proton NMR spectra of both compounds
matched those obtained from previous syntheses, however the absence of butyl chain

resonances in both cases also supported complete conversion using this method.
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Scheme 3.22

Additionally synthesised using the above method was phthalimide product 60, albeit in low
yield (Scheme 3.23).26 Butoxymethyl compound 58 and phthalimide 51 were dissolved in
toluene, and heated to 150°C in a pressure tube. After cooling and distillation of the excess
solvent, the crude product was purified by column chromatography to give pure 60, with an
unoptimised yield of 10% (12% recovered yield). The reaction proved to be inefficient, with
more starting material recovered than product isolated. This is likely to be due to the presence
of the toluene required to solvate the reaction; further reaction optimisation may require the

investigation of neat reaction to form chroman 60.
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Product formation was supported by the absence of butyl chain signals in the 1H NMR spectrum,
as well as peaks at 4.72 and 4.66 ppm, attributable to the vinyl protons of the alkene starting
material. Proton resonances attributable to the newly formed pyran ring were present, as well
as a carbon signal at 74.3 ppm, supporting the presence of the quaternary C2 carbon in the
product. High resolution ESI mass spectrometry also supported formation of the phthalimide
product, with a peak at m/z 425.2072, representative of a [M+NH4]* ion.

By comparing the yields of chromans 35, 36, 40 and 41 (Table 3.1), using both
one-step and two-step (via the butoxymethyl derivative) methods (Scheme 3.24), it can be seen
that while the trimethyl products 35 and 36 formed from 34 were produced in equal or higher
yields by the single-step method by Fukumoto et al.?° the dimethyl products 40 and 41 were
formed in better yields from 39 when synthesised via the butoxymethyl method by Monoe et
al?26  This could be due to the ability to control the mono-alkylation of the protected

hydroquinone more carefully than in the one-pot method, using dilution effects.

i /ﬂ$7
OH
OJ\ X @)
x=1,2 Y
- B o OH
1-2 steps o) ”
R
H

R
o 35 R=CHg, x = 1
34 R=CH, 36 R=CHg x=2
39 R=H 40 R=H, x=1
41 R=H,x=2
Scheme 3.24
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Table 3.1 Comparison of yields obtained using two methods, from mono-protected di- and
trimethylhydroquinone (34 and 39).

Direct Butoxymethyl
35 quant. quant.
36 78% 69%
40 27% 36%
41 6% 16%

3.4 Chromanol synthesis via a bromination pathway

Despite the improved yields of chromans 40 and 41 via the butoxymethyl method,
there was still a need for a more efficient method of forming chromans with the option of
functionalising at the C8 position later. We hypothesised that “blocking” one aromatic position
of the hydroquinone starting material with bromine (i.e. 61) and subsequently alkylating using
the conditions described herein should give a series of bromochromans in relatively high yield
(Scheme 3.25). It was envisaged that these chromans would be able to be further functionalised

at the C8 position if by nothing more than reducing the bromide out using nickel boride or

0]
O)J\ (CH,0),, Bu,NH, o
S .= T
R 0" "R
Br

Scheme 3.25

similar reagents.

Br

From 38, two attempts were made to synthesise the bis-protected, brominated hydroquinone
62 (Scheme 3.26), which could be deprotected at a later stage for use in chroman synthesis. One
method involved the dropwise addition of a solution of bromine in glacial acetic acid to a
solution of starting material 38 in acetic acid followed by removal of the solvent by rotary
evaporation.28 The second method involved stirring the bis-protected hydroquinone 38 and
ferric bromide in chloroform, with bromine added dropwise on ice, before warming to room

temperature. The reaction was monitored by thin layer chromatography until the starting
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material had appeared to be consumed, with subsequent workup.2? In both cases, the doubly
brominated, mono-protected compound 63 was formed, with some starting material recovered,
but 62 was not isolated.

Formation of the undesired product 63 was supported, amongst others, by negative
high resolution ESI mass spectrometry, with [M-H]- peaks at m/z 334.8925, m/z 336.8904 and
m/z 338.8885, in the expected isotopic pattern for a compound containing two bromine atoms.
[t is hypothesised that bromination of the fully protected hydroquinone failed because the ortho
acetate group deactivates electrophilic aromatic substitution, while the combined steric bulk of
the acetate and methyl groups may hinder reaction with bromine. The actual product was likely
to have formed due to eventual deprotection of some of the starting material, which would then
be subjected to a large excess of bromine in solution, thus leading to the doubly brominated
species. Reduction of 63 using a nickel boride method was performed to give previously
synthesised mono-protected hydroquinone 39 (Scheme 3.26).30 Pure product was obtained in

excellent yield, thereby allowing use of the compound for further applications.

(@] O
O
0" 0" IS
Br,, AcOH, 6% 0
or
+
Br Bry, FeBrs,
0O 0O CHC|3, 25% Br Br
g b OH
62 38
NiCl,.6H,0, NaBH,,
MeOH, THF
O
Ok
OH
39 97%

Scheme 3.26

Given that the synthesis of 62 from the bromination of bis-acetylated 38 had been unsuccessful,
bromination @ of the  unprotected hydroquinone was  attempted. From

2,6-dimethylhydroquinone, following the literature, treatment with bromine in glacial acetic
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anhydride gave the brominated product 64 in 72% yield (Scheme 3.27),28 and formation of the
product was evinced by negative low resolution mass spectrometry, with a bromine isotopic
pattern at m/z214.9 and 216.9, attributable to the [M-H]- ion. The 'H NMR spectrum also
supported product formation, with two inequivalent peaks corresponding at the aromatic
methyl groups at 2.15 and 1.98 ppm, integrating to three protons each, as well as a lone aromatic
proton signal at 6.45 ppm, integrating only one proton. Subsequent acetylation of 64 with acetic
anhydride in the presence of triethylamine gave the diacetate product 62 in high yield (Scheme
3.27).

From bis-acetylated compound 62, selective deprotection proceeded by the addition of
sodium dithionite and aqueous potassium carbonate to give mono-acetylated bromo compound
61 in 80% yield (Scheme 3.27).2t Formation of the bromo compound was supported by negative
high resolution ESI mass spectrometry, with major peaks at m/z 256.9820 and m/z 258.9800, in
the expected isotopic ratio for bromine, attributable to the [M-H]-ion. Proton NMR spectroscopy
also supported formation of 61, with inequivalent aromatic methyl peaks at 2.21 and 2.08 ppm,
integrating to three protons each, and a singlet at 6.74 ppm integrating to one proton, indicating

a lone aromatic proton.

):o

OH OH O
Brz, AcOH ACzo, Et3N
—_— > B
Br Br
OH OH OWK
37 64 72% o
62 82%
2 steps, 98% N828204, K2C03, 47% over
MeOH, H,0, A, 80% 3 steps
O (@]
Ok Br,, AcOH, quant. Ok
g >
Br,, FeBrj,
CHCI;, 90% Br
OH OH
98% over 3 steps
39 61
Scheme 3.27
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Since mono-protected hydroquinone 39 had already successfully been synthesised in excellent
yield, bromination of this compound to form 61 was also attempted. Methods previously used in
the attempted aromatic bromination of 38 (Scheme 3.26) - dropwise addition of a solution of
bromine in acetic acid; reaction with bromine in the presence of ferric bromide - were
employed, as shown in Scheme 3.27.2829 In both cases, a high yield of the expected product was
isolated. It is believed that the bromination of the mono-protected hydroquinone 39 proceeded
in higher yields than both the unprotected (37) and bis-protected (38) derivatives due to the
presence of both the unprotected phenol group, which allows promotion of the electrophilic
aromatic substitution, as well as the presence of an acetate protecting group preventing the
formation of benzoquinone derivatives. Overall, the three-step synthesis of 61 from 37
proceeded in a higher yield via mono-protected hydroquinone 39 (98%) than via bromo
compounds 64 and 62 (47%).

X-ray crystallography of 61 (Figure 3.5 and Figure 3.6) shows the intermolecular
hydrogen bonding of the structure, which exists in a monoclinic crystal system with space group
P2;/c. Crystals of 61 suitable for analysis were grown by vapor diffusion from chloroform and

hexane.

Figure 3.5 Molecular diagram of 61 as shown with 50% thermal ellipsoids and hydrogen
atoms as spheres of arbitrary size.
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Figure 3.6 Looking down the a axis of 61. The packing system is a result of hydrogen
bonding (03 to H1 distance: 1.985 A), giving a herringbone pattern down the a axis.

From mono-acetylated bromo compound 61, chroman formation under standard conditions
gave bromo chroman compounds 65 and 66, in 79% and 99% yield, respectively (Scheme 3.28).
Formation of both products were supported by the usual 1H NMR resonances attributable to
chroman formation, especially the distinctive C3/C4 splitting patterns at around 1.8 ppm and
2.6 ppm, as well as the absence of the aromatic proton signal at 6.74 ppm in the starting
material. High resolution mass spectrometry also supported formation of 65, with [M+NH4]*
ions peaks at m/z 360.0807 and m/z 362.0788 in the expected isotopic pattern. The formation
of 66 was similarly discerned, with major peaks at m/z357.0693 and m/z359.0674,

corresponding to the [M+H]* ions.

0
A
0 OH =\[(o
O
H

(CH,0),, BuyNH, (@) XOH
Br AcOH, A Br
@) 65 x=1 79%
61 66 x =2 99%

Scheme 3.28
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Several attempts were made to debrominate 65 to produce chroman 40 (Scheme 3.29).
Methods of Kiehlmann3?, lithiation32 or nickel boride reduction3? failed to give much in the way
of moderate to high yield. In each case, the reaction was difficult to monitor by thin layer

chromatography, due to the very similar polarities of the two compounds.

N32803, MeOH, Hzo

o) or o
b -y

OH
O t-BuLi, THF o OH
Br or < 20% conv. 40
65 NiCl,.6H,0, NaBH,, [ by NMR
MeOH, THF
Scheme 3.29

Debromination was eventually achieved through hydrogenation in the presence of 10%
palladium on charcoal and triethylamine (Scheme 3.30).33 Chroman 65 was stirred for four days
under these conditions and after workup and the crude product was passed through a silica plug
(ethyl acetate), to obtain 40 in quantitative yield. Chroman 41 was similarly synthesised from

the bromo precursor 66, in 76% yield.

H,, 10% Pd/C

j)(o Et;N, MeOH YO

OH

\

o OH
O X o .
Br
65 x=1 40 x =1 quant.
66 x=2 41 x=2 76%
Scheme 3.30

Using the established protocol for forming chromans using the bromination method, various
R-groups at the C2 and C8 positions could be theoretically installed to give a wide range of
targets. Given this ability, targets A and B were envisaged, mimicking the Ca2*-encapsulating

cavity of BAPTA (shown in green in Scheme 3.31).
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3.5 Methods towards the synthesis of target A

With the synthetic plan in Scheme 3.31 in mind and with brominated chroman 65 in
hand, attempts were made to install amine functionality in the 2-position of the chroman.
Firstly, reaction of chroman 65 with p-toluenesulfonyl chloride gave the tosyl ester 67 in
quantitative yield (Scheme 5.2). Formation of the ester was supported by high resolution ESI
mass spectrometry, with an [M+Na]+ peak at m/z519.0444, as well as 'H NMR signals at
8.80/7.33 ppm and 2.44 ppm attributable to the new aromatic and methyl protons, respectively,
in addition to a downfield shift of AB system resonances from 3.64/3.58 ppm to 4.03/3.92 ppm
corresponding to the methylene protons adjacent to the tosyl group.

Attempted substitution reactions of 67 with potassium phthalimide in
dimethylformamide did not yield the phthalimide product 68 shown in Scheme 3.32, despite
attempted optimisation of reaction conditions. It was proposed that the reaction did not
proceed due to the steric hindrance of the bulky tosyl group in close proximity to the quaternary
C2 carbon position, a factor that has plagued other research within our group. Alternatively, the
attempted formation of 69 by the substitution of the tosylate with an azide group - a smaller

nucleophile with less steric bulk - was unsuccessful under varied conditions (Scheme 3.32).
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Scheme 3.32

To overcome the steric problem of substitution of the tosyl ester, it was therefore proposed that
chroman formation using deactivated phthalimide 71 (in Scheme 3.33) may be a worthwhile
candidate pathway to forming phthalimide 68. The phthalimide methallyl precursor was
synthesised in 2 steps (Scheme 3.33). Formation of the tosyl ester 70 of 2-methyl-2-propen-1-ol
was attempted from the starting alcohol and p-toluenesulfonyl chloride, using a catalytic
combination of triethylamine and 4-dimethylaminopyridine, however this only gave a negligible

conversion to the expected tosyl ester 70, as indicated by 'H NMR spectroscopy.

TsCl, MesN.HCI, k o o)
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Scheme 3.33

115



CHAPTER THREE - Chromanol Synthetic Methods

An alternative synthesis using trimethylamine hydrochloride and triethylamine as catalytic
agents for the esterification proceeded from 2-methyl-2-propen-1-ol to give 70 in 64% yield
(Scheme 3.33),34 with product formation supported by a mass spectrometry peak at m/z 249.0,
indicating the [M+Na]* ion, as well as the AB system in the 'H NMR spectrum at 7.78 and
7.33 ppm attributable to the new tosyl group protons, indicating that esterification had taken
place. The esterification of the alcohol with p-toluenesulfonyl chloride was catalysed by
trimethylamine formed in situ from trimethylamine hydrochloride and triethylamine. As
triethylamine is a stronger base than trimethylamine, the equilibrium of Scheme 3.34 lies to the
right, driving the formation of trimethylamine and triethylamine hydrochloride. Once formed,
trimethylamine reacts with p-toluenesulfonyl chloride to form the sulfoniumammonium salt
adduct, which may react readily with 2-methyl-2-propen-1-ol to form ester 70, regenerating

methylamine hydrochloride (Scheme 3.35).34

MesN.HCI + Et;N  =— MesN  + EtzN.HCI

Scheme 3.34

EtsN Et;N.HCI

Me3N

TsCl

MesN.HCl  TsN*Me,CI-

)J\/OH )L/OTS
70

Scheme 3.3534

From the ester 70, substitution using potassium phthalimide in dimethylformamide gave the
phthalimide product 71 in 95% yield (Scheme 3.33). Formation of 71 was supported by tH NMR
spectroscopy, with the absence of resonances at 7.78, 7.33 and 2.44 ppm, attributable to the
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tosyl protons, and new complex multiplets at 7.84 and 7.73 ppm representing the new
phthalimide group.

Attempted reaction of brominated hydroquinone 61, methallyl phthalimide 71 and
paraformaldehyde in the presence of acetic acid and dibutylamine did not give the expected
product 68 (Scheme 3.36), however thin layer chromatography indicated that the bromo
starting material 61 had been consumed. A similar reaction between previously synthesised

phthalimide 51 and 61 to form 72 was also attempted, however the same problem arose.

(0]
OJ\ O (CH,0)y, AcOH, o o
Bu,NH, A Y
+ >
Ay © N
X O X
Br O Br O
OH 71 x=1 68 x =1
61 51 x=2 72 x=2
Scheme 3.36

In both cases, 1H NMR spectroscopy of the crude reaction mixture showed an absence of the
aromatic proton resonance at 6.74 ppm, indicating consumption of 61, however ESI mass
spectrometry showed neither of the expected products. Instead, strong peaks occurred in both
mass spectra at m/z 400.0 and m/z 402.0, with the characteristic isotopic pattern of a compound
containing a single bromine. Given the common mass formed from the attempted reaction of 61
with different phthalimide alkene substrates, it was hypothesised that the product resulted from
a side reaction of the brominated hydroquinone either with itself or with the paraformaldehyde.
The formation of expected products in the case of reaction with 2-methyl-2-propen-1-ol and
3-methyl-3-buten-1-ol, as well as the absence of the mass spectrum peaks at m/z400 and
m/z 402 in these reactions suggest that the phthalimide may play a promoting role in the side
reaction without acting as a reactant itself.

Alternatively, it was proposed that the alkyl amine of the target could be installed via
acetamide-containing alkenes. Like a phthalimide protecting group, an acetamide deactivates
the nitrogen and may be readily removed at a later point in time. Alkenes 73 and 74 were
synthesised from their corresponding phthalimide compounds 71 and 51 (Scheme 3.37) by
firstly decomposing the phthalimide groups using hydrazine hydrate to form the primary
amines, followed by acetylation using acetic anhydride in the presence of triethylamine. In both

cases, the desired acetamide was synthesised in low yield after two steps.

117



CHAPTER THREE - Chromanol Synthetic Methods

y

(@) 1. N2H4.XH20, H
EtOH, THF %N
)LMN X \H/

2. ACZO, Et3N

X (0]
(0]
71 x=1 73 x=1 22%
51 x=2 74 x=2 13%

(@]
Ok
(CH,0),, AcOH,

Bu,NH, A
Br

OH
61

0]
¥ :
0 ad
Br (0]
75 x =
76 x=2

Scheme 3.37

Formation of acetamide 73 was supported by mass spectrometry, with major peaks at
m/z 114.1 and 136.1, corresponding to the [M+H]* and [M+Na]* ions. In the 1H NMR spectrum,
evidence of the conversion included the loss of aromatic proton multiplets at 7.86 and 7.74 ppm,
presence of an acetamide methyl proton peak at 1.97 ppm, as well as an upfield shift of the
methylene proton peak from a singlet at 4.22 ppm to a doublet at 3.74 ppm. Formation of
acetamide 74 was similarly supported, with major mass spectrum peaks at m/z 128.1 and 150.1,
corresponding to the [M+H]* and [M+Na]* ions. The 'HNMR spectrum displayed a new
acetamide peak at 1.92 ppm, as well as upfield shifts of the ethylene proton triplets from
3.80 and 2.39 ppm to 3.32 and 2.17 ppm, respectively.

From the newly formed alkenes, reaction with mono-protected bromo hydroquinone 61,
paraformaldehyde, dibutylamine and acetic anhydride both solvent free and in toluene did not
produce the expected products 75 and 76 (Scheme 3.37). In both cases, peaks in the mass
spectra corresponding to the expected products appeared in the crude mixture, however

attempts at purification isolated neither 75 nor 76.
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Functionalisation of the C2 chain was alternatively attempted by derivatisation of
alcohol 66. Attempted esterification using two equivalents of p-toluenesulfonyl chloride in
dichloromethane with an excess of triethylamine and a catalytic amount of
4-dimethylaminopyridine yielded the unexpected doubly tosylated compound 77 after
purification, in 73% yield (Scheme 3.38). Monitoring by thin layer chromatography had shown
complete consumption of both starting materials, which was unexpected due to the excess of
p-toluenesulfonyl chloride added. Formation of the undesired product was supported by peaks
in the high resolution mass spectrum at m/z 645.0592 and 647.0568, in an isotopic pattern
typical of a molecule with one bromine, attributable to the [M+Na]* ion. Proton NMR
spectroscopy also supported tosylation at two positions, with the presence of four aromatic
proton doublets in the *H NMR spectrum, all integrating to two protons, as well as two new
aromatic methyl proton resonances at 2.46 and 2.42 ppm and the absence of an acetate proton

resonance around 2.3 ppm.
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Br 0
77 73% 72 76%

Scheme 3.38

It was hypothesised that the addition of an excess of base to the reaction may have promoted the
cleavage of the acetate protecting group, leading to a free phenol, which would then react with
the excess of p-toluenesulfonyl chloride to form the product 77. Another reaction was
attempted, this time with only 1.2 equivalents of both the p-toluenesulfonyl chloride and
triethylamine and a smaller proportion of 4-dimethylaminopyridine, and the reaction was

monitored frequently by thin layer chromatography, which appeared to show formation of 77
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once again, however on completion of the reaction and purification by column chromatography,
the expected product 78 was isolated in 82% yield. Esterification at only one position was
supported by the presence of only two aromatic proton doublets in the 1H NMR spectrum, at
7.78 and 7.31 ppm, as well as retention of the acetate peak at 2.33 ppm. High resolution mass
spectrometry also supported formation of the expected product, with major peaks at
m/z 533.0602 and 535.0582, attributed to the [M+Na]* ion, in an isotopic pattern appropriate
for one bromine.

From ester 78, a substitution reaction using potassium phthalimide in the
dimethylformamide gave the desired phthalimide product 72 (Scheme 3.38) in 76% yield.
Complete substitution was supported by H NMR spectroscopy, with the absence of aromatic
proton resonances at 7.78 and 7.31 ppm and aromatic methyl peak at 2.43 ppm, and the
presence of new multiplets at 7.82 and 7.69 ppm. High resolution mass spectrometry also
supported product formation, with major [M+Na]+ peaks at m/z 533.0602 and 535.0582, with an
isotopic pattern expected for one bromine.

From compound 72, it is anticipated that oxidation of the aryl bromine, Williamson
ether synthesis and subsequent deprotection and alkylation of the nitrogens would give target

79 in approximately four steps, as shown in Scheme 3.39.

72

€ ---------- -

Scheme 3.39
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3.6 Methods towards the synthesis of target B

In order to achieve the synthesis of target B, it was envisaged that alkylation of the
alcohol would first be necessary to deactivate that portion of the compound, followed by
nitration of the C8 carbon and subsequent functionalisation. A phthalimide group was deemed
to be the best way to install the desired functionality, not only because decomposition of this
group with form the amine required in later steps, but also because the group should be
unreactive to nitrating conditions.

Firstly, the phthalimido alkyl precursor 80 was prepared from 2-chloroethanol.
Substitution using potassium phthalimide in dimethylformamide produced 80 in 93% yield after
workup (Scheme 3.40). From 80, esterification using p-toluenesulfonyl chloride in the presence
of triethylamine and 4-dimethylaminopyridine gave the ester 81 in 39% yield. Successful
esterification was supported by new 'H NMR spectroscopy resonances at 7.67 and 7.14 ppm
with an AA’XX’ splitting pattern attributable to new aromatic protons, as well as a new aromatic
methyl resonance at 2.30 ppm and an observed downfield shift of methylene protons adjacent
to the ester. Formation of 81 was also supported by a peak in the low resolution ESI at

m/z 368.1, corresponding to the [M+Na]* ion.

KPhth, TsCl, DMAP, o
DMF, A HO\/\ Et3N CH2C|2 W /O\/\
80 93% 81 39%
Scheme 3.40

With compound 81 in hand, the etherification to form alkylated chromans 82 and 83 was
attempted. Three different methods were attempted for the etherification of ester 81 with
chromans 40 and 41 (Scheme 3.41). Firstly, reaction of each chroman with 81 in the presence
of bulky bases 1,4-diazabicyclo[2.2.2]octane (DABCO) and 1,8-diazabicycloundec-7-ene (DBU)
was attempted.35> A second method involved the use of potassium tert-butoxide in tert-butanol3é
and a third, use of sodium hydride in dry THF, was also attempted, in order to determine if a
nucleophilic base would work, despite the likelihood of deacetylation. In each case none of the
expected product was observed by mass spectrometry, and in the case of the sodium hydride,
some evidence of deacetylation was observed in the mass spectrum, as expected for the use of a

nucleophilic base.
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Based on the assumption that once again steric problems were involved, specifically that the
electrophile 81 was too bulky for the desired reactions to succeed, chloro derivative 85 was
synthesised in two steps (Scheme 3.42). Firstly, from 2-chloroethanol, esterification using
p-toluenesulfonyl chloride in the presence of 4-dimethylaminopyridine and triethylamine was
performed, giving 84 in 80% yield, without the need for further purification. The product was
identified by new AX signals in the 1H NMR spectrumat 7.78 and 7.35 ppm and a new methyl
peak at 2.43 ppm integrating to three protons, as well as a downfield shift of one of the
methylene proton peaks from ~3.8 to 4.22 ppm. Low resolution mass spectrometry (ESI) also

supported formation of 84, with an [M+Na]* ion peak at m/z 257.1.

TsCl, DMAP, KPhth, 0
Et,N, CH,CI o) DMF, A Cl
HO\/\CI 3 2 \ /©/ \/\N
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Scheme 3.42

From the ester, substitution with potassium phthalimide in dimethylformamide produced the
phthalimide 85 in 69% yield (Scheme 3.42). None of the product resulting from the substitution
of the chloride was observed spectroscopically, indicating that tosylate was a much better
leaving group than the chloride. Total conversion the product 85 was supported primarily by
the absence of distinctive aromatic peaks at 7.78 and 7.35 ppm in the tH NMR spectrum, as well

as the absence of the aromatic methyl peak at 2.42 ppm. An upfield shift of one methylene
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proton peak was also observed, from 4.22 ppm to 4.04 ppm, consistent with the conversion of
the tosyl ester to the phthalimide.

The newly formed chloro compound 85 was used as a means of forming compound 82
on reaction with chroman 40 (Scheme 3.43). Attempted reaction of the two starting materials in
the presence of DABCO and DBUS35 yielded none of the expected product, despite a new major
spot being observed by thin layer chromatography, and a similar result was observed on
attempted reaction of 40 and 85 using sodium hydride as the base, with no peak in the mass

spectrum observed even for the deacetylated product of etherification.
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Scheme 3.43

At this point, an obvious alternative to the etherification of a previously formed chroman was to
synthesise an alkene with the desired side chain already present, for reaction with bromo
compound 61 to form a chroman with the required functionality off the C2 position (shown

generally in Scheme 3.44).
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In order to proceed with the synthetic route shown generally in Scheme 3.44, several attempts

to form an appropriate functionalised ether were performed. Reaction of
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2-methyl-2-propen-1-ol with two equivalents of sodium hydride to form the sodium alkoxide,
followed by the addition of chloro compound 85 (Scheme 3.45),37 did not form the expected
ether 86, rather N-vinylphthalimide (88), a byproduct formed from the elimination of
hydrochloric acid from 85. Similarly, reaction of 3-methyl-3-buten-1-ol with two equivalents of
sodium hydride and phthalimide 85 yielded N-vinylphthalimide 88 instead of the expected
longer chain ether 87 (Scheme 3.45). Both times, the elimination is expected to have occurred
due to the excess of sodium hydride used. Formation of undesired product 88 was supported by
low resolution ESI mass spectrometry, with a major peak at m/z 174.0 corresponding to the
[M+H]* ion, as well as a distinctive AMX splitting pattern in the *H NMR spectrum at 6.87, 6.08
and 5.04 ppm, attributable to the vinyl protons. Repeating both experiments using 1.1

equivalents of sodium hydride,37 as well as potassium tert-butoxide in tert-butanol,36 recovered

o)
)L(vyxo\/\ N
o)

only starting material phthalimide 85 (Scheme 3.45).

1.1 eq. NaH, THF, A

(0 or
Cl t-BuOK, t-BuOH, A
)L(\/TOH + N
X
0]
85

\J

86 x=1
87 x=2
2.0 eq. NaH, (85 recovered)
THF, A
O
Z N
O
88
when x=1 19%
x=2 29%

Scheme 3.45

In an alternative method towards the formation of ether 86, attempted reaction of tosyl ester 70
with alcohol 80 in the presence of either sodium hydride in dry tetrahydrofuran or potassium
tert-butoxide in tert-butanol did not yield the expected product, instead undergoing a side

reaction to form previously synthesised phthalimide 71 (Scheme 3.46).3637
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NaH, THF, A
Ao g L e O
O. t-BuOK, t-BuOH, A )k/
//S// . HO\/\N u u _ O\/\N
AON
(0] (0]
70 80 86
NaH, THF, A, 13%
or
t-BuOK, t-BuOH, A, 24%
(@)
A
(0]
71
Scheme 3.46

Given that an alcohol should be more likely than an alkyl chain to deprotonate - although the
phthalimide may play a promoting part - it is hypothesised that alcohol 80, on deprotonation,
undergoes a side reaction to eliminate a phthalimide anion, which may attack ester 70 to form

71 (Scheme 3.47).

O O
HO oL
~ N NaH O A ]
0] @) @)
80

Scheme 3.47
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Given that all attempts form to form a methallyl ether with an installed phthalimide group had
failed, formation of an acetamide methallyl ether was attempted instead. Reaction of ester 70
with commercially available N-(2-hydroxyethyl)acetamide and sodium hydride in dry
tetrahydrofuran formed the expected ether 89 in 36% yield after purification (Scheme 3.48).37
Formation of 89 was supported by high resolution mass spectrometry, with a [M+H]* peak at
m/z 158.1176. Proton and carbon NMR spectroscopy both also supported product formation,
with the absence of resonances attributable to the tosyl group of 70, as well as an upfield shift of

the methylene resonance of ester 70 from 4.42 to 3.85 ppm.

O
70 89 36%

)k/o » N NaH, THF, A Q
\S + /\/ ) ) )J\/O
g \©\ HO j( —_— \/\Hk

(CH,0),, BuoNH,

O
oI
H

AcOH, A
Br
(@]
61
Y
(@)
D .
0] o O\/\Nk
Br H
90 27%

Scheme 3.48

From ether 89, reaction with phenol 61 and paraformaldehyde in the presence of acetic acid and
dibutylamine?0 produced the chroman 90 in 27% yield after purification by column
chromatography. The ether 89 was used as the limiting reagent in this reaction because excess
61 was easier to remove by chromatography. Product formation was supported by the absence
of the aromatic proton and vinyl proton peaks at around 6.74, 4.91 and 4.87 ppm, as well as the
presence of the distinctive triplet at 2.65 ppm, indicative of the C4 protons of the chroman. High
resolution ESI mass spectrometry also supported the formation of 90, with peaks at
m/z428.1072 and m/z 430.1055 in a typical single bromine isotopic pattern, corresponding to
the [M+H]* adduct.
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With compound 90 in hand, it is anticipated that conversion of the aryl bromine to an
aniline, hydrolysis of the acetate and acetamide groups and subsequent alkylation of the

nitrogens would give target B (91), as shown in Scheme 3.49.

Br NH,
90
V!
Y
HO
o)
N o)
L Lo
0" So0” 0 N
) Ko o)
oj A
91 (B)
Scheme 3.49

3.7 Conclusion

In summary, we have explored various methods of chroman synthesis, introducing
varied functionality off the C2 position, whilst allowing functionalisation at the C8 position.
Synthesis of mono-protected tri- and dimethylhydroquinone allowed reaction with
paraformaldehyde and various alkenes to form a variety of chromans functionalised at the C2
position. Chroman synthesis was also achieved via reaction of various alkenes with
butoxymethyl intermediates, offering a slight increase in overall yields of 2,5,7-trimethyl
chromans compared to the one-step reaction in each case.

Given the low yields of expected chromans obtained by reaction with mono-acetylated
dimethylhydroquinone 39, brominated analogue 61 was synthesised, allowing reaction with
paraformaldehyde and various alkenes in a manner and yields similar to trimethylhydroquinone

derivatives, however retaining the ability for further functionalisation at the C8 position. Bromo
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chromans were synthesised in high yields and subsequently were successfully debrominated
under reductive conditions to give C8-unsubstituted chromans.

At this point, two pathways towards the synthesis of vitamin E/BAPTA hybrids were
envisaged. The first pathway, towards the synthesis of target A, involved attempts to install
nitrogen functionality on the C2 chain by synthesising phthalimide intermediate 68. While
efforts to synthesise the desired intermediate - as well as acetamide derivatives - failed, the
longer chained analogue 72 was successfully produced from bromo chroman 66. It is expected
that target A may be formed in approximately four steps from 72.

The second pathway involved efforts towards the synthesis of target B. Several failed
attempts were made to form phthalamidyl-functionalised C2 chains via etherification with
chromans, thus it was alternatively hypothesised that the desired functionality could be installed
by reacting functionalised alkenes with bromo intermediate 61. Attempts to form phthalimidyl
alkenes using etherification reactions all failed, often producing undesired byproducts, however
acetamide 89 was successfully synthesised, allowing reaction with bromo intermediate 61 to

form chroman 90, which contained the desired backbone for future formation of target B (91).

3.8 Experimental details

Synthesis of 2,3,5-trimethyl-1,4-phenylene diacetate - 33:

Oj)\ Trimethylhydroquinone (3.00 g, 19.7 mmol) was stirred in Ac;O (7 mL) at room
temperature, and Etz:N (2 mL) was added, turning the cloudy suspension to clear
yellow solution. The reaction mixture was stirred overnight. On completion, water
(40 mL) was added, and a pale yellow precipitate formed. The solid was filtered,

)
7]/ washed with water and dried over vacuum to give 33 (4.34 g, 93%), a cream solid.
)

1H NMR (300 MHz, CDCI3) &: 6.76, s, 1H, Ar-H; 2.33, s, 3H, -OCO-CH3; 2.30, s, 3H, -OCO-CHs; 2.12,
s, 3H, Ar-CHsz; 2.07, s, 3H, Ar-CHs3; 2.06, s, 3H, Ar-CHs. 133C NMR (75 MHz, CDCl3) 8: 169.5 (C=0),
168.9 (€=0), 146.6, 145.9, 130.3, 128.4, 127.5, 121.3, 20.8, 20.5, 16.3, 13.2, 12.9. MS (ESI, +ve):
m/z 259.1 [M+Na]*. HRMS (ESI, +ve): m/z 237.1124 [M+H]*, C13H1604 required m/z 237.1121;
m/z 259.0943 [M+Na]*, Ci3H1604 required m/z259.0941. MP: 107.2-108.2°C (Literatures3s:
109-110°C).
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Synthesis of 4-hydroxy-2,3,6-trimethylphenyl acetate - 34:

O Adapted from Snuparek et al.2! Diacetate 33 (1.00 g, 4.23 mmol) was dissolved in
OJ\ hot MeOH (4.5 mL), and Na;S;04 (55 mg, 0.32 mmol) and a solution of K,CO3
(155 mg, 1.12 mmol) in water (6 mL) were added slowly. The reaction was heated

at 40°C for 1 h, then cooled to room temperature and allowed to stir overnight.

OH Upon addition of 6 mL of cold (5°C) water the product precipitated, and was then
filtered, washed with cold water and dried over vacuum to give 34 (794 mg, 97%), as a cream

powder.

1H NMR (300 MHz, CDCI3) 8: 6.35, s, 1H, Ar-H; 5.28, s, 1H, Ar-OH; 2.34, s, 3H, -0CO-CH3; 2.08, s,
3H, Ar-CHs; 2.04, s, 3H, Ar-CH3; 2.03, s, 3H, Ar-CHz. 13CNMR (75 MHz, CDCl;3) 6: 170.3 (C=0),
151.4,141.6,129.6,127.4,121.6, 114.7, 20.6, 16.3, 13.1, 11.9. MS (ESI, +ve): m/z 194.8 [M+H]*,
216.9 [M+Na]*. HRMS (ESI, +ve): m/z195.1020 [M+H]*, C11H1403 required m/z 195.1016;
m/z 217.0845 [M+Na]*, C11H1403 required m/z 217.0835. MP: 106.3-107.3°C (Literature3®:
106-107°C).

Synthesis of 2-(hydroxymethyl)-2,5,7,8-tetramethylchroman-6-yl acetate - 35:

Method 1: Following Fukumoto et al20 Mono-protected

YO hydroquinone 34 (1.00g, 5.15mmol), 2-methyl-2-propen-1-ol
9 o OH (2.18 mL, 25.8 mmol), 80% (w/w) paraformaldehyde (230 mg,
6.13 mmol), Bu;NH (100 pL, 0.59 mmol) and glacial AcOH (150 pL,

2.6 mmol) were heated to 150°C in a pressure tube and the reaction was monitored by TLC
(209% EtOAc/hexane).  After 2d, the reaction was allowed to cool, and the excess
2-methyl-2-propen-1-ol was distilled off to give 35, (1.43 g, quant.), as a pale brown solid.
Method 2: Adapted from Monoe et al.26 Butoxymethyl compound 46 (200 mg, 0.713 mmol) and
2-methyl-2-propen-1-ol (200 pL, 2.36 mmol) were stirred neat in a pressure tube and heated to
150°C. The reaction was monitored by TLC, and when all starting material was observed to have
been consumed after 2.5 d, the reaction was cooled, transferred into a round bottom flask with
5 mL of toluene. Solvent and excess 2-methyl-2-propen-1-o0l were removed under reduced
pressure to give the resulting chroman 35 (199 mg, quant.), as a pale brown solid. Product was

pure by tH NMR spectroscopy and did not require further purification.
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1HNMR (300 MHz, CDCls) &: 3.65/3.58, AB system, 2/10.7 Hz, 2H, -CH,OH; 2.65, m, 2H,
-CHaCH,-; 2.33, s, 3H, -0CO-CHs; 2.10, s, 3H, Ar-CHs; 2.03, s, 3H, Ar-CHs; 2.02/1.73, m/m, 1H/1H,
-CH,CH,-; 1.99, s, 3H, Ar-CHz; 1.23, s, 3H, -CHs. 13C NMR (100 MHz, CDCl:) &: 169.8 (C=0), 148.9,
141.2, 127.1, 1253, 123.1, 117.5, 75.7, 69.4, 27.6, 20.9, 20.6, 20.2, 13.0, 12.2, 12.0. MS (ESI,
+ve): m/z 279.1, [M+H]*, 301.1 [M+Na]*. HRMS (ESI, +ve): m/z279.1588 [M+H]*, C16H2,04
required m/z 279.1591. MP: 87.1-88.6°C.

Synthesis of 2-(2-hydroxyethyl)-2,5,7,8-tetramethylchroman-6-yl acetate -36:

Method 1: Following Fukumoto et al2®  Mono-protected
YO hydroquinone 34 (813 mg, 4.19 mmol), 3-methyl-3-buten-1-ol
o o oH (423 mL, 41.9 mmol), 80% (w/w) paraformaldehyde (173 mg,
4.61 mmol), Bu;NH (71puL, 0.42mmol) and glacial AcOH
(120 pL, 2.1 mmol) were heated to 150°C in a pressure tube and the reaction was monitored by
TLC (20% EtOAc/hexane). After 2d, the reaction was allowed to cool, and the excess
3-methyl-3-buten-1-0l was distilled off to give a brown oil. Purification by column
chromatography (30%-50% EtOAc/hexane) gave chroman 36, (956 mg, 78%), as a pale yellow
oil that solidified to a cream solid over time. Method 2: Adapted from Monoe et al.26
Butoxymethyl compound 46 (200mg, 0.713 mmol) and 3-methyl-3-buten-1-ol (238 pL,
2.36 mmol) were stirred neat in a pressure tube and heated to 150°C. The reaction was
monitored by TLC, and when all starting material was observed to have been consumed after
3 d, the reaction was cooled, transferred into a round bottom flask with 10 mL of toluene.
Solvent and excess 3-methyl-3-buten-1-ol were removed under reduced pressure to give a
brown oil. Purification by column chromatography (20% EtOAc/hexane to 50% EtOAc/hexane)
gave the expected product 36 (143 mg, 69%), as a cream solid.

1HNMR (300 MHz, CDCl3) &: 3.75, t, 3] 6.7 Hz, 2H, -CH2CH:0H; 2.99, brs, 1H, -OH; 2.56, t,
3] 6.7 Hz, 2H, -CH2CH;-; 2.25, s, 3H, -OCO-CH3; 2.03, s, 3H, Ar-CH3; 1.97, s, 3H, Ar-CH3; 1.93, s, 3H,
Ar-CHs; 1.90-1.65, m, 4H, -CH2CH:-/-CH,CH;0H; 1.22, s, 3H, -CH3. 13C NMR (75 MHz, CDCl;) &:
169.2 (€=0), 148.5, 140.7, 126.5, 124.8, 122.4, 117.0, 74.7, 58.2, 41.8, 31.2, 23.4, 20.1, 20.0, 12.5,
11.6, 11.5. MS (ESI, +ve): m/z 293.3 [M+H]+, 315.3 [M+Na]*. HRMS (ESI, +ve): m/z315.1570
[M+Na]*, Ci7H2404 required m/z315.1567; m/z331.1302 [M+K]*, Ci7H240. required
m/z 331.1306. MP: 74.4-75.8°C.
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Synthesis of 2,6-dimethylhydroquinone - 37:

OH Method 1: Adapted from Emerson and Smith.22 2,6-Dimethylbenzoquinone (3.00 g,
22.0 mmol) was dissolved in glacial AcOH (18 mL), and water (9 mL) and Zn
powder (3.00 g, 45.9 mmol) were added, forming a dark red solution. The mixture

OH was heated at reflux until colourless (~45 min), then diluted with 10 mL of boiling

water. The reaction mixture was decanted and filtered, and the remaining Zn powder was
heated further with boiling water (30 mL), and decanted and filtered again. Product
precipitated from the darkening filtrates on cooling to ~0°C overnight. The precipitate was
filtered, washed (H20) and dried in vacuo to give 2,6-dimethylhydroquinone 37 (2.27 g, 75%), as
cream needles. Method 2: Adapted from Carpino et al.23 Sodium dithionite (26.1 g, 150 mmol)
was dissolved in water (180 mL) and a solution of 2,6-dimethylbenzoquinone (5.95g,
37.5 mmol) in a mixture of Et;0 (90 mL) and MeOH (55 mL) was slowly added at room
temperature. After vigorous stirring for 15 min, the mixture was placed in a separating funnel
and the layers were allowed to separate. The ether phase was removed and the aqueous phase
was extracted twice with 65 mL portions of ether. The combined ether extracts were washed
with H,0 (100 mL) and brine (100 mL), dried (MgSO04), filtered and the solvent removed under
reduced pressure to give a tan solid. The product was recrystallised from hot CHCI; and filtered
over vacuum to give 2,6-dimethylhydroquinone 37 (4.06 g, 79%), a cream solid. Method 3: From
Baker and Brown.z* 3,5-Dimethylphenol (50.0 g, 409 mmol) was dissolved in 10% NaOH
solution (820 mL, 2.05 mol), and a saturated aqueous solution of potassium persulfate (112 g,
414 mmol) was added slowly over 3 h, not allowing the reaction mixture to rise above 20°C. As
the potassium persulfate was added, the solution darkened from colourless to dark brown. The
reaction mixture was left stirring overnight, after which time the reaction mixture was acidified
to pH 3 using 6 M HCl solution. The solution was extracted with 300 mL portions of Et,O until
the organic phase was a pale yellow colour. The organic extracts were combined, washed with
H.0, dried (MgSO4), filtered and the solvent removed in vacuo to give recovered
3,5-dimethylphenol (19.70 g), as a brown solid. The remaining acidic aqueous solution was
further acidified with 6 M HCl solution to pH 1, and the product was extracted with 300 mL
portions of Et;0 until the organic phase was a pale yellow colour. These organic extracts were
combined, washed with H;0, dried (MgSO0.), filtered and the solvent removed in vacuo to give

2,6-dimethylhydroquinone 37 (20.5 g, 36%; recovered yield: 60%), as a brown solid.

1H NMR (300 MHz, CDCl3/d¢-DMSO) &: 6.32, s, 2H, Ar-H; 5.29, brs, 2H, Ar-OH; 2.06, s, 6H,
Ar-CHs;. 13CNMR (75 MHz, CDCl3/ds-DMSO) &: 149.7, 145.6, 125.2, 114.8, 16.4. MS (EI):
m/z 138 [M]+. MP: 150.9-152.3°C (Literature#®: 153-154°C).
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Synthesis of 2,6-dimethyl-1,4-phenylene diacetate - 38:

2,6-Dimethylhydroquinone 37 (5.00 g, 36.2 mmol) was stirred in Ac20 (28 mL) at

e

room temperature, and EtzN (7.5 mL) was added, turning the cloudy suspension to
clear yellow solution. The reaction mixture was stirred for 4 d. On completion,
water (150 mL) was added, and the product was extracted with CHCl;
(2 x 100 mL), washed with H;0 (2 x 100 mL), dried with MgSQO,, filtered and the

=

solvent removed via rotary evaporation to give 38 (8.04 g, quant.), as a pale brown

solid. Product was used in subsequent reactions without further purification.

1H NMR (300 MHz, CDCl;) §: 6.80, s, 2H, Ar-H; 2.33, s, 3H, -0CO-CHs; 2.26, s, 3H, -0CO-CHs; 2.14,
s, 3H, Ar-CHs. 13C NMR (75 MHz, CDCls) 8: 169.6 (C=0), 168.8 (C=0), 147.9, 145.8, 131.5, 121.4,
21.2,20.5,16.5. MS (ESI, +ve): m/z 245.0 [M+Na]*. MP: 91.5-93.4°C (Literature3s: 92-93°C).

Synthesis of 4-hydroxy-2,6-dimethylphenyl acetate - 39:

Method 1: Adapted from Snuparek et al.2! Bis-protected hydroquinone 38 (7.75 g,

34.9 mmol) was stirred in MeOH (33 mL) at 50°C, before cooling to 35°C, and
NazS,04 (435 mg, 2.50 mmol) and a solution of K,CO3 (1.21 g, 8.75 mmol) in water

e

(45 mL) were added slowly. The reaction was stirred at 40°C for 1 h, then cooled

OH to room temperature. Upon addition of 50 mL of cold (5°C) water, the product
precipitated, and the reaction mixture was left to stir overnight. The thick white precipitate that
was formed was filtered and washed with H,O to give product 39 (6.16 g, 98%), a white powder.
Method 2: Adapted from Back et al3° Dibromo compound 63 (113 mg, 0.334 mmol) was
dissolved in a mixture of 4.5 mL of MeOH and 1.5 mL of THF. Nickel chloride hexahydrate was
added, and the reaction was cooled to 0°C. Sodium borohydride was added slowly in portions,
and H» gas evolved from the reaction. When the reaction settled, the mixture was heated at
reflux for 5h, after which time the reaction appeared by TLC to be complete. The reaction
mixture was filtered and the product washed through with EtOAc. The filtrate, a cloudy white
mixture, was concentrated by rotary evaporation to give a pale yellow solid (87 mg). The
residue was taken up in EtOAc and washed with H;0, before drying over MgSO,, filtration and
removal of solvent in vacuo to give debrominated product 39 (58 mg, 97%), as a cream solid.
Crystals of 39 suitable for X-ray crystallography were grown by slow evaporation from ethyl

acetate.
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1H NMR (300 MHz, CDCl3) &: 6.44, s, 2H, Ar-H; 5.31, s, 1H, Ar-OH; 2.32, s, 3H, -0CO-CHsz; 2.07, s,
6H, -CHs. 13C NMR (75 MHz, CDCl3) &: 170.0 (C=0), 153.3, 141.8, 131.1, 115.3, 20.6, 16.5. MS
(ESL, +ve): m/z202.9 [M+Na]*. MS (ESI, -ve): m/z1789 [M-H]. MP: 109.6-110.2°C
(Literature4l: 104-105°C). X-ray crystal data: C;oHi203, M =180.20, colourless prism,
0.25 x 0.20 x 0.13 mm3, orthorhombic, space group P2:2:2:, a=7.1666(4), b=11.4345(6),
c=11.6327(6) A, a=B=y=90.00°, V=953.26(9)A3, Z=4, D.=1.256g/cm3, Foo =384,
T=123(2) K, 260max = 58.0°, 5270 reflections collected, 1467 unique (Rinc = 0.0207]). Final GoF =
1.076, R1 =0.0330, wR2 = 0.0831, R indices based on 1344 reflections with [>20(I) (refinement

on F2), 125 parameters, 0 restraints. Lp and absorption corrections applied, u = 0.092 mm-L

Synthesis of 2-(hydroxymethyl)-2,5,7-trimethylchroman-6-yl acetate - 40:

Method 1: Adapted from Fukumoto et al2® Mono-protected

\ﬂ/m hydroquinone 39 (200 mg, 1.11 mmol), 2-methyl-2-propen-1-ol
© @) o (470 uL, 5.54 mmol), 80% (w/w) paraformaldehyde (46 mg,
1.23 mmol), Bu;NH (57 pL, 0.34 mmol) and glacial AcOH (32 pL, 0.56 mmol) were combined in a
pressure tube, degassed with N, for 30 min, and heated to 150°C. After 2 d, the reaction was
allowed to cool, toluene (5 mL) was added, and solvents were distilled off in vacuo to give a
brown oil. Purification by column chromatography (50% EtOAc/hexane) yielded 40, (80 mg,
27%), as a pale brown oil. Method 2: Adapted from Monoe et al.2¢ Butoxymethyl compound 58
(1.00 g, 3.77 mmol) and 2-methyl-2-propen-1-ol (1.05 mL, 12.4 mmol) were stirred neat in a
pressure tube and heated to 150°C. The reaction was monitored by TLC, and when all starting
material was observed to have been consumed after 8 d, the reaction was cooled, transferred
into a round bottom flask with 3 mL of toluene. Solvent and excess 2-methyl-2-propen-1-ol
were removed under reduced pressure to give the resulting chroman 40 (669 mg, 67%), as a
pale brown oil. Product was pure by H NMR spectroscopy and did not require purification.
Method 3 (attempted): Adapted from Kiehlmann et al3! A solution of chroman 65 (43 mg,
0.13 mmol) in MeOH (3 mL) was added to a solution of anhydrous Na,SO3 (95 mg, 0.754 mmol)
in the H,0 (2.5 mL) and the flask was shaken for 10 min. After this time, the solvent was
removed by rotary evaporation at 40°C and the reaction mixture underwent extraction with
EtOAc (4 x 10 mL) and was washed with H,O (20 mL) and the organic phased dried (MgS0.4),
filtered and concentrated under reduced pressure to give a brown oil (43 mg). Proton NMR
showed only starting material. Method 4 (attempted): Adapted from Boyer et al.32 Chroman 65
(107 mg, 0.312 mmol) was dissolved in dry THF (2 mL) and cooled to -75°C under Schlenk
conditions. tert-Butyl lithium (420 pL, 0.714 mmol) was added and the reaction stirred for
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30 min, during which time a pale yellow precipitate formed, before the reaction mixture was
warmed to room temperature and stirred overnight. Diethyl ether (10 mL) and H20 (1 mL)
were added to the reaction flask, the organic phase was separated and the aqueous phase was
extracted with diethyl ether (2 x 10 mL). The combined organic phase was washed with brine
(30 mL), dried (MgSO0.), filtered and the solvent removed by rotary evaporation to give a cloudy
pale brown oil (111 mg). The 'H NMR spectrum showed 20% conversion to the debrominated
chroman 40. Method 5 (attempted): Adapted from Back et al.30 Chroman 65 (47 mg, 0.14 mmol)
was dissolved in 3 mL of MeOH and 1 mL of THF, NiCl..6H20 (326 mg, 1.37 mmol) was added
and the solution was cooled to 0°C. Sodium borohydride (156 mg, 4.12 mmol) was added slowly
over 2 h and the reaction mixture bubbled vigorously. The reaction was allowed to warm to
room temperature overnight, over which time a black solid formed. The reaction mixture was
heated at reflux for 2 d, during which time the reaction was monitored by TLC. When the
starting material had appeared to be consumed, the reaction was allowed to cool and filtered
through celite and the solvent removed under reduced pressure to give a pale yellow solid
(77 mg). Proton NMR showed only partial (< 20%) conversion to the debrominated compound
40. Method 6: Adapted from Rey et al.33 Bromo chroman 65 (1.24 g, 3.60 mmol) was stirred in
MeOH (20 mL), and Et3N (2.0 mL) was added, dissolving the starting material. To the solution,
10% Pd/C (126 mg) was added, and the reaction vessel was purged with nitrogen, before a H:
balloon was applied. The reaction was stirred at room temperature for 4 d, and on completion,
the reaction mixture was filtered through celite and washed with MeOH, and the solvent was
removed by rotary evaporation, to give a greyish yellow solid (1.51 g). Chromatography using a

silica plug (ethyl acetate) gave chroman 40 (950 mg, quant.), as a pale yellow oil.

1H NMR (300 MHz, CDCl3) &: 6.54, s, 1H, Ar-H; 3.60/3.54, AB system, 2/ 11.4 Hz, 2H, -CH,0H;
2.62, m, 2H, -CH:CHz-; 2.31, s, 3H, -OCO-CHs; 2.05, s, 3H, Ar-CHs; 2.02/1.71, m/m, 1H/1H,
-CH2CH>-; 1.99, s, 3H, Ar-CH3; 1.22, s, 3H, -CHs. 13C NMR (100 MHz, CDCl3) o: 169.6 (C=0), 150.9,
141.5, 1289, 128.7, 118.2, 116.7, 75.8, 69.1, 27.6, 20.6, 20.5, 20.0, 16.4, 12.3. MS (ESI, +ve):
m/z 287.3 [M+Na]*. HRMS (ESI, +ve): m/z 265.1438 [M+H]*, C1sH2004 required m/z 265.1434;
m/z 287.1258 [M+Na]+, Ci5H2004 required m/z 287.1254.

Synthesis of 2-(2-hydroxyethyl)-2,5,7-trimethylchroman-6-yl acetate - 41:

Method 1: Adapted from Fukumoto et al.2® Mono-protected

@)
Ym hydroquinone 39 (200 mg, 1.11 mmol), 3-methyl-3-buten-1-ol
o 0 OH (470 pL, 5.54 mmol), 80% (w/w) paraformaldehyde (46 mg,
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1.23 mmol), Bu;NH (57 pL, 0.34 mmol) and glacial AcOH (32 pL, 0.56 mmol) were combined in a
pressure tube, degassed with N for 30 min, and heated to 150°C. After 2 d, the reaction was
allowed to cool, toluene (5 mL) was added, and solvents were distilled off in vacuo to give a
brown oil. Purification by column chromatography (50% EtOAc/hexane) yielded 41, (20 mg,
6%), as a yellow oil. Method 2: Adapted from Monoe et al.2¢ Butoxymethyl compound 58
(222 mg, 0.834 mmol) and 3-methyl-3-buten-1-ol (278 pL, 2.75 mmol) were stirred neat in a
pressure tube and heated to 150°C. The reaction was monitored by TLC, and when all starting
material was observed to have been consumed after 4 d, the reaction was cooled, transferred
into a round bottom flask with 5 mL of toluene. Solvent and excess 3-methyl-3-buten-1-ol were
removed under reduced pressure to give a brown oil (231 mg). Purification by column
chromatography (50% EtOAc/hexane) yielded chroman 41 (73 mg, 31%), as a yellow oil.
Method 3: Adapted from Rey et al.33 Bromo chroman 66 (420 mg, 1.18 mmol) was stirred in
MeOH (6.5 mL), and EtsN (0.7 mL) was added, dissolving the starting material. To the solution,
10% Pd/C (42 mg) was added, and the reaction vessel was purged with nitrogen, before a H>
balloon was applied. The reaction was stirred at room temperature for 5 d, and on completion,
the reaction mixture was filtered through celite and washed with MeOH, and the solvent was

removed by rotary evaporation, to give chroman 41 (250 mg, 76%) as a yellow oil.

1H NMR (300 MHz, CDCl3) &: 6.52, s, 1H, Ar-H; 3.87, m, 2H, -CH.CH.0H; 2.63, t, 3/ 6.3 Hz, 2H,
-CH.CH:-; 2.32, s, 3H, -0CO-CH3; 2.07, s, 3H, Ar-CHz; 2.00, s, 3H, Ar-CH3; 1.97-1.72, m, 4H,
-CH2CH:-/-CH2CH20H; 1.30, s, 3H, -CH3. 13C NMR (75 MHz, CDCl3) &: 169.7 (€=0), 150.9, 141.8,
129.1, 128.9, 118.3, 116.9, 76.2, 59.4, 42.1, 31.8, 23.8, 20.8, 20.5, 16.6, 12.5. MS (ESI, +ve):
m/z301.3 [M+Na]*. MS (ESI, -ve): m/z277.3 [M-H]. HRMS (ES], -ve): m/z 277.1446 [M-H],
C16H2204 required m/z 277.1445.

Synthesis of methyl 6-hydroxy-2,5,7,8-tetramethylchroman-2-carboxylate - 42:

From Tamura.!”  Trimethylhydroquinone (500 mg, 3.29 mmol),

HO methyl methacrylate (1.76 mL, 16.5mmol), 80% (w/w)

o SN paraformaldehyde (247 mg, 6.58 mmol) and glacial AcOH (95 pL,

O 1.7 mmol) were combined in a pressure tube. The reaction mixture
was degassed with Ny, and heated at 180°C for 3 h, after which time the reaction was cooled to
room temperature, forming a precipitate. The product was filtered, washed with cold MeOH and

dried over vacuum to give ester 42 (490 mg, 56%), as a cream powder.
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1H NMR (400 MHz, CDCI3) &: 4.20, brs, 1H, Ar-OH; 3.67, s, 3H, -0-CH3; 2.64/2.52, m/m, 1H/1H,
-CH2CHz-; 2.42/1.87, m/m, 1H/1H, -CH:CH-; 2.18, s, 3H, Ar-CH3; 2.16, s, 3H, Ar-CHs; 2.07, s, 3H,
Ar-CH3; 1.60, s, 3H, -CHz. 13C NMR (75 MHz, CDCl;) &: 174.6 (€=0), 145.7, 145.4, 122.8, 121.3,
118.5, 117.1, 77.4, 52.5, 30.8, 25.6, 21.1, 12.4, 12.0, 11.4. MS (ESI, +ve): m/z 265.2 [M+H]*,
287.2 [M+Na]*. MP: 161.8-162.9°C (Literature*2: 162-164°C).

Synthesis of methyl 6-hydroxy-2,5,7-trimethylchroman-2-carboxylate - 43:

Adapted from Tamura.l” 2,6-Dimethylhydroquinone 37 (200 mg,

HO 1.45 mmol), methyl methacrylate (775 pL, 7.25 mmol), 80% (w/w)
o O paraformaldehyde (61mg, 1.63mmol) and glacial AcOH (42 uL,
o 0.73 mmol) were combined in a pressure tube. The reaction mixture

was degassed with N, and heated at 180°C for 33 h, during which time the reaction was
monitored by TLC. When all starting material appeared to have been consumed, the reaction
mixture was cooled to room temperature, giving a brown oil. The oil was transferred into an
RBF with 5 mL of toluene and 5 mL of MeOH, and solvent was removed by rotary evaporation, to

give a pale brown solid (203 mg). Purification by column chromatography (20% EtOAc/hexane)

gave 8 mg (2%) of ester 43, as a cream solid.

1HNMR (400 MHz, CDCls) &: 6.61, s, 1H, Ar-H; 4.23, brs, 1H Ar-OH; 3.69, s, 3H, -0-CH;
2.64/2.52, m/m, 1H/1H, -CH,CHz-; 2.42/1.87, m/m, 1H/1H, -CH,CHa-; 2.19, s, 3H, Ar-CHs; 2.08, s,
3H, Ar-CHs; 1.58, s, 3H, -CHs. 13C NMR (100 MHz, CDCls) &: 174.4 (C=0), 147.2, 146.0, 122.6,
121.9, 117.9, 116.1, 77.4, 52.6, 30.7, 25.4, 20.9, 16.2, 11.5. MS (ESI, +ve): m/z 273.2 [M+Na]-.
HRMS (ESI +ve): m/z251.1277 [M+H]*, CiHis0: required m/z251.1278; m/z273.1099
[M+Na]*, C14H1504 required m/z 273.1097. MP: 106.4-108.2°C.

Attempted synthesis of 2-(2-hydroxyethyl)-2,5,7,8-tetramethylchroman-6-ol - 44:

Adapted from Tamura.'? Trimethylhydroquinone (500 mg,

HO 3.29 mmol), 3-methyl-3-buten-1-ol (1.66 mL, 16.4 mmol), 80%
0 oH (w/w) paraformaldehyde (248 mg, 6.61 mmol) and glacial AcOH
(95 uL, 1.7 mmol) were combined in a pressure tube. The reaction

mixture was degassed with N3, and heated at 180°C for 3.5 h, during which time the reaction was
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monitored for the consumption of the hydroquinone. The reaction was cooled to room
temperature and the excess 3-methyl-3-buten-1-ol was removed by rotary evaporation. The
product was filtered, washed with cold MeOH and dried over vacuum to give a white solid
(79 mg). The filtrate was extracted with EtOAc, washed with H,O and concentrated in vacuo to
give a brown oil (581 mg). Neither residue appeared to be the desired product 44 by mass

spectrometry or 1H NMR spectroscopy.

Synthesis of 3-(butoxymethyl)-4-hydroxy-2,5,6-trimethylphenyl acetate - 46:

From Monoe et al?¢ Protected hydroquinone 34 (1.00g,

\H/O o "~ 515 mmol), 80% (w/w) paraformaldehyde (220 mg,
O OH 5.86 mmol), n-butanol (3.00 mL, 32.8 mmol), BuNH (87 pL,
0.52 mmol) and glacial AcOH (148 uL, 2.57 mmol) were

combined in a pressure tube, which was heated at 100°C overnight. On completion, the reaction
flask was cooled, and 10 mL toluene was added. The organic solvent was washed with H»0
(2 x 10 mL), and the organic solvent was removed under reduced pressure to give pure 46

(1.44 g, quant.), as a pale brown waxy solid.

1H NMR (400 MHz, CDCls) &: 8.24, s, 1H, Ar-OH; 4.73, s, 2H, Ar-CH,-0-; 3.56, t, 3/ 6.5 Hz,
-0-CH,(CH2).CHs; 2.32, s, 3H, -OCO-CHs; 2.16, s, 3H, Ar-CHs; 2.04, s, 3H, Ar-CHs; 2.00, s, 3H,
Ar-CHs; 1.63, m, 2H, -0-CH.CH.CH>CH3; 1.39, m, 2H, -O-(CH2).CH.CHs; 0.93, t, 3] 7.4 Hz, 3H,
-0-(CH2)3CHs. 13CNMR (100 MHz, CDCl3) &: 169.4 (C=0), 152.3, 140.7, 128.9, 124.2, 122.4,
118.0, 70.7, 68.9, 31.5, 20.3, 19.2, 13.7, 13.0, 12.0, 11.6. MS (ESI, +ve): m/z 303.2 [M+Na]*.
HRMS (ESI, +ve): m/z 303.1569 [M+Na]+, C16H2404 required m/z 303.1567. MP: 52.7-55.2°C.

Synthesis of 3-methylbut-3-enyl acetate - 47:

0] 3-Methyl-3-buten-1-o0l (5.0 mL, 50 mmol) and Ac;0 (23 mL, 240 mmol) were
)k/\o stirred in a round bottom flask and cooled to 0°C. Triethylamine (14 mL, 100
mmol) was added to the solution. The reaction was stirred and slowly allowed to warm to room
temperature, and was left overnight, over which time the solution had turned from clear and
colourless to a dark brown colour. The product was extracted with CH:Cl;, washed with H-O,

dried (MgS0.4), and filtered. The filtrate solvent was removed at room temperature by rotary
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evaporation to give 47 (5.65 g, 89%), as a dark brown oil. 1H NMR spectroscopy indicated pure

product, which was used in subsequent reactions without further purification.

1HNMR (300 MHz, CDCl;) &: 4.73, s, 1H, C=C-H; 4.67, s, 1H, C=C-H; 4.11, t, 3] 6.9 Hz, 2H,
-CH2CH»-0-; 2.27, t, 3] 6.9 Hz, 2H, -CH,CH2-0-; 1.97, s, 3H, -0CO-CHs; 1.69, s, C=C-CH3. 13C NMR
(75 MHz, CDCl3) 8: 170.9 (C=0), 141.7, 112.2, 62.6, 36.7, 22.4, 20.8.

Synthesis of 2-(6-acetoxy-2,5,7,8-tetramethylchroman-2-yl)ethyl - 48:

Adapted from Monoe et al.26 Butoxymethyl compound 46
\[(O 0 (400 mg, 1.43 mmol) and 3-methylbut-3-enyl acetate 47
O o) OJ\ (610 mg, 4.76 mmol) were stirred neat in a pressure tube and

heated to 150°C. The reaction was monitored by TLC, and
when all starting material was observed to have been consumed after 40 h, the reaction was
cooled, transferred into a round bottom flask with toluene (10 mL). Solvent and excess
3-methylbut-3-enyl acetate were removed under reduced pressure to give a clear, pale brown
oil. Purification by column chromatography (20% EtOAc/hexane to 100% EtOAc) gave the
expected product 48 (237 mg, 50%), as a clear yellow oil. The hydrolysed alcohol 36 (52 mg,

12%) was also isolated during purification.

1H NMR (300 MHz, CDCls) &: 4.27, m, 2H, -CH,CH,-0-; 2.62, t, 3] 6.8 Hz, 2H, -CH,CH;-; 2.33, s, 3H,
Ar-0CO-CH3z; 2.10, s, 3H, Ar-CHs; 2.04, s, 3H, aliphatic -0CO-CHs; 2.03, s, 3H, Ar-CHz; 1.99, s, 3H,
Ar-CHs; 2.0-1.8, m, -CH2CH»-0-/-CH2CH--; 1.30, s, 3H, -CHs;. 13C NMR (75 MHz, CDCl;) &: 171.1
(C=0), 169.6 (C=0), 148.9, 141.0, 127.0, 125.1, 123.2, 117.1, 73.8, 60.8, 38.1, 31.7, 24.2, 21.0,
20.5, 20.4, 13.0, 12.1, 11.9. MS (ESI, +ve): m/z 357.3 [M+Na]+*. HRMS (ESI, +ve): m/z 357.1674
[M+Na]*, C19H2605 required m/z 357.1672.

Synthesis of methyl 6-acetoxy-2,5,7,8-tetramethylchroman-2-carboxylate - 49:

Adapted from Monoe et al.26 Butoxymethyl compound 46 (200 mg,
O
\[( 0.713 mmol) and methyl methacrylate (252 uL, 2.36 mmol) were
o 0 SN stirred neat in a pressure tube and heated to 150°C. The reaction
O

was monitored by TLC, and when all starting material was
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observed to have been consumed after 2 d, the reaction was cooled, and excess methyl
methacrylate was removed under reduced pressure to give the ester 49 (211 mg, 97%), as a pale

brown waxy solid.

1H NMR (400 MHz, CDCl;) 8: 3.66, s, 3H, -0-CHz; 2.65/2.42, m/m, 1H/1H, -CH,CH,-; 2.32, s, 3H,
-0CO-CHs3; 2.18, s, 3H, Ar-CHs; 2.05/1.86, 1H/1H, -CH,CHa-; 2.04, s, 3H, Ar-CHs; 1.61, s, 3H, -CHa.
13C NMR (100 MHz, CDCls) &: 174.1 (C=0), 169.0 (C=0), 152.4, 141.4, 127.1, 124.9, 123.0, 117.1,
77.3, 52.3, 30.2, 25.4, 20.8, 20.5, 12.9, 12.0, 11.8. MS (ESI, +ve): m/z307.2 [M+H]*, 329.2
[M+Na]*. MP: 103.5-104.3°C (Literature2: 104-105°C).

Synthesis of 3-methylbut-3-enyl 4-methylbenzenesulfonate - 50:

3-Methyl-3-buten-1-0ol  (5.00 mL, 49.5 mmol), DMAP (1.21g,
)L/\ O\\S/©/ 9.90 mmol) and EtsN (14.0 mL, 101 mmol) were dissolved in CH:Cl,
0% (20 mL), and the reaction mixture was stirred and cooled to 0°C.
p-Toluenesulfonyl chloride (18.9 g, 99.2 mmol) was added slowly over 5 min, after which time
the mixture thickened, requiring a further 5 mL of CH,Cl; to be added to the flask. The reaction
was allowed to warm to room temperature overnight. After 24 h, the solvent was removed by
rotary evaporation, and the product extracted with EtOAc (100 mL). The organic phase was
washed with saturated aqueous solutions of NH4Cl (100 mL) and brine (100 mL), followed by
washing with water (2 x 100 mL). The organic solvent was dried with MgS0,, filtered, and the
solvent removed in vacuo to give ester 50 (11.13 g, 94%), a pale, clear yellow oil.
1H NMR (300 MHz, CDCl3) &: 7.79/7.33, AA’XX’ system, 3/ 8.3 Hz, 4H, Ts-H; 4.79, m, 1H, C=C-H;
4.67, m, 1H, C=C-H; 4.13, t, 3/ 6.9 Hz, 2H, -CH.CH>-0-; 2.45, s, 3H, Ar-CH3; 2.35, t, 3/ 6.8 Hz, 2H,
-CH,CH2-0-; 1.66, s, 3H, C=C-CHs. 13C NMR (75 MHz, CDCl;) &: 144.7, 140.1, 133.1, 129.8, 127.7,
112.9, 68.5, 36.6, 22.1, 21.4. MS (ESI, +ve): m/z 263.2 [M+Na]*.

Synthesis of N-(3-methylbut-3-enyl)phthalimide - 51:
)J\/\ O Ester 50 (7.65g, 31.8mmol) was dissolved in DMF (30mL) and
N potassium phthalimide salt (12.0 g, 64.8 mmol) was added. The resulting

o slurry was stirred at room temperature for 3 d, after which time tH NMR

spectroscopy showed approximately 70% conversion. The reaction was then stirred at 100°C
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for 24 h until conversion was complete. The reaction mixture was filtered while hot to remove
excess potassium phthalimide salt, and 150 mL of CH;Cl, was added to the filtrate, forming a
gel-like precipitate. The mixture was washed with saturated NaHCO3 solution (150 mL) and H.0
(150 mL), and the solvent was dried over MgSQ,, filtered and removed under reduced pressure
to give a concentrated yellow solution in DMF. Water was added and the flask cooled to
promote precipitation, and the resulting solid was filtered and washed with H;0 to give a cream
solid (8.2 g). Purification by column chromatography (20% EtOAc/hexane) gave phthalimide 51
(6.30 g, 92%), as a white solid.

1H NMR (300 MHz, CDCls) &: 7.82, m, 2H, Phth-H; 7.69, m, 2H, Phth-H; 4.73, m, 1H, C=C-H; 4.67,
m, 1H, C=C-H; 3.82, t, 3 7.2 Hz, 2H, -CH2CH,-N-; 2.40, t, 3] 7.1 Hz, -CH,CHz-N-; 1.81, s, 3H, -CHs.
13C NMR (75 MHz, CDCls) : 167.7 (C=0), 141.8, 133.5, 131.9, 122.8, 112.4, 36.1, 36.0, 21.7. MS
(ESI, +ve): m/z 238.2 [M+Na]*. MP: 49.5-51.1°C (Literature#: 51-52°C).

Synthesis 2-(2-phthalimidylethyl)-2,5,7,8-tetramethylchroman-6-yl acetate - 52:

Adapted from Monoe et al.26 Butoxymethyl compound 46

YO O (212 mg, 0.740 mmol) and phthalimide 51 (526 mg,

© @) N Z 2.44 mmol) were dissolved in toluene (0.5 mL), and the
O

reaction mixture was stirred and heated to 150°C in a
pressure tube for 2 d. The reaction was monitored by TLC. On cooling to room temperature,
10 mL of toluene was added, transferred into an RBF and the solvent was removed by rotary
evaporation, to give a pale brown solid (720 mg). Purification by column chromatography (20%

EtOAc/hexane to 100% EtOAc) yielded phthalimide 52 (154 mg, 49%), as a white solid.

1H NMR (300 MHz, CDCl3) &: 7.81, m, 2H Phth-H; 7.68, m, 2H, Phth-H; 3.90, t, 3/ 8.3 Hz, 2H,
-CH2CH2-N-; 2.64, t, 3] 6.6 Hz, 2H, -CH:CH;-; 2.32, s, 3H, -OCO-CH3; 2.07, s, Ar-CHs; 2.01, s, 3H,
Ar-CHs; 1.98, s, 3H, Ar-CHs; 1.90, m, 4H, -CH2CH2-N-/-CH.CH>-; 1.33, s, 3H, -CH3. 13C NMR
(75 MHz, CDCl3) &: 169.7 (€=0), 168.3 (€=0), 149.0, 141.0, 133.9, 132.4, 127.0, 125.1, 123.3,
123.2, 117.2, 74.0, 38.6, 33.6, 31.0, 23.7, 20.6, 20.5, 13.0, 12.2, 11.9. MS (ESI, +ve): m/z422.2
[M+H]+, 444.2 [M+Na]*. HRMS (ESI, +ve): m/z444.1784 [M+Na]*, CsHz7NOs required
m/z 444.1781. MP: 160.2-160.9°C.
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Synthesis of 2-(hydroxymethyl)-5,7,8-trimethylchroman-6-yl acetate (53) and
3-((allyloxy)methyl)-4-hydroxy-2,5,6-trimethylphenyl acetate (54):

Adapted from Monoe et al.26 Butoxymethyl compound 46 (200 mg,
@)
\H/ 0.713 mmol) and allyl alcohol (160 uL, 2.35 mmol) were stirred
o o OH " and heated to 150°C in a pressure tube for 2 d, and monitored by
53

TLC. When starting material had been consumed, the vessel was
cooled to room temperature and the solvent and excess allyl
Y();¢(\ O/\/ alcohol were removed by rotary evaporation to give a brown oil.
0] oH Purification by column chromatography (20% EtOAc/hexane to
100% EtOAc) gave the expected chroman 53 (12 mg, 6%), as a pale

54 yellow oil, and allyl ether 54 (67 mg, 35%), as a pale yellow oil.

Characterisation of 53: 1H NMR (300 MHz, CDCls) &: 4.30, m, 1H, -CH-; 3.80, m, 2H, -CH,0OH;
2.69, m, 2H, -CH,CH>-; 2.33, s, 3H, -0CO-CHs; 2.12, s, 3H, Ar-CHs; 2.04, 2H, 3H, Ar-CHz; 1.98, s, 3H,
Ar-CHs; 1.82, m, 2H, -CH2CH,-. 13C NMR (100 MHz, CDCl3) &: 169.8 (C=0), 150.2, 141.4, 127.1,
125.6, 1229, 118.5, 75.7, 65.9, 23.8, 22.9, 20.7, 13.0, 12.2, 12.0. MS (ESI, +ve): m/z 265.3
[M+H]*, 287.3 [M+Na]*. HRMS (ESI, +ve): m/z265.1436 [M+H]*, CisH2004 required
m/z 265.1434.

Characterisation of 54: 1HNMR (300 MHz, CDCl3) o: 7.92, brs, 1H, Ar-OH; 5.94, ddt,
3/16.7,10.4, 5.6 Hz, 1H, C=CH-CH2; 5.32, dq, 3/ 17.2 Hz, 2/ 1.5 Hz, 1H, C=C-H; 5.26, dq, 3/ 10.4 Hz,
2] 1.3 Hz, 1H, C=C-H; 4.75, s, 2H, Ar-CH;-0-; 4.08, dt, 3/ 5.7 Hz, 4/ 1.3 Hz, 2H, OCH,-CH=CHy; 2.32, s,
3H, -0CO-CHs; 2.16, s, 3H, Ar-CHz; 2.05, s, 3H, Ar-CHs; 2.01, s, 3H, Ar-CHs. 13C NMR (75 MHz,
CDCI3) 8: 169.5 (C=0), 152.5, 141.1, 133.6, 129.4, 124.7, 122.8, 118.4, 118.0, 71.4, 67.9, 20.5,
13.2, 12.2, 11.8. MS (ESI, +ve): m/z287.1 [M+Na]*. MS (ESI, -ve): m/z 263.1 [M-H]. HRMS
(ESI, +ve): m/z 287.1249 [M+Na]*, C1sH2004 required m/z 287.1254.

Synthesis of N-allylacetamide - 56:
H From Stille and Becker.2? Acetic anhydride (10.7 mL, 113 mmol) was stirred to

N
P \ﬂ/ 0°C and allylamine (5.00 mL, 66.6 mmol) was added dropwise, with stirring.
When all allylamine had been added and gas evolution had subsided, the
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reaction mixture was heated to 100°C for 90 min. After this time, fractional distillation under
reduced pressure (100°C at 10 mmHg) isolated the acetamide 56 (6.45 g, 98%), as a colourless

oil.

1H NMR (400 MHz, CDCls) 8: 6.67, s, 1H, -NH; 5.69, ddt, 3 17.2, 10.3, 5.6 Hz, 1H, C=CH-CHy; 5.04,
dg, 3/17.2, § 1.6 Hz, 1H, C=C-H; 4.97, dq, 3/ 10.3 Hz, 2 1.5 Hz, 1H, C=C-H; 3.71, tt, 3/ 5.7 Hz,
47 1.6 Hz, -CH,-; 1.87, s, 3H, -NCO-CHs. 13C NMR (75 MHz, CDCls) &: 170.3 (C=0), 134.2, 115.8,
41.38,22.8. MS (ESI, +ve): m/z 122.1 [M+Na]~.

Synthesis of 3-((N-allylacetamido)methyl)-4-hydroxy-2,5,6-trimethylphenyl acetate - 57:

Adapted from Monoe et al.26 Butoxymethyl compound 46 (200 mg,

\H/O/\(;\/\N/go 0.698 mmol) and N-allylacetamide 56 (228 mg, 2.30 mmol) were
o OHH combined in a pressure tube, degassed with N, and heated to 150°C

| for 2.5d. The reaction was monitored by TLC. On consumption of

starting material, the reaction was cooled, to give a yellow solid. The product was dissolved in
EtOAc (50 mL), washed with H,0 (50 mL) and the solvent removed under reduced pressure to

give a pale yellow solid (242 mg). Purification by column chromatography (20% EtOAc/hexane
to 100% EtOAc) gave allylacetamide 57 (43 mg, 20%), as a yellow oil.

1H NMR (400 MHz, CDCl;) &: 9.51, br's, 1H, Ar-OH; 5.80, ddt, 3/ 17.2, 10.5, 4.4 Hz, 1H, C=CH-CH3;
5.31, dq, 3/ 10.4 Hz, 2/ 0.7 Hz, 1H, C=C-H; 5.23, dq, 3] 17.3 Hz, 3/ 0.7 Hz, 1H, C=C-H; 4.64, br s, 1H,
Ar-CH-N-; 4.52, br s, 1H, Ar-CH-N-; 3.86, s, 2H, NCH2-CH=C; 2.33, s, 3H, -0CO-CH3; 2.17, s, 3H,
Ar-CHs; 2.12, s, 3H, Ar-CHs; 2.11, s, 3H, Ar-CHs; 2.04, s, 3H, NCO-CH3. 13C NMR (75 MHz, CDCl;)
6: 174.0 (€=0), 169.7 (€=0), 152.8, 140.7, 131.6, 130.2, 126.0, 123.5, 118.3, 117.1, 50.1, 41.6,
29.8, 21.0, 20.6, 13.4, 12.6. MS (ESI, +ve): m/z 306.2 [M+H]*, 328.3 [M+Na]+*. HRMS (ESI, +ve):
m/z 328.1524 [M+Na]*, C17H23NO4 required m/z 328.1519.
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Synthesis of 3-(butoxymethyl)-4-hydroxy-2,6-dimethylphenyl acetate (58) and
3,5-bis(butoxymethyl)-4-hydroxy-2,6-dimethylphenyl acetate (59):

Adapted  from Monoe et al?6 Mono-acetoxy

YO/\é\/\O/\/\ dimethylhydroquinone 39 (1.00 g, 5.55 mmol) and 80% (w/w)
© OH paraformaldehyde (206 mg, 5.49 mmol) were dissolved in
58 toluene (53 mL), and n-butanol (3.30 mL, 36.1 mmol), Bu,NH

(94 pL, 0.55 mmol) and glacial AcOH (160 pL, 2.78 mmol) were
@)
Y 07N added to the reaction mixture, which was stirred and heated to
)
OH 100°C, and monitored by TLC. When the reaction had appeared
(0]

to stop progressing after 5.5 d, the reaction mixture was cooled

to room temperature, and the solvent removed in vacuo to give a

brown oil (1.18 g). Purification by column chromatography

59 (20% EtOAc/hexane to 100% EtOAc) recovered starting

material (203 mg), butoxymethyl compound 58 (778 mg, 53%; recovered yield: 66%), as pale
brown solid, and bis-alkylated product 59 (354 mg, 37%), as a yellow oil.

Characterisation of 58: 1H NMR (400 MHz, CDCl;) &: 8.07, brs, 1H, Ar-OH; 6.60, s, 1H, Ar-H;
4.74, s, 2H, Ar-CH,-0-; 3.56, t, 3] 6.5 Hz, 2H, -0-CH,(CHz):CHs3; 2.31, s, 3H, -OCO-CH3; 2.08, s, 3H,
Ar-CHs; 2.00, s, 3H, Ar-CHz; 1.63, m, 2H, -0-CH2CH>CH:CH3s; 1.40, m, 2H,-0-(CH2).CH2CH3; 0.93, t,
3] 7.4 Hz, 3H, -0-(CH2)3CHs. 13CNMR (100 MHz, CDCl3) &: 169.5 (€=0), 154.3, 141.1, 130.7,
127.7, 1189, 116.3, 71.1, 69.2,, 31.7, 20.5, 19.4, 16.5, 13.9, 12.3. MS (ESI, +ve): m/z 289.2
[M+Na]*, 305.2 [M+K]*. MS (ESI, -ve): m/z265.2 [M-H]. HRMS (ESI, +ve): m/z284.1857
[M+NH4]*, CisH2204 required m/z284.1856; m/z305.1149 [M+K]*, CisH2204 required
m/z 305.1150. MP: 58.1-59.2°C.

Characterisation of 59: 1HNMR (400 MHz, CDCl3) &: 8.42, s, 1H, Ar-OH; 4.66, brs, 4H,
Ar-CH»-0-; 3.52, t,3/ 6.7 Hz, 4H, -0-CH(CH:).CHs3; 2.32, s, 3H, -OCO-CHs3; 2.08, s, 6H, Ar-CHs; 1.59,
m, 4H, -O-CH:CH:CH:CH3; 1.38, m, 4H,-O-(CH2).CH.CH3; 0.91, t, 3/ 7.4 Hz, 6H, -0-(CH2)3CHs.
13C NMR (100 MHz, CDCl3) 6: 169.5 (€C=0), 153.4, 141.2, 129.3, 120.6, 70.5, 66.5, 31.9, 20.5, 19.4,
14.0, 12.5. MS (ESI, +ve): m/z375.3 [M+Na]*. MS (ESI, -ve): m/z351.3 [M-H]. HRMS
(ESI, +ve): m/z 375.2144 [M+Na]*, C20H3205 required m/z 375.2142.
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Synthesis of 2-(2-phthalimidylethyl)-2,5,7-trimethylchroman-6-yl acetate - 60:

o Adapted from Monoe et al.2¢ Butoxymethyl compound 58
Y m/\ O (213 mg, 0.800 mmol) and phthalimide 51 (568 mg,
° o N 2.64 mmol) were dissolved in toluene (0.5 mL), and the
o reaction mixture was stirred and heated to 150°C in a

pressure tube for 8 d. The reaction was monitored by TLC, and the reaction was stopped when
all starting material appeared to have been consumed. On cooling to room temperature, toluene
(3 mL) was added, the solution transferred into an RBF and the solvent was removed by rotary
evaporation, to give a brown solid (619 mg). Purification by column chromatography (20%

EtOAc/hexane to 100% EtOAc) yielded phthalimide 60 (32 mg, 10%; recovered yield: 12%), as a

cream solid.

1H NMR (300 MHz, CDCls) &: 7.82, m, 2H, Phth-H; 7.69, m, 2H, Phth-H; 6.28, s, 1H, Ar-H; 3.86, m,
2H, -CH,CH,-N-; 2.62, m, 2H, -CH,CHz-; 2.30, s, 3H, -OCO-CHs; 2.08/1.86, m/m, 2H/2H,
-CH,CHa-/-CHoCHo-N-; 1.98, s, 3H, Ar-CHs; 1.96, s, 3H, Ar-CHs; 1.35, s, 3H, -CHs. 13C NMR
(75 MHz, CDCls) &: 169.5 (C=0), 168.3 (C=0), 150.9, 141.3, 133.9, 132.5, 128.7, 128.5, 123.3,
117.8, 116.7, 74.3, 37.5, 33.6, 31.2, 23.7, 20.6, 20.3, 16.4, 12.3. MS (ESI, +ve): m/z430.1
[M+Na]*. HRMS (ESI, +ve): m/z 425.2072 [M+NHa]*, C24H2sNOs required m/z 425.2071. MP:
106.6-109.1°C.

Synthesis of 3-bromo-4-hydroxy-2,6-dimethylphenyl acetate - 61:

o  Method 1: Adapted from Snuparek et al.2! Diacetate 62 (113 mg, 0.375 mmol)
OJ\ was dissolved in hot MeOH (3 mL), and both Na;S;04 (7 mg, 40 umol) and a
solution of K»CO3 (20 mg, 0.14 mmol) in water (2 mL) were added slowly. The

Br reaction was heated at 45°C for 1.5 h, then cooled to room temperature and
OH allowed to stir overnight. After addition of 10 mL of cold water, the product was
extracted with EtOAc (2 x 25 mL), washed with H20 (2 x 50 mL), dried over MgSO04, and filtered.
Removal of solvent by rotary evaporation afforded 61 (78 mg, 80%), as a pale brown solid.
Method 2: Adapted from Smith and Wiley.28 Mono-protected hydroquinone 39 (1.05g,
5.80 mmol) was dissolved in glacial AcOH (25 mL), and a solution of Br; (312 pL, 6.09 mmol) in

glacial AcOH (8 mL) was added dropwise. The reaction was stirred at room temperature

overnight, before rapid removal of the solvent by rotary evaporation to give brominated product
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61 (1.50 g, quant.), as a pale yellow solid. Method 3: Adapted from Friedli and Shechter.2?
Protected hydroquinone 39 (100 mg, 0.555 mmol) was dissolved in CHClz (5 mL), and FeBr;
(33 mg, 0.112 mmol) was added. The reaction mixture was cooled to 0°C, before dropwise
addition of a solution of Br; (28.5 pL, 0.556 mmol) in 1 mL CHCl3. The reaction was stirred at
room temperature for 3 d, monitored by TLC. On completion, H,O was added, and the product
was extracted with EtOAc, washed with H;0, dried over MgSQOs, filtered and the solvent removed
by rotary evaporation to give 61 (129 mg, 90%), as a pale brown solid. Crystals of 61 suitable
for X-ray crystallography were grown by vapor diffusion from chloroform, using hexane as the

precipitant.

1H NMR (300 MHz, CDCl;) &: 6.74, s, 1H, Ar-H; 5.57, s, 1H, Ar-0H; 2.33, s, 3H; -OCO-CH3; 2.21, s,
3H, Ar-CHs; 2.08, s, 3H, Ar-CHz. 13C NMR (75 MHz, CDCl3) &: 169.3 (C=0), 150.2, 141.6, 130.8,
130.6, 114.9, 110.6, 20.5, 17.1, 16.5. MS (ESI, -ve): m/z 256.9 [M-H]- ("°Br), 259.0 [M-H]- (8!Br).
HRMS (ESI, -ve): m/z256.9820 [M-H], Ci0H1179BrOs required m/z 256.9813; m/z 258.9800
[M-H]-, C10H118!BrOs required m/z 258.9793. MP: 96.5-98.1°C. X-ray crystal data: C1oH11BrOs,
M =259.10, colourless prism, 0.30 x 0.20 x 0.10 mm3, monoclinic, space group P2i/c, a=
9.0829(19), b = 8.984(2), c = 13.158(3) A, a=y=90.00°, B=99.576(7)°, V=1058.7(4) A3, Z= 4,
D.=1.626 g/cm3, Fooo =520, T=123(2) K, 260max = 55.0°, 6283 reflections collected, 2381 unique
(Rint=0.0642). Final GoF=0.991, R1=0.0490, wR2=0.1096, R indices based on 1501
reflections with [>20(I) (refinement on F2), 131 parameters, 0 restraints. Lp and absorption

corrections applied, 4 = 3.861 mm-1.

Synthesis of 2-bromo-3,5-dimethyl-1,4-phenylene diacetate - 62:

The brominated hydroquinone 64 (200 mg, 0.921 mmol) was stirred in Ac,0

e

(5.0 mL) as a suspension, and EtzN (1.0 mL) was added, dissolving the starting
material, as a pale yellow solution. The solution was stirred at room temperature
Br overnight, turning a dark brown colour. On completion, 10 mL of H,0 was added,
forming a precipitate. The product was filtered and the filtrate filtered a second

time. The two precipitates were analysed and combined to give bromo

=

compound 62 (228 mg, 82%), as a pale brown powder.

1H NMR (400 MHz, CDCI3) &: 6.89, s, 1H, Ar-H; 2.34, s, 3H, -OCO-CH3; 2.33, s, 3H, -OCO-CH3; 2.26,
s, 3H, Ar-CH3; 2.12, s, 3H, Ar-CHs. 13C NMR (100 MHz, CDCl3) 6: 168.7 (€=0), 168.4 (C=0), 146.2,
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146.1, 132.4, 130.6, 122.6, 116.6, 20.9, 20.5,, 17.1, 16.5. MS (ESI, +ve): m/z322.9 [M+Na]*
(79Br), 324.9 [M+Na]* (8!Br). HRMS (ESI, +ve): m/z 322.9886 [M+Na]*, C12H137°Br04 required
m/z322.9895; m/z324.9867 |[M+Na]*, Ci2H138BrOs required m/z324.9874. MP:
115.1-115.7°C.

Synthesis of 3,5-dibromo-4-hydroxy-2,6-dimethylphenyl acetate - 63:

0 Method 1: Adapted from Smith and Wiley.28 Bis-protected hydroquinone 38
OJ\ (251 mg, 1.13 mmol) was dissolved in glacial AcOH (3.14 mL) at room
temperature. A solution of Br; (61 pL, 1.19 mmol) in glacial AcOH (565 pL) was
Br Br added dropwise to the reaction mixture, which was stirred for 5 h, after which

OH time the solvent was removed rapidly (15-20 min) by rotary evaporation,
yielding a brown oil (296 mg). Purification by column chromatography (20% EtOAc/hexane)
produced 115 mg of unreacted 38 and product 63 (24 mg, 6%; recovered yield: 12%), as a pale
yellow oil. Mass spectrometry (ESI) showed none of the expected mono-brominated product 62.
Method 2: Adapted from Friedli and Shechter.2® Bis-protected hydroquinone 38 (174 mg,
0.783 mmol) was dissolved in CHCl; (3 mL), and FeBrz (300 mg, 1.02 mmol) was added. The
reaction mixture was cooled to 0°C and Br; (60 pL, 1.17 mmol) was added dropwise. The
reaction was allowed to warm to room temperature, and stirred for 3 d, monitored by TLC.
When starting material appeared to be consumed, H0 (3 mL) was added, and the product was
extracted with EtOAc (2 x 5 mL), washed with H,O (10 mL), dried over MgS0.,, and filtered.
Solvent was removed under reduced pressure to give a red-brown oil (203 mg). Purification by

column chromatography (20% EtOAc/hexane) gave 63 (67 mg, 25%), as pale yellow crystals.

1H NMR (400 MHz, CDCl3) &: 5.95, s, 1H, Ar-OH; 2.34, s, 3H, -OCO-CHs; 2.21, s, 6H, Ar-CHs.
13C NMR (75 MHz, CDCl;) &: 168.9 (C=0), 147.7, 141.3, 130.7, 110.0, 20.5, 17.3. MS (ESI, -ve):
m/z334.8 [M-H]- ("°Br), 336.8 [M-H]- ("Br,8!Br), 338.9 [M-H]- (81Br). HRMS (ESI, -ve):
m/z334.8925 [M-H], CioH1¢7°Br20s required m/z334.8918;, m/z336.8904 [M-H]J,
C10H107°Br81BrOs; required m/z 336.8898; m/z 338.8885 [M-H]*, CioH1081Br,03; required m/z
338.8878. MP: 151.4-152.4°C.
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Synthesis of 2-bromo-3,5-dimethylbenzene-1,4-diol - 64:

OH From Smith and Wiley.28 2,6-Dimethylhydroquinone 37 (204 mg, 1.48 mol) was
dissolved in glacial AcOH (4.1 mL), to which a solution of Br; (79 pL, 1.5 mmol) in

Br glacial AcOH (0.7 mL) was added dropwise. After 5 h, the solvent was removed
OH rapidly on a rotary evaporator to give 251 mg of a pale orange powder. The
product was recrystallised from hot 40% EtOH solution to give bromo compound 64 (230 mg,

72%), as a cream powder.

1H NMR (400 MHz, CDCl3/ds-DMSO) &: 7.51, s, 1H, Ar-OH; 6.80, s, 1H, Ar-OH; 6.45, s, 1H, Ar-H;
2.15, s, 3H, Ar-CHs; 1.98, s, 3H, Ar-CHs. 133C NMR (100 MHz, CDCl3/ds-DMSO) &: 146.5, 145.9,
125.5,124.8,114.6,109.9, 16.4, 16.4. MS (ES], -ve): m/z 214.9 [M-H]- ("°Br), 216.9 [M-H]- (81Br).
MP: 142.0-142.8°C (decomp.) (Literature?8: 145-146°C).

Synthesis of 8-bromo-2-(hydroxymethyl)-2,5,7-trimethylchroman-6-yl acetate - 65:

Adapted from Fukumoto et al.2® Protected bromohydroquinone 61
O
\[( (1.01 g, 3.89 mmol), 2-methyl-2-propen-1-ol (1.65 mL, 19.5 mmol),
© 0 OH 80% (w/w) paraformaldehyde (160 mg, 4.26 mmol), Bu;NH (66 pL,
Br

0.389 mmol) and glacial AcOH (112 pL, 1.95 mmol) were combined
in a pressure tube, and heated at 150°C for 2 d. The solvent was removed in vacuo to give a
thick, dark brown oil (1.70 g). Purification by column chromatography (35% EtOAc/hexane)
gave chroman 65 (1059 mg, 79%), as pale yellow crystals.

1HNMR (300 MHz, CDCl3) &: 3.64/3.58, AB system, 2/11.5 Hz, 2H, -CH.OH; 2.65, m, 2H,
-CH2CH2-; 2.38, brs, 1H, -OH; 2.32, s, 3H, -OCO-CHs; 2.19, s, 3H, Ar-CH3; 1.97, s, 3H, Ar-CHs;
1.93/1.74, m/m, 1H/1H, -CH:CH-; 1.26, s, 3H, -CH3. 133CNMR (75 MHz, CDCl3) &: 169.2 (C=0),
147.8, 141.2, 129.1, 127.7, 119.2, 112.0, 77.3, 68.9, 27.5, 20.5, 20.4, 20.3, 16.8, 12.4. MS
(ESI, +ve): m/z365.0 [M+Na]* (7°Br), 367.0 [M+Na]* (81Br). HRMS (ESI, +ve): m/z 360.0807
[M+NH4]*, C15sH197°BrO4 required m/z 360.0810; m/z 362.0788 [M+NH4]*, C1sH1981BrO4 required
m/z362.0790. MP: 99.0-101.4°C.
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Synthesis of 8-bromo-2-(2-hydroxyethyl)-2,5,7-trimethylchroman-6-yl acetate - 66:

Adapted from Fukumoto et al.20 Protected

\H/O bromo-hydroquinone 61 (752 mg, 2.90 mmol),
O o oH 3-methyl-3-buten-1-ol (2.93 mL, 29.0 mmol), 80% (w/w)
Br paraformaldehyde (121 mg, 3.22 mmol), Bu;NH (49 pL,

0.29 mmol) and glacial AcOH (83 pL, 1.4 mmol) were combined in a pressure tube, and
heated at 150°C for 4 d. The solvent was removed in vacuo to give a thick, dark brown oil
(1.47 g). Purification by silica plug (EtOAc) gave chroman 66 (1.03 mg, 99%), as a pale

brown oil.

1HNMR (300 MHz, CDCl3) &: 3.96/3.79, m/m, 1H/1H, -CH.CH0H; 2.62, t, 3/ 6.7 Hz, 2H,
-CH:CH;-; 2.29, s, 3H, -0CO-CH3; 2.16, s, 3H, Ar-CHs; 1.94, s, 3H, Ar-CH3 1.77, m, 4H,
-CH,CH»-/-CH,CH,0H; 1.27, s, 3H, -CHs. 13C NMR (100 MHz, CDCl;) o: 169.2 (C=0), 147.5, 141.2,
129.1, 127.8, 118.9, 111.9, 77.6, 58.8, 42.2, 31.8, 22.4, 20.6, 20.4, 16.8, 12.3. MS (ESI, +ve):
m/z379.1 [M+Na]+ ("°Br), 381.0 [M+Na]* (8!Br). HRMS (ESI, +ve): m/z357.0693 [M+H]+
C16H217°BrOs required m/z357.0701; m/z359.0674 [M+H]*, Ci6H2:8'BrOs required
m/z 359.0681.

Synthesis of 8-bromo-2,5,7-trimethyl-2-(tosyloxymethyl)chroman-6-yl acetate - 67:

Bromo chroman 65 (2.82 g, 8.21 mmol), DMAP (205 mg,
o)
W 0 1.68 mmol) and EtzN (2.30 mL, 16.5 mmol) were stirred
O O.
o) ,/S// in CH2Cl; (75 mL), and the reaction mixture was cooled
Br 0] \©\

to 0°C. p-Toluenesulfonyl chloride (3.13 g, 16.4 mmol)
was added slowly in portions, and the mixture was allowed to warm slowly to RT, and was
stirred for 5d, with monitoring by TLC. When all starting material had appeared to be
consumed, the reaction mixture was washed with aqueous NH4Cl solution, brine and H:0, before
drying over MgSO,, filtering and removal of solvent by rotary evaporation to give a brown oil
(4.50 g). Silica plug chromatography (50% EtOAc/hexane) gave 67 (4.08 g, quant.) as a pale

yellow crystalline solid.

1H NMR (400 MHz, CDCl3) &: 8.80/7.33, AA’XX’ system, 3/ 8.2 Hz, 4H, Ts-H; 4.03/3.92, AB
system, 3/ 9.7 Hz, 2H, -CH»-0-; 2.58, m, 2H, -CH,CH;-; 2.44, s, 3H, Ar-CHs; 2.33, s, 3H, -OCO-CHs3;
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2.19, s, 3H, Ar-CHs; 1.98/1.81, m/m, 2H, -CH>CH>-; 1.94, s, 3H, Ar-CH3; 1.33, s, 3H, -CH3. 13C NMR
(75 MHz, CDCl3) &: 169.1 (€=0), 147.4, 145.0, 141.3, 132.6, 130.0, 129.4, 128.0, 127.7, 118.6,
111.9, 74.9, 60.4, 27.7, 22.1, 21.6, 20.4, 20.0, 16.9, 12.3. MS (ESI, +ve): m/z518.9 [M+Na]*
(79Br), 520.9 [M+Na]* (81Br). HRMS (ESI, +ve): m/z 519.0444 [M+Na]*, C22H2579BrOsS required
m/z519.0453; m/z521.0433 [M+Na]*, Cz2:H2s81BrOsS required m/z521.0432. MP:
107.1-109.7°C.

Attempted synthesis of 8-bromo-2-(phthalimidylmethyl)-2,5,7-trimethylchroman-6-yl

acetate - 68:

Method 1: Ester 67 (58 mg, 0.12 mmol) was dissolved in

@)
\n/o DMF (2mL) and potassium phthalimide (108 mg,
O e} N 0.583 mmol) was added. The reaction was stirred and
Br O heated at 120°C, with monitoring by TLC. After 7 d, the

reaction was cooled to RT and H2,0 was added. The reaction mixture was extracted with CHCl,
washed with H0, dried (MgS0.4), filtered and solvent was removed by rotary evaporation, giving
a yellow oil. Water was added to the oil to precipitate the apparent product and cooled
overnight. The precipitate was filtered and washed with H0 to give a beige solid (17 mg). Mass
spectrometry and H NMR spectroscopy indicated only starting material. Method 2: Adapted
from Fukumoto et al2® Protected bromo-hydroquinone 61 (204 mg, 0.787 mmol), alkene
phthalimide 71 (212 mg, 1.05mmol), 80% (w/w) paraformaldehyde (33 mg, 0.88 mmol),
Bu;NH (13 pL, 77 umol), glacial AcOH (23 pL, 0.40 mmol) and toluene (2 mL) were combined in
a pressure vessel, which was heated to 100°C for 18 h, after which time TLC indicated that the
bromo starting material had been consumed. Solvent was removed in vacuo to give a brown oil
(494 mg). Mass spectrometry of the crude mixture showed major peaks at m/z 400.1 and 402.1,
in an isotopic pattern consistent with one bromine. No bromo hydroquinone 61 or expected

product 68 were detected.
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Attempted synthesis of 2-(azidomethyl)-8-bromo-2,5,7-trimethylchroman-6-yl acetate -
69:

o Tosyl ester 67 was dissolved in either DMF, toluene or acetonitrile,
Y and NaN3 (4 equiv.) and Nal (0.2 equiv.) were added. The reaction
(@] N
O ® mixture was stirred and heated at 90°C for 2 d, during which time
Br

progress was monitored by ESI mass spectrometry. After 2 d, each

reaction was stopped, and no product was observed by mass spectrometry.

Synthesis of 2-methylallyl 4-methylbenzenesulfonate - 70:

)L/ 0 Method 1 (attempted): 2-Methyl-2-propen-1-ol (5.00 mL, 59.1 mmol)
O\,/S// was dissolved in CHzCl; (20 mL), and DMAP (1.44 g, 11.8 mmol) and
© \©\ EtsN (16.5mL, 119 mmol) were added. The reaction mixture was
stirred and cooled to 0°C, and p-toluenesulfonyl chloride (22.5 g, 118 mmol) was added over
5 min, while the reaction was kept cool (not above 4°C). During the addition of
p-toluenesulfonyl chloride, some fumes were formed, despite maintaining a low temperature,
and the mixture thickened, requiring a further 5 mL of CH2Cl; to be added to the flask. The
reaction mixture was stirred and allowed to warm to room temperature overnight. Monitoring
by TLC was difficult, due to the starting material being too volatile to appear on the plate. After
24 h stirring, the solvent was removed by rotary evaporation, and the presumed product was
extracted with EtOAc, and washed with saturated aqueous solutions of NH4Cl and brine,
followed by washing with H,0. The solvent was dried over MgSO. and filtered, and the solvent
removed under reduced pressure to give a white solid (2.82 g). Characterisation by 'H NMR
spectroscopy showed only p-toluenesulfonyl chloride, not the expected product 70. Method 2:
From Yoshida et al3* 2-Methyl-2-propen-1-ol (3.00 mL, 35.4 mmol) was stirred in toluene
(95 mL), and Me3N.HCl (350 mg, 3.66 mmol) and EtzN (9.9 mL, 71 mmol) were added. The
reaction mixture cooled to 0°C, followed by the slow addition of p-toluenesulfonyl chloride
(10.1 g, 53.2 mmol). As the reaction mixture thickened, a further 25 mL of toluene was added.
The reaction was stirred and kept cool with stirring for 1 h, before being allowed to warm to
room temperature and stirred overnight. On completion, H,O (100 mL) was added to the
reaction and the product was extracted with EtOAc (2 x 100 mL) and washed with saturated
aqueous NH4CI solution (2 x 250 mL), brine (250 mL) and H20 (250 mL), dried with MgS0O. and

filtered. Removal of the solvent by rotary evaporation gave a yellow oil (8.77 g). Purification by
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column chromatography (hexane to 10% EtOAc/hexane) gave ester 70 (5.13 g, 64%), as a

colourless oil.

1H NMR (300 MHz, CDCls) o: 7.78/7.33, AA’XX’ system, 3] 8.3 Hz, 4H, Ts-H; 4.98, m, 1H, C=C-H;
4.93, m, 1H, C=C-H; 4.42, s, 2H, -CH»-; 2.44, s, 3H, Ar-CHs; 1.68, s, 3H, -CH3. 13C NMR (75 MHz,
CDCl;) &: 144.9, 138.1, 133.4, 129.9, 128.0, 115.7, 73.8, 21.7, 19.1. MS (ESI, +ve): m/z 249.0
[M+Na]*.

Synthesis of N-(2-methylallyl)phthalimide - 71:

o) Method 1: Ester 70 (316 mg, 1.40 mmol) was dissolved in DMF (5 mL) and
)JVN potassium phthalimide (520 mg, 2.81 mmol) was added. The reaction was
O heated at 100°C overnight. Water was added to the reaction on completion,

the product was extracted with CH2Cl; and washed with H,0, dried over MgSO. and filtered.
Solvent was removed in vacuo to give a yellow oil, from which the product was precipitated with
H-0, filtered and washed with H;0 to give 71 (265 mg, 95%), as a cream powder. Method 2:
Adapted from Goff et al3?7 A 60% dispersion of NaH in oil (25 mg, 0.63 mmol), washed twice
with hexane, was stirred in 2 mL of dry THF under N;. A solution of phthalimide 80 (104 mg,
0.544 mmol) in 2 mL of dry THF was added dropwise to the suspension. Once H gas formation
subsided, the reaction mixture was stirred at room temperature for 10 min. Tosyl ester 70
(143 mg, 0.632 mmol) was dissolved in 2 mL of dry THF, and this solution was added dropwise
to the reaction mixture, and the reaction was stirred at room temperature for 2 d under N3, then
heated at 80°C overnight, monitored by TLC. A further 15 mg of NaH in 2 mL dry THF was added
to the reaction mixture after this time, and the reaction was heated at 80°C for a further 1d,
accompanied with a colour change of the cloudy reaction mixture from white to pale yellow,
after which time TLC indicated no tosyl ester starting material was remaining. Water (10 mL)
was slowly added to the reaction mixture (gas evolution) and the product was extracted with
EtOAc (2 x 50 mL), washed with H,0 (2 x 50 mL), dried over MgS04 and filtered. Concentration
of the filtrate by rotary evaporation yielded a yellow oily solid (29 mg). Purification by column
chromatography (20% EtOAc/hexane) did not isolate either of the starting materials 70 or 80 or
the expected product 86, however phthalimide 71 (16 mg, 13%) was isolated, as a cream
powder. Method 3: Adapted from Obert et al.36 To a solution of t-BuOK (62 mg, 0.55 mmol) in
t-BuOH (10 mL) under N, phthalimide 80 (101 mg, 0.528 mmol) was added, producing a cloudy
white mixture. A solution of ester 70 (104 mg, 0.460 mmol) in 4 mL of t-BuOH was added

slowly, turning the reaction mixture a pale pink colour. The reaction was heated at reflux
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overnight, before workup with the addition of H,0 (10 mL). The reaction mixture was extracted
with EtOAc (2 x 20 mL), washed with H,0 (2 x 20 mL), dried with MgSO0,, filtered and the
solvent removed in vacuo to give a cream waxy solid (65 mg). Purification by column
chromatography (20% EtOAc/hexane) yielded phthalimide 71 (22 mg, 24%), as a pale yellow
solid.

1H NMR (300 MHz, CDCl3) &: 7.86, m, 2H, Phth-H; 7.74, m, 2H, Phth-H; 4.89, m, 1H, C=C-H; 4.82,
m, 1H, C=C-H; 4.22, s, 2H, -CH»-; 1.78, s, 3H, -CHs;. 13C NMR (75 MHz, CDCl3) &: 168.2 (€=0),
139.5, 134.1, 132.3, 123.5, 112.2, 43.4, 20.5. MS (ESI, +ve): m/z 202.1 [M+H]*. MP: 86.2-88.5°C
(Literature#4: 88.5-90°C).

Synthesis of 8-bromo-2-(2-phthalimidylethyl)-2,5,7-trimethylchroman-6-yl acetate - 72:

o Method 1 (attempted): Adapted from Fukumoto et al.2°
Y O Protected bromo-hydroquinone 61 (208 mg,
o
0] N 0.803 mmol), alkene phthalimide 51 (365 mg,
Br
0]

1.70 mmol), 80% (w/w) paraformaldehyde (33 mg,
0.88 mmol), Bu;NH (14 pL, 82 pmol), glacial AcOH (23 pL, 0.40 mmol) and toluene (2 mL) were
combined in a pressure vessel, which was heated to 100°C for 20 h, after which time TLC had
indicated that the bromo starting material had been consumed. Solvent was removed in vacuo
to give a brown oil. Mass spectrometry of the crude mixture showed major peaks at m/z 400.2
and 402.0, in an isotopic pattern consistent with one bromine present. No bromo hydroquinone
61 or expected product 72 were detected. Method 2 (attempted, solvent-free): Protected
bromo-hydroquinone 61 (31 mg, 0.12 mmol), alkene 51 (52 mg, 0.24 mmol), 80% (w/w)
paraformaldehyde (6 mg, 0.2 mmol), Bu;NH (2pL, 0.01 mmol) and glacial AcOH (4 pL,
0.07 mmol) were combined in a pressure tube and the reaction mixture was heated at 150°C for
1 hour. Thin layer chromatography at this time indicated consumption of bromo compound 37,
and the low resolution mass spectrum had major peaks at m/z 400.2 and 402.3, consistent with
the presence of one bromine. Heating of the reaction mixture for a further 1 h gave the same
results. Method 3: Ester 78 (384 mg, 0.751 mmol) was dissolved in DMF (7 mL) and potassium
phthalimide (168 mg, 0.907 mmol) was added. The reaction mixture was heated at 100°C
overnight, after which time the reaction was cooled to room temperature and filtered. The
filtrate was extracted with EtOAc, washed twice with H,0, dried (MgS0,), filtered and the

solvent removed in vacuo to give a pale yellow solid (312 mg). The solid was filtered and
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washed with H,0 to remove excess DMF, giving phthalimide 72 (276 mg, 76%), a pale yellow

powder.

1H NMR (400 MHz, CDCls) &: 7.82, m, 2H, Phth-H; 7.69, m, 2H, Phth-H; 3.94, m, 2H, -CH.CH,-N-;
2.67, m, 2H, -CH,CH,-; 2.32, s, 3H, -0CO-CHs; 2.18, s, 3H, Ar-CHs; 2.04/1.85, m/m, 2H/2H,
-CH,CH,-/-CH,CH,-N-; 1.97, s, 3H, Ar-CHs; 1.38, s, 3H, -CHs. 13C NMR (100 MHz, CDCls) 8: 169.4,
168.0, 148.0, 141.1, 134.0, 132.8, 129.2, 127.6, 123.3, 118.8, 112.3, 75.6, 38.2, 33.6, 31.0, 23.3,
20.7, 20.6, 17.0, 12.5. MS (ESI, +ve): m/z486.0 [M+H]* ("°Br), 488.0 [M+H]* (#1Br), 507.9
[M+Na]* ("°Br), 509.9 [M+Na]* (¢1Br). HRMS (ESI, +ve): m/z 486.0914 [M+H]*, C24H247°BrNOs
required m/z 486.0916; m/z 488.0898 [M+H]*, Co4H2481BrNOs required m/z 488.0896. MP:
170.8-172.7°C.

Synthesis of N-(2-methylallyl)acetamide - 73:

)J\/H Phthalimide 71 (1.84 g, 9.14 mmol) was dissolved in THF (15 mL) and EtOH
N\[( (35mL) was added. The solution was cooled to 5°C, before the dropwise

0 addition of hydrazine hydrate (4.45 mL, 91.5 mmol). The reaction was allowed
to warm to room temperature and stirred for 3 h, during which time a white precipitate was
formed. The precipitate was removed by filtration and washed with a small amount of THF. The
filtrate was cooled in an ice bath, and Ac;0 (50 mL) and Et;N (15 mL) were slowly added with
stirring and left to warm to room temperature. The reaction was stirred at room temperature
for 3 d. On completion, water was added to the reaction mixture and the product was extracted
with EtOAc (2 x 200 mL), washed with saturated aqueous NaHCO3 solution (4 x 100 mL) and
H20 (2 x 200 mL), and the organic phase was dried over MgS0,, filtered and the solvent
evaporated under reduced pressure to give a white oily solid (748 mg). The product was
dissolved in CH:Cl; and filtered to remove impurities before concentration in vacuo to give a
white solid (672 mg). Purification by column chromatography (Et.0, followed by EtOAc, flushed
with 20% MeOH/EtOAc) gave acetamide 73 (225 mg, 22%), as a pale yellow oil.

1H NMR (400 MHz, CDCl3) &: 6.15, br s, 1H, -NH; 4.78, m, 2H, -C=CHz; 3.74, d, 3] 6.0 Hz, 2H, -CH>-;

1.97, s, 3H, -NCO-CHs; 1.68, s, 3H, -CHs. 13C NMR (100 MHz, CDCls) 8: 170.4 (C=0), 142.0, 110.9,
45.2,23.1,20.3. MS (ESI, +ve): m/z 114.1 [M+H]*, 136.1 [M+Na]".
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Synthesis of N-(3-methylbut-3-enyl)acetamide - 74:

o Phthalimide 51 (2.00 g, 9.30 mmol) was dissolved in THF (25 mL) and EtOH
)L/\NJ\ (45 mL) and the solution was cooled to 0°C, before the dropwise addition of

H hydrazine hydrate (4.52 mL, 92.9 mmol). The reaction was stirred at 0°C for
1 h, as a thick precipitate formed. A further 70 mL EtOH was added and the reaction was stirred
at RT for 2d. The reaction mixture was filtered to remove phthalhydrazide byproduct, which
was washed with a small amount of EtOH. The filtrate was stirred and cooled to 0°C.
Triethylamine (20 mL) and Ac;0 (65 mL) were added, as the reaction changed from colourless
to a clear yellow solution. The reaction was allowed to warm to RT, and stirred for 3 d, over
which time the yellow colour of the solution paled. The reaction was then heated at 100°C for
1 h, before cooling to RT and excess EtOH/THF was removed by rotary evaporation. The
product was extracted from thee aqueous solution with EtOAc (2 x 300 mL), washed with H,0
(300 mL) and saturated NaHCOz solution (3 x 300 mL), before a further wash with H,0
(300 mL). The organic phase was dried over MgS04 and filtered to give a pinkish-brown oily
solid (579 mg). Purification by column chromatography (EtOAc to 20% MeOH/EtOAc) gave 74
(154 mg, 13%) as a yellow oil.

1H NMR (400 MHz, CDCl3) &: 5.80, br's, 1H, -NH; 4.77, m, 1H, -C=C-H; 4.69, m, 1H, -C=C-H; 3.32,
q, 3/ 6.4 Hz, 2H, -CH:CH:-N-; 2.17, t, 3] 6.8 Hz, 2H, -CH.CH2-N-; 1.92, s, 3H, -NCO-CH3; 1.69, s, 3H,
-CH;. 1BBCNMR (75 MHz, CDCl3) &: 170.2 (C=0), 142.8, 112.4, 37.5, 37.2, 23.4, 22.1. MS
(ESI, +ve): m/z 128.1 [M+H]+, 150.1 [M+Na]*. HRMS (ESI, +ve): m/z 150.0894 [M+H]+, C;H13NO
required m/z 150.0889.

Attempted synthesis of 2-(acetamidomethyl)-2,5,7,8-tetramethylchroman-6-yl acetate -
75:

Adapted from Fukumoto et al.20 Protected bromo-hydroquinone

@)
\[( H 61 (52 mg, 0.20 mmol), alkene 73 (34 mg, 0.30 mmol), 80%
© 0} N\H/ (w/w) paraformaldehyde (19 mg, 0.51 mmol), Bu;NH (75 pL,
Br 0o 0.44 mmol) and glacial AcOH (100 pL, 1.74 mmol) were

combined in a pressure vessel, which was heated to 150°C for 2 d, after which time TLC had
indicated that the bromo starting material had been consumed. Solvent was removed in vacuo

to give a brown oil. Mass spectrometry of the crude mixture showed some [M+H]* peaks at
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m/z 384.1 and 386.1, in an isotopic pattern consistent with one bromine present, however no

product was isolated on purification by column chromatography (EtOAc to 20% MeOH/EtOAc).

Attempted synthesis of 2-(2-acetamidoethyl)-2,5,7,8-tetramethylchroman-6-yl acetate -
76:

o Adapted from Fukumoto et al.20 Protected bromo-
\ﬂ/ j\ hydroquinone 61 (50 mg, 0.19 mmol), alkene 74 (36 mg,
@]
o N 0.28 mmol), 80% (w/w) paraformaldehyde (16 mg,
Br

0.43 mmol), Bu;NH (75 puL, 0.45mmol) and glacial AcOH
(100 pL, 1.74 mmol) were combined in a pressure vessel, which was heated at 150°C for 1 h,
after which time TLC had indicated that the bromo starting material had been consumed.
Solvent was removed in vacuo to give a brown oil. Mass spectrometry of the crude mixture
showed peaks for the expected product at m/z398.1/400.1, representing [M+H]* and
m/z420.1/422.1, corresponding to the [M+Na]* peak, both in a isotopic patterns consistent with
one bromine present, however the !H NMR spectrum was inconclusive and attempted
purification by column chromatography (EtOAc to 20% MeOH/EtOAc) gave three fractions, of
which none appeared to be the expected product or the bromo starting material by 1H NMR

spectroscopy or mass spectrometry.

Synthesis of 8-bromo-2,5,7-trimethyl-2-(2-(tosyloxy)ethyl)chroman-6-yl

4-methylbenzenesulfonate - 77:

Alcohol 66 (271 mg, 0.759 mmol) was

=Y Q, dissolved in CH2Cl; (5 mL), and DMAP (21 mg,
/©/ © o) O/S\b 0.17 mmol) and EtsN (526 pL, 3.79 mmol)
Br were added. The reaction mixture was cooled

to 0°C, before the slow addition of p-toluenesulfonyl chloride (293 mg, 1.54 mmol). The reaction
was slowly warmed to room temperature and stirred overnight, after which time the starting
material had appeared by TLC to be consumed. The solvent was removed by rotary evaporation
and the product was extracted with EtOAc. The organic phase was washed twice with saturated

aqueous NH4Cl solution, once each with brine and H;0, dried over MgSQ0,, filtered and the

solvent removed under reduced pressure to give 399 mg of a pale brown oil. Purification by
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column chromatography (20% EtOAc/hexane) gave pure 77 (346 mg, 73%), as a clear yellow

oil.

1H NMR (400 MHz, CDCl3) &: 7.79/7.35, AA’XX’ system, 3] 8.2 Hz, 4H, Ts-H; 7.76/7.30, AA’XX’
system, 3] 8.1 Hz, 4H, Ts-H; 4.36-4.22, m, 2H, -CH,CH»-0-; 2.54, t, 3] 6.8 Hz, 2H, -CH,CH»-; 2.46, s,
3H, Ar-CHs; 2.42, s, 3H, Ar-CHs; 2.07, s, 3H, Ar-CHs; 1.96, s, 3H, Ar-CH3; 1.97/1.79, m/m, 2H/2H,
-CH,CH»-/-CH,CH»-0-; 1.24, s, 3H, -CH3. 13C NMR (100 MHz, CDCl;) &: 148.2, 145.5, 144.9, 140.4,
134.0, 133.0, 131.4, 130.3, 130.0, 129.9, 128.3, 128.0, 119.1, 112.5, 75.3, 66.7, 38.5, 31.5, 23.7,
21.8, 21.7, 20.6, 18.3, 13.9. MS (ESI, +ve): m/z644.9 [M+Na]* ("9Br), 646.8 [M+Na]* (81Br).
HRMS (ESI, +ve): m/z 645.0592 [M+Na]*, C2sH317°Br05S; required m/z 645.0592; m/z 647.0568
[M+Na]*, C28H3181BrO-S; required m/z 647.0572.

Synthesis of 8-bromo-2,5,7-trimethyl-2-(2-(tosyloxy)ethyl)chroman-6-yl acetate - 78:

Alcohol 66 (359mg, 1.00 mmol), DMAP (7 mg,

\H/O 0 /©/ 60 pmol) and EtzN (167 pl, 1.20 mmol) were

0 0O O/S\b dissolved in CH2Cl; (8 mL), and the reaction mixture
Br

was cooled to 0°C. p-Toluenesulfonyl chloride
(232 mg, 1.22 mmol) was added slowly, and the reaction was allowed to warm to room
temperature, with monitoring by TLC. The reaction was stirred overnight, after which time TLC
indicated the consumption of starting material. On completion, solvent was removed by rotary
evaporation, and the product was extracted with EtOAc, washed twice with saturated aqueous
NH4Cl solution and once each with brine and H20. The organic phase was dried with MgSQO.,,
filtered and solvent removed under reduced pressure to give a yellow oil (498 mg). Purification
by column chromatography (20% EtOAc/hexane) gave pure 78 (421 mg, 82%), as a pale yellow

oil.

1H NMR (400 MHz, CDCls) &: 7.78/7.31, AA’XX’ system, 3] 8.2 Hz, 4H, Ts-H; 4.35/4.26, m/m,
1H/1H, -CH,CH;-0-; 2.59, t, 3] 6.4 Hz, 2H, -CH,CH;-; 2.43, s, 3H, Ar-CHs; 2.33, s, 3H, -OCO-CHs;
2.18, s, 3H, Ar-CHs; 2.00/1.79, m/m, 2H/2H, -CH,CH,-/-CH,CH2-0-; 1.95, s, 3H, Ar-CHs; 1.25, s,
3H, -CHs. 13C NMR (100 MHz, CDCl3) 8: 169.3 (C=0), 147.6, 144.9, 141.2, 133.1, 130.0, 129.3,
128.0,127.7,118.7, 112.1, 75.0, 66.9, 38.5, 31.6, 23.7, 21.7, 20.6, 20.5, 16.9, 12.4. MS (ESI, +ve):
m/z532.9 [M+Na]* (7°Br), 534.9 [M+Na]* (8'Br). HRMS (ESI, +ve): m/z533.0602 [M+Na]+
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C23H2779Br0OeS required m/z533.0609; m/z535.0582 [M+Na]*, C3H2781BrO¢S required
m/z 535.0589.

Synthesis of N-(2-hydroxyethyl)phthalimide - 80:

O 2-Chloroethanol (3.00 mL, 44.8 mmol) and potassium phthalimide salt

HO\/\N (27.6 g, 149 mmol) were stirred in DMF (150 mL) at 100°C for 11 h, and
o stirred at RT for a further 6 d. After this time, the reaction mixture was
filtered washed with CH:Cl;, and the filtrate was washed twice with saturated aqueous NaHCO3
solution and once with H,0. The organic extract was dried over MgSQ,, filtered and the solvent
removed in vacuo to give a yellow oil. Product was precipitated out on addition of a small

amount of H,0, and the resulting precipitate was collected over vacuum, washed with H,O and

dried to give 80 (7.95 g, 93%), as a cream solid.

1H NMR (400 MHz, CDCI3) &: 7.84, m, 2H, Phth-H; 7.73, m, 2H, Phth-H; 3.88, m, 4H, -CH,CH,0OH.
1BCNMR (100 MHz, CDCl3) &: 169.0 (€=0), 134.2, 132.1, 123.5, 61.2, 41.0. MS (ESI, +ve):
m/z 214.0 [M+Na]+. MP: 127.3-127.7°C (Literature*s: 126.5-127.5°C).

Synthesis of 2-phthalimidylethyl 4-methylbenzenesulfonate - 81:

o o O Phthalimide 80 (7.79 g, 40.7 mmol) was dissolved in CH:Cl;
/©/S\E/) ~ON Z (150 mL) and DMAP (1.00 g, 8.20 mmol) was added. After
o slow addition of EtsN (11.5mL, 82.6 mmol), the reaction

mixture turned a clear, pale yellow colour, and was cooled to 0°C. p-Toluenesulfonyl chloride
(16.0 g, 83.9 mmol) was added slowly in portions, and the reaction mixture turned a pale brown
colour, then was allowed to warm to room temperature with stirring overnight. On completion,
solvent was removed by rotary evaporator and the product was extracted with EtOAc, washed
with aqueous NH:Cl solution, brine and water. Then organic phase was dried over MgSOs,
filtered and the solvent removed in vacuo to give a cream solid (11.02 g). The crude product was

purified by dissolving impurities in EtOAc, and collecting the solid by vacuum filtration to yield

ester 81 (5.45 g, 39%), as a cream solid.
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1H NMR (300 MHz, CDCl5) 8: 7.78, m, 2H, Phth-H; 7.71, m, 2H, Phth-H; 7.67/7.14, AA’XX’ system,
3] 8.3 Hz, 4H, Ts-H; 4.30, t, 3] 5.4 Hz, 2H, -0-CH,CH,-N-; 3.91, t, 3/ 5.4 Hz, 2H, -0-CH,CH,-N-; 2.30, s,
3H, -CHs. B3CNMR (75 MHz, CDCls) &: 167.7 (C=0), 144.9, 135.6, 134.2, 130.0,129.9, 127.9,
123.4, 66.6, 37.0, 21.7. MS (ESI, +ve): m/z368.1 [M+Na]*. MP: 140.1-141.4°C (Literature:
142°C).

Attempted synthesis of 2-((2-phthalimidylethoxy)methyl)-2,5,7-trimethylchroman-6-yl

acetate - 82:

o Method 1: Adapted from Zlatev et al.35 Chroman 40
\ﬂ/ O (62mg, 0.23mmol) and ester 81 (405 mg,

@) @)
0 TN 1.17 mmol) were dissolved in dry THF (3 mL) and

o 1,4-diazabicyclo[2.2.2]octane (53 mg, 0.47 mmol)
and 1,8-diazabicycloundec-7-ene (88 uL, 0.59 mmol) were added the solution, which was heated
at reflux under N; for 4 h. The reaction was cooled to RT and stirred for a further 3 d, after
which time analysis by low resolution mass spectrometry indicated the presence of neither of
the starting materials nor the desired product. Method 2: Adapted from Obert et al.36 Chroman
40 (44 mg, 0.17 mmol) was dissolved in tert-butanol (2 mL) and stirred under Ar. Ester 81
(287 mg, 0.831 mmol) and potassium tert-butoxide (40 mg, 0.36 mmol) were added slowly the
solution, which was stirred under Ar for 4 d, after which time the reaction mixture had turned
solid. The product was extracted with EtOAc (10 mL), washed with brine (3 x 10 mL), the
organic phase was dried with Na,SO,, filtered and the solvent was removed by rotary
evaporation to give a cream solid (201 mg). The proton NMR spectrum of the solid showed
mainly ester 81 was present, while low resolution mass spectrometry showed none of the
expected product. Method 3: A 60% dispersion of NaH in oil (126 mg, 3.15 mmol), washed twice
with hexane, was stirred in 2 mL of dry THF. To this suspension a solution of chroman 40
(82 mg, 0.31 mmol) and ester 81 (214 mg, 0.62 mmol) in dry THF (6 mL) was added slowly
under N;. The reaction mixture was stirred and heated to 80°C for 5 d, with monitoring by TLC.
On completion, the reaction mixture was extracted with EtOAc, washed with H;0, dried over
MgSO0,4 and the solvent was removed in vacuo. Proton NMR spectroscopy of the crude mixture
showed possible deacetylation of chroman 82. Mass spectrometry supported the lack of product
formation, with a major peak at m/z 287.2, representing the [M+Na]* ion of the starting material,
and a peak was present at m/z 245.2, for the deacetylated chroman. None of the desired product
was observed in the spectrum. Method 4: Adapted from Zlatev et al.3> Chroman 40 (53 mg,
0.20 mmol) and phthalimide compound 85 (84 mg, 0.40 mmol) were dissolved in dry THF
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(2mL). 1,4-Diazabicyclo[2.2.2]octane (45 mg, 0.40 mmol) and 1,8-diazabicycloundec-7-ene
(75 uL, 0.50 mmol) were added the solution, which was heated at reflux under N; for 2 d. After
this time a new major spot by TLC had been formed, so the reaction was cooled to RT. Water
was added the reaction mixture, which was extracted with EtOAc, washed with H0, dried over
MgSO,, filtered and the solvent was removed in vacuo to give 57 mg of yellow oil. Attempted
purification by column chromatography (20% EtOAc/hexane) yielded five fractions, none of
which appeared by 1H NMR or mass spectrometry to be the desired product. Method 5: A 60%
dispersion of NaH in oil (30 mg, 1.0 mmol), washed twice with hexane, was stirred in 1 mL of dry
THF. To this suspension a solution of chroman 40 (19 mg, 0.072 mmol) and phthalimide 85
(30 mg, 0.14 mmol) in dry THF (1.5 mL) was added slowly under N;. The reaction mixture was
stirred and heated at reflux overnight, and the reaction was stopped when a new major spot
appeared by TLC. Mass spectrometry of the reaction mixture showed no peaks attributable to

the expected product.

Attempted synthesis of 2-(2-(2-phthalimidylethoxy)ethyl)-2,5,7-trimethylchroman-6-yl

acetate - 83:

Method 1: Adapted from Zlatev et al.35 Chroman

\H/O © 41 (12 mg, 0.043 mmol) and ester 81 (75 mg,
o 0) o/\/N 0.22 mmol) were dissolved in dry THF (2 mL)
o and 1,4-diazabicyclo[2.2.2]octane (13 mg,

0.11 mmol) and 1,8-diazabicycloundec-7-ene (17 pL, 0.11 mmol) were added the solution, which
was heated at reflux under N; for 3 h. After this time chroman 41 appeared by TLC to have been
consumed, so the reaction was cooled to RT. The reaction mixture was extracted with EtOAc,
washed with H0, dried over Na;SO,, filtered and the solvent was removed in vacuo to give
123 mg of green-brown oily solid. Mass spectrometry indicated very little expected product
formation, and primarily the starting chroman 41. Method 2: A 60% dispersion of NaH in oil
(26 mg, 0.65 mmol), washed twice with hexane, was stirred in 2 mL of dry THF. To this
suspension a solution of chroman 41 (18 mg, 0.065 mmol) and ester 81 (45 mg, 0.13 mmol) in
dry THF (3 mL) was added slowly under N;. The reaction mixture was stirred and heated to
80°C for 5 d, with monitoring by TLC. On completion, the reaction mixture was extracted with
EtOAc, washed with H;0, dried over MgS0O4 and the solvent was removed in vacuo. Mass
spectrometry supported the lack of product formation, with no peaks present for the desired

product or either of the starting materials, and a peak was present at m/z 259.2, attributable to

the [M+Na]* peak of deacetylated chroman.
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Synthesis of 2-chloroethyl 4-methylbenzenesulfonate - 84:

2-Chloroethanol (2.00 mL, 29.8 mmol) was dissolved in CHCl
cl O\\S (120 mL), DMAP (735 mg, 6.02 mmol) and EtzN (8.5 mL, 61 mmol)
\/\O/ i\

@) were added, and the reaction mixture was stirred and cooled to 0°C.
p-Toluenesulfonyl chloride (6.86 g, 36.0 mmol) was added slowly in portions, and the reaction
mixture was allowed to warm slowly to room temperature, and stirred overnight. The reaction
was monitored by TLC. On completion, the solvent was removed by rotary evaporation, and the
product extracted with EtOAc, and the organic phased was washed with aqueous NH4ClI solution,

brine and H20. On drying with MgSO. and filtration, the solvent was removed to give 84 as a

colourless oil (5.63 g, 80%).

1H NMR (400 MHz, CDCls) &: 7.78/7.35, AA’XX’ system, 3] 8.2 Hz, 4H, Ts-H; 4.22, t, 3] 5.9 Hz, 2H,
CICH,CH2-0-; 3.63, t, 3] 5.9 Hz, 2H, CICH,CH,-0-; 2.43, s, 3H, Ar-CHs. 13C NMR (100 MHz, CDCls)
§: 145.3, 132.7, 130.0, 128.0, 69.1, 40.9, 21.7. MS (ESI, +ve): m/z 257.1 [M+Na]* (35Cl), 259.0
[M+Na]* (37Cl).

Synthesis of N-(2-chloroethyl)phthalimide - 85:

0o Ester 84 (5.63 g, 24.0 mmol) was dissolved in DMF (200 mL), and

CI\/\N potassium phthalimide (4.45 g, 24.0 mmol) was added. The reaction was
o stirred and heated at 100°C overnight, after which time 'H NMR
spectroscopy of a small aliquot indicated that all of 84 had been consumed. On completion, H>0
(150 mL) was added and the product was extracted with CH:Cl; (2 x 200 mL), washed with
saturated aqueous NaHCOs3 solution (300 mL) and H20 (300 mL), dried with MgSO0s,, filtered and
solvent removed in vacuo to give a yellow oil, from which the product was precipitated on

addition of H,0. The precipitate was filtered over vacuum, washed with H,0 and dried to give

product 85 (3.46 mg, 69%), as a cream solid.

1H NMR (300 MHz, CDCl:) 8: 7.87, m, 2H, Phth-H; 7.73, m, 2H, Phth-H; 4.04, t, 3/ 6.4 Hz, 2H,
CICH2CH>-N-; 3.77, t, 3] 6.4 Hz, 2H, CICH,CH>-N-. 13C NMR (75 MHz, CDCl;) 3: 168.1 (€=0), 134.3,
132.0, 123.6, 40.9, 39.6. MS (ESI, +ve): m/z 210.0 [M+H]* (35Cl), 212.1 [M+H]* (37Cl). MP:
78.7-80.1°C (Literature*é: 79.5-81°C).
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Attempted synthesis of N-(2-((2-methylallyl)oxy)ethyl)phthalimide - 86:

)J\/ O Method 1: Adapted from Goff et al.37 A 60% dispersion of NaH in oil
O\/\N (103 mg, 2.58 mmol), washed twice with hexane, was stirred in

o 3 mL of dry THF under N,. The suspension was cooled to ~5°C, and
a solution of 2-methyl-2-propen-1-ol (200 pL, 2.36 mmol) in 1 mL of dry THF was slowly added.
Once H; gas formation has subsided, the reaction mixture was stirred at 80°C for 3 h. After this
time, the flask was cooled to 0°C, and a solution of phthalimide 85 (596 mg, 2.84 mmol) in dry
THF (3 mL) was added dropwise. The pale cloudy yellow reaction mixture darkened to a deeper
clear yellow, and the reaction was stirred at RT overnight. After 24 h, all starting material had
appeared by TLC to have been consumed and a white precipitate had formed. Water (10 mL)
was added and the reaction mixture was extracted with EtOAc (2 x 10 mL), washed with H,0
(2 x 20 mL), dried over MgSO,4 and filtered. The filtrate was concentrated in vacuo to give
starting material phthalimide 85 (268 mg). None of the expected product 86 was identified.
Method 2: Adapted from Obert et al3¢ Potassium tert-butoxide (160 mg, 1.43 mmol) was
dissolved tert-butanol (13 mL) under N,. 2-Methyl-2-propen-1-ol (121 pL, 1.43 mmol) and
phthalimide 85 (249 mg, 1.19 mmol) were added and the reaction mixture was stirred at RT for
10 min, before heating at reflux for 2 d with monitoring by TLC. The reaction was cooled to RT
before it was extracted with EtOAc (2 x 10 mL), washed with H,O (20 mL), dried over MgSQOs,
filtered and the solvent removed by rotary evaporation to give starting material phthalimide 85

(201 mg).

Attempted synthesis of N-(2-((3-methylbut-3-en-1-yl)oxy)ethyl)phthalimide - 87:

0] Adapted from Goff et al37 A 60% dispersion of NaH in oil (88 mg,

)k/\ ~ N 2.21 mmol), washed twice with hexane, was stirred in 3 mL of dry
o)

o) THF under N,. The suspension was cooled to ~5°C, and a solution

of 3-methyl-3-buten-1-o0l (200 pL, 1.98 mmol) in 1 mL of dry THF was slowly added. Once H; gas
formation has subsided, the reaction mixture was stirred at 80°C for 3 h. After this time, the
flask was cooled to 0°C, and a solution of phthalimide 85 (499 mg, 2.38 mmol) in dry THF (3 mL)
was added dropwise. The cloudy orange-brown reaction mixture clarified, and the reaction was
stirred at RT for 2 d, after which time all starting material had appeared by TLC to have been
consumed. Water (10 mL) was added and the reaction mixture was extracted with EtOAc
(20 mL), washed with H;0 (2 x 20 mL), dried over MgSO. and filtered. The filtrate was

concentrated in vacuo to give a yellow oily residue (291 mg). Characterisation by 'H NMR
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spectroscopy indicated the residue was a 3:2 mixture of starting material phthalimide 85 and N-

vinylphthalimide (88). None of the expected product 87 was identified.

Synthesis of N-vinylphthalimide - 88:

O Method 1: Adapted from Goff et al.37 A 60% dispersion of NaH in oil (133 mg,
ZN 3.33 mmol), washed twice with hexane, was stirred in 4 mL of dry THF under
o Na. The suspension was cooled to ~5°C, and a solution of

2-methyl-2-propen-1-ol (138 pL, 1.63 mmol) in 1 mL of dry THF was slowly added. Once H; gas
formation has subsided, the reaction mixture was stirred at reflux for 2 h. After this time, the
flask was cooled in an ice bath, and a solution of phthalimide 85 (411 mg, 1.96 mmol) in dry THF
(3 mL) was added dropwise. The very pale yellow solution darkened to a deeper yellow, and the
reaction was stirred at RT overnight. After 24 h, all starting material had appeared by TLC to
have been consumed. The reaction was filtered through celite and the product washed through
with EtOAc. The solvent was removed by rotary evaporation to give a yellow solid (64 mg).
Purification by column chromatography (20% EtOAc/hexane) yielded N-vinylphthalimide 88
(55 mg, 19%). None of the expected product 86 or phthalimide 85 was identified by 'H NMR
spectroscopy or mass spectrometry. Method 2: Adapted from Goff et al.3?7 A 60% dispersion of
NaH in oil (158 mg, 3.96 mmol), washed twice with hexane, was stirred in dry THF (3 mL) under
N gas. The mixture was cooled in an ice bath, and a solution of 3-methyl-3-buten-1-ol (200 pL,
1.98 mmol) in dry THF (1 mL) was added. When H; formation had subsided, the reaction
mixture was heated at reflux for 2 h, followed by cooling in an ice bath. A solution of
phthalimide 85 (512 mg, 2.44 mmol) in dry THF (3 mL) was added dropwise to the reaction
mixture, which was then warmed slowly to room temperature and stirred under N, overnight,
during which time the reaction colour changed from pale orange to a cloudy deep red. When all
of phthalimide 85 appeared consumed by TLC, H,0 (10 mL) was added to the solution and the
product was extracted with EtOAc (2 x 10 mL), washed with H,0 (20 mL), dried over MgSO4 and
filtered. The filtrate was concentrated by rotary evaporation to give a yellow crystalline solid
(199 mg). Purification by column chromatography (20% EtOAc/hexane) yielded 88 (100 mg,
29%) as a white solid.

1H NMR (400 MHz, CDCls) 8: 7.85, m, 2H, Phth-H; 7.73, m, 2H, Phth-H; 6.87/6.08/5.04, AMX
system, 3/am 16.3 Hz, 3/ax 9.9 Hz, 3H, N-CH=CH;. 13C NMR (75 MHz, CDCl3) &: 166.6 (C=0), 134.6,
131.8, 123.9, 123.8, 104.6. MS (ESI, +ve): m/z174.0 [M+H]+*. MP: 76.5-77.8°C (Literature?’:
79°C).
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Synthesis of N-(2-((2-methylallyl)oxy)ethyl)acetamide - 89:

o Adapted from Goff et al3? A 60% dispersion of NaH in oil (105 mg,
)k/o\/\NJ\ 2.63 mmol), washed twice with hexane, was stirred in 2 mL of dry THF
H under N gas. The suspension was cooled in an ice bath and a solution of
N-(2-hydroxyethyl)acetamide (200 uL, 2.17 mmol) in dry THF (1 mL) was added dropwise.
When H; gas evolution had subsided, a further 2 mL of dry THF was added to the flask and the
reaction was warmed to room temperature and stirred for a further 3 h, during which time a
white precipitate had formed in the clear solution. The reaction mixture was cooled in an ice
bath and a solution of ester 70 (590 mg, 2.61 mmol) in dry THF (2 mL) was added dropwise, and
the reaction was stirred at room temperature for 6 d, during which time the reaction was
monitored by TLC (iodine stain). The reaction was cooled to room temperature and 20 mL of
water was added, after which time the product separated as a pale yellow oil on top of the
aqueous phase. The product was extracted with EtOAc (2 x 50 mL), washed with H,0
(2 x 50 mL), dried over MgSQ,, filtered and the solvent removed by rotary evaporation to give a
clear pale yellow oil (167 mg). Purification by column chromatography (20% EtOAc/hexane to
100% EtOAc to 20% MeOH/EtOAc) gave ether 89 (124 mg, 36%), as a clear pale yellow oil.

1H NMR (300 MHz, CDCl3) &: 6.01, br's, 1H, -NH-; 4.91, m, 1H, C=C-H; 4.87, m, 1H, C=C-H; 3.85, s,
2H, -CHz-0-; 3.43, m, 4H, -0O-CH:CH>-N-; 1.95, s, 3H, -NCO-CH3; 1.69, s, 3H, -CHz. 13CNMR
(75 MHz, CDCl3) &: 170.2 (C=0), 142.0, 112.6, 75.1, 68.7, 39.5, 23.4, 19.5. MS (ESI, +ve):
m/z 180.0 [M+Na]+. HRMS (ESI, +ve): m/z 158.1176 [M+H]*, CsH1sNO2 required m/z 158.1176.

Synthesis of 2-((2-acetamidoethoxy)methyl)-8-bromo-2,5,7-trimethylchroman-6-yl

acetate - 90:

Adapted from Fukumoto et al20 Protected

\H/O O  bromohydroquinone 61 (244 mg, 0.946 mmol), ether 89
O 0 O\/\HJ\ (124 mmol], 0.789 mmol), 80% (w/w)
Br paraformaldehyde (56 mg, 1.5 mmol), Bu;NH (15 pL,

0.089 mmol) and glacial AcOH (25 pL, 0.43 mmol) were combined in a pressure tube, and heated
at 150°C for 2 d. Progression of the reaction was monitored by TLC and mass spectrometry. On
completion, EtOAc (20 mL) was added and the organic phase was washed with H,O (20 mL),

dried over MgSQ,, filtered and the solvent removed in vacuo to give a brown oil (234 mg).
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Purification by column chromatography (100% CHCI; to 10% MeOH/CH,Cl;) yielded pure 90
(92 mg, 27%), as a brown oil.

1H NMR (400 MHz, CDCl3) &: 592, br s, 1H, -NH-; 3.67/3.62, m/m, 1H/1H, -O-CH,CH>-N-;
3.56/3.50, AB system, 2/ 10.4 Hz, 2H, -CH,-0-; 3.45, m, 2H, -0-CH,CH>-N-; 2.65, t, 3] 7.0 Hz, 2H,
-CH,CHz-; 2.33, s, 3H; -OCO-CHs; 2.20, s, 3H, Ar-CHs; 1.98, s, 3H, Ar-CHs; 1.93, s, 3H, -NCO-CH3;
1.75, m, 2H, -CH,CH»-; 1.29, s, 3H, -CH3. 3C NMR (100 MHz, CDCl;) &: 170.2, 169.3, 148.1, 141.0,
129.1, 127.6, 119.0, 112.5, 74.9, 70.5, 68.6, 39.4, 28.0, 23.2, 20.5, 20.4, 16.9, 12.4. MS (ESI, +ve):
m/z450.0 [M+Na]* (7°Br), 452.0 [M+Na]* (8!Br). HRMS (ESI, +ve): m/z428.1072 [M+H]+,
CioH267°BrNOs required m/z428.1068; m/z430.1055 [M+H]*, Ci9H2681BrNOs required
m/z 430.1047.
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CHAPTER FOUR - Synthesis of a Vitamin E/BAPTA Hybrid

4.1 Introduction

In addition to the dual-action compounds and methods outlined in Chapter Three,
synthesis of an alternative target incorporating the functionality of vitamin E and BAPTA, shown

generally in Figure 4.1, was pursued.

HO
(@)
5 ORI
o) OR3
1
Ik oy
(@)

R', R? = 3° alkyl amine
R3 = alkyl, H

R30

Figure 4.1 General vitamin E/BAPTA hybrid structure indicating C2/C8 functionalisation of
a chromanol.

Work by Scott et al.l described the synthesis of (2R,4’R,8’R)-a-tocopherol (natural vitamin E)
and (2R,3’E,7’E)-a-tocotrienol by means of first synthesising the 2,5,7,8-tetramethyl chromanol
core, then functionalising the C2 acetal to form the phytyl tails of the target molecules. As shown
overleaf in Scheme 4.1, acid-catalysed reaction of trimethylhydroquinone with methyl vinyl
ketone and trimethyl orthoformate gives acetal 92, from which acetylation yields protected
chromanol 93, as described in the literature.! Acid-catalysed hydrolysis of 93 leads to the
mixture of ring-closed and ring-opened products 94a and 94b in equilibrium, of which 94b may
be subjected to nucleophilic attack by trimethyl phosphonoacetate in the presence of sodium
hydride to give ester 95 via a Horner-Wadsworth-Emmons reaction.! The ester was then
reduced using lithium aluminium hydride to produce the alcohol 44, of which synthesis was
attempted in Chapter Three by an alternate route.2

Using this methodology, and following work undertaken within our research group,3 it
is envisaged that general protected chroman alcohol analogue 96 may be synthesised in six
steps from 2,6-dimethylhydroquinone (37), as shown in Scheme 4.2. From the alcohol
intermediate 96, functionality may be installed at the C8 position, allowing for Ca2*-chelating

BAPTA-like tetraacetate arms to be built, leading to the tetraethyl ester target.
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4.2  Synthetic route to a vitamin E/BAPTA hybrid

Following Scott’s method! and work undertaken within our research group,? reaction
of the hydroquinone 37 with methyl vinyl ketone in the presence of trimethyl orthoformate and

sulfuric acid resulted in the formation of the acetal 97 in good yield, as shown in Scheme 4.3. In
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order to obtain the optimised yield of 84%, the methanol used as the solvent in the reaction was
distilled before use, and the reaction temperature was maintained at 0°C to reduce the

likelihood of a second alkylation at the C8 position. This appeared to give a clean reaction.

~
OH o) o)
)J\/ \O)\O/ HO
+ o =

H™, MeOH, 0°C 0 O/
OH 97 84%
37

Scheme 4.3

Characterisation of 97 by 'H NMR spectroscopy was consistent with the desired chroman
structure, with the conversion from 37 evidenced by the aromatic proton resonance at 6.52 ppm
integrating to only one proton and presence of singlets at 2.20 and 2.12 ppm indicative of the
two inequivalent aromatic methyl proton peaks. New multiplets at 2.70/2.56 ppm and
2.11/1.79 ppm were also observed for the pyran ring protons, as well as singlets at 1.51 and
3.24 ppm attributable to the C2-methyl protons and methoxy protons, respectively. Carbon
NMR spectroscopy similarly supported chroman formation, with peaks attributable to the newly
formed pyran ring, in particular the two methylene carbons at 32.0 and 19.9 ppm, as well the
presence of a peak at 49.0 ppm corresponding to the methoxy carbon resonance and an
observed upfield shift of one aromatic methyl resonance from 16 ppm to 11.5 ppm.

With acetal 97 in hand, the next step was to protect the phenol by reaction with benzyl
chloride, resulting in chromanol 98. Choice of this protecting group was made due to the
relatively inert benzyl ether formed, allowing reactions under a variety of conditions, including
reduction by lithium aluminium hydride, without decomposition of the compound. It was also
expected that the resulting benzyl ether could be readily cleaved at a later stage by
hydrogenation leading to the target plus toluene, which could also be easily removed on workup.

Scheme 4.4 shows the protection of acetal 97 by the addition of an excess of benzyl
chloride and potassium carbonate in acetonitrile, and the reaction mixture heated at reflux
overnight to give 98 in quantitative yield.# The heterogeneous nature of the reaction, resulting
from the low solubility of potassium carbonate in acetonitrile, meant that excess potassium
carbonate could be removed from the reaction by filtration. Characterisation by low resolution
ESI mass spectrometry supported the formation of the benzyl-protected acetal 98, with
m/z 335.4, attributable to [M+Na]*. Four new resonances were observed by 13C NMR

spectroscopy, corresponding to the three different aromatic carbon environments of the benzyl
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group at 128.6, 128.1, and 128.0 ppm respectively, as well as the benzylic carbon at 97.6 ppm.
Acetal 98 was subsequently hydrolysed to form the hemiacetal 99a (Scheme 4.4),!
which was used in subsequent reactions without further purification. Mass spectrometry (ESI)

gave m/z 321.3, consistent with [M+Na]*.

BnCl, K,COs, @
Ho MeCN,A (jij\/j(
o” o~ 0" o~

97 98 quant.
MezCO,
H;0", A
O
OfIVK O
OH O~ "OH
99b 99a quant.
NaH 2 0
a
’ P
THF, A \O’é\)ko/
-
( j\ 0O
m
0 o~
100 61%
Scheme 4.4

Reaction of 99a with trimethyl phosphonoacetate and sodium hydride in dry tetrahydrofuran
formed ester 100, via a Horner-Wadsworth-Emmons reaction.! The compound was obtained in
61% yield, after purification by column chromatography. Reaction of the phosphonoester with
the ring-opened tautomer 99b formed an intermediate oxaphosphetan, and subsequent
ring-closing via a 1,4-addition afforded the ester 100 (Scheme 4.5).

The structure of 100 was supported by 'H NMR spectroscopy, with a new peak at
3.70 ppm, integrating to three protons, assigned as the protons of the methyl ester. Low
resolution ESI mass spectrometry gave a major peak at m/z 377.3, representing the [M+Na]* ion,
whilst 13C NMR spectroscopy showed a signal at 171.2 ppm, indicative of the carbonyl carbon

present in the compound.
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Scheme 4.5 Reaction of ring-opened 99b with trimethyl phosphonoacetate to form ester 100.
The mechanism proceeds via an oxaphosphetan intermediate (red).
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The next step in the synthetic scheme was to reduce the ester 100 to form the alcohol 101
(Scheme 4.6).2 This was achieved by dropwise addition of a solution of 100 in dry
tetrahydrofuran to a mixture of lithium aluminium hydride in dry tetrahydrofuran, and heating
the heterogeneous mixture at reflux for two hours. After the aqueous workup, a good yield of oil
(88%) was obtained. The 1H NMR spectrum of the product obtained was more complicated than
that of the starting ester, in particular the presence of the multiplets attributable to the -CH>CH»-
protons at 3.88 and 1.84 ppm. The 13C NMR spectroscopy signal at 171.2 ppm, attributed to the
carbonyl of 100, was also absent, indicating that the reduction was successful. Low resolution

ESI mass spectrometry of 101 gave a strong signal at m/z 349.2, attributed to the [M+Na]* ion.

engg, e Oongiy,

101 88%
TsCl, DMAP,
EtsN, CH,Cl,
Q. o Ol
!
O O/S\\O
103 71% 102 84%

Scheme 4.6

From product 101, two directions could have been taken to further functionalise the compound:

1) nitration of the chroman structure at the C8 position, which, after reduction, would
produce the anilinic nitrogen; or

2) conversion of the alcohol to an amine by way of a Gabriel synthesis, which would first
require substitution of the alcohol with a better leaving group (e.g. tosyl group), which
could then be displaced with a phthalimide group, and deprotected to give the free

amine.

Both synthetic routes were necessary to develop the amine groups of the target molecule;
however functionalisation of the alkyl chain was attempted first. Previous unpublished studies

within our group indicated the use of nitric acid to nitrate alcohol 101 at the C8 position could
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cause unfavourable side reactions, such as elimination, and thus produce a low yield of the
expected nitrated product. Alternatively nitration of a compound with a poor leaving group
such as a phthalimide could remove complications arising from elimination.

Addition of p-toluenesulfonyl chloride and bases 4-dimethylaminopyridine (DMAP)
and triethylamine to a solution of 101 in dichloromethane gave ester 102 in 84% yield (Scheme
4.6) after purification by column chromatography. Characterisation by high resolution mass
spectrometry (ESI) indicated 102 had formed, with m/z 503.1871, consistent with the [M+Na]+
ion. Addition of the tosyl group was also observed by H NMR spectroscopy with signals
attributable to the aromatic protons at 7.79 and 7.49 ppm, relating to the benzyl and tosyl
protons collectively, as well as the tosyl methyl proton resonance at 2.45 ppm.

Substitution of the tosylate ester with a phthalimide group formed the first part of a
Gabriel synthesis. With compound 102 in hand, reaction with potassium phthalimide in
dimethylformamide afforded a white solid, in 71% yield, which was assigned as 103 after
purification by column chromatography (Scheme 4.6). In the 'H NMR spectrum of 103, aromatic
proton resonances were observed at 7.78 and 7.66 ppm, attributable to the phthalimide group,
and resonances corresponding to the four aromatic and the methyl protons of the tosyl group
were absent. An upfield shift of the resonance of the -CH,CH;-0O- protons of 102 from 4.26 ppm
to 3.93/3.80 ppm was also observed upon addition of the phthalimide group. Carbon NMR
spectroscopy showed the carbon signal expected including the phthalimide carbonyl carbons, at
168.0 ppm. High resolution ESI mass spectrometry gave m/z 478.1994, attributed to [M+Na]*.

Phthalimide 103, dissolved in dichloromethane, was added to concentrated nitric in
dichloromethane, and stirred at room temperature to afford 104, a bright yellow powder, after
purification by column chromatography, in quantitative yield (Scheme 4.7). Nitration of 103
was supported by the absence of the aromatic proton resonance at 6.22 ppm. High resolution
ESI mass spectrometry gave the expected accurate mass result for [M+Na]* of m/z 523.1844.
This is the first known example of nitration of the C8 position of a chromanol.

After synthesising 104, the plan was to remove the phthalimide group to form the free
amine, then reduce the nitro group to form the diamine, followed by alkylation to form the
BAPTA arms of the structure. Firstly, decomposition of the phthalimide to form the free amine
was attempted by dissolving 104 in absolute ethanol, followed by the dropwise addition of
hydrazine hydrate (Scheme 4.7). The amine 105 was obtained in good yield (88%) and
characterised by 'H NMR spectroscopy, with the important difference being the removal of the
phthalimide proton resonances. Carbon NMR spectroscopy also supported the structure of 105,
with the loss of some aromatic carbon resonances, as well as the loss of the carbonyl signal at

168.3 ppm. High resolution mass spectrometry (ESI) gave m/z 371.1957, attributed to [M+H]*.
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Scheme 4.7

Reduction of the nitro group of 105 under hydrogenation conditions (Scheme 4.8) afforded
aniline 106 in excellent yield. Product formation was supported by high resolution ESI mass
spectrometry, with a major peak at m/z 341.2225, corresponding to the [M+H]+* adduct of 106.
Alkylation of 106 under Finkelstein conditions using ethyl bromoacetate in the presence of
sodium iodide and N,N-diisopropylethylamine (DIPEA) gave the tetraethyl ester 107 (Scheme
4.8) with an unoptimised yield of 18% after purification by column chromatography. Mono- and
tri-alkylated intermediate species were observed by mass spectrometry in the remainder of the
crude reaction mixture. Future optimisation of reaction conditions and purification may
improve yield of the product.

Formation of 107 was supported by high resolution ESI mass spectrometry, with a
[M+Na]* peak at m/z 707.3518, which agrees with the expected mass for the molecular formula
of C37Hs2N2010. Proton NMR spectroscopy also indicated the formation of 107, with overlapping
peaks at 4.15 and 1.25 ppm, corresponding to the new ethyl ester groups, as well as resonances
at 3.80 and 3.57 ppm, indicative of the amino acetate protons. Figure 4.2 shows the proton NMR
spectrum of 107.

175



CHAPTER FOUR - Synthesis of a Vitamin E/BAPTA Hybrid

Hy, 5% Pd/C, @\/
0 NH, 0 NH,
N02 NH2

105 106 94%

O DIPEA, Nal,

Br\)J\O/\ MeCN, A

Cpm
lvo R

107 18%
Scheme 4.8
in,q
/’\fo
Om
T \
n
e
f
m,p
d
a,b,c < K g hi ‘ '
M U
_JJ | w L—J
73 7.‘0 6?5 6:0 5:5 SfD 415 4fD 3.‘5 3.‘0 215 EfD 115 1.‘0

pprm

Figure 4.2 200 MHz 'H NMR spectrum of 107 in CDCl3 at 303K. * Denotes residual solvent
peaks.
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4.3  An alternate pathway towards the synthesis of the target

Given that acetate-protected alcohol 41 had previously been synthesised in Chapter
Three from 2,6-dimethylhydroquinone via a bromo intermediate in much higher yield than the
analogous benzyl-protected alcohol 101 over five steps (Scheme 4.9), it was decided that
synthesis towards the dual-action target may also be approached using alcohol 41. The benefit
of following this synthetic pathway would be the ability to hydrolyse all esters in the one step,

thus potentially eliminating a synthetic step.

OH
OH
37
5 steps 5 steps
45% 74%
@\/O YO
0]
0] OH (0] OH
101 1
Scheme 4.9

Esterification of alcohol 41 using p-toluenesulfonyl chloride in the presence of bases
4-dimethylaminopyridine and triethylamine gave the expected product 108 in 76% yield
(Scheme 4.10) after purification by column chromatography using 20% ethyl acetate in hexane
as the eluent. Product formation was supported by a peak at m/z 455.1500 in the high
resolution ESI mass spectrum, attributable to the [M+Na]* ion. Proton NMR spectroscopy also
supported esterification, with new resonances at 7.76 and 7.31 ppm, and a visible downfield
shift from 3.87 to 4.22 ppm of the multiplet corresponding to the methylene protons adjacent to
the ester oxygen.

From the ester 108, substitution using potassium phthalimide gave compound 60 as a
pale yellow powder in 80% yield after purification (Scheme 4.10). Complete conversion was
supported by the absence of the aromatic tosyl proton signals in the 1H NMR spectrum at 7.76
and 7.31 ppm and the aromatic methyl peak at 2.43 ppm, as well the presence of new multiplets
further downfield at 7.82 and 7.69 ppm. Compound 60 had been previously synthesised using

another pathway in Chapter Three, via butoxymethyl intermediate 58, leading to an overall yield
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of 5% over four steps from 37. The pathway pursued here in this chapter (shown in green in
Scheme 4.10) produced 60 in an overall 45% yield over seven steps from 37, thus providing a

more efficient synthesis of 60, despite the greater number of steps required.

TsCl, DMAP,

o) Et;N, CH,Cl,, 0°C o)
g - T o,
o) o) S

(@) OH (@) o) \\O
41 108 76%

5 steps ‘
74%

OH

KPhth,

DMF, A 45% over 7 steps
OH 80%

37
3 steps O
o o)
0 51 hig O
Y O/\/\ . o
o PhMe, A, 10% O N
OH
(0]
58 60
5% over 4 steps
Scheme 4.10

From 60, nitration in dichloromethane using concentrated nitric acid produced compound 109
in high yield (Scheme 4.11). Successful nitration was supported primarily by 'H NMR
spectroscopy, with the absence of the C8 aromatic proton signal of the starting material at
6.28 ppm, as well as a high resolution ESI mass spectrum peak at m/z 475.1471, corresponding
to the [M+Na]* ion.

Subsequent treatment of 109 with hydrazine hydrate cleaved both the phthalimide
group - as the second step of the Gabriel synthesis - and the acetate protecting group to give
nitro amine compound 110 in 83% yield (Scheme 4.11). Formation of compound 110 was

supported by high resolution ESI mass spectrometry, with a major peak at m/z281.1501,

178



CHAPTER FOUR - Synthesis of a Vitamin E/BAPTA Hybrid

corresponding to [M+H]*. Proton NMR spectroscopy also supported product formation, with the

absence of acetyl and aryl protons at 2.3 and 7.7 ppm, respectively.

Ym ,: HNO3, CH,Cl, Ym ,:

109 91%

N2H4.XH20,
THF, EtOH, 0°C

HO HO
Hy, 5% Pd/C, MeOH

-€

O NH, o] NH,
NH, NO,
111 81% 110 83%

Scheme 4.11

Reduction of the nitro amine by hydrogenation (5% Pd/C) yielded aniline 111 in 81% yield
(Scheme 4.11). Successful reduction to the diamine was supported by a major peak at
m/z 251.1747 in the high resolution ESI mass spectrum, corresponding to the [M+H]* ion.
Alkylation of 111 using ethyl bromoacetate under Finkelstein conditions gave the
target tetraethyl ester 112 with an unoptimised yield of 10% (Scheme 4.12). Successful
tetra-alkylation was supported by high resolution ESI mass spectrometry, with peaks at
m/z 595.3229 and m/z 617.1046, corresponding to the [M+H]+ and [M+Na]* adducts of the

product with a molecular formula of C30H4¢N2010.

o/\

DIPEA, Nal,

O
MeCN, A 0 O O O

11 )

112 10%

Scheme 4.12
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The successful formation of 112 was also supported by 13C NMR spectroscopy, with new
resonances at 171.8 and 171.2 ppm, indicative of the two newly installed carbonyl groups, in
addition to four distinct peaks at 14.4, 14.3, 11.5 and 11.3 ppm corresponding to the new ethyl
ester groups. The remainder of the crude reaction mixture contained unidentified byproducts,
although none of the mono-, di- or tri-alkylated intermediates were observed by mass

spectrometry.

4.4  Aqueous antioxidant testing of candidates

The protocol employed to assess the antioxidant efficiency of the target molecules
against lipid peroxidation was described in Chapter Two. Using the same method, the
antioxidant efficiencies of 107 and 112 were determined and compared with vitamin E and both

the acid and tetraethyl ester of BAPTA (Table 4.1).

Table 4.1 Antioxidant efficiencies calculated from the oxidation of linoleic acid.

Compound? Efficiency (+5%)
Vitamin EP 91
3 (BAPTA ester)c 35
4 (BAPTA)¢ 79
107v 84
112b 95

a Final concentration of compounds was 33 uM
b Solubilised in methanol 33% (v/v)
¢ Solubilised in methanol 100% (v/v)
d Solubilised in dimethyl sulfoxide 33% (v/v)

Benzyl ether 107 exhibited high antioxidant efficiency compared to the BAPTA acid and
tetraethyl ester, despite the protection of the phenol rendering the chromanol functionally
inactive. The deprotected chromanol 112 exhibited even more potent antioxidant activity,
higher than both vitamin E and BAPTA, indicating that the presence of the chelating side-chains,
particularly the installation of the anilinic nitrogen meta to the phenol, did not appear to hinder
antioxidant activity. This result supports the hypothesis that small molecule targets

incorporating both a chromanol core based on vitamin E and Ca?*-chelating functionality
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analogous to BAPTA could prove suitable candidates for combating factors contributing to the
pathogenesis of neurodegeneration. Further in vitro and in vivo studies would need to be
performed in order to comprehensively assess the suitability of this class of compound in the

prevention and treatment of neurodegeneration.

4.5 Conclusion

In summary, we have pursued two different pathways towards the synthesis of the
pro-target. Reaction of 2,6-dimethylhydroquinone with methyl vinyl ketone and trimethyl
orthoformate facilitated the construction of the chromanol core of the target molecule whilst
leaving the C8 position available for further functionalisation. Protection of the chromanol and
subsequent transformations, including a Horner-Wadsworth-Emmons reaction, yielded the
benzyl-protected compound 107. Overall, the synthesis was relatively inefficient, with a yield of
4% over eleven steps, and a further step required to deprotect 107 to give the target. A few of
the reactions had low to moderate yields, while the alkylation of 2,6-dimethylhydroquinone 37
to form the acetal 97 and the Horner-Wadsworth-Emmons reaction of hemiacetal 99a to form
the ester 100 were not high yielding on a large scale. As a result, it was proposed that
investigation of a more efficient synthetic pathway may be favourable for the synthesis of the
target.

An alternative pathway towards the synthesis of the target 112 was undertaken from
acetate-protected alcohol 41, synthesised in Chapter Three, and following a similar sequence of
reactions to those performed on the benzyl-protected series, the unprotected target 112 was
synthesised in an overall yield of 3% over eleven steps from 2,6-dimethylhydroquinone. Most of
the reactions in this pathway were high-yielding, giving an overall yield of 28% in the first ten
steps, however the final alkylation step will require optimisation through refinement of reaction
conditions and purification technique.

Aqueous antioxidant testing of final compounds 107 and 112 indicated antioxidant
potency comparable with vitamin E and higher than BAPTA, while it is anticipated that these
compounds would also exhibit Ca2* binding similar to BAPTA, potentially allowing simultaneous
targeting of factors contributing to both oxidative stress and disruption of Ca?* homeostasis.
Further in vitro and in vivo studies will be required to investigate the overall suitability of these

compounds as candidates for the treatment and prevention of neurodegenerative disease.
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4.6 Project summary

In summary, we have examined various pathways and methods towards the synthesis
of “dual-action” candidates for treating motor neuron disease, incorporating both Ca2*-chelating
groups and antioxidant function based on BAPTA and vitamin E. While preliminary antioxidant
testing indicates that some of the pro-drug candidates exhibit antioxidant efficiency comparable
to vitamin E and higher than BAPTA, Ca?* binding studies undertaken by isothermal titration
calorimetry and antioxidant testing in the presence of Ca?+ should be undertaken in order to
fully evaluate the potential of these candidates in synergistically targeting ROS and excess
intracellular Ca2+. Further functionalisation of the candidates - for example, the derivatisation of
C4/C5/C7 chromanol positions, the incorporation of fluorescent tags, or the pursuit of
benzofuran derivatives - may also provide possibilities in targeting the pathogenesis of motor

neuron degeneration.

4.7 Experimental details

Synthesis of 2-(2-phthalimidylethyl)-2,5,7-trimethylchroman-6-yl acetate - 60:

Ester 108 (1.77 g, 4.09 mmol) was dissolved in DMF

\H/m O (80 mL) and potassium phthalimide (1.53 g, 8.26 mmol)
© o N was added. The reaction was stirred and heated at 100°C

o overnight, with monitoring by TLC. On completion, H,0

was added to the reaction, and the product was extracted with CH»Cl; (2 x 150 mL), washed with
saturated aqueous NaHCO;3 solution (150 mL) and H,0 (150 mL), and the organic phase was
dried over MgSO,, filtered and solvent removed in vacuo to give a brown oil (2.15 g).

Purification by column chromatography (50% EtOAc/hexane) gave pure phthalimide 60 (1.33 g,

80%), as a pale yellow powder.

1H NMR (300 MHz, CDCls) &: 7.82, m, 2H, Phth-H; 7.69, m, 2H, Phth-H; 6.28, s, 1H, Ar-H; 3.86, m,
2H, -CH,CH,-N-; 2.62, m, 2H, -CH,CHz-; 2.30, s, 3H, -OCO-CHs; 2.08/1.86, m/m, 2H/2H,
-CH,CHa-/-CH.CHo-N-; 1.98, s, 3H, Ar-CHs; 1.96, s, 3H, Ar-CHs; 1.35, s, 3H, -CHs. 13C NMR
(75 MHz, CDCls) &: 169.5 (C=0), 168.3 (C=0), 150.9, 141.3, 133.9, 132.5, 128.7, 128.5, 123.3,
117.8, 116.7, 74.3, 37.5, 33.6, 31.2, 23.7, 20.6, 20.3, 16.4, 12.3. MS (ESI, +ve): m/z 430.1
[M+Na]*. HRMS (ESI, +ve): m/z 425.2072 [M+NHa]*, C24H2sNOs required m/z 425.2071. MP:
106.6-109.1°C.
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Synthesis of 2-methoxy-2,5,7-trimethylchroman-6-ol - 97:

Adapted from Scott et al! and Macfarlane.3 2,6-Dimethylhydroquinone

"o 37 (500mg, 3.62mmol) and trimethyl orthoformate (550 pL,
oo~ 5.02 mmol) were dissolved in dry MeOH (5mL), and the reaction

mixture was cooled on ice. Concentrated H,SO4 (100 puL) was added, followed by dropwise
addition of methyl vinyl ketone (600 pL, 7.28 mmol). The reaction mixture was protected from
light and stirred at 0°C for 1 h, before warming to room temperature with stirring for 4 h. Water

was then added, and the resulting precipitate was washed with water and dried in vacuo to form

97 (672 mg, 84%) as a bright white crystalline powder.

1HNMR (300 MHz, CDCl3) &: 6.52, s, 1H, Ar-H; 4.20, brs, 1H, Ar-OH; 3.24, s, 3H, -0O-CHs3;
2.70/2.56, m/m, 1H/1H, -CH.CH2-; 2.20, s, 3H, Ar-CH3; 2.12, s, 3H, Ar-CH3; 2.11/1.79, m/m,
1H/1H, -CH2CH,-; 1.51, s, 3H, -CH3. 13CNMR (75 MHz, CDCl;) &: 146.0, 145.9, 122.1, 121.9,
119.6, 116.1, 97.4, 49.0, 32.0, 23.2, 19.9, 16.1, 11.5. MS (EI): m/z 222 [M]*. MP: 128.3-128.8°C
(Literature*: 129-131°C).

Synthesis of 6-benzyloxy-2-methoxy-2,5,7-trimethylchroman - 98:

From Cohen et al.* Benzyl chloride (9.20 mL, 79.8 mmol), was

@\/O added to a solution of 97 (3.53 g, 15.9 mmol) and K,COs (11.0 g,
o o~ 79.6 mmol) in dry acetonitrile (100 mL). The reaction was

protected from light and heated at reflux overnight. On completion, acetonitrile was added, the

solution filtered and concentrated under high vacuum to give 98 (4.97 g, quant.) as a light brown

oil. Product 98 was used in subsequent reactions without further purification.

1H NMR (400 MHz, CDCls) 8: 7.51, m, 2H, Bn-H; 7.37, m, 3H, Bn-H; 6.59, s, 1H, Ar-H; 4.75, s, 2H,
Ar-CH,-0-; 3.28, s, 3H, -0-CHs; 2.74/2.56, m/m, 1H/1H, -CH,CHa-; 2.28, s, 3H, Ar-CHs; 2.20, s, 3H,
Ar-CHs; 2.14/1.82, m/m, 1H/1H, -CH,CH,- ; 1.55, s, 3H, -CHs. 13C NMR (75 MHz, CDCls) &: 149.6,
148.4, 138.1, 129.6, 129.5, 128.6, 128.1, 128.0, 119.7, 116.5, 97.6, 74.6, 49.1, 31.9, 23.2, 19.8,
16.5,12.3. MS (ESI, +ve): m/z 335.4 [M+Nal-.
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Synthesis of 6-benzyloxy-2,5,7-trimethylchroman-2-ol - 99a:

@ Adapted from Scott et al.! and Macfarlane.3 Acetal 98 (4.98 g,
@)

15.9 mmol) was dissolved in a mixture of acetone (30 mL), water

o~ “OH (30 mL) and concentrated HCI (500 pL). Acetone was removed

at reflux until the distilling head reached 98°C. The heat source was removed, and the solution
cooled to room temperature. The product was extracted twice into EtOAc (2 x 50 mL), washed
with Hz0 (2 x 100 mL), dried over MgSO.. After filtration and the solvent was removed under
reduced pressure to give hemiacetal 99a (4.75 g, quant.), as a brown oil. Product formation was

supported by mass spectrometry.

MS (ESI, +ve): m/z 321.3 [M+Na]*.

Synthesis of methyl 2-(6-benzyloxy-2,5,7-trimethylchroman-2-yl)acetate - 100:

Adapted from Scott et al.! and Macfarlane.3 60% NaH in oil

Q/m (1.40 g, 35.0 mmol) was washed twice with hexane and
o o~ stirred in dry THF (120mL), to which trimethyl

phosphonoacetate (5.92 mL, 36.6 mmol) was added dropwise. Gas evolved from the reaction
mixture. The reaction was stirred for 15 min before dropwise addition of 99a (4.75g,
15.9 mmol), pre-dissolved in dry THF (40 mL), forming a yellow solution. The solution heated at
reflux for 16 d, during which time the reaction was monitored by TLC and a further 1.40 g of
NaH and 5.92 mL of trimethyl phosphonoacetate in 50 mL dry THF was added to the reaction
mixture. When the reaction was complete, solvent was removed under reduced pressure and
Et20 and H;0 were added to the flask, with vigorous stirring. The two phases were separated
using a separating funnel. The ether layer was washed with H;0, dried over MgSO,, filtered and

the solvent removed under reduced pressure to give a brown oil. Purification by column

chromatography (20-50% EtOAc/hexane) afforded 100 (3.45 g, 61%), as a pale yellow oil.

1H NMR (300 MHz, CDCls) 8: 7.48, m, 2H, Bn-H; 7.38, m, 3H, Bn-H; 6.52, s, 1H, Ar-H; 4.74, s, 2H,
Ar-CH,-0-; 3.70, s, 3H, -O-CHs; 2.64, m, 4H, -CHoCH,-/-CH2-CO2-; 2.25, s, 3H, Ar-CHs; 2.18, s, 3H,
Ar-CHs; 2.09/1.91, m/m, 1H/1H, -CH,CHa-; 1.43, s, 3H, -CHs. 13C NMR (75 MHz, CDCls) &: 171.2
(C=0), 149.2, 138.0, 130.0, 129.6, 128.6, 128.0, 127.9, 118.1, 116.9, 74.7, 73.8, 51.7, 43.7, 30.9,
25.0,20.5, 16.5, 12.3. MS (ESI, +ve): m/z 377.3 [M+Na]*.
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Synthesis of 2-(6-benzyloxy-2,5,7-trimethylchroman-2-yl)ethanol - 101:

Adapted from Grisar et al?2 and Macfarlane.3 Ester 100

©\/O (1.40 g, 3.95 mmol) was dissolved in dry THF (6 mL) and
0 OH added dropwise to a stirred suspension of LiAlH4 (726 mg,

19.1 mmol) in dry THF (10 mL). The heterogeneous mixture was heated at reflux for 2 h, cooled
and stirred at room temperature overnight. The reaction was cooled in an ice bath and
quenched by dropwise addition of H,0 (20 mL) and then 2 M HCI (10 mL). Solvent was removed
under reduced pressure and the product extracted in Et;O (3 x 100 mL), washed with H,0
(300 mL) and saturated NaHCOs solution (300 mL), before drying over MgS0.. Filtration and

removal of solvent under reduced pressure produced alcohol 101 (1.14 g, 88%), as a clear

yellow oil.

1H NMR (300 MHz, CDCls) &: 7.49, m, 2H, Bn-H; 7.38, m, 3H, Bn-H; 6.51, s, 1H, Ar-H; 4.74, s, 2H,
Ar-CH,-0-; 3.88, m, 2H, -CH,CH,0H; 2.63, t, 3] 6.5 Hz, 2H, -CHoCH,-; 2.25, s, 3H, Ar-CH3; 2.18, s, 3H,
Ar-CHs; 1.84, m, 4H, -CH,CH,0H/-CH,CHa-; 1.32, s, 3H, -CHs. 13C NMR (75 MHz, CDCl;) 8: 149.3,
149.1, 138.0, 130.0, 129.8, 128.6, 128.0, 127.9, 118.3, 116.8, 75.8, 74.7, 59.3, 41.8, 31.9, 23.5,
20.4,16.5,12.3. MS (ESI, +ve): m/z 327.2 [M+H]*, 349.2 [M+Nal-.

Synthesis of 2-(6-benzyloxy-2,5,7-trimethylchroman-2-yl)ethyl

4-methylbenzenesulfonate - 102:

Alcohol 101 (1.60g, 4.90 mmol), DMAP

©\/O (110 mg, 090 mmol) and Et:N (6.80mL,
O\\S/©/ 49.1 mmol) were dissolved in CH:Cl; (15 mL).

© o 0 p-Toluenesulfonyl chloride (1.90 g, 10.0 mmol)

was added and the solution stirred at room temperature overnight. On completion, the solvent
was removed under reduced pressure and the product extracted into EtOAc, washed with NH4Cl,
brine and water, dried (MgS0.4), filtered and the solvent removed in vacuo to give 102 (1.99 g,
84%) as a yellow oil. The product was used in subsequent reactions without further

purification.

1H NMR (300 MHz, CDCl3) &: 7.79/7.49, AA’XX’ system, 3/ 8.2 Hz, 4H, Ts-H; 7.35, m, 5H, Bn-H;
6.42, s, 1H, Ar-H; 4.73, s, 2H, Ar-CH;-0-; 4.26, m, 2H, -CH,CH,-0-; 2.56, t, 3] 6.8 Hz, 2H, -CH,CH;-;
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2.45, s, 3H, Ar-CHs; 2.24, s, 3H, Ar-CHs; 2.05, s, 3H, Ar-CHs; 1.97, m, 2H, -CHCH2-0-; 1.80, t,
3] 6.8 Hz, 2H, -CH2CH>-; 1.25, s, 3H, -CH3. 13C NMR (75 MHz, CDCl;) o: 149.2, 144.9, 138.0, 133.3,
130.0, 129.7, 128.6, 128.0, 127.9, 118.0, 116.7, 74.7, 73.5, 67.0, 38.3, 31.7, 24.2, 21.8, 20.3, 16.5,
12.3. MS (ESI, +ve): m/z481.3 [M+H]+, 503.2 [M+Na]*. HRMS (ESI, +ve): m/z 503.1871
[M+Na]*, C28H320s5S required m/z 503.1863.

Synthesis of N-(2-(6-benzyloxy-2,5,7-trimethylchroman-2-yl)ethyl)phthalimide - 103:

Ester 102 (1.95 g, 4.06 mmol) was dissolved in DMF

©VO (10 mL) and potassium phthalimide (3.75g,
20.2 mmol) was added. The reaction was heated to

100°C for 3.5 h. Upon cooling to room temperature,

0 2M HCl (30mL) was added and the product

extracted into CHCI3;, washed with 5 M aqueous KOH solution, then H;0, and dried over MgSO..

The solvent was removed in vacuo to yield 103 (1.31 g, 71%), as an off-white solid.

1H NMR (400 MHz, CDCls) &: 7.78, m, 2H, Phth-H; 7.66, m, 2H, Phth-H; 7.45, m, 2H, Bn-H; 7.34,
m, 3H, Bn-H; 6.22, s, 1H, Ar-H; 4.68, s 2H, Ar-CH,-0-; 3.93/3.80, m/m, 1H/1H, -CH,CH,-N-; 2.63,
m, 2H, -CH,CH,-; 2.14, s, 3H, Ar-CHs; 2.11, s, 3H, Ar-CHs; 1.90/1.80, m/m, 4H,
-CHoCH,-N-/-CH2CHa-; 1.36, s, 3H, -CHs. 13C NMR (100 MHz, CDCls) &: 168.0 (C=0), 149.2, 148.8,
137.9,133.7, 132.3, 129.4, 129.3, 128.4, 127.7, 127.6, 123.0, 117.8, 116.5, 74.4, 73.8, 37.0, 33.4,
31.3, 29.6, 23.5, 20.1, 16.2, 12.1. MS (ESI, +ve): m/z 456.3 [M+H]*, 478.2 [M+Na]*. HRMS
(ESI, +ve): m/z 478.1994 [M+Na]*, C20H2sNO4 required m/z 478.1989. MP: 95.1-96.9°C.

Synthesis of N-(2-(6-benzyloxy-2,5,7-trimethyl-8-nitrochroman-2-yl)ethyl)phthalimide -
104:

Phthalimide 103 (1.29 g, 2.82 mmol) was dissolved
©\/0 in CH2Cl; (10 mL), and the solution was added
dropwise to a vigorously stirred mixture of conc.

HNO3z (0.5 mL) in CHzCl; (150 mL). The reaction

O N

NO,

o was stirred for 10 min, and turned a pale yellow

colour. The reaction mixture was concentrated slowly in vacuo at room temperature to a third
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of the original volume, and the reaction was monitored by TLC as the solution turned a bright
yellow colour. On completion, water (30 mL) was added, and the two phases separated. The
organic phase was washed with H,0 (30 mL), dried (MgS0,), filtered, and the solvent removed
to yield 104 (1.41 g, quant.) as a yellow solid.

1H NMR (400 MHz, CDCls) &: 7.82, m, 2H, Phth-H; 7.69, m, 2H, Phth-H; 7.40, m, 5H, Bn-H; 4.73, s,
2H, Ar-CH,-0-; 3.83, m, 2H, -CH2CH,-N-; 2.67, m, 2H, -CH,CHa-; 2.19, s, 6H, Ar-CHs; 1.8-2.1, m, 4H,
-CH,CH,-N-/-CH2CHa-; 1.40, s, 3H, -CHs. 13C NMR (75 MHz, CDCls) 8: 168.3 (C=0), 148.1, 141.3,
137.1, 134.0, 132.5, 132.3, 128.7, 128.4, 128.0, 123.3, 122.2, 120.1, 75.9, 75.3, 37.5, 33.4, 30.8,
23.6, 20.4, 12.6, 11.3. MS (ESI, +ve): m/z501.3 [M+H]*, 523.2 [M+Na]*. HRMS (ESI, +ve):
m/z 523.1844 [M+Na]*, C20H2sN206 required m/z 523.1840. MP: 125.6-127.8°C.

Synthesis of 2-(6-benzyloxy-2,5,7-trimethyl-8-nitrochroman-2-yl)ethanamine - 105:

Nitro phthalimide compound 104 (437 mg, 0.873 mmol)
©\/O was dissolved in THF (3 mL) and EtOH (20 mL) was
o NH, added. After the solution was cooled to 0°C, hydrazine

NO, hydrate (425 pL, 8.73 mmol) was added dropwise, and the
reaction mixture was allowed to warm slowly to room temperature was stirred for 3d,
monitored by TLC, during which time a precipitate formed. On completion, the reaction mixture
was filtered to remove the phthalhydrazide byproduct and the product was washed through
with EtOH. The filtrate was then concentrated under reduced pressure and the resulting crude
solid dissolved in CHCIs. The solution was again filtered to remove the byproduct and the filtrate

concentrated in vacuo to give 105 (285 mg, 88%), as a bright yellow oil. The product was used

in subsequent reactions without further purification.

1H NMR (400 MHz, CDCl3) &: 7.39, m, 5H, Bn-H; 5.02, br s, 2H, -NH>; 4.70, s, 2H, Ar-CH;-0-; 2.98,
m, 2H, -CH2CH:NHz; 2.60, m, 2H, -CH.CHz-; 2.17, s, 3H, Ar-CH3; 2.16, s, 3H, Ar-CH3; 1.94, m, 4H,
-CH2CH2-/-CH,CH2NH2; 1.23, s, 3H, -CH3. 3C NMR § (75 MHz, CDCl3): 148.0, 141.5, 137.0, 132.9,
132.6, 128.7, 128.3, 127.9, 122.1, 120.3, 76.6, 75.3, 38.8, 35.4, 31.3, 23.7, 20.4, 12.6, 11.3. MS
(ESL +ve): m/z371.3 [M+H]*, 393.3 [M+Na]*. HRMS (ESI, +ve): m/z371.1957 [M+H]*,
C21H26N204 required m/z 371.1965.
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Synthesis of 2-(2-aminoethyl)-6-benzyloxy-2,5,7-trimethylchroman-8-amine - 106:

Nitro compound 105 (52 mg, 0.14 mmol) was dissolved in

©\/O THF (2mL), and 5% Pd/C (10 mg) was added to the
o NH, solution. The reaction vessel was flushed with N, and a H»

NH, balloon was applied. The reaction mixture was stirred at

room temperature for 2 d, during which time the reaction was monitored by mass spectrometry.
When all starting material appeared to have been consumed, the reaction mixture was filtered

through celite and the solvent was removed by rotary evaporation to give diamine 106 (45 mg,

94%), as a yellow oil. The product was used in subsequent reactions without purification.

1H NMR (400 MHz, CDCl;) &: 7.39, m, 5H, Bn-H; 4.65, s, 2H, Ar-CH»-0-; 3.94, br s, 4H, -NHy; 3.11,
brs, 2H, -CH2CH>NH>; 2.55, m, 2H, -CH>CH;-; 2.08, s, 3H, Ar-CH3; 2.05, s, 3H, Ar-CHs; 1.93/1.71,
m/m, 4H, -CH,CH»-/-CH,CH;NHz; 1.20, s, 3H, Ar-CH3. 13C NMR (75 MHz, CDCl;) &: 148.8, 137.9,
137.3,131.8,128.8,128.5,127.7,127.1,118.1, 114.2, 74.9, 74.5, 38.2, 35.9, 31.1, 23.4, 20.1, 11.5,
10.4. MS (ESI, +ve): m/z341.4 [M+H]*. HRMS (ESI, +ve): m/z341.2225 [M+H]*, C21H2sN20;
required m/z 341.2224.

Synthesis of diethyl 2,2'-((6-benzyloxy-2-(2-(bis(2-ethoxy-2-oxoethyl)amino)ethyl)-2,5,7-
trimethylchroman-8-yl)azanediyl)diacetate - 107:

Diamine 106 (73 mg, 0.21 mmol) was dissolved in

©\/ acetonitrile (8 mL), and Nal (18 mg, 0.12 mmol),
DIPEA (410 pL, 2.35 mmol) and ethyl bromoacetate

(0] N
/Y (240 pL, 2.16 mmol) were added. The reaction was

\/o o
/g l heated at reflux for 4 d, with monitoring by mass

spectrometry, after which time the reaction mixture

was cooled to room temperature, filtered, and the
product washed through with EtOAc (100 mL). The filtrate was washed with H,0 (2 x 100 mL),
dried over MgSO,, filtered and the solvent removed in vacuo to give a red-brown oil (134 mg).
Purification by column chromatography (50% EtOAc/hexane to 100% EtOAc) isolated tetraethyl
ester 107 (27 mg, 18%), as a clear yellow oil.
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1H NMR (200 MHz) &: 7.40, m, 5H, Bn-H; 4.71, s, 2H, Ar-CH,-0-; 4.17/4.13, q/q, 3/ 7.1 Hz, 8H,
-0-CH,CHs3; 3.80, m, 4H, -N-CH»-CO2-; 3.57, s, 4H, -N-CH>-CO>-; 2.95, m, 2H, -CH2CH>-N-; 2.57, t,
3] 6.9 Hz, 2H, -CH,CH»-; 2.43, s, 3H, Ar-CH3; 2.13, s, 3H, Ar-CHs; 1.84, m, 4H, -CH>CH»- /-CH,CH2-N-;
1.25, m, 15H, -CH3/-CH,CH3;. 13C NMR (100 MHz, CDCl3) &: 171.8 (€=0), 171.3 (C=0), 148.7,
147.9, 138.1, 136.1, 130.1, 128.6, 127.9, 127.8, 127.2, 118.1, 74.8, 74.5, 60.7, 60.6, 60.4, 55.2,
49.7, 384, 31.1, 23.6, 20.6, 14.4, 14.3, 12.2, 12.0. MS (ESI, +ve): m/z 685.4 [M+H]*, 707.4
[M+Na]*. HRMS (ESI, +ve): m/z 707.3518 [M+Na]*, C37Hs2N2010 required m/z 707.3514.

Synthesis of 2,5,7-trimethyl-2-(2-(tosyloxy)ethyl)chroman-6-yl acetate - 108:

Alcohol 41 (1.52g, 5.46 mmol) was dissolved in
@)
\[( Q, ©/ CH:Cl; (50 mL), and DMAP (140 mg, 1.15 mmol) and
@) .S
(@] 0" % EtsN (1.52 mL, 10.9 mmol) were added. The reaction

mixture was stirred and cooled to 0°C, and p-toluenesulfonyl chloride (2.08 g, 10.9 mmol) was
added slowly to the reaction mixture. The reaction was allowed to warm to room temperature
and stirred overnight, with monitoring by TLC. When all starting material had appeared to have
been consumed, the product was taken up in EtOAc, and the resulting organic solution was
washed twice with saturated aqueous NH4Cl solution, once with brine and H;0, and dried over
MgSO,, filtered and the solvent removed by rotary evaporation to give a brown oil (2.83 g).
Purification by column chromatography (20% EtOAc/hexane to 100% EtOAc) isolated ester 108
(1.80 g, 76%), as a pale brown oil.

1H NMR (300 MHz, CDCl3) &: 7.76/7.31, AA’XX’ system, 3/ 8.2 Hz, 4H, Ts-H; 6.42, s, 1H, Ar-H;
4.22, m, 2H, -CH,CH»-0-; 2.53, t, 3] 7.0 Hz, 2H, -CH,CH;-; 2.43, s, 3H, -OCO-CH3; 2.30, s, 3H, Ar-CHs;
2.04, s, 3H, Ar-CHs; 1.96, s, 3H, Ar-CHs; 1.95, m, 2H, -CH:CH»-/-CH,CH2-0-; 1.75, 2H, m,
-CH,CH;-/-CH,CH;-0-; 1.22, s, 3H, -CH3. 13C NMR (75 MHz, CDCl;) &: 169.5 (€=0), 150.7, 144.9,
141.5,133.3,130.0, 128.9, 128.6, 128.0, 117.8, 116.7, 73.7, 66.9, 38.4, 31.4, 24.2, 21.7, 20.6, 20.2,
16.4, 12.3. MS (ESI, +ve): m/z455.1 [M+Na]*. HRMS (ESI, +ve): m/z455.1500, C23H2506S
required m/z 455.1499.

189



CHAPTER FOUR - Synthesis of a Vitamin E/BAPTA Hybrid

Synthesis of 2-(2-phthalimidylethyl)-2,5,7-trimethyl-8-nitrochroman-6-yl acetate - 109:

o Phthalimide 60 (999 mg, 2.45 mmol) was dissolved in
Y o) CH:Cl; (30 mL), and the solution was added dropwise to a
0]
0] N vigorously stirred mixture of conc. HNO3 (475 pL) in
NO,
o]

CH:Cl; (140 mL). The reaction was stirred at room
temperature overnight, after which time TLC analysis indicated that the starting material had
not fully been consumed. The reaction mixture was concentrated at 50°C by rotary evaporation
to 20 mL, and stirred again overnight, with a precipitate forming in the reaction flask. On
completion, the product was redissolved in CH:Cl;, washed with saturated aqueous NaHCO3
solution and H:0, dried with MgSQy, filtered and the solvent removed under reduced pressure to

give pure 109 (1.01 g, 91%), as a yellow powder.

1H NMR (400 MHz, CDCl3) &: 7.74, m, 2H, Phth-H; 7.68, m, 2H, Phth-H; 3.81, m, 2H, -CH.CH>-N-;
2.67, m, 2H, -CH2CH2-; 2.33, s, 3H, -OCO-CH3; 2.02, s, 3H, Ar-CH3; 2.01, s, 3H, Ar-CHz; 1.90, m, 4H,
-CH2CH2-/-CH2CH2-N-; 1.38, s, 3H, -CH3. 13C NMR (75 MHz, CDCl3) 8: 168.9 (C=0), 168.3 (C=0),
142.9, 140.4, 134.0, 131.6, 130.2, 128.4, 123.4, 121.6, 120.0, 76.3, 37.5, 33.3, 30.5, 23.6, 20.5,
20.3, 12.7, 11.6. MS (ESI, +ve): m/z453.0 [M+H]*, 4749 [M+Na]*. HRMS (ESI, +ve):
m/z 475.1471 [M+Na]*, C24H24N:07 required m/z 475.1476. MP: 88.2-91.6°C.

Synthesis of 2-(2-aminoethyl)-2,5,7-trimethyl-8-nitrochroman-6-ol - 110:

Compound 109 (190 mg, 0.42 mmol) was dissolved in THF (8 mL)

HO and EtOH (22 mL) was added to the solution, which was cooled to
0) NH, 0°C before the dropwise addition of hydrazine hydrate (200 uL,

NO, 4.2 mmol). The reaction mixture was allowed to warm to room
temperature and stirred overnight. The reaction was monitored by TLC, and on apparent
consumption of 109. On completion, the solvent was removed by rotary evaporation to give an
orange solid (286 mg). The residue was dissolved in CHCI3 and filtered to remove

phthalhydrazide, and the solution was washed with several small portions of H,0. The organic

solvent was removed under reduced pressure to give product 110 (98 mg, 83%), as a yellow oil.

1H NMR (400 MHz, CDCls) &: 3.89, brs, 2H, -NH>; 2.83, m, 2H, -CH2CH2NH;, 2.59, t, 3] 6.0 Hz, 2H,
-CHzCHz-; 2.07, S, 3H, AI‘-CH3; 1.92, S, 3H, AI‘-CH3; 1.75, m, 4H, -CHzCHz-/-CH2CH2NH2; 1.21, S, 3H,
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-CHs. 13C NMR (100 MHz, CDCl3) &: 145.3, 140.1, 138.5, 130.2, 128.3, 119.5, 76.2, 35.3, 31.6,
31.3, 23.6, 20.4, 12.1, 11.3. MS (ESI, +ve): m/z 281.2 [M+H]+*. HRMS (ESI, +ve): m/z 281.1501
[M+H]*, C14H20N204 required m/z 281.1496.

Synthesis of 8-amino-2-(2-aminoethyl)-2,5,7-trimethylchroman-6-ol - 111:

Nitro compound 110 (701 mg, 2.50 mmol) was dissolved in MeOH
(15mL) and 5% Pd/C (140 mg) was added to the solution. The

HO

O NH, reaction vessel was flushed with N, and a H; balloon was applied.
NH, The reaction mixture was stirred at room temperature for 5d,
during which time the reaction was monitored by mass spectrometry. On completion, the
reaction mixture was filtered through celite and the product washed through with MeOH. The
mixture was centrifuged, the solution decanted, and MeOH was added to the remaining white
insoluble material and centrifuged and decanted a second time. The solutions were combined

and concentrated in vacuo to yield 111 (510 mg, 81%), as a red-brown oil. The product was

used in subsequent reactions without purification.

1H NMR (300 MHz, CDCl) &: 2.61, m, 4H, -CH.CH:NH:/-CH,CH>-; 2.14, s, 6H, Ar-CH3; 1.9-1.7, m,
4H, -CH2CH2-/-CH,CH:NHz; 1.32, s, 3H, -CH3. 13C NMR (75 MHz, CDCl3) o: 145.3, 139.2, 136.7,
129.7,128.6,122.0, 77.4, 39.3, 37.0, 33.8, 21.8, 20.4, 11.0, 9.9. MS (ESI, +ve): m/z 251.2 [M+H]*.
HRMS (ESI, +ve): m/z 251.1747 [M+H]*, C14H22N20; required m/z 251.1754.

Synthesis of diethyl 2,2'-((2-(8-(bis(2-ethoxy-2-oxoethyl)amino)-6-hydroxy-2,5,7-
trimethylchroman-2-yl)ethyl)azanediyl)diacetate - 112:

Diamine 111 (500mg, 2.00 mmol) was stirred in
acetonitrile (30 mL), and DIEPA (3.83 mL, 22.0 mmol), ethyl

0]
/\f bromoacetate (2.22mL, 19.9 mmol) and Nal (156 mg,
@]

@) N
LNJ\\/O W 1.04 mmol) were added. The reaction was heated at reflux
O
5

HO

and monitored by TLC for 3 d, after which time a further
1.91 mL (11.0 mmol) of DIPEA was added. The reaction was
heated at reflux for a further 2 d, after which time low resolution ESI mass spectrometry

indicated product formation, with an absence of any peaks corresponding to the starting
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material 111 or any mono-, di- or tri-alkylated intermediates. The reaction was cooled to room
temperature and filtered to remove insoluble material. The filtrate was concentrated under
reduced pressure, H,0 (100 mL) was added and the product was extracted with EtOAc
(2x 100 mL). The organic extracts were washed with H,O (4 x 100 mL), dried over NaSOs,,
filtered and concentrated in vacuo to give a brown oil (3.50g). Purification by column
chromatography (2% MeOH/CHCl; to 20% MeOH/CH:Cl;) yielded 112 (124 mg, 10%) as a

brown oil.

1H NMR (300 MHz, CDCl3) &: 4.14, m, 12H, -N-CH>-CO2-/-CHCH3; 3.55, s, 4H, -N-CH>-CO2-; 2.92,
t, 3/ 8.1 Hz, 2H, -CH2CH,-N-; 2.57, t, 3] 6.6 Hz, 2H, -CHCH;-; 2.37, s, 3H, Ar-CHs; 2.06, s, 3H, Ar-CH3;
1.82, m, 4H, -CH,CH»-/-CH,CH3-N-; 1.25, m, 15H, -CH3/-CH,CH3. 13C NMR (100 MHz, CDCl;) o:
171.8 (€=0), 171.2 (C=0), 145.3, 145.2, 135.5, 122.4, 119.8, 118.0, 74.4, 60.7, 60.6, 60.4, 55.2,
49.6, 38.4, 31.2, 23.3, 20.5, 14.4, 14.3, 11.5, 11.3. MS (ESI, +ve): m/z 298.1 [M+2H]*, 595.3
[M+H]*, 617.3 [M+Na]*. HRMS (ESI, +ve): m/z595.3229 [M+H]*, C3oH4sN2010 required
m/z 595.3225; m/z 617.1046 [M+Na]*, C30H4sN2010 required m/z 617.3045.
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Table A.1 Crystal data and structure refinement for 19(H,0)15 (a44_08a).

Identification code
Empirical formula
Formula weight
Temperature
Wavelength
Crystal system
Space group

Unit cell dimensions

Volume

Z

Density (calculated)
Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to theta = 25.00°
Absorption correction
Refinement method

Data / restraints / parameters
Goodness-of-fit on F?2

Final R indices [I>2sigma(I)]

R indices (all data)

Largest diff. peak and hole

a44 08a

C30H43N20135

647.66

123(2) K

0.71073 A

Triclinic

P-1

a=10.1025(3) A, a = 103.639(2)°
b=11.8819(4) 4, B =101.782(2)°
c=15.3910(5) A,y = 108.034(2)°
1628.57(9) A3

2

1.321 g/cm3

0.104 mm™

690

0.25x 0.10 x 0.10 mm3

1.90 to 25.00°
-10=sh<12,-14<k<14,-18<1<18
20090

5598 [R(int) = 0.0304]

97.9 %

Semi-empirical from equivalents
Full-matrix least-squares on F?2
5598 /9 /487

1.070

R1=0.0566, wR2 =0.1159
R1=0.0698, wR2 = 0.1243

0.624 and -0.620 e.A-3

Notes: One of the substituent arms on the amine N(2) atom is disordered over two positions; one
component has a H-bonded water molecule associated with it but the other does not - hence the half

water molecule in the overall formula.



Table A.2 Crystal data and structure refinement for 39 (a42_07).

Identification code
Empirical formula
Formula weight
Temperature
Wavelength
Crystal system
Space group

Unit cell dimensions

Volume

Z

Density (calculated)
Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to theta = 29.00°
Absorption correction
Refinement method

Data / restraints / parameters
Goodness-of-fit on F?2

Final R indices [I>2sigma(I)]

R indices (all data)

Largest diff. peak and hole

a42_07

C10H1203

180.20

123(2) K

0.71073 A

Orthorhombic

P212121

a= 7.1666(4) A, a=90.00°
b= 11.4345(6) A, B = 90.00°
c= 11.6327(6) A, y = 90.00°
953.26(9) A3

4

1.256 g/cm3

0.092 mm-!

384

0.25 x 0.20 x 0.13 mm?3

2.50 to 29.00°
-9<h<9,-10<k<15,-15<1<13
5270

1467 [R(int) = 0.0207]

99.3%

Semi-empirical from equivalents
Full-matrix least-squares on F?2
1467 /0 /125

1.076

R1=0.0330, wR2 =0.0831
R1=0.0369, wR2 = 0.0854
0.234 and -0.185 e.A-3



Table A.3 Crystal data and structure refinement for 61 (LOD02ZM).

Identification code
Empirical formula
Formula weight
Temperature
Wavelength
Crystal system
Space group

Unit cell dimensions

Volume

Z

Density (calculated)
Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to theta = 27.50°
Absorption correction
Refinement method

Data / restraints / parameters
Goodness-of-fit on F?2

Final R indices [I>2sigma(I)]

R indices (all data)

Largest diff. peak and hole

LOD02M
C10H11Br03

259.10

123(2) K

0.71073 A

Monoclinic

P2i/c

a= 9.0829(19) A, a = 90.00°
b= 8.984(2) &, B = 99.576(7)°
c= 13.158(3) 4,y =90.00°
1058.7(4) A3

4

1.626 g/cm3

3.861 mm-1

520

0.30 x 0.20 x 0.10 mm3

2.76 to 27.50°

-8<h<11,-11<k<10,-14<1<17

6283

2381 [R(int) = 0.0642]

97.9%

None

Full-matrix least-squares on F?2
2381/0/131

0.991

R1=0.0490, wR2 = 0.1096
R1=0.0901, wR2 =0.1249
0.748 and -0.790 e.A-3
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